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1. Introduction

Today, a variety of thin-walled structures are used as energy
absorber in order to protect structures and withstand the

destructive effects of impact under different conditions.
Extensive research in this context has so far been carried
out through analytical, numerical and experimental methods.
These parts absorb the impact energy in different ways
including lateral collapse [1–3], inversion [4,5], bending [6] and
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a b s t r a c t

In this research, in order to increase energy absorption of thin-walled tubes, a combined

deformation mechanism is proposed which involves the simultaneous combination of

circumferential expansion and folding. Such a combined mechanism was not concerned

in the literature. The study is carried out both experimentally and numerically. A special

device was designed and made to conduct experimental tests on tubes. The samples were

made of aluminum, and quasi-static loading was applied at two different speeds of 10 and

200 mm/min. Energy absorption parameters including specific energy absorption (SEA),

crushing mean force, initial peak force, the deformation mode and crush force efficiency

(CFE) were studied. Experimental results showed that combined mechanism (without

lubrication) could increase absorbed energy up to 123% compared to the foldingmechanism.

If the lubricant is used, the increase will be up to 97%. The combined deformation mecha-

nism (without lubrication) increases absorbed energy up to 94% compared to the circum-

stantial expansion. This valuewill be 107%with lubrication. In addition, the initial peak force

in the combined mechanism decreases between 8% and 36% relative to the folding mecha-

nism. The circumstantial expansion in the proposed mechanism is complete and the

expansion stroke length is 100%, while this stroke was less in the previous researches

due to design restrictions. Numerical simulations were conducted using LS-Dyna software

and there is good agreement between the numerical results and experimental data.
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splitting [7]. Among the various types of collapse, twomethods
of axial collapse or folding and circumferential expansion are
considered in this research.

In the study of energy absorption by circumferential
expansion, an expansion mechanism with rigid die and
ductile tube was suggested for the first time by Eddins [8]
for the aircraft landing system.

Deformation in the form of circumferential expansion of
cylindrical thin-walled tubes as an energy absorber was
experimentally and numerically studied by Shakeri et al. [9].
In this work, a rigid tube is plunged into the thin-walled tube
under axial pressure load. In this case, the impact energy is
absorbed as expansion energy consumed by plastic work done
on the ductile tube as well as frictional energy between the
contact surfaces of two tubes. They showed that the mean
crushing force can be affected by the thickness and tolerance
between the rigid tube and the absorber tube, and the amount
of friction coefficient. Due to the circumferential expansion,
energy absorption of tubes was experimentally and numerical-
ly investigated by Yang et al. [10]. According to their results, the
contribution of friction in the energy absorption of circumfer-
ential expansionwas 22% of total absorbed energy. Also, for the
tubes with smaller thickness, the expansion process occurs
faster; moreover, in this case there is more contact between
surfaces. In another work by Yan et al. [11], several mandrels
were made with tip angles of 5–40 degrees and friction
coefficients were considered from zero to 0.3 to acquire the
appropriate angle of mandrel tip and friction coefficient. They
proved that the relationship between the expansion angle and
the loading force is nonlinear, while the coefficient of friction
and the loading force have linear relationwith each other. They
reported themost appropriate angles for expansion between 10
and 20 degrees. As an energy dissipation mechanism,
circumferential expansion of cylindrical tubes was experimen-
tally and numerically investigated by Tavakoli [12].

Some theoretical works have been done in the field of
energy absorption due to axial collapse [13–15]. Also, several
studies have been conducted to study the effect of geometric
parameters of energy absorber [16,17], quasi-static or dynamic
loading as well as the effect of impact velocity [18–20] and the
use of composites for the production of energy absorbers [21].

In addition, design and geometry of the energy absorber
structure have been of interest to improve energy absorption
in axial collapse deforestation. For example, changing the
geometry of the tube section [22], making tubes with variable
thickness [23,24], creating grooves and controlling buckling
[25,26], adding internal and external stiffeners to the structure
[27], use of glass-epoxy coating for the metal tube [28], the use
of multi-cell absorbers [29,30], creation of circumferential and
axial folding on the tube [31] and use of nested tubes as an
energy absorber structure [32,33] are some of the changes that
improve energy absorption in axial collapse.

Experimental investigations on the energy absorption in the
process of shrinking–splitting of a cylindrical tube were carried
out by Tanaskovic et al. [34]. In their study, energy absorption is
performed by plastic deformation and the friction between the
tube and the rod. After passing the cone section, the tube
changes its way in the opposite direction of the splitter and
more energy is lost during the process. The results showed that
the combined absorber increases absorbed energy up to

approximately 60% relative to shrinking absorber alone.
Experimental and numerical study on energy absorption of
cylindrical tubes in the expanding–splitting process was
performed by Li et al. [35]. According to their research, the
deformation involved two phases. The first phase of deforma-
tion included tube expansion by cylindrical mandrel and the
second phase included the splitting of the expanded tube along
with the initial scratches by the conical section of mandrel.
Quasi-static compression test indicated that this kind of
combined energy absorber increases the absorbed energy
95.34% relative to purely expansion deformation.

The main purpose of the present study is to provide a
combined deformation mechanism that has larger energy
absorption compared to two the previously introduced
combined mechanisms. In previous studies, two mechanisms
of shrinking–splitting and expansion–splitting have been
discussed. In this research, combined mechanism energy
absorption including circumferential expansion and folding
was studied. Aluminum tubes with a suitable ductility were
used as energy absorbers and axial quasi-static loading of
structures was carried out. To do the loading, a special fixture
was designed and built to do the two processes together. In
addition to experimental tests, a numerical simulation was
also done by finite element software LS-Dyna.

2. Experimental tests

2.1. Specifications of samples

Tests samples, in the formof a thin aluminumcylinderwith an
outer diameter of 70, thickness of 0.6, length of 107 mm, and
mass of 102 g, were used. Chemical composition of the
samples which has been determined by quantometery test
based on ASTM E826 standard [36] is presented in Table 1.
According to reference [37], the tube material is close to the
aluminum alloy of the 1100 series.

To ensure the ductility of the tube, tensile test with a speed
of 2 mm/min was performed. Fig. 1 shows tensile test samples
according to ASTM E 8M standard [38] before and after the test.
Engineering stress–strain curve obtained from the tensile test
as well as the true stress–strain curve is indicated in Fig. 2.

2.2. Design and manufacture of the fixture and the method
of its usage

One of the important parts of this research is designing a
device that performs combined process of energy absorption
in the desired form. Expected combined process is carried out
by a mandrel with a rigid support attached to the end of it.
Tubes with specified dimensions were expanded circumfer-
entially at first, then, expanded tube was axially crushed.

The initial design of the fixture was prepared in Solidworks
software (Fig. 3) and after ensuring its ability to work properly,
designing components were made with proper tolerances.
This apparatus has a mass of 24 kg and its overall dimensions
are (280 � 280 � 580 mm). Components of the device are
shown in Fig. 4.

Making mandrel both in terms of expansion diameter and
cone angle requires high precision. Moreover, its material
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must be hard enough to have the adequate resistance against
corrosion. The mandrel was selected from the VCN steel,
which is very hard. Cone angle was 15 degrees relative to the
mandrel axis. Selection of this angle has been done according
to the study by Reid and Harrigan [4] who reported the
appropriate angle for an expansion between 10 and 20 degrees.
The diameter of the expanding part was 70.8 mm and the
small diameter of the mandrel was 40 mm. The smaller
diameter of this section yields to easy exit of the crushed tube.

Performing a combined process is as follow:
Mandrel is firstly penetrated into the tube by the axial

pressure and expands the tube, during the ending phase of
expansion, the tip of themandrel swerves the plates on which
the tube is located and passes through it. These plates are
controlled by springs to swerve up to the desired size. The
length of themandrel was adjusted in such away that it would
be a time interval for beginning of folding in case thatmandrel
passed between plates. At this time interval, the plates return
to the first place and the bottom of the tube should hold the
tube in the beginning of loading from the side of the pounding
plates. Finally, the ultimate loading is done and the tube is
crushed to the end.

To show the effect of friction in the process, the surfaces
between the tube and the mandrel were lubricated in some
cases by ordinary grease (Grease MP NLGI-3).

3. Tests and results

Axial loading tests on the tubeswere performed by STM150 kN
(15 tons) apparatus at two loading speeds of 10 and 200 mm/

Table 1 – Chemical composition of the tube material.

Si Fe Cu Mn Mg Cr Ni Zn Ti Be Ca Li

0.38 0.86 0.1 0.06 0.12 Trace Trace 0.11 0.02 Trace 0.002 Trace

Pb Sn Sr V Na Bi Co Zr B Ga Cd Al

0.02 <0.005 Trace 0.01 Trace 0.01 0.005 Trace 0.01 Trace 0.003 Base

[(Fig._1)TD$FIG]

Fig. 1 – Tension test samples before (left) and after (right)
test.
[(Fig._2)TD$FIG]

Fig. 2 – Stress–strain curves of the tube material.

[(Fig._3)TD$FIG]

Fig. 3 – Designed (right) and built (left) fixture.

[(Fig._4)TD$FIG]

Fig. 4 – Exploded parts of the fixture.
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min. Jaw displacement of machine for combined mode was
250 mm. Installed fixture on the Santam machine before
loading is depicted in Fig. 5. To ensure the repeatability of the
results, each test was performed on two similar samples. For
combinationmode, the effect of the lubricantwas also studied.
After taking the force–displacement diagram, the specific
energy absorption (SEA) was calculated.

The SEA is calculated by dividing the absorbed energy by
effective mass (the mass of the crushed part of the tube).
Crushing steps for the process of the folding state are indicated

in Fig. 6 while deformation stages for the combined deforma-
tion mode are shown in Fig. 7.

To clarify the effect of the combined deformation mecha-
nism of circumferential expansion and folding, the results of
this mechanism should be compared with the folding
mechanism alone. Also, the effect of loading speed and
lubrication on these processes should be checked out. Thus,
the test plan was prepared as Table 2 which contained 6
absorber types. Meanwhile, two identical samples of any type
were prepared and tested.

In samples' code in Table 2, the first letter specifies
deformation mode (F for folding and C for combination) and
the next number states the loading speed (mm/min); the letter
‘‘N’’ indicates a test without lubrication and the letter Y shows
that the lubricant has been used in the test. Since two tests
have been performed for each sample type, numbers 01 and 02
were dedicated to illustrate these two tests.

The results of the experiments represented that combined
mechanism relative to folding mechanism increases absorbed
energy from 1.43 to 3.19 that is about 123%. This amount is
from1.43 to 2.8 that is about 97% in lubricationmode; however,
the lubricant's contribution is 26%. Also the combined
mechanism leads to 81% increase in energy absorption (from
1.76 to 3.19) relative to the circumferential expansion. This
amount is from 1.38 to 2.8 that is about 103% in lubrication
mode.

4. Simulation

Simulations were performed using LS-Dyna explicit code and
all experimental conditions were considered in simulation.

4.1. Geometric model

The model of the problem has three parts including mandrel,
tube and retaining plate. The desired dimensions of these
parts are shown in Fig. 8.

8515 shell elements were used in simulation of tube by the
formulation of Belytschko-Tsay. Finite element models are

[(Fig._5)TD$FIG]

Fig. 5 – Santam apparatus with installed fixture.

[(Fig._6)TD$FIG]

Fig. 6 – Consecutive steps of sample deformation in folding mode (F200N01).
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shown in Fig. 9 for folding and combined deformations. To
ensure the reliability of the response and sufficient number of
elements, the problem was analyzed with a different number
of tube elements and absorbed energy was selected as the
sensitive parameter. Changes in absorbed energy due to the
change in the number and size of the elements are presented
in Table 3.

4.2. Properties and boundary conditions

Mandrel and retaining support were made of steel, and they
have no deformation in this process. Therefore, the rigid
materialmodelwith a density of 7800 kg/m3, Young'smodulus
of 210 GPa and Poisson's ratio of 0.3was attributed to these two
parts. Material model of Piecewise-Liner-Plasticity was select-
ed for aluminum tube with a density of 2700 kg/m3, Young's
modulus of 69 GPa, the Poisson ratio of 0.3 and the yield stress
of 82.5 MPa. Also, the true stress–strain curve was considered
for the tube in accordance with Fig. 2. The Automatic_Surfa-
ce_To_Surface was considered for the contact between the
mandrel and tube as well as between the bottom plate and the
tube. Also, Automatic_Single_Surface was taken into account
for the tube itself. The coefficient of friction was considered
0.45 in non-lubricating state and 0.25 for lubricating state [10].
In the definition of boundary conditions, the support was fully
clamped and mandrel was also constrained in all directions
except the vertical one. The tubewas located betweenmandrel

and the support. Loading is applied by the mandrel which
moves down vertically. The retaining plate is fully constrained
and is with contact with the tube. There is no any constraint
for the tube and it can deform in any direction.

The upper mandrel moves with experimental loading
speed, expands the tube at first and then crushes it. Progress
of mandrel continues until formation of a state of rigidity for a
crushed tube so that no further deformation of the tube is
possible. This rigid state is specified with an instantaneous
and intense increase in the slope of the ending part of the
force–displacement diagram. Two types of samples collapse in
combined mode are shown in Fig. 10. Loading rate is different
for these samples, 200 mm/min and 10 mm/min for the cases
‘‘a’’ and ‘‘b’’, respectively. It should be noted that the
symmetric and asymmetric deformationmodes in thin-walled
energy absorbers are a random process [39].

5. Results and discussion

5.1. Investigation of folding deformation

To illustrate the improvement rate of energy absorption for
special combinedprocess, it is required to compare the process
with a separate deformation mode like folding. For this
purpose, test for folding alonewas also done. In the simulation
section, deformation of folding was also reviewed and

Table 2 – Various cases of tests and their codes.

Raw Code Loading rate (mm/min) Lubrication Deformation mode

1 F200N01 200 – Folding
2 F10N01 10 – Folding
3 C200N01 200 – Combined
4 C200Y01 200 Done Combined
5 C10N01 10 – Combined
6 C10Y01 10 Done Combined

[(Fig._7)TD$FIG]

Fig. 7 – Consecutive steps of sample deformation in combined mode (C200Y01).
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compared with experimental results. In Fig. 11, force–
displacement and energy–displacement diagrams related to
collapse as folding were represented in both experimental and
numerical modes. The main difference between the force–
displacement diagrams is that the experimental state diagram
is higher than the diagramof simulationmode. The reason can
be error in measuring the tube thickness and possible

anisotropy in the tube. Also, the slight change in thickness
in various points of the tube, considering construction
conditions, can be an error factor. As a result, in the case of
being crushed, sample has a somewhat distance from regular
conditions of folding which is imagined with formation of
plastic hinges for it. This will further exacerbate this
difference.

[(Fig._8)TD$FIG]

Fig. 8 – Geometric model of mandrel, tube and retaining plate (dimensions in mm).

[(Fig._9)TD$FIG]

Fig. 9 – Finite element model for (a) combined mode and (b) folding mode.
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Force–displacement diagrams in Fig. 11a were drawn for
loading speed of 200 mm/min in which asymmetric collapse
has occurred. Fig. 11b shows the corresponding energy graph.
In addition, the graphs in Fig. 11c were depicted for loading

speed of 10 mm/min in which collapse has occurred symmet-
rically and Fig. 11d indicates the corresponding energy
diagram. It should be noted that the mandrel stroke in
simulation mode is more than experimental state which is
also due to the regularity of its collapse in simulation and the
use of shell element in tube simulation. Energy–displacement
diagrams were compared in Fig. 11. The difference seen in the
ending section of the diagrams is due to the slight difference in
how it collapses or the variance during the crushing or
mandrel progress.

Numerical and experimental results were compared with
more details in Table 4. In this table, energy absorption
parameters such as mean force, peak force, absorbed energy,
specific energy absorption, stroke, stroke efficiency (length of
progress to tube length ratio) and crush force efficiency (mean
force to maximum force ratio) were compared with each other

Table 3 – Energy absorption (EA) of the tube with different
number of elements.

Case Number of elements Size of elements (mm) EA (kJ)

1 312 8.8 3.32
2 465 7.0 2.95
3 820 5.4 3.14
4 1830 3.6 2.90
5 3240 2.7 2.70
6 5050 2.1 2.90
7 8515 1.6 2.90
8 12,480 1.3 2.90

[(Fig._10)TD$FIG]

Fig. 10 – Consecutive steps of collapse of the tube in combined mode (simulation). (a) Asymmetric collapse from lower end
(C200Y01). (b) Symmetric collapse from top end (C10Y01).

[(Fig._11)TD$FIG]

Fig. 11 – Experimental and numerical force–displacement and energy–displacement curves for folding deformation. (a and b)
200 mm/min loading rate. (c and d) 10 mm/min loading rate.
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for numerical simulations and experimental tests. Generally,
the force–displacement diagram is stoppedwhere the gradient
of the curve is very high. This point is known as the absorber
crushing length. The length of crushing is affected by the
collapse patterns. It can be seen that experimental and
simulation results are well matched together.

5.2. Examining combined deformation

The main purpose of this research was to introduce a
combined mechanism for circumferential expansion and
simultaneous folding of the tube. The effect of thismechanism
on improving energy absorption was examined at first by
performing experimental tests. Then the obtained outcomes
were used to validate simulation results. Then, the results of
numerical simulation and experimental data were compared
in a combined mode.

5.2.1. Combined process analysis
Force–displacement diagram in the combined process has
different sections (Fig. 12). Expander mandrel is located in the
left side of this figure and the force–displacement curve is
placed on the right on which 8 major areas have been shown.
The descriptions of these eight areas are as follows:

1. Section a: This section indicates the beginning of the
expansion process bymandrel. The beginning of the section
is the start of contact between the angled part with the tube
while its ending point is where the inner diameter of the
tube has reached to its final value i.e. the diameter of the
mandrel. In this section only the upper part of the tube is

expanded and then, becomes angled like the tip of the
mandrel. Based on this section, it is observed that force
must be exerted based on the end of the section (a) to
change the diameter from an initial value to the diameter of
the mandrel (for example, 10 kN for Fig. 12).

2. Section b: Since the initial diameter of the tube is constant
at its length, the same force is required during the collapse
for all parts of the tube to reach the diameter of themandrel.
Constant collapse force in various displacements of the
mandrel leads to the creation of a horizontal part in the
force–displacement curve. This force is referred to as a
steady force (Sf) for expansion.

3. Section c: This area corresponds to a decrease and then a
sudden increase but with a small amount in the force–
displacement curve. In other words, after passing the
uniform phase of b, the curve has slightly come down and
then a jumpoccurs in thediagram.The cause of the lowering
the force is the completion of the expansion stage of the
tube. The reason for the jump in the curve is the surplus
force that is consumed to overcome the friction caused by
relative motion between tube and bottom surface. This
relative movement is due to the matter that the end of the
tube should slide on the lower rigid plate to reach the
diameter of the mandrel which has not existed before.

4. Section d (interval between end of expansion and end of
contact): After the removal of mandrel contact with the
expanded parts, the material tends to compensate part of
its deformation, that is, elastic deformation or spring back.
Elastic deformation recovery in the expanded sections,
which has no constraint at present, affects bounded parts.
In this way, at the contact surface of the mandrel with the

Table 4 – Energy absorption characteristics of tube in folding mode.

Specimen Mf (kN) Pf (kN) EA (kJ) SEA (J/g) St (mm) CFE %

F200N02 Experiment 17.0 36.8 1.43 14.0 84.0 46.0
Simulation 16.4 34.4 1.48 14.5 89.4 47.5
Difference % 3.5 6.5 3.50 3.5 6.4 3.2

F10N02 Experiment 16.9 37.6 1.45 14.2 85.8 44.8
Simulation 15.6 34.1 1.40 13.7 89.0 45.7
Difference % 7.4 9.3 3.40 3.4 3.6 2.0

[(Fig._12)TD$FIG]

Fig. 12 – Different sections of load–displacement curves of C10Y02 sample in combined mode (experimental and numerical)
(right), and the mandrel (left).
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tube, a force is exerted into the mandrel. This force always
exists in expansion (area b) between the mandrel and the
tube but since the amount of this force is low, it is specified
when the expansion of the tube is finished andmandrel and
tube are still in contact with each other. It is important to
know that the angle of mandrel tip affects this issue so that
whatever the angles of the tip of themandrel are higher, the
area d is placed at a lower level.

5. Section e: In this area, expansion of tube as well as the
contact between the mandrel and the tube has ended;
therefore, as long as the top plate of the mandrel does not
reach the tube, the amount of force in the force–displace-
ment curve is zero.

6. Section f: This area represents the beginning of the folding
in expanded tube and corresponds to a force jump in the
curve because of the initial elastic deformation. During
folding process in a tube, institution of the first plastic hinge
requires the most force.

7. Section g: This area indicates the collapse of the tube in the
formof folding. Number of peaks in this area corresponds to
the number of folds created in the tube.

8. Section h: Ending part of diagram is accompanied with a
steep and sudden increase. That is, the tube is completely
crushed at this time.

5.2.2. The results of the combined deformation
An important point in combined mode results is ascending
rate of expansion zone of the force–displacement diagrams
(area b in Fig. 12) in experimental tests without lubricant.
Because of the tube's ductility and the presence of friction, the
inner surface of the tube is scratched with the mandrel
development and sticks to its surface. This phenomenon
causes gradually rise of friction in this area. Moreover,
accumulated burrs on the surface of the mandrel raise
surfaces interference. These two factors lead to an increase
in the diagram in area b.

Force and energy graphs are in fact complementary. Placing
these two graphs near each other makes the comparison
clearer. Force–displacement diagrams as well as the energy–
displacement of the four tested samples along with numerical
simulation results are shown in Fig. 13. Figures a (without
lubricant) and c (lubricated) are related to the loading speed of
200 mm/min and Figures e (without lubricant) and g (lubricat-
ed) are associated with the speed of 10 mm/min. Figures b, d, f
and h are corresponding energy–displacement diagrams of a,
c, e, and g cases, respectively. The beginning portion of energy–
displacement diagrams, is related to the circumferential
expansion of the tube, horizontal section (section b) is
associated to the time interval, while the latter part is related
to the folding process. Parameters extracted from force–
displacement curves of the four mentioned samples in both
simulation and experimental modes are compared in Table 5.
It is seen that there is a good agreement between experimental
and numerical results. Numerical simulation are carried out to
insure the changes in force–displacement curves, various
collapsemodes and to clear the contribution of each portion of
deformation on energy dissipation. Besides, the results
explained in Section 5.2.2 for the combined deformation, will
be more reliable.

Stroke efficiency is equal to the ratio of the deformed length
of the tube to the tube length before deformation. The more
the stroke efficiency, the more capability of the tube has used
to absorb energy. In this work, the deformed length of the tube
is considered for calculation of stroke efficiency. Since the tube
length is deformed twice, therefore, efficiency is more than
when the tube is only once deformed.

5.3. Comparison of deformed samples

In this section, four cases of crushed samples in experimental
tests were compared with simulation results. As shown in
Figs. 14 and 15, symmetric and asymmetric collapses have
occurred for folding and combined deformation in tested
tubes. Also, asymmetric, symmetric, and mixed collapse
occurred in the simulation results.

5.4. Effect of combined mechanism on improvement of
absorbed energy

Energy absorption in combined mode is compared with
absorbed energy of individual circumferential mode or folding
mode in this section. It should be noted that lubrication is not
effective in the folding mode. Given the data in Fig. 16, it is
specified that the energy absorption is approximately doubled
by the combinedmechanism. In this figure, absorbed energy of
test samples at loading rates of 10 and 200 mm/min were
compared in two cases including with and without lubricants.
It is seen that when lubrication has not been done for loading
at a speed of 200 mm/min, combined mechanism compared
with normal folding increases energy absorption by 123% in
which this amount will be 97% with lubrication, that is, the
lubricant's share is 26%. Without lubrication at loading speed
of 10 mm/min, combined mechanism compared to conven-
tional folding increases energy absorption by 107%. This
amount is 93% in lubrication mode and therefore, the
lubrication share for this case becomes 14% in reduction of
energy absorption. It is observed that the effect of lubrication is
more at higher loading rate. Also, the combined mechanism
results in 81% increase in energy absorption for speed of
200 mm/min in the lubrication mode compared to the
circumferential expansion. This amount is 103% in lubrication
mode and the lubrication share is 22%. Combined mechanism
has 94% of increase in energy absorption relative to circum-
ferential expansion for speed of 200 mm/min in which this
value is 107% in lubrication mode and the lubrication share is
13%. From the above statements, several results are obtained
as the following:

1. In the case of lubrication, folding mechanism absorbs more
energy relative to circumferential expansion which is
contrary in a non-lubricant state.

2. Combined process includes two parts: The expansion
section is affected by friction and lubrication causes
reduction in absorbed energy, and the folding section is
independent from lubrication. Therefore, in case of com-
paring, lubrication in expansion has a greater impact than a
combined mode.

3. The purpose of lubrication in the mechanism of circumfer-
ential expansion is the prevention of rupture and possible

a r c h i v e s o f c i v i l a n d m e c h an i c a l e n g i n e e r i n g 1 8 ( 2 0 1 8 ) 1 4 6 4 – 1 4 7 71472



damages of the tube during loading. Both loading rates in
this research are in the quasi-static range. As it is clear from
the results, energy absorption at these two speeds has little
difference and that the general trend of results is the same
at both speeds.

The peak force of samples in different experimental
conditions has been investigated in Fig. 17. This force is an

important parameter in energy absorbers and the less the
force, the less the severity of the impact is felt in accidents. So
far, different ways have been proposed to reduce the force.

In the combined mechanism, tube is converted to a barrel-
shape form after expansion. This causes that maximum
appeared force in this diagram is less than the initial tube's
peak force which is only subjected to folding. Maximum force
of combined mechanism, in the case where no lubricant is

[(Fig._13)TD$FIG]

Fig. 13 – Experimental and numerical load–displacement and energy–displacement curves for combined mode of
deformation. (a and b) 200 mm/min loading rate without lubrication. (c and d) 200 mm/min loading rate with lubrication. (e
and f) 10 mm/min loading rate without lubrication. (g and h) 10 mm/min loading rate with lubrication.
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used, has become more than the case where lubricant is
applied. Also, quasi-static loading at high speeds has greater
maximum force relative to low speeds.

In comparison of crush force efficiency (CFE), no particular
change is observed between combined deformation and

folding. Since part of energy absorption in combined mode
is related to the circumferential expansion which has a lower
mean force compared to folding, the mean force for folding is
in general greater than the combined deformation. On the
other hand, the maximum force is less in combination mode.

Table 5 – Energy absorption characteristics of the samples in combined mode.

Specimen Mf (kN) Sf (kN) Pf (kN) EA (kJ) SEA (J/g) St (mm) CFE %

C200N02 Experimental 13.9 14.4 31.9 3.19 31.3 81.0 43
Simulation 15.2 14.0 29.6 3.02 29.6 87.0 48
Difference % 9.3 3.0 7.2 5.30 5.3 7.4 11

C200Y01 Experimental 14.2 10.9 27.1 2.80 27.6 84.5 52
Simulation 14.0 10.0 29.0 2.74 26.9 86.0 48
Difference % 1.4 8.2 7.0 2.10 2.1 1.8 8

C10N01 Experimental 15.6 12.8 34.8 3.00 29.4 86.0 45
Simulation 15.5 14.0 38.1 2.94 28.8 82.0 41
Difference % 0.6 9.3 9.5 2.00 2.0 4.6 9

C10Y02 Experimental 13.1 10.2 29.0 2.80 27.5 83.5 43
Simulation 13.5 10.0 26.4 2.59 25.4 86.0 51
Difference % 3.0 2.0 8.8 7.50 7.5 3.0 18

[(Fig._14)TD$FIG]

Fig. 14 – Deformed shape of two samples in folding mode (up experimental and down simulation).

[(Fig._15)TD$FIG]

Fig. 15 – Deformed shape of two samples in combined mode (up experimental and down simulation).
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With thementioned interpretations, the crush force efficiency
is ultimately equal for two modes.

6. Conclusion

The purpose of the present studywas to investigate the energy
absorption characteristics and mechanical behavior of thin-
walled aluminum cylindrical tubes under axial loading in a
way that structure deformation is a combination of circum-
ferential expansion and folding. Applying this type of collapse
requires that a mechanism be designed which has the
capability of doing so. Therefore, the desired fixture was
designed and built. Thin-walled aluminum tubes were
prepared and their mechanical properties were determined
by standard tests. Then, given the effective parameters, the
test plan was arranged and experimental samples were then
tested. Numerical simulation was conducted using LS-Dyna
software and the results were compared with experimental
data. Reviews revealed that simulation and experimental
results are well matched with each other and the above-
mentioned combined mechanism has an effective role in

increasing energy absorption. The most important results of
this research are as follows:

1. Combined deformation mechanism (without lubrication)
increases the absorption of energy between 107% and 123%
relative to folding alone. If the lubricant is used, this ratio
will be 93–97%; as a result, the friction share in this
comparison is 14–26%.

2. Combined deformation mechanism (without lubrication)
causes rise in the rate of energy absorption between 81%
and 94%, relative to the circumferential expansion. If the
lubricant is used, this ratio will be between 103% and 107%;
as a result, the friction contribution in this comparison is
13–22%.

3. Relative to folding, peak force in the combined mechanism
is reduced about 8–36%.

4. Since the tube length is deformed twice in combined
mechanism, therefore, efficiency is more than when the
tube is only once deformed in folding or expansion
deformation.

5. By applying the proposed process of this study, expansion
deformation is completely done and stroke length of

[(Fig._16)TD$FIG]

Fig. 16 – Comparison of SEA for three different modes of deformation.

[(Fig._17)TD$FIG]

Fig. 17 – Comparison of peak force for combined mode and folding mode of deformation.
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expansion is 100%, while the mentioned length was less
than 100% in previous research due to design constraints.

6. Crush force efficiency for combined deformation and
folding is almost the same.
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