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ABSTRACT

The axial compression of metallic tubes with circular cross-
sections is associated with complicated deformation patterns
that comprise absorbing considerable energy in the plastic
range. Therefore, these tubes can be efficiently used as energy
absorbers in structures, and equipment. The objective of this
paper is to present the results of the analysis of the nature of
deformation, and the involved forces, stresses, strains and
energy during axial compression of circular tubes under
variable conditions, using FEM. A powerful and flexible FEM
package (ABAQUS/Explicit, Version 5.73) has been applied to
cover the large plastic deformation under a variety of strain
rates (rate-dependent plasticity). The analysis is extended to
include the effects of some prominent variables such as the
speed of deformation, and tube thickness.
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INTRODUCTION which tend to form the concertina mode of

he axial compression of metallic tubes
with circular cross-sections provides an
efficient mechanism for absorbing energy.
- during collapse. This is due to the large
' plastic deformation that they can take, under
“specific conditions, in the form of successive
~axial folds which is known as the axi-
symmetric mode of deformation or the
“concertina” mode. Other modes of
‘deformation include the “diamond” mode or
non-axial symmetric (successive folds in both
the axial and circumferencial directions), the
mixed mode (concertina and diamond), and
the Euler buckling mode which takes place
- at high slenderness ratios [1]. However, these
modes absorb less energy during collapse,
- and. accordingly, the conditions leading to
- any of them should be avoided when
~ designing the tube as energy absorbent [2].
Other tube geometries such as the frusta
(truncated conical shape), and square
- sections are also less efficient in absorbing
energy during collapse [3-5]. The variables
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deformation are higher tube thickness,
higher yield strength of the material, high
friction at the tube-platen interface,
controlled thickness/diameter ratio, and
lower length/diameter ratio [2, 6].

Several attempts have been made
towards theoretical analysis of the forces,

stresses, and energy for the concertina
deformation mechanism. These
investigations were based on simplified

equilibrium approach or energy balance
approach, and neglected some aspects as
friction, or redundant work, which usually
led to force or stress values much lower than
those experimentally measured [7-10]. The
Finite Element Method (FEM), is a powerful
tool for the analysis of complicated
deformation problems. The technique has
been used to study similar problems but not
with large plastic strains, such as the
deformation of polymer composite tube
materials [11], and the case of pretorsioned
pipe cluster [12]. However, it has not been
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yet directly applied to the problem of concern
due to the complexity of the deformation
mechanism.

THE ABAQUS FEM PACKAGE

The Finite Element Method is a well
established computational technique for
solving intricate linear and nonlinear
continuum problems. Literature and
procedures for applying this technique on a
variety of engineering problems are available
in too many references [13-17]. Several FEM
packages have been developed recently, the
most powerful of which is the ABAQUS. Itis
a flexible tool for finite element modeling.
The version used in these investigations is
the ABAQUS/Explicit, Version 5.73. This
program provides nonlinear, transient and
dynamic analysis of solids and structures
using explicit time integration. Its powerful
contact capabilities, reliability, and
computational efficiency on large models also
make it highly effective for quasi-static
applications involving discontinuous
nonlinear behavior. The program requires a
hardware of at least Pentuim II, 400 MHz (for
speedy runs), 64 MB of RAM configurations,
and Windows NT operating system, with a
high resolution graphics card (1024x768 in
256 colofs). Double speed CD-ROM drive,
600 MB minimum free space, 4.3 GB hard
disk, and17 inch monitor are recommended.

PROBLEM SPECIFICATIONS AND
BOUNDRY CONDITIONS

‘The analysis is based on modeling of the
axial symmetric concertina mode of
deformation, and accordingly, the axi-
symmetric module of the ABAQUS-Explicit
program has been chosen. Therefore only
one side of the tube needs to be considered
for mesh generation. The type of element
selected for the analysis is 4-node bilinear
axisymmetric continuum element suitable
for large deformation plasticity (CAX4R). The
elements at the interface with the machine
platen were selected as 2-node linear rigid
element for axisymmetric planar geometries
(RAX?2).

A mild steel tube material is considered
with yield stress 320 MPa, and strain
hardening rate 1157 MPa/unit strain
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(Classical metal plasticity model usin
standard Mises yield surface with associ
plastic flow). The tube has an intem
diameter of 60 mm, length of 120 mm, and;
thickness of 1.5 mm. The tube is axial
deformed at a speed 0.25 m/sec. A hig
coefficient of friction of 0.35 is assumed
insure development of the concertina mod
of deformation. To investigate the effectsg
geometric parameters, some dimensions ar
varied as will be stated in relevant sections.

The number of elements on th
axisymmetric tube section for achievin
convergence of results is selected as 39
quadrilateral element, and will be presente
through the results (130 element in the axia
direction x 3 .in the radial direction of th
thickness).

RESULTS

Force-Displacement Diagram

A typical force-displacement relation a
predicted by the ABAQUS for the axia
compression of the tube by 66.7% reduction
in height, is shown in Figure 1. The figur
includes the experimental force-displacement
relation obtained previously [18] fo
comparison. Almost full conformance can be
observed for the peak forces and numbero
waves. However, displacements of
experimental results are shifted to the rig 1
relative to theoretical values. This could be
attributed to the rigid-plastic model assumed
by the program when large plastic strains are

also be required practically to reach full
contact between platens and the tube (fill in).
The number of waves shown in the figure (9
waves) corresponds to the number of
outward and inward folds formed along the
tube circumference.

Deformation Energy

Figure 2 shows the total internal energj
consumed in the collapse of the tube
presented as solid line, and the energy
consumed in the plastic deformation
presented as dotted line. The limited
difference between the two lines represents
the energy lost in friction. From the figure, it
is clear that the energy consumed in the
process increases linearly with the axial



compressive displacement of the tube. A
number of fine waves appears on the linear
elation, matching the number of folds
ed during displacement, which suggests
at the energy consumed in the progression
each fold till the flattening position is
tively small. It could be also concluded
the figure that the deformation energy
eases with the increase of the number of
lds formed on the tube surface. It is worth
erceiving that the total internal energy
presents the area under the force-
isplacement relation presented in Figure 1.
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Mechanism of Deformation

Progressive deformation steps to form the
concertina folds along the tube surface, at
successively increasing displacements, are
shown in Figure 3. These steps are selected
at displacements matching the force peaks.
The figure indicates that the number of folds
formed outward are 5, and inward folds are
4, making a total of 9 folds (along a total
displacement 65.3 % of the tube length).
These folds correspond to the 9 waves on the
force-displacement relation given in Figure 1.

Displacement:

45.2mm
51.6mm

62mm 612
R 784

Figure 3 Steps of forming folds along the tube.
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When compression starts, the first fold
usually tends to form outwards, with
progressive increase in diameter. The force
reaches its first peak at early stage of this
fold formation. With the development and
flattening of the fold, the force tends to
decrease. A second fold starts developing
inwards with decrease in diameter (step 2),
associated with a second peak force. The
reduction in diameter for the inward fold is
less than the increase in diameter in the
outward fold as can be seen in Figure 4. At
step 3, a second outward fold, or generally a
third fold is formed with a third peak force

Upper platen

T

(peak 3). This peak is larger than the secon
due to larger lateral deformation in tk
outside direction as stated. The deformatie
continues progressing with inward folds 4, 6
and 8 associated with peak forces equal
the peak force of the second fold, an
outward folds 5, 7, and 9 with peak forc
equal to the peak of the third fold. Figure:
ends with the tenth rise, indicative ofth
commence of the fifth internal fold at a fini
displacement 80 mm equivalent to
reduction in height 66.7 %.

A Lower (fixed) platen

Figure 4 Mesh generated on the tube side before and after deformation (superimposed, a) magnified image of deformed

tube side (b), and photo of deformed section (c)

Figure 4, shows one side of the tube
before and after compression (step 9 in
Figure 3), superimposed together to confirm
the observation of larger lateral deformation
on outward folds. The figure also shows the
mesh before and after deformation. A
magnified image of the deformed tube is
attached (b) for improved observation, and a
photograph (c) for half section of a deformed
tube to confirm similarity of the analysis
with experiments.
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The variation of the equivalent stre
(Mises) and equivalent strain are shown!
Figure S (a and b). The figure shows hi
stresses and strains (darker areas) at
inner part of the outward folds, compared:
those at the inward folds. This confirms ]
trend of higher peak forces associated wil
the outward folds. Maximum stress value
722 MPa which is about 2.25 times ff
initial yield stress of the material.



eq. Stress

MISES VALUE
+4.,40E+07

+1.41E+08
«2.38E+08
+3.34E+08
«4.31E+08
+5,28E+08
+6.25E+08
+7.22E+08"

t of Speed
re 6 shows the variation of the force-
ment relation for three axial
ion speeds 0.5, 2, and S5m/s. The
dicates that the increase of the
. of deformation increases the peak
. and shifts their position, i.e. changes
eformation sequence. The rise of the
with speed leads to an increase of the
ergy absorbed by the material during
ion as shown in Figure 7. However,
gy increase is limited to only 8 % (at
ement 66.7 %) with 10 times
e of the speed . The change ofthe
ce of deformation is shown in Figure
the initiation and propagation of
s at the moving platen side when
is' 0.5 m/s. The direction is
to the fixed end side of the press
he speed is increased to 2 m/s. A
of propagation of fold formation
sides is shown at a speed of 5 m/s
correlated to the clear shift of the
 positions and the non-consistency
c values at this speed as shown in

Finite Element Analysis of the Axial Compression of Tubes

‘eq. Strain

PEEQ VALUE
R — .00E+00
.11E-02
.62E-01
.43E-01
.24E-01
. 05E-01
.86E-01
.672-01

" Figure 5 Distribution of Mises equivalent stress (a), and equivalent strain (b) along deformed tube section

Effect of Tube Thickness

To study the effect of tube thickness,
steel tubes of the same internal diameter and
length but with thickness 1,2,3 & 4 mm have
been investigated. Figure 9, shows the force-
displacement diagram for these thickness
values. The figure indicates clearly that as
the thickness' increases, the peak forces
increase, and the resulting number of folds
tends to. decrease and their sequence is
inclined to change. The rate of rise of the
peak force is higher than the rate of surface
area increase with thickness (with thickness
increase from 1 to 4 mm, the area is
increased 4.2 times whereas the peak force
increased by about 6 times). Figure 10,
shows that the total energy also increases
with the increase of tube thickness, but at
higher rate (the energy is increased 10.5
times with thickness increase 4 times).
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re 11 shows the change of the
* of folds and their initiation direction
e increase of the tube thickness. The
cates that the number of folds
from 12 at thicknessl mm to 7 at
2 mm, and further down to 5 folds

Thickness: 1mm

L. L.

CONCLUSIONS
Finite Element Analysis can fully
sent the  process of axial
ression of tubes under conditions
g to axial symmetric concertina
of deformation. Conformity with
ental results covers the load-
ent relation, deformation
and progression of concertina
echanism of deformation).
d varies with displacement in
form with a number of peaks equal
s number of folds.
hange successively from outward
vard directions of the original
with the outward folds
g higher forces, =
on energy increases linearly
axial compressive displacement
or with the number of folds.
e of the compression speed
es the peak forces, the total
absorbed by the material during
ation, and changes the
ation sequence from the moving
side to the fixed end side of the
to both sides.
of tube thickness leads to
increase of the peak forces,
deformation energy. The
number of folds tends to
and fold propagation changes

Finite Element Analysis of the Axial Compression of Tubes

‘at thickness 3 and 4 mm. The fold

propagation changes from the moving platen
side at lower’ thickness (1 and 2 mm) to the

. fixed end side as the thickness is increased
" (3'and 4 mm).

3mm

L.

Figure 11  Effect of tube thickness on the number of folds and their sequence

from the moving platen side at lower
thickness to the fixed end side as the
. thickness increases.

* The work presented in this paper is part of
an extended research program to cover
the effects of other variables; as well as
three dimensional modes of deformation.
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