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Abstract

The control of the plastic flow mechanism during axial collapse of metallic hollow cylinders is of particular interest
in the present work for the absorbed energy. Hence, an experimental methodology is developed during which some dif-
ferent tubular structures are loaded under compressive quasi-static strain rate. These structures of various geometrical
parameters g = Rm/t and k = Rm/L (Rm: mean radius, L: initial length and t: thickness of tube) are made either from
copper or aluminum considered as an energy dissipating system. At this point, the effects of both parameters on the
mean collapse load and absorbed energy are appropriately studied. The role of g ratio, which has been largely inves-
tigated previously, is studied again. Moreover, it is found that the k ratio has a non-negligible influence on the defor-
mation mode for a given g. It is well known that the absorbed energy is influenced by the deformation mechanism, i.e.,
for the axisymmetric mode, the related absorbed energy becomes more important than that of the diamond fold mech-
anism for a given cylinder. Accordingly, to maximize the absorbed energy, two different structural solutions, namely
fixed-ends and subdivided structure, are developed for encouraging the axisymmetric mode. It is convenient to consider
the classical axial collapse situation (noted as free-ends) as a comparison reference. In this work, it is recognized that the
subdivided solution is relatively the best solution. As a result, the absorbed energy increases up to 21% in comparison
with the free-ends situation for copper tubes.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The success of the engineering design often depends on an appropriate selection of the specific mate-
rial with respect principally to its mechanical properties and its reliability, i.e., its safety. One of the most
0020-7683/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2005.04.029

* Corresponding author. Tel.: +33 1 41 51 12 34; fax: +33 1 48 61 38 17.
E-mail address: aabdul@iu2t.univ-paris8.fr (A. Abdul-Latif).

mailto:aabdul@iu2t.univ-paris8.fr


1544 A. Abdul-Latif et al. / International Journal of Solids and Structures 43 (2006) 1543–1560
important engineering application related to mitigating the damage and consequently improving the vehic-
ular crashworthiness, is the energy dissipating systems. A number of literature surveys representing the state
of the art in this field, in particular (see, Ezra and Fay, 1970; Rawlings, 1974; Johnson and Reid, 1978,
1986; Jones, 1989; Alghamdi, 2001), give worthy discussions of the design of mechanical devices for dissi-
pating kinetic energy and their related theoretical developments. Bolstered by a host of several developing
devices to dissipate the energy, a strong conviction is emerging that the response of structures to a large
extent depends on many considerable factors: the effect of large geometry changes, hardening and strain
rate effects, and the different modes of deformation governing the interaction between the above factors
and the type of the employed material.

The energy absorbed during the plastic deformation is one of the most logical foundations for develop-
ing a tool dealing with the energy absorption. Large plastic behavior of mechanical elements (plates, shells,
tubes, stiffeners,. . .) when subjected to various types of load has been the subject of several experimental
and theoretical researches over the last decades. Note that these devices, used for this purpose, are usually
one-shot items, i.e., once having been plastically deformed, they are discarded and replaced. The main goal
of these investigations is to better understand the modes of deformation, then the resulting failure and the
energy absorption patterns during collapses. For any given device, the capability to absorb the energy de-
pends, in general, on the magnitude, type and method of application of loads, strain rates, deformation or
displacement patterns and material properties (Johnson and Reid, 1978). Moreover, each device has its own
characters and features; so to understand the material response during collapse, the plastic flow has to be
appropriately determined through experimental procedures.

Since thin-walled cylinders provide practically the widest range of possible uses in these devices, a focus-
ing is thus made here on such elements. They can be plastically flattened due to lateral compression (e.g.,
DeRutz and Hodge, 1963; Reddy and Reid, 1979; Abdul-Latif, 2000; Nesnas and Abdul-Latif, 2001;
Abdul-Latif and Nesnas, 2003; Abdul-Latif, 2004) and can be laterally crushed under local loads (Thomas
et al., 1976; Watson et al., 1976, and others). In addition, tubes can be plastically made to turn inside-out or
outside-in, known as tube inversion (e.g., Al-Hassani et al., 1972; Al-Qureshi and De Morrais, 1977). These
structures can make to split and curl up (for example, Stronge et al., 1983; Atkins, 1987; Lu et al., 1994).
Under axial compressive loadings, these elements can also be plastically buckled. Static or dynamic axial
crushing of circular and square or rectangular sectioned tubes have been conducted by many research pro-
grams and have been reviewed by Abramowicz and Jones (1986), Jones (1989) and Reid (1993).

The axial plastic buckling of tubular elements is the principal framework of the proposed work. It rep-
resents a classical problem in solid mechanics, which treat notably the plastic buckling under both static
and dynamic conditions. As an energy absorber system, it provides one of the best devices due to, in gen-
eral, the stability of the average collapse load throughout the entire collapse process and due to the avail-
able stroke per unit mass (Johnson et al., 1977). Because of the combination of the bending and stretching
deformations and its progression along the tube, hence the buckled tubes ensure that all of the material
participates in the absorption of energy by plastic work. It is well known that a tube wall buckles into either
an axisymmetric or a diamond fold mechanism. The corresponding post-buckling load has an oscillatory
nature. The bibliographical study points out that the g ratio (R/t) is an important key factor, which can
determine the deformation mode during axial collapse. In the case where R/t < 15 (Johnson and Reid,
1978), the mode axisymmetric becomes predominant for most engineering materials. Nevertheless, the dia-
mond fold mechanism tends to occur for larger values. For a given tube, it is found that the absorbed en-
ergy is more important in the mode axisymmetric than that in the diamond mode. It is important to
mention here that no analysis has been given which explains why a particular mode shape is adopted by
a given tube for a given material.

In this paper, an experimental methodology of axial collapse of cylinders, which represents a well-known
issue, is conducted under quasi-static compressive strain rate conditions. The inertia effects during compres-
sive load are totally neglected, since the kinetic energy is totally converted into plastic work. It is found that,
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in addition to the g ratio, the k ratio (R/L) can play an important role especially in controlling the plastic
flow mechanism. Few investigations have been carried out to determine the effect of this parameter on the
axial collapse of tubes (Andrews et al., 1983; Guillow et al., 2001). In the light of this fact, two different
structural solutions are proposed to encourage the axisymmetric mode. Actually, the first tentative is based
on the fixation of the tube extremities (fixed-ends situation). The second particular developed solution con-
sists of cutting a given tubular structure in several portions. These portions are coaxially assembled together
and separated by non-deformable discs. The effects of the number and the length of portions (i.e., k ratio)
on the flow mechanism are well studied for different g ratios.
2. Choice of the materials

In this study, two metallic materials are investigated. It is a matter of commercial hardened copper (yield
tensile stress: 310 MPa) and annealed aluminum alloy (yield tensile stress: 190 MPa) designated according
to French standard as NFA51120 and AFNOR A506411 and A50-451 (6060), respectively. It is well known
that each material has a good ductility. Their actual chemical compositions, determined by wet chemical
analysis, are summarized in Tables 1 and 2.

The used hollow cylindrical specimens have the following dimensions:
For the copper tubes, four internal diameters (d) are chosen: 26, 30, 38 and 52 mm with 1 mm thickness

(t), leading respectively to the following radial geometrical ratios (g): 13.5, 15.5, 19.5 and 26.5.
Table 1
Chemical composition of the employed copper

% Cu P

Min. 99.9 0.013
Max. 0.05

Table 2
Chemical compositions of the used aluminum

% Si Fe Cu Mn Mg Cr Zn Ti Others Total Al

Min. 0.3 0.1 0.35 Rest
Max. 0.6 0.3 0.1 0.1 0.6 0.05 0.15 0.1 0.05 0.15

Table 3
Chosen lengths of the copper and aluminum tubes with their ratios

k Ratio Rm, mm g Ratio

0.66 0.44 0.33 0.22 0.13 0.1
Copper tubes

Initial length of the tubes (L), mm 20.4 30.6 40.7 61 101 135 13.5 13.5
23.5 35.2 47 70.5 119.2 155 15.5 15.5
29.4 44.1 58.8 88 147 195 19.5 19.5
40 60 80 120 204 265 26.5 26.5

Aluminum tubes

Initial length 23.5 35.2 47 70.5 119.2 155 15.5 15.5

0.6 0.4 0.3 0.2 0.12 0.1

Initial length 40 60 80 120 200 240 24 12
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For the aluminum structures, two distinct sections are also investigated having diameter (d) = 30 and
46 mm and thickness (t) = 1 and 2 mm giving respectively g = 15.5 and 12. Characterized by the same lon-
gitudinal ratio (k), several initial tube lengths are defined for both metals. Subsequently, they are crushed
quasi-statically under compressive loading. It is worth emphasizing that the specimens are not subjected
neither to heat treatment nor to special machining operation. The defined lengths of the copper and alumi-
num cylinders with their ratios are summed up in Table 3.
3. Experimental procedure

All of the employed tubular structures are loaded between the two parallel platens of an Instron Uni-
versal Testing Machine (type 1186) under three compressive constant cross head speeds, namely 1, 50
and 500 mm/min at room temperature. Each employed compressive speed gives undoubtedly a quasi-static
strain rate. The machine is connected to an acquisition chain to simultaneously record the force and the
corresponding displacement during tube crushing operation. In order to ensure the experimental results
accuracy, each test is repeated twice under the same experimental conditions (applied speed and tempera-
ture). If the differences between the two responses exceed 3%, then another test has to be performed.

3.1. Origin and particularity of the adopted solutions

Based on those results obtained in relevant literature (e.g., Johnson and Reid, 1978; Baleh et al., 2003a,b)
as well as on the part of this study, it is noticed that the absorbed energy is evidently influenced by the
deformation mode during axial collapse, i.e., the axisymmetric mode is more interesting than the diamond
mode from the absorbed energy point of view for a given tubular structure. Since the main goal of this work
is to maximize the absorbed energy, two distinguished solutions are therefore developed:

(1) The first one represents a simple idea based on the fixation of the tube extremities (denoted hereafter
as fixed-ends situation). As a result, a special rig is designed and manufactured for conducting all the
necessary experimental tests (Fig. 1). The rig is made principally up from two hard steel discs (1) fixed
Fig. 1. Sectioned view of the assembled rig of the fixed-ends situation tests.
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Fig. 2. Sectioned view of the subdivided structure situation tests (3-level arrangement).
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over the two machine platens. Two half-shells (4) and a clip (2) over which two conical surfaces are
machined and assembled in opposition attached to the discs, maintain the necessary tightening pres-
sure in locking of both structure (3) extremities. It is important to note that only the copper hollow
cylinders of 30 mm internal diameter are investigated.

(2) The second developed solution is to cut the initial cylindrical structure in several portions (referred to
as subdivided structure). These portions should be assembled together and separated by non-deform-
able discs made from hard steel (Fig. 2). With a small thickness, the employed discs provide the coax-
iality of the superposed tubular portions. This coaxiality is completely guaranteed by an accurate
centering between each couple of portions of the tube as shown in Fig. 2. Next, such portions are
crushed between the two machine platens.
4. Results and discussion

Once again, the axial collapse of tubes represents one of the most popular energy absorber since it pro-
vides an appropriate constant plastic buckling force due to the fact that all of the tube material participates
in the absorption of energy by plastic work. Actually, the fundamental question always asked, is how to
improve the amount of energy absorbed for given material and structure? This question could be answered,
at least partly, by the proposed solution in this work.

Throughout this paper, the notations AM, DM, XM represent respectively, the axisymmetric, diamond
fold and mixed modes. For the AM, the classical formed circular undulations represent the zones in which
the formation of the plastic localizations (plastic hinges) occurs at the tube perimeter level (Fig. 3a). How-
ever, these zones take, in this study, a star form (superposed triangles) in the DM case (Fig. 3b). Further-
more, the symbols Fav and Fmax represent the mean and maximum collapse loads, respectively. Several
photos (Figs. 3–5) are also taken to illustrate the plastic buckling progression along the employed tubes,
i.e., before, during and after deformation. In order to define the mean collapse load with a maximum of
objectivity, especially for those strain hardened materials, it is thus determined using all recorded forces
for the whole crushed distance.

Concerning the first remark, it is a matter of the feature of the whole recorded load–deflection curves of
the axial buckling of tubes. In fact, these results are in accordance with the experimental observations given
in different consulted bibliographic references. The analysis of the experimental results demonstrates the
highest peak load, corresponding to initial collapse, followed by a rapid load decrease and then a
series of fluctuations about a mean post-buckling load, the peaks and troughs being directly related to



Fig. 3. Plastic buckling of hollow cylinders under free-ends situation: (a) an aluminum specimen showing the beginning of
axisymmetric deformation mode and (b) a partially deformed copper specimen with diamond fold mechanism.

Fig. 4. Two examples of the subdivided structure situation tests using: (a) 2-level (copper cylinders) and (b) 3-level (aluminum
specimens).

Fig. 5. Typical example of a fully crushed 3-level subdivided aluminum structure deformed by axisymmetric mode.
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the formation of buckles and folding at the various buckling levels (Figs. 7, 9, 12, 15 and 17a). In other
words, the tube deforms plastically during which the formation of plastic strain localization zone (plastic
hinge) occurs.

4.1. Classical uniaxial crushing of tubular structures

The significant remark, which is taken from the whole experimental results, shows that the k ratio plays
an obvious role on the plastic flow mechanism for the two employed materials. Actually, the obtained re-
sults from the copper tests (Table 4) show that greater the value of k is (k P 0.44), the axisymmetric mode



Table 5
Recorded deformation modes for aluminum tubes using the free-ends situation

Deformation mode

k (for Rm = 24 mm) 0.6 0.4 0.3 0.2 0.12
g (for Rm = 24 mm) 12 12 12 12 12
Cross-head speed, mm/min

1 AM AM AM AM DM
50 AM AM AM AM DM
500 AM AM AM DM DM

Table 4
Recorded deformation modes for copper tubes using the free-ends situation

k 0.66 0.44 0.33 0.22 0.13

g (for Rm = g) 13.5 19.5 26.5 13.5 19.5 26.5 13.5 19.5 26.5 13.5 19.5 26.5 13.5 19.5 26.5
L, mm 20.4 29.4 40 30.6 44.2 60 40.7 58.8 80 61 88 120 101 147 200
Cross-head speed, mm/min

1 AM AM AM AM AM AM AM AM DM AM DM DM DM DM DM
50 AM AM AM AM AM AM AM AM DM AM XM DM DM DM DM
500 AM AM AM AM AM XM AM AM XM AM AM DM DM XM DM
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becomes predominant whatever the applied loading speed. Hence, in the case where k = 0.66 and 0.44, the
AM appears in all conducted tests with three distinct g values (13.5, 19.5 and 26.5). However, the DM oc-
curs almost systematically for k 6 0.13 whatever the value of g.

Moreover, the same comment is recorded in the case of aluminum tubes as shown in Table 5, but for
these values of k lower or equal to 0.2. Thus, if k P 0.2 (initial tube lengths 6 80 mm), the AM almost takes
place, otherwise the DM is observed.

It is clear now that the k ratio (initial tube length) can evidently encourage the axisymmetric mode espe-
cially for relatively high values of k, and gives almost the diamond fold mechanism for lower values at load-
ing speeds ranging from 1 to 500 mm/min.

It is important to underline that the deformation mode transition range depends initially on the value of
the g ratio and on the mechanical properties of metals. As a result, the transition phase for the copper tubes
having g = 26.5 is between k = 0.33 and 0.44, while it is between 0.2 and 0.3 for the aluminum structures
with g = 12. The obtained results of both metals related to the effect of k on the collapse mode, for a given
g, are in accordance with those results reported in Andrews et al. (1983) and Guillow et al. (2001).

Fig. 6 shows the mean collapse load variation in function of k under 1 mm/min loading speed. Five tubu-
lar structures (three copper tubes and two aluminum ones) are tested showing different load range. In fact,
the mean load evolution can be divided in three zones linking up directly to the deformation mode type.
The first represents these values corresponding to the DM with k < 0.22 for copper and aluminum tubes
and k < 0.2 for aluminum ones (having g = 12). Nevertheless, the second phase (transition one) in which
the XM appears always. Note that the subsequent mean values increase slightly for all employed structures,
due to the increase of the proportion of the AM with respect to the DM in XM, i.e., greater the value of k is,
the AM participation becomes more and more important up to a pure AM for the crushed tube. This cor-
responds finally the third zone (k P 0.44 for four used structures and k P 0.4 for the aluminum one having
g = 12) in which a maximum crushing mean value can be obtained. Hence, the maximum value of Fav for
these structures having g = 13.5, 19.5, 26.5 (copper), 12 and 15.5 (aluminum) are respectively 17, 22, 24, 39
and 11.7 kN. As it has been shown (Andrews et al., 1983; Guillow et al., 2001), it is noteworthy that the
values of these two geometrical parameters and notably their interaction determine usually the type of
collapse mode for a given material.
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The load–deflection curves for two different copper tubular structures crushed at 1 mm/min loading
speed (having k = 0.13 and 0.44) are illustrated in Fig. 7. The curve which corresponds the AM for
k = 0.44, shows clear and regular symmetric peaks with an evolutionary character (oscillatory nature).
Alternatively, for k = 0.13, the DM is noticeably recorded (Fig. 7). Thus, the evolution of the related
curve shows some irregularities. Note also that the peak values in the AM case are undoubtedly higher
than those in the DM. Furthermore, the recorded maximum and mean crushing axial loads vary accord-
ing to the plastic flow mechanism, i.e., they have more important values for the AM than that for the
DM. For example, for k = 0.44, the obtained values are: Fmax = 63 kN and Fav = 22.6 kN, whereas for
k = 0.13, they are: Fmax = 49 kN and Fav = 20 kN. The difference becomes more perceptible for the max-
imum loads.
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As far as the absorbed energy is concerned, Fig. 8, which describes the absorbed energy variations during
tube crushing, points clearly out that the absorbed energy increases up to 10% in the AM case for a par-
ticular displacement of 44 mm with respect to DM.

4.2. On the energy absorbed improvement

In order to maximize the energy absorbed during the axial collapse of tubes, the control of the plastic
flow mechanism represents a significant key factor as shown above. Therefore, in addition to the classical
free-ends case, two different structural situations, fixed-ends and subdivided structure, are currently
developed.

Table 6 gives a general comparative summery of the observed results of these three different structural
situations for the two metals. In the case where the copper tubes having g = 15.5 and k = 0.1 are axially
crushed, it is observed that each situation gives its proper deformation mode. In fixed-ends situation, the



Table 6
Deformation modes and the mean crushing loads for copper and aluminum tubular cylinders in the free-, fixed-ends and subdivided situations

Cross-head speed, mm/min Copper (t = 1 mm) Aluminum (t = 2 mm)

k = 0.1, g = 15.5 k = 0.66, g = 26.5 k = 0.3, g = 12 k = 0.2, g = 12

Free Fixed Subd. Free Subd. Free Subd. Free Subd.
L = 160 mm L = 160 mm L = 2 · 80 mm L = 120 mm L = 3 · 40 mm L = 80 mm L = 2 · 40

mm
L = 120 mm L = 3 · 40 mm

1
Fav(Exp.), kN 17 17.7 – 21 24 39 38 38 38
Fav(Theo.), kN 17.12a – – 19.8 24.69 38.8 38.8 38.8 38.8
Def. Mode XM DM – DM AM AM AM AM AM

50
Fav(Exp.), kN 17 17.7 18 20 24 39 38 38 38
Fav(Theo.), kN 17b – 18.1 19.8 24.69 38.8 38.8 38.8 38.8
Def. Mode XM DM AM DM AM AM AM AM AM

500
Fav(Exp.), kN 15.9 17.7 18 20 24 39 38 38 38
Fav(Theo.), kN 17 – 18.1 19.8 23.8 38.8 38.8 38.3 38.8
Def. Mode DM DM AM DM AM AM AM DM AM

a a = 0.3 and b = 0.7.
b a = 0.22 and b = 0.78.

1552
A
.
A
b
d
u
l-L

a
tif

et
a
l.
/
In
tern

a
tio

n
a
l
J
o
u
rn
a
l
o
f
S
o
lid

s
a
n
d
S
tru

ctu
res

4
3
(
2
0
0
6
)
1
5
4
3
–
1
5
6
0



0

5

10

15

20

0 20 40 60 80

Deflection, mm

E
ne

rg
y 

ab
so

rb
ed

/u
ni

t m
as

s,
 k

J/
kg

Fixed-ends, DM, Fav= 17 kN

Free-ends, DM, Fav= 16 kN

Subdivided, AM, Fav= 18 kN

Copper tubes, L= 160 mm
v= 500 mm/min

λ = 0.1

Fig. 10. Evolution of the absorbed energy versus the axial displacement for the copper tubes with g = 15.5 under cross-head speed of
500 mm/min for the three structural situations.

Fig. 11. Comparative histogram of the energy absorbed using three crushed lengths for the copper tubes having g = 15.5 under loading
speed of 500 mm/min for the free-ends, fixed-ends and subdivided (2-level) structure situations.

A. Abdul-Latif et al. / International Journal of Solids and Structures 43 (2006) 1543–1560 1553
dominant mode is, in general, the XM for the free-ends and of DM for L = 160 mm, while it is of a AM for
the 2-level subdivided structure (2 · 80 mm) whatever the loading speed. Likewise, the mean crushing load
value is globally not affected in the fixed-ends situation; these values increase, however, in the subdivided
structure case. Indeed, the latter is responsible for the change in the plastic flow mechanism (AM instead of
DM). The same statement can be made concerning the deformation mode for the copper tubes with
g = 26.5 and for the aluminum ones with g = 12 in free-ends case (with one tube only) and 3-level subdi-
vided structure (3 · 40 mm). It is worth noting that, for aluminum tubes, the mean crushing load and the
corresponding plastic work are not sensitive to the two developed structural situations. This can be inter-
preted by the fact that the g ratio (for a given k) plays a more important role than that of the material
nature.

As a conclusion, it is found that an increasing in the energy absorption is distinctly recorded in the sub-
divided structure situation for the copper tubes with g = 15.5. This is due to the fact that the AM becomes
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the principal deformation mode whatever the loading speed. The same remark is also obtained in the alu-
minum tubes (having also g = 15.5) tested under the same experimental conditions as in copper.

An examination of Fig. 9, which displays the applied load evolution during the axial crushing of copper
tubes having g = 15.5 and k = 0.1 at v = 500 mm/min using the three adopted solutions, reveals two
remarkable upper peaks in the 2-level subdivided solution. Both peaks represent the start of the yielding
in the first and then in the second tube portion. The curve of the fixed-ends situation can also be charac-
terized by the first lowest peak elimination in comparison with the other two situations. This seems to be
associated with a relative freedom of the plastic flow in the free-ends and subdivided cases and it is not the
case in the fixed-ends type. This can explain, despite the DM in the fixed-ends, why a moderate increase in
absorbed energy is recorded with respect to the XM in the free-ends case.

The direct apparent result of the deformation mode change in the subdivided structures (AM instead of
DM as for the free-ends and fixed-ends structures) is expressed by the increase of the absorbed energy.
Hence, Fig. 10 reveals that the subdivided solution provides the best energy absorption capability among



Fig. 14. Comparative histogram of the energy absorbed for four crushed lengths for the copper tubes having g = 26.5 at v = 50 mm/
min for the free-ends and subdivided (2-level) structure situations.
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the three. This is confirmed through the increase of the absorbed energy passing thus from 1400 to 1700 J
for a given axial deflection of 90 mm. Moreover, in the fixed-ends situation, the same structure consumes a
little more energy (1500 J) than that in the free-ends (1400 J). By way of illustration, the histogram in Fig.
11 shows again that the difference among the consumed energies related to three selected axial deflections of
30, 60 and 90 mm becomes distinctly accentuated by passing from the relative small to high axial deflection.
The increase in the absorbed energy evolves therefore up to 5% for 30 mm, 10% for 60 mm and 15% for
90 mm for the subdivided structure in comparison with the free-ends structure. While, for the fixed-ends
structure, this evolution is almost constant and closed to 5%. The same precedent observation can be also
made based on Figs. 12–14 comparing the behavior of a subdivided of three levels with a free-ends situation
having g = 26.5. In fact, Fig. 12 points out the axial crushing load evolution versus the axial deflection. It
can easily detect the presence of three relative important peaks concerning the entrance of the three por-
tions in plasticity. For practical applications of energy absorbers (e.g. used in vehicle collision), high force



1556 A. Abdul-Latif et al. / International Journal of Solids and Structures 43 (2006) 1543–1560
peaks are not recommended. Therefore, the improvement of the energy absorbers should consider not only
the energy absorbing capacity, but also the limit of the force range. In order to minimize these peaks, cham-
fering of both tube ends is hence necessary. According to a new development preformed by the authors
(near future published work), this solution is adopted using the same structures but under dynamic crush-
ing. It is worth intriguing that a change in deformation mode is perceptibly recorded. Actually, the predom-
inant observed plastic flow mechanism is the AM for the three portions, while it is of DM in the free-ends
situation using only one tubular structure (L = 120 mm), which has an equivalent length to the three por-
tions (L = 3 · 40 mm). It reveals also an increasing of the mean and maximum collapse loads for the sub-
divided structure, i.e., from Fav = 19.8 to Fav = 24.3 kN and from Fmax = 47 to Fmax = 60 kN.
Consequently, the absorbed energy becomes more important in the subdivided case than that in the
free-ends one (Fig. 13). The difference in energy absorption ability between the two situations can be easily
defined by the variation in their slopes. The histogram in Fig. 14 can thoroughly confirm such an observa-
tion. In these situations, the variation in absorbed energy becomes more and more significant in favor of the
subdivided structure for two selected deflections of 20 and 80 mm passing from 16% to 21%.

As far as the aluminum structure is concerned, contrary to the copper tubes, Figs. 15 and 16 show obvi-
ously that there is not a significant effect of the subdivided solution on the plastic work behavior comparing
to the free-ends situation whatever k value (i.e., initial length) and the loading speed. This can be interpreted
by the fact that the aluminum tubular structure has relatively a relatively lower value of g (an important
thickness) giving thus the AM. This result shows obviously the interplay of these two parameters (g and
k) and its effect in controlling the deformation mode for a given material.

To validate the subdivided solution developed in this study, an other test is carried out using copper
tubes of g = 26.5 with two different initial lengths of 60 and 120 mm leading respectively to k ratios of
0.44 and 0.22. As demonstrated above, the two tube portions behave differently. In fact, the portion with
k = 0.44 undergoes the AM, while the second one deforms in its own way, i.e., with the DM type. Fig. 17a
displays the load–deflection curves patterns of these tube portions. It is well noticed that a substantial
change in the mean collapse load is recorded passing from Fav = 21.5 kN (for the DM) to 27.5 kN (with
AM) as a result of the deformation mode change. It is also recorded that the load amplitude of the AM
is practically two times more than that in the DM. Nevertheless, the maximum recorded loads are practi-
cally the same for the two portions (Fmax = 62 and 61 kN). Moreover, these results are compared with those
results of the copper tubes obtained using the free-ends situation having the same equivalent length
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Fig. 16. Evolution of the absorbed energy during the axial collapse of aluminum tubes having g = 12 at v = 50 mm/min for a single
free-ends and subdivided (2-level) structure situations.



Fig. 17. Influence of the k ratio on the axial collapse loading fashion (a) and on the absorbed energy (b) in the case of copper tubes
having g = 26.5 at v = 50 mm/min for a single free-ends and subdivided structure with two different initial lengths.
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(L = 180 mm). Since the plastic flow mechanism of the latter is DM, thus the corresponding maximum and
mean crushing load are respectively Fmax = 50 kN and Fav = 20 kN (Fig. 17a). Its absorbed energy is dem-
onstrated in Fig. 17b. An evident increase in the absorbed energy takes place once the deformation mode
changes from DM to AM. This can be conveyed by increasing the slope of an almost linear absorbed en-
ergy–displacement relationship. Whereas, in the free-ends situation, the obtained result is of a monotone
trend, i.e., having a classical evolution increasing proportionally and linearly with axial displacement.
5. Theoretical considerations of the axial plastic collapse of hollow cylinders

The classical analytical approaches of Alexander (1960) and Pugsley and Macaulay (1960) proposed to
model the axial plastic buckling of circular uniform tubes are employed. Considering the axisymmetric
mode, Alexander�s model assumes that no interaction between the bending and hoop stresses and the
material has a rigid-plastic behavior. However, Pugsley and Macaulay�s model represents a semi-empirical
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theoretical to estimate the mean load of the diamond fold mechanism based especially on the geometrical
argument.

In this study, these models are used to determine the mean collapse load for the copper and aluminum
hollow cylinders. A small modification is proposed to take into account the work hardening in both defor-
mation modes.

Classically, Alexander proposes the following mathematical relation to evaluate the mean load:
F av-A ¼ KAtry

ffiffiffiffi
td

p
; ð1Þ
where, d and t are respectively the mean radius and thickness of tube in mm, ry is yield tensile stress and KA

is approximately equal to 6.
As far as the plastic flow mechanism of a diamond fold type is concerned, the model of Pugsley and

Macaulay defines the mean load by
F av-D ¼ ryptðd � tÞ KD

t
d

� �
þ 0.12

h i
. ð2Þ
In this approach, KD is a material parameter. According to Mamalis and Johnson (1983), it is equal, for
example, to 10 for steel.

The simple modification of the Alexander�s model is proposed by adding a new parameter (KN). This
parameter, being considered as a correction term, can globalize the hardening effect and the interaction be-
tween the bending and hoop stresses on the mean collapse load. Thus, the modified Alexander�s equation
can be deduced as
F av-A ¼ KAKNtry

ffiffiffiffi
td

p
. ð3Þ
In the framework of the third configuration (mixed mode), it is assumed that this mode can be mathemat-
ically estimated by combining the Eqs. (2) and (3) and multiplying each part by its related length fraction.
Therefore, the mean collapse load of this deformation mode can be written as
F av ¼ aF av-A þ bF av-D; ð4Þ

where, a and b are the related length fraction of the axisymmetric and diamond modes, respectively.

In order to determine the mean load whatever the deformation mode, the above equations are used.
Hence, the new parameters KN and KD have to be first identified for both employed metals. The yield stres-
ses ry for the aluminum and copper are respectively 310 MPa and 190 MPa. The overall closeness between
the experimental and theoretical results which provide a good general fit give us: KN = 1.78 (for both met-
als) and KD = 14.5 and 14 for the aluminum and copper tubes, respectively. The comparison between the
experimental and theoretical results is summed up in Table 6. It is obviously remarked that the correlated
solutions reproduce successfully the experimental results. To validate such calibrated parameters, the mean
collapse loads for two aluminum tubes are simulated having the same section (g = 15.5) and two different
initial lengths leading to k = 0.33 and 0.13 (giving respectively, MA and DM). Note that the experimental
results of these aluminum tubes are not used in the calibration of KN and KD. The correlated result for the
DM case is Fav = 10.32 kN and its corresponding experimental results is 10.7 kN. On the other hand, for
the AM, the predicted and experimental mean loads are equal to 11.1 kN and 11.6 kN, respectively. These
results confirm the success of this simple modified approach in describing the experimental observation.
6. Remarks and conclusions

Motivated by its sensitivity to some geometrical parameters, the plastic flow mechanism of the axial
collapse of hollow cylinders of different geometries (initial lengths and sections) are investigated under
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compressive quasi-static strain rates. Therefore, an experimental study is conducted on copper and alumi-
num structures of different geometrical ratios g = Rm/t and k = Rm/L. It is well known that the effect of g
ratio on the deformation mode has been well studied previously. Moreover, the k ratio has an obvious
influence on the deformation mode for a given g. These parameters play an important role not only on
the mean collapse load and absorbed energy but also on the deformation mode. It is clear now that the
k ratio (i.e., initial tube length for a given section) can evidently encourage the AM especially for relatively
high values of k; and for lower values, it gives almost the diamond fold mechanism at loading speeds rang-
ing from 1 to 500 mm/min. It is important to mention that despite the important role of the parameter k
(for a given g ratio), investigations for other extreme configurations related notably to g are therefore
necessary for relatively small wall thickness.

As it is well known that with the AM, the tube absorbs more energy than that with the DM for a given
tube, hence the proposed improvements concerning the absorbed energy is based on the control of plastic
flow mechanism. Consequently, two new structural solutions (fixed-ends and subdivided structures) are
developed to encourage the AM. In the subdivided case, the direct result of the change in deformation
mode (AM instead of DM) is expressed by increasing the absorbed energy. Thus, it can be concluded that
the subdivided structure provides relatively the best energy absorption capability. This is quantitatively
confirmed via an increasing of the absorbed energy in the order of 300 J for copper tubes (i.e., passing from
1400 to 1700 J for an axial deflection of 90 mm).

The proposed simple theoretical modification can successfully describe the axial plastic collapse of hol-
low cylinders with different geometrical ratios for the used metals.
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