
International Journal of Mechanical Sciences 66 (2013) 239–248
Contents lists available at SciVerse ScienceDirect
International Journal of Mechanical Sciences
0020-74

http://d

n Corr

E-m
journal homepage: www.elsevier.com/locate/ijmecsci
Light-weight thin-walled structures with patterned windows under
axial crushing
Jie Song a, Yan Chen b,n, Guoxing Lu a

a School of Mechanical and Aerospace Engineering, Nanyang Technological University, Singapore, 50 Nanyang Avenue, Singapore 639798, Singapore
b Key Laboratory of Mechanism Theory and Equipment Design of Ministry of Education, Tianjin University, Tianjin 300072, China
a r t i c l e i n f o

Article history:

Received 4 January 2012

Received in revised form

15 November 2012

Accepted 18 November 2012
Available online 3 December 2012

Keywords:

Windowed tubes

Energy absorption

Axial crushing

Collapse mode

Topological pattern design
03/$ - see front matter & 2012 Elsevier Ltd. A

x.doi.org/10.1016/j.ijmecsci.2012.11.014

esponding author. Tel.: þ86 15022401527.

ail address: yan_chen@tju.edu.cn (Y. Chen).
a b s t r a c t

Patterned windows are introduced to the thin-walled square tubes to reduce the weight while

maintaining the mechanical property of the original tube. The topological pattern design is studied

under axial compressing condition. Experimental results show that these windowed tubes have

enhanced crushing performance over the conventional tube, with 63% as the maximum reduction in

the initial peak load and 54% as the maximum increase in the specific energy absorption. Parametric

study is conducted by using a finite element analysis to investigate the effect of the size of windows on

tubes’ collapse characteristics. Three collapse modes, the symmetric, extensional and diamond modes,

are distinguished. Tubes collapsing in the diamond mode perform less well in terms of both the energy

absorption and SEA, while those with the symmetric or extensional mode generally show an increase

in SEA.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

An energy absorber, or energy dissipating system, is an
indispensable component in the design of many vehicular struc-
tures, including automotives, trains and ships. By undergoing
large plastic deformation during crash or impact of the vehicle,
the energy absorber dissipates kinetic energy and therefore
provides protection to the occupants and valuable cargos. Most
energy absorbers are one-shot items, i.e., once plastically
deformed, they are discarded and replaced. Thus, the design
requirement for such device is usually to achieve high energy
absorption with less mass, corresponding to high specific energy
absorption (SEA), while keeping the reaction force low enough to
minimize the injury and damage to people and cargos.

In the design of energy absorbers, thin-walled tubular struc-
tures provide the widest range of options. They can be flattened
[1], indented [2,3] or bent [4] under transverse loading, turned
inside-out or outside-in, [5,6], made to split [7,8] or expand [9].
Among various possible designs, the axial crushing of thin-walled
tubes is one of the loading condition. Its crushing process usually
consists of three stages. First, the crushing force reaches the initial
peak to overcome the initial resistance of the tube. Second, the
force drops and oscillates as the crushing progresses. Third, the
force increases rapidly with relatively small increase of crushing
ll rights reserved.
displacement, which marks the end of crashing. As a good energy
absorber, the axial tubes under crushing are expected to provide a
relatively long stroke and a fairly stable reaction force throughout
the entire crushing process. Furthermore, since most part of the
tube undergoes plastic deformation, the material is efficiently
utilized for energy dissipation. Over the past decades, many
research efforts have been made to understand the collapse
behavior of circular and square/rectangular tubes under static or
dynamic axial loading. Theoretical and experimental studies were
carried out by Alexander [10], Wierzbicki and Abramowicz [11],
Abramowicz and Jones [12], and so on. With the development of
finite element method, numerical simulations were also per-
formed by many researchers [13–15].

While the conventional circular and square/rectangular tubes
are still of research interests, more and more efforts have focused
on their modifications with the aim of obtaining high SEA. One
way is to fill the tubes with internal filler material. For example,
Aktay et al. [16] studied the circular tubes with polystyrene foam
under axial crushing, and it was found that the SEA was increased
by up to 21% compared to the empty tube. Zhang et al. [17]
numerically investigated the circular tubes with honeycomb cores
and their results showed that the SEA can be increased up to 60%.
Another approach to improve the efficiency of energy absorption
is to divide the enclosed cross-sectional area of conventional
tubes into multiple cells. Chen and Wierzbicki [18] showed that
the double cell and the triple cell square tubes had an SEA about
15% higher than the conventional single cell tube, while Zhang
et al. [19] obtained an increase of 50% in SEA by dividing the

www.elsevier.com/locate/ijmecsci
www.elsevier.com/locate/ijmecsci
http://dx.doi.org/10.1016/j.ijmecsci.2012.11.014
http://dx.doi.org/10.1016/j.ijmecsci.2012.11.014
http://dx.doi.org/10.1016/j.ijmecsci.2012.11.014
mailto:yan_chen@tju.edu.cn
http://dx.doi.org/10.1016/j.ijmecsci.2012.11.014


c

Layer 1

Layer 2 

Layer N

a

bH

L

Axial bar

Circumferential bar

●
●
●

c

ee

Fig. 1. Geometry description of the windowed tube: (a) side view; (b) top view;

(c) side view of one layer.

J. Song et al. / International Journal of Mechanical Sciences 66 (2013) 239–248240
cross-section into 3�3 cells. A new multi-cell profile proposed by
Kim [20] increased SEA by 190% compared to the single-cell.
Other design methods have also been studied. For example,
Abdul-Latif et al. [21] proposed a method of subdividing the
circular tubes by non-deformable discs and showed that SEA
increased up to 21% in comparison with the conventional
circular tubes.

Recently, pattern design on tubular structures has received
increased attention. Initial pattern or feature is deliberately
introduced on the tube wall to improve the energy absorbing
performance. Studies [22–24] have showed that the introduced
feature or pattern can improve the stabilization of the crushing
process and makes it possible to predict and control the collapse
mode. On the other hand, Zhang et al. [25] numerically studied a
pattern which triggered the square tubes to crush into the
extensional mode and showed that the patterned tubes had an
increased SEA up to 28%, compared with the corresponding
conventional tubes. The longitudinally grooved square tubes were
numerically investigated by Zhang and Huh [26] and the grooved
tubes generally had a higher SEA of up to 83%. Both works suggest
that with a proper design of the pattern it is possible to improve
SEA considerably.

So far, pattern design has focused on altering the geometrical
shape of the tube wall, with the same or slightly increased total
mass. For some applications the total mass reduction is more
important. One example is the design of planetary landing probes,
where energy dissipating device is necessary for absorbing impact
energy during the landing mission and its weight should be
minimized to leave more room for payloads. Furthermore, from
the viewpoint of structural design, most works of pattern design
fall in the category of determining the components’ shape and
size, e.g. grooving, corrugation and patterning with origami. On
the other hand, the topological design of the window holes on the
thin-wall of the tube has been explored. The material is deliber-
ately removed at strategic positions of the tube, resulting in a
change in the topology of the tube surface.

Some research works on tubes under axial crushing are related
to topological change of the tube wall. Arnold and Altenhof [27]
experimentally compared the aluminum square tubes with and
without the presence of dual centrally located circular holes
under axial compression. They showed that tubes with holes
had a lower initial peak than conventional tubes and for certain
global geometries (length, wall thickness, and side width), some
conventional tubes collapsed in overall bending but tubes with
holes collapsed axially. However, when the length was further
increased all the tubes collapsed in overall bending. Han et al. [28]
studied crushing behavior of circular tubes with a square hole
under axial loading. The results revealed that the position of the
hole may influence energy absorption. In general, when the hole
was located at the mid-height, the tubes were crushed in an
overall buckling mode. Conversely, when the cutout was located
near the top end, the tubes were crushed axially. Square tubes
with and without circular holes under axial crushing were
considered by Bodlani et al. [29,30], in which relatively complex
arrangement of holes were adopted. Again, a lower initial peak for
holed tubes was observed. Graciano et al. [31] experimentally
studied the axial crushing of tubes made of expanded metal sheet.
Three types of collapse mode were distinguished and the relation-
ship between the cell orientation and collapse response was
discussed.

Previous studies on topological changes of tube wall focused
mainly on the initial peak reduction. Some considered energy
absorption through change of collapse mode, i.e. conventional
tube collapsed in overall bending but holed tubes in axial mode.
Moreover, most of them considered few holes and did not
conduct pattern design to improve energy absorption and weight
efficiency, which is the motivation of the present work. The
topological pattern design is referred to as ‘‘window method’’ in
this paper.

The axial crushing of thin-walled square tubes with rectangular
windows is considered. Quasi-static crushing test is first conducted
for five windowed tubes as well as a conventional square tube
without any windows. The experimental results show an improve-
ment for the windowed tubes over the conventional tube in terms
of the initial peak load and SEA, which demonstrates the effective-
ness of the proposed window method. Next, we construct a FE
model initially based on the specimens used in the experiments.
The size effect of the windows on collapse characteristics is studied
in the parametric study. The paper ends with a conclusion and
suggestions for future work.
2. Geometry and material

A windowed square tube is shown in Fig. 1, where L and c

denote the total length and width of the tube, respectively. The
windowed tube consists of N identical layers and each layer’s
height, H, is L/N. There are 4 identical windows in a layer,
symmetrically positioned on each side. The window is a rectangle
with width a and height b. The remaining material in the long-
itudinal and circumferential directions is referred to as axial bar
and circumferential bar respectively, as shown in Fig. 1. The two
bars join at the ends (around the corner of the window). The
width of the axial bar is e(¼(c�a)/2).

The material used in this study is annealed mild steel. Its true
stress–strain curve was obtained from a tensile test and is shown
in Fig. 2. The mechanical properties are as follows: density,
r¼7129 kg/m3, Young’s modulus, E¼211 GPa, Poisson’s ratio,
n¼0.3, yield stress, sy¼261.5 MPa and ultimate stress, su¼

431.6 MPa. No strain rate effect is considered.
3. Experiment

3.1. Specimens and experimental procedure

Quasi-static axial crushing tests were conducted on five wind-
owed tubes (T1–T5) as well as one conventional tube (T0). The
only difference among the five windowed specimens is the
window size. For the windowed tubes, each test was repeated
under the same condition. For the conventional tube only one test



Table 1
Specimens and experimental results.

Specimen a (mm) b (mm) Mass (kg) Pi (kN) Ea(kJ) SEA (kJ/kg)

T0–1 0.33 70.49 2.29 6.94

T1–1 9.5 24 0.28 56.70 2.37 8.47

T1–2 0.28 58.14 2.45 8.67

T2–1 14.5 18 0.27 49.69 2.46 9.09

T2–2 0.28 49.65 2.43 8.80

T3–1 18 18 0.26 44.94 2.20 8.53

T3–2 0.26 45.03 2.23 8.66

T4–1 26.5 18 0.22 32.82 2.22 10.03

T4–2 0.22 31.86 2.18 9.91

T5–1 34 9 0.26 26.21 2.82 10.69

T5–2 0.26 26.27 2.66 10.21
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Fig. 3. Test result for specimen T0. (a) Load–displacement curve; (b) deformed

profiles.

Fig. 2. True stress–true strain curve of the mild steel.
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Fig. 4. Test results for two nominally identical specimens, T1–1 and T1–2.

(a) Load–displacement curves; (b) deformed profiles.
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was conducted. The specimens are listed in Table 1 with notation
Tx� i, where Tx is the specimen number and i (¼1 or 2) indicates
if it is the first or second test for two nominally identical speci-
mens. The specimens were cut and fabricated from the commer-
cial square tubes and then annealed to remove residual stress. All
the specimens had L¼180 mm, c¼48.5 mm and wall thickness
t¼1.4 mm and had a radius of 3 mm at all window corners. For
the windowed tubes, N¼6 was chosen. This is due to the fact that
the number of folds which would naturally occur in the conven-
tional tube is six, which will also be confirmed in the experiment
to be described later.

All the specimens were loaded at the room temperature
between two parallel rigid platens of an Instron Universal Testing
Machine (type 5500) at a cross-head speed of 5 mm/min, which is
slow enough to be regarded as quasi-static test. During the
experiment, the load (P) and axial displacement (d) were recorded
using a digital data acquisition system. The energy absorption (Ea)
is calculated as follows:

Ea ¼

Z de

0
PðdÞdd ð1Þ

Where de is the effective crushing distance. After the experi-
ment, each specimen was weighed on a scale to obtain the value
of mass.

3.2. Experimental results

Figs. 3–8 show the load–displacement curves of all the speci-
mens tested, together with the deformed profiles at characteristic
values of displacement. The uppercase letters are the markers for
the first test and the lowercase ones for the second. The conven-
tional tube, sample T0, exhibited a ‘‘symmetric’’ mode with six folds
(Fig. 3), in which for a single fold, the walls on the opposite side
deform in the same manner, both either inward or outward, and the
adjacent walls deform in the opposite directions. Specimens T1–T4
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Fig. 5. Test results for two nominally identical specimens, T2–1 and T2–2.

(a) Load–displacement curves; (b) deformed profiles.
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Fig. 6. Test results for two nominally identical specimens, T3–1 and T3–2.

(a) Load–displacement curves; (b) deformed profiles.
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Fig. 7. Test results for two nominally identical specimens, T4–1 and T4–2.

(a) Load–displacement curves; (b) deformed profiles.
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Fig. 8. Test results for two nominally identical specimens, T5–1 and T5–2.

(a) Load–displacement curves; (b) deformed profiles.

J. Song et al. / International Journal of Mechanical Sciences 66 (2013) 239–248242



Fig. 9. Typical deformation modes of the windowed tube: (a) symmetric mode; (b) extensional mode; (c) diamond mode.
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except T1–2 collapsed in a mode similar to the symmetric mode in
Fig. 3. A typical folding process of one layer is shown in Fig. 9(a), in
which a collapsing element at each corner resembles the symmetric
mode in a conventional tube. We also refer to this mode as
symmetric mode here. For specimen T1–2, at early stage, it collapsed
in a symmetric mode; as crushing progressed, its collapse mode
became irregular, being quite different from that of T1–1. This
indicates that the collapse of T1 is unstable and sensitive to
imperfection. As shown in Fig. 4(b), in the later stage of crushing
for specimen T1–2 (after marker e), on the right hand side, the axial
bars of layer 5 and layer 6 formed a collapse element similar to that
of the symmetric mode of the conventional tube. It can be
explained that the circumferential bars of T1 are too thin to prevent
the deformation of each layer from interfering with each other. The
noticeable sudden drop in the crushing load between markers i and
j in T1–2 was caused by the fracture at one of the bottom
circumferential bars. The collapse behavior of T5 is complex
(Fig. 8). The middle part of all the four axial bars bent outwards
in the crushing process, while the circumferential bar underwent
relatively small deformation. After the middle part of the axial bar
fully collapsed, the two parallel circumferential bars touched
against each other as the tube was further crushed. The typical
collapse behavior of one layer is shown in Fig. 9(b), which is
referred as extensional mode.

Comparisons in mass, initial peak load (Pi), energy absorption
and SEA are summarized in Table 1. For the conventional tube
(Fig. 3), the second stage of crushing terminates at marker H
where d is 130 mm, or 72% of the tube length, and P reaches local
minimum, after which the load increases monotonously. Hence,
de¼130 mm was used for the conventional tube. For the wind-
owed tubes, we also used this value to calculate the energy
absorption. The last marker in each test curve corresponds to the
displacement of 130 mm. It should be noted that the displace-
ment marking the end of the second stage of crushing, i.e., the
corresponding load is a local minimum just before the load
increases monotonously, may not always be 130 mm. Energy
absorption was calculated for both the cases, de being 130 mm
and at the end of second stage. It was found that for all the
windowed tubes except T5, there is little difference in the energy
calculated. The case of T5 will be discussed separately.

Compared with the conventional tube, the initial peak load of
all the windowed tubes decreases by 18–63% and the wider is the
window (value of a) the more is the reduction, as the results for
T2–T4 showed. Since plastic yielding begins at the windowed



Fig. 10. Deformed profiles from FE of tubes T0–T5 at different stages: (a) T0;

(b) T1; (c) T2. (d) T3; (e) T4; (f) T5.
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regions; the wider the windows are, the less there is the material
left to carry the axial load and hence a lower initial peak load.

In terms of Ea, the energy absorption of the windowed tubes
decreases little. The largest decrease (5%) occurs with specimen
T4–2, which also has the largest mass reduction (33%). Moreover,
for some specimens the energy absorption even increases slightly
(by up to 10%) despite the material removal. Tube T5 has the
largest magnitude of increase, of 23% and 16%, respectively, for
tests T5–1 and T5–2. As for the specific energy absorption, all the
windowed specimens have higher SEA than the conventional
tube. The two highest increases are 54% and 47% for T5–1
and T5–2. Specimens T4–1 and T4–2, due to large mass reduction,
have the third and fourth largest SEA increases, being 45%
and 43%.

The extensional behavior of T5 is more effective in energy
absorption and it dissipates more energy than the conventional
tube. For the energy absorption up to the end of second stage, i.e.,
marker L for T5–1 and l for T5–2, it becomes 7% and 8% lower, for
T5–1 and T5–2 respectively, than the conventional tube. How-
ever, note that the crushing process of T5 is different from the
general case of three-stage crushing. Firstly, there is no distinct
first stage characterized with a high initial peak load. Secondly,
even in the third stage the tube can still be crushed over a long
distance with moderate load. From Fig. 8, the load increases
gradually after the tubes enter the third stage (This is especially
true for T5–2). The circumferential bars touch each other at this
stage, which absorbs extra amount of energy. This explains the
large difference between the energy absorptions calculated with
the two methods.

For the other windowed tubes, the small reduction in energy
absorption may be due to the fact that the windows were made
deliberately on the side walls of the tube instead of the corner
region. The theoretical study on rectangular tubes by Wierzbicki
and Abramowicz [11] has shown that for symmetric mode, the
corner parts are more effective in energy absorption than the side
walls due to the traveling hinges needed for the mechanism.
Therefore, removing material from the sides should not reduce
the energy absorption significantly.

The overall improvement in terms of the initial peak load and
SEA for windowed tubes over the conventional one has demon-
strated the effectiveness of the idea with window method. It is
also observed that the size of windows has a significant influence
on the energy absorbing characteristics. This will be further
analyzed by the finite element method.
4. Numerical simulation

4.1. FE model and validation

Finite element analysis code, Abaqus/Explicit 6.10 [32], was
adopted in the present study. The tubes were meshed by using
4-node shell element S4R, with 7 integration points through the
shell thickness. The number of elements in the conventional tube
T0 is 53,100. The number of elements of windowed tubes T1–T5 is
between 52,380 and 40,749. The global element size is 0.8 mm,
i.e. each edge of the element is around 0.8 mm, which is fine
enough to ensure accuracy of the simulation. The imperfection
was introduced using the buckling modes of the tube, which is
recommended by the documentation of Abaqus. For the conven-
tional tube T0, the maximum initial deflection of the tube wall
was 0.0455 mm. Windowed tubes might have slightly different
values. The material was modeled using the properties described
in Section 2 and was assumed isotropic strain hardening.

Both the top and the bottom plates were modeled as rigid
body. In the beginning of simulation, the tube was placed on the
bottom plate, which was fixed, and the top plate just started to
contact the top edge of the tube. Then the tube was crushed by
the top plate moving downward. Quasi-static translation process
was used, with the total displacement being 72% of the tube
length. The time step was determined based on the result of
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frequency analysis and it was more than 10 times of the first
mode period in order to ensure a truly quasi-static crushing
process [31].

General contact algorithm was adopted in the crush simula-
tion, which automatically takes account of all types of contact
interaction (self-contact, surface to surface contact, etc.). Penalty
friction formulation in the tangential direction with a friction
coefficient of 0.3 and hard contact model in the normal direction
were used between contact surfaces.

In the validation stage, the radius at the corners of the tube
and corners of the windows was considered. The deformed
profiles of tubes T0–T5 at different stages in FE simulation are
shown in Fig. 10. T0 and T2–T4 collapsed in the symmetric mode
and T5 in the extensional mode with circumferential bars touch-
ing. The modes match well with those of the experiments. For T1,
the numerical result shows that the tube underwent symmetric
mode at early stage and then the collapse mode became irregular,
which was similar to the collapse behavior of specimen T1–2.

Simulation results of Pi, Ea and SEA of tubes T0–T5 were shown
in Table 2. For Pi, the numerical results matched very well with
those of the experiment, with the largest error of 5% and an
average error of 4%. The average error for both Ea and SEA was 4%.
The largest error of Ea (9%) occurred with T1 in test 1, in which the
specimen collapsed regularly in the symmetric mode. The largest
error for SEA (9%) occurred with specimen T2 in test 1.

Overall, the FE model reasonably predicts the collapse mode,
Pi, Ea and SEA. Furthermore, in the present parametric study we
are mainly interested in change in the collapse characteristics
with the size of the window, with respect to a conventional tube,
and less in the absolute value for each tube. Therefore, the FE
model was considered adequate for the purpose.

4.2. Parametric study

Effects of the window size on the collapse characteristics were
investigated. The wall-thickness, t¼1.4 mm, and number of
layers, N¼6, were kept constant throughout the parametric study.
Three groups of windowed tubes were considered, as listed in
Table 3. In each group, all the tubes had the same width and
length while the width and height of the windows were varied
from 20% to 80% of the tube width and layer height, respectively,
at an increment of 10%. Based on the numerical results, the
corresponding conventional tube collapsed in the symmetric
Table 2
Numerical results of tubes T0–T5.

Specimen Pi (kN) Ea (kJ) SEA (kJ/kg)

T0 69.07 (2.0%/-) 2.35 (2.4%/-) 6.92 (0.3%/-)

T1 55.22 (2.6%/5.0%) 2.59 (9.3%/5.6%) 9.04 (6.8%/4.3%)

T2 47.92 (3.6%/3.5%) 2.31 (6.0%/4.8%) 8.30 (8.7%/5.6%)

T3 42.90 (4.5%/4.7%) 2.15 (2.3%/3.7%) 8.16 (4.4%/5.8%)

T4 31.62 (3.6%/0.8%) 2.27 (2.4%/3.9%) 10.00 (0.3%/1.0%)

T5 27.32 (4.2%/4.0%) 2.81 (0.1%/5.6%) 10.50 (1.8%/2.9%)

Note: the percentages in the bracket are the relative errors to the experimental

results of the first and the second test.

Table 3
Dimensions of each group of windowed tubes employed in the parametric stu

c (mm) L (mm) H (mm) a

Group 1 32 133 22.2 0

Group 2 40 155 25.8

Group 3 48.5 180 30
mode with six folds. In the present parametric study, we focus
on the main geometric features of the windowed tubes, i.e., the
dimension of the window vs. that of the tube, and both the corner
radius of the tube and that of the window were neglected.

4.3. Results

Three typical axial collapse modes are distinguished. The first
two are symmetric and extensional modes, as discussed before
(Fig. 9a, b). For the third mode, its collapse behavior is shown in
Fig. 9(c) and it involves two layers. As folding develops, two
diagonally opposite axial bars bend inwards and the other two
bend outwards. Eventually the middle section of each axial bar is
fully open and bent while the circumferential bars in the middle
form a rhombus. We refer to this mode as diamond mode. Besides,
for some tubes irregular collapse mode or overall bending
occurred after several layers initially collapsed.

As an example, the numerical results for tubes in group 3 are
discussed in detail. Fig. 11(a) shows the distribution of collapse
modes at different values of a and b, where letters S, EX, and D
represent symmetric, extensional and diamond deformation
mode, respectively; IR and OB indicate the irregular mode and
overall bending. The reductions in Pi and Ea and the increase in
SEA, relative to the corresponding conventional tube, are shown
in Fig. 11(b)–(d).

The map of collapse modes can be divided into three regions.
In the left is the symmetric mode, in which tubes collapse in
symmetric mode either completely (S), or initially and then
followed by other mode (Sþ IR or SþOB). The region in the upper
right is for the diamond mode, where tubes collapse in diamond
(D) or mixed with diamond mode (DþEX). The third is for the
extensional mode as shadowed in gray, where tubes collapse
extensionally (EX) or in the mixed mode with extensional
component (SþEX or DþEX). In the region of symmetric mode,
the width of the window is relatively small. With the increase of
window height the collapse mode tended to become irregular and
overall bending occurred for the tube with a¼0.5c and b¼0.8H

after the tube had initially axially collapsed in two folds. At the
upper portion of the map where the window height is larger than
0.4H, the region for the symmetric mode is adjacent to that of the
diamond mode. Region of extensional mode overlaps a little with
the other two. Tubes in the overlapping area show a mixed mode.
Imperfection should play a significant role in the exact mode that
took place in a real test and therefore tubes in this area are also
imperfection sensitive. The region of the diamond mode corre-
sponds to large values of both a and b, in the top right.

The amount of reduction in the initial peak load is, to a large
extent, determined by the width of the window. The wider the
window is, the larger the reduction is, which agrees with the
experimental results. The amount of reduction in the initial peak
load, in general, also increases with the window height and it
becomes significant when the mode changes from extensional to
the diamond mode. For example, at a¼0.7c, the tube with b¼0.2H

(in the region of extensional mode) has an initial peak load
reduction of 56%, while the one with b¼0.5H (in the region of
diamond mode) has a reduction of 68%. The effect of b is
dy.

(mm) b (mm)

.2c–0.8c At increment of 0.1c 0.2H–0.8H At increment of 0.1H



reduction (%)

0.8 20 30 40 50 60 70 80

0.7 20 30 40 49 60 70 80

0.6 20 30 39 49 58 70 80

0.5 20 30 40 49 57 68 80

0.4 20 30 39 49 55 63 79

0.3 20 29 39 48 53 60 71

0.2 19 29 38 46 51 56 67

0.2 0.3 0.4 0.5 0.6 0.7 0.8

a/c

a/c

Ea reduction (%) 

0.8 9 4 14 34 55 73 84

0.7 10 4 9 12 43 57 76

0.6 1 3 9 9 31 45 66

0.5 -1 8 12 -2 11 37 56

0.4 9 5 10 8 -11 6 52

0.3 3 6 9 11 0 -11 16

0.2 4 6 6 10 4 -22 -6

0.2 0.3 0.4 0.5 0.6 0.7 0.8

b/
H

a/c

SEA increase (%)

0.8 8 27 27 10 -13 -38 -55

0.7 5 21 27 35 -2 -16 -45

0.6 13 19 20 29 8 -6 -35

0.5 12 8 11 36 28 -4 -26

0.4 -1 8 8 15 47 31 -30

0.3 4 3 3 5 22 41 11

0.2 0 0 2 0 9 41 26

0.2 0.3 0.4 0.5 0.6 0.7 0.8

b/
H

a/c

S: Symmetric; EX: Extensional; D: Diamond
IR: Irregular; OB: Overall bending

b/
H

Collapse modes
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Fig. 11. FE results for group 3 (c¼48.5 mm and H¼30 mm) and comparison with the conventional tube, the conventional tube has Pi¼70.86 kN, Ea¼2.67 kJ and

SEA¼7.67 kJ/kg. (a) Map of collapse modes; (b) reduction in Pi; (c) reduction in Ea; (d) increase in SEA.
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insignificant within the regions, or around the transition from the
symmetric mode to the extensional mode.

Fig. 11(c) shows that the largest energy absorption reduction
occurs in the region of diamond mode, which is due to the smaller
size of the corner parts compared with those in the other regions.
The energy absorbed increases for most tubes in the region of
extensional mode. In the region of symmetric mode, the Ea

reduction is fairly small for most tubes (within 10%). The highest
reduction, being 34%, occurs for the tube showing global bending.

Almost all the tubes in the regions of symmetric and exten-
sional modes show an increase in SEA. The largest increase occurs
with tubes which collapse in the extensional mode. Among those
with symmetric mode, high SEA is observed in area near or
overlapping that of extensional mode. This is because tubes in
this area have more mass reduction and some tubes show mixed
mode with extension. The tubes with diamond mode in general
show a significant reduction in SEA and, therefore, this region
should be avoided in design.
Fig. 12 shows the relationship between initial peak load/
energy absorption and window’s aspect ratio (a/b) for group 3.
The area of window (A) is constant, being 0.12cH and 0.24cH,
respectively. The tube collapses in symmetric mode for all the
aspect ratios considered at A¼0.12cH. At A¼0.24cH, the mode
changes from symmetric to extensional to mixed diamond mode
as aspect ratio increases. In both cases, the initial peak decreases
monotonously with the increase of aspect ratio. At A¼0.12cH, the
energy absorption first decreases then increases as the aspect
ratio increases. The initial decrease in QUOTE is due to less
material participating in energy absorption. The later increase is
because the dimension of window is close to the region of
extensional mode, as seen from Fig. 11(c). At A¼0.24cH, the
energy absorption initially decreases as aspect ratio increases,
which is similar to the case of A¼0.12cH. Then due to mode
transition from symmetric to extensional mode, Ea increases with
the increase of aspect ratio. Further increasing a/b, the tube
collapses in diamond mode, and Ea drops significantly. The energy
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absorption shows more complex relationship with aspect ratio
than the initial peak force. In general, however, it can be seen that
the energy absorption decreases with the increase of aspect ratio
when aspect ratio is small enough to be away from the exten-
sional region. When the aspect ratio is close to or in the
extensional region, the energy absorption increases as aspect
ratio increases.

To represent the distribution of the extensional mode with the
size of the window, dimensionless axial-bar width (e*) and height
of the window (b*) are employed by normalizing e and b with the
wall-thickness. Fig. 13 shows the distributions of tubes which
Fig. 12. Relationship between window’s aspect ratio (a/b) and energy absorbing

performance for group 3. (a) Pi reduction; (b) Ea reduction.

Fig. 13. Regions of extensiona
exhibit the extensional mode for all the folds and those with
mixed modes having the extensional component. It can be seen
that the region with extensional mode only depends on tube wall-
thickness, regardless the size of the tubes. The minimum values of
e* and b* of this area are independent of each other, which mark
the lower boundary. At the upper boundary of this area, e*and b*
are related through the three inclined lines. The region to the left
of line 3 or that immediately above the area of extensional mode
has diamond mode or mixed mode with diamond component
while the rest is for the symmetric mode or mixed mode with
symmetric component. In this way, the distribution of the
collapse modes with the window size is determined.
5. Conclusion

Topological pattern design with window method has been
proposed for thin-walled square tubes under axial compression.
The square tube is divided into several identical layers with the
height equal to the wavelength of the symmetric mode of the
conventional square tube, and a rectangular window is positioned
at the center of each of the four walls within the layers.

Experiments on five windowed tubes and one conventional
tube, all of the same width and length, were conducted. The
conventional tube and four windowed tubes collapsed in the
symmetric mode; one windowed specimen had irregular mode at
the later stage of crushing process and another windowed tube
collapsed in the extensional mode. The initial peak load of the
windowed tubes is lower than that of the conventional tube, with
the maximum reduction being 63%. In terms of the energy
absorbed at compression of 72% of the tube length, the windowed
tube specimens which collapsed in the extensional mode have the
best energy absorbing capacity, being 23% and 16% higher than
that of the conventional tube. The energy absorption of the
remaining windowed tubes is close to that of the conventional
tube, with a difference of up to 8%. Most of the windowed tubes
have a larger SEA than the conventional tube. The two largest
increases are 54% and 47% for specimens collapsed in the exten-
sional mode. The specimens with largest mass reduction (33%)
have the third and fourth largest SEA increases, being 45% and
43%. The experimental results have demonstrated the proposed
window method.

An FE model has been constructed and validated by the experi-
ments. The influence of window size on the collapse characteristics
l mode and mixed mode.
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has been investigated through a parametric study. Three collapse
modes, i.e. the symmetric, extensional and diamond modes, are
distinguished. Tubes that collapsed in the diamond mode performed
less well in terms of both the energy absorption and SEA, while those
with the symmetric or extensional mode in general show an increase
in SEA. The influence of window’s aspect ratio on tube’s initial peak
load and energy absorption has been investigated. The initial peak
decreases monotonously with the increase of aspect ratio. The energy
absorption decreases with the increase of aspect ratio when aspect
ratio is small enough to be away from the extensional region. When
the aspect ratio is close to or in the extensional region, the energy
absorption increases as aspect ratio increases. The distribution of
extensional mode with the size of window is determined.

In the future, patterns with different shape and arrangement of
the windows will be studied. Due to its simplicity over other
pattern design methods, the present window method can be
extended to tubes with different cross-sectional shapes and
loading conditions, which will be explored in the further studies.
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