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Abstract‒In this study, the researcher carried out a 

comparative investigation of the crashworthy features 

of different tubular structures with a quasi-static 

three bending point, like the foam-filled two and tri 

circular tube structures. Energy absorption capacities 

and failure modes of different structures are also 

studied. Furthermore, the general characteristics are 

investigated and compared for instance the energy 

absorption, specific energy absorption and energy-

absorbing effectiveness for determining the potential 

structural components that can be used in the field of 

vehicle engineering. Experimental results indicated 

that under the bending conditions, the tri  foam-filled 

structures were higher crashworthiness behaviour 

than the two foam-filled circular structures. 

Therefore, this study recommended the use of 

crashworthy structures, such as foam-filled tri 

circular tubes due to the increased bending resistance 

and energy-absorbing effectiveness. 
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I. INTRODUCTION 

In the past few decades, many studies have shown 
considerable importance in investigating the safety and 
crashworthiness of the vehicles, especially with regards 
to the structural response of the thin-walled metallic 
tubes. These metallic tubes are traditional and efficient in 
absorbing energy from devices. Therefore, they have 
been previously used in designing and manufacturing 
vehicles [1]. In the last two decades, many researchers 
have studied the axial crushing behaviour of the thin-
walled columns for improving energy absorption 
efficiency [2-5]. Abramowicz [6] presented a detailed 
study of the thin-walled structures that were used as 
excellent energy absorbers. In the actual automobile 
crashes, the thin-walled tubes as energy absorbers not 
only under pure axial load but also under bending load 
[7]. In this condition, 90% of structural failures that 
occurred took place due to a bending collapse [8]. One 
can duplicate the axial progressive folding in the 

laboratory experiments in comparison to the bending 
load. Hence, the researchers have to carry out a 
comprehensive analysis of the bending behaviour of the 
thin-walled structures.  

All tubular structures, such as altering the 
design of the tube’s cross section and filling the tubes 
with lightweight materials were used to enhance the 
energy absorption capacity. It was noted that when the 
tubes were filled with either foam or honeycombs, the 
energy absorption capacity of these tubes was 
significantly improved [1]. In their studies, Poonaya et al. 
[10] and Hilditch [11] described the different structures 
under the bending loads. Keeman [9] studied the bending 
behaviour of the square and rectangular section of the 
tubes. Other researcher used a double-cell profile 
comprising two tubes with similar cross-sectional design, 
and one tube placed concentrically into another tube [12] 
[13] . Furthermore the tubes were filled with the 
aluminium foam, which are used to enhance the energy 
absorption capacity of the thin-walled tubes. Many 
researchers studied the characteristic crashworthy 
features of the empty and foam-filled multi-cell tubes 
which have undergone an axial crushing. Their results 
indicated that the multi-cell tubes were more efficient 
[14-15] than the single cells.  

This research  conducted many experiments and 
numerical simulations for investigating the two-point 
bending behaviour of the foam-filled double tubes [16-
18]. Djamaluddin et al. [19-22] studied the crashworthy 
characteristics of similar topological structures under the 
oblique and axial loading conditions. The foam-filled 
double tubes showed better crashworthy characteristics, 
which were attributed to the ratio of the crushing 
resistance of these tubes and the axial crushing load. 
Vesenjak et al. [23] concluded that foam filled hollow 
sphere structures have the highest peak under quasi-static 
and dynamic three-point bending tests and they have 
more ductile behavior compare other tubes. Li et al. [24] 
noted a significant effect of the foam-filled tube 
topologies on the increased energy absorption. 

For understanding the crashworthiness of the 
structures that are used as energy absorbers, the 
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researchers compared the bending behaviour of the 
different structures [25-28]. Hence, in their study, they 
have evaluated the crashworthy features of thin-walled 
tubes with different arrangements that undergo bending. 
For this purpose, they carried out quasi-static three-point 
bending experiments for the 4 thin-walled structures. 
They also compared the SEA, energy absorption 
capacities and the deformation behaviour of these thin-
walled structures. Moreover, they also studied the 
bending crashworthy characteristics and presented the 
results for the axial crushing.  

Several types of cross sections in this study such 
as double and tri foam filled structures. The   
deformation and failure in the structure was determined 
by experimental methods under bending loads. In 
addition, performance of tubes is calculated based on the 
equation related to crashworthiness. 

 
 

II MATERIALS AND METHODS 
In this study, the researchers used the aluminium alloy 
AA6063 T6 thin-walled tubes having a double circular 
cross-section and derived the following mechanical 
properties, i.e., yield strength = 126 MPa, Young’s 
modulus = 47 GPa, and the Uniaxial tensile rupture strain 
= 0.07. For determining the stress-strain curves, they 
carried out the uniaxial tensile tests for the dog-bone 
samples. They obtained the test samples from the 
sidewall of the tubes that were parallel to their extrusion 
direction. The summary of the tube dimensions has been 
presented in Table 1. Slight inconsistencies were seen 
with regards to the mechanical properties of the samples 
having a varied thickness. This was attributed to the 
difference in the extruding ratio of the samples during 
their formation.  
 
The nominal density was 0.45 g/cm3 and mean cell size 
of the aluminium foam was ≈ 3 mm. After carrying out 
the material tests, the researchers estimated the mean 
mechanical properties, i.e., Young’s modulus = 625 
MPa, comprehensive strength = 9.74 MPa and the 
plateau stress = 8.12 MPa. As presented in Figs. 1 and 2, 
they tested the foam-filled multiwall tubes with a circular 
cross-section. 
 

Table 1. Dimension of tubes 
Tubes Outer 

tube 
(mm) 

1st 
inner 
tube 

(mm) 

2nd 
inner 
tube 

(mm) 

Length 
(mm) 

21CT 31.75 12.7 - 105 
22CT 31.75 19.5 - 105 
31CT 31.75 25.4 12.7 105 
32CT 31.75 25.4 12.7 105 

 

 
Fig. 1 Cross section of tubes 

 

 
Fig. 2 Types of tubes 

 
Tests were carried out using an MTS810 testing system [29], 
under displacement control at the steady crosshead speed 
of 0.2 mm/s. The specimens and supports were laid on 
the test bed with the crosshead of the MTS machine 
placed on a punch. Fig. 3 describes the arrangement and 
the experimental set-up of all the tests. The diameter of 
the cylindrical punch and supports was 10 mm. In the 
case of the outer tubes, the span Lo to the diameter ratio 
(i.e., the side length) was set as 4. For the numerous 
specimens, the overall length was seen to be 105 mm. 
Fig. 4 describes the schematic diagram of the three-point 
bending [24]. Each tube has an identification such as 
21CT which means number 2 is a double tube filled with 
foam, number 1 means a different tube diameter while 
CT is a pressure test as listed in table 1. 
 

 
Fig. 3 Three bending point testing 

22CT 21CT 

22CT 21CT 

31CT 32CT 

31CT 32CT 
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Fig. 4 Schematic of three bending point [24] 

 
III RESULTS AND DISCUSSION 

 

A. Failure Mode 

During the final stage of the bending response of the 
above circular tubes, the researcher noted an increase in 
force which was attributed to the contact between the 
sides of the outer tubing and the wedged punch, if the 
loading displacement was increased. This effect was not 
noted in the load-displacement response in the circular 
structures as the circular tubes underwent a cross-
sectional ovalisation. Furthermore, the sharp final 
decrease in the force was associated with the failure and 
fractures noted in the specimens. When cracks occur, 
failure mode tests are eliminated with the deflection used 
to determine the maximal displacement in the test.  
Fig. 5 shows the overall photographs of the failed tubes. 
In a majority of the cases, fractures were noted in the 
lower regions of the structure which was attributed to the 
severe tensile stretching. A failure was noted in the 
structures that were foam filled as they showed numerous 
cracks. A single crack was noted in the foam-filled two 
and tri circular tubes, which were propagated in the 
symmetrically opposite direction as shown in Fig. 6. In 
comparison to the foam-filled two circular tubes, a 
different crack failure mode was noted in the foam-filled 
tri circular tubes, because of a thick inner tube.  The 
crease in the inner tube is delayed due to the influence of 
the aluminum foam which is formed laterally in the tube 
wall. Another condition is that the bending process on 
the tube is hampered due to the increased resistance of 
the aluminum foam. Bending deformation is also 
hindered in the structure, on the other hand the tensile 
stress on the tube wall increases in the double tube and 
tube tri. With increasing loading causes the outer wall of 
the tube to break or it is called a failure. In double tube 
filled with foam, the outer wall breaks larger than the tri 
tube. (Figures 5 and 6). 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Fig. 5 The deformation of srtuctures under three bending 

point (front view) 
 

 
Fig. 6 The deformation of srtuctures under three bending 

point (bottom view) 
 

     B. Energy absorption 

The failed area below the load-displacement curve 
represents the total energy absorption Et. 
 

max

0tE F d


      
(1) 

 
It also denoted the load of the punch, maximal 
displacement and displacement of the punch. As no 
failure points were noted in the response of the empty 
tubes, an upper limit was set for Eq. (1), which indicated 
the displacement value if the bending resulted in a 50% 
decrease in the crushing force for the empty structures. 

Fig. 7 presents the total energy absorption of the 
thin-walled structures that undergo bending. Bending led 
to a variation in the absorbed energies of different 
structures. Also, the absorbed energy of the half foam-
filled tri circular tubes was seen to be the highest wherein 
it was the lowest in the case of the full foam-filled tri 
circular tubes. When the aluminium tubes were filled 
with foam, they absorbed lesser energy compared to the 
foam-filled two circular tubes, as noted by the results 
shown by the sample 21CT in comparison to the 

21CT 22CT 

32CT 31CT 

21CT 

 
22CT 

 

32CT 

 
31CT 
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corresponding 22CT sample, after bending. This was due 
to the significant reduction in the maximal bending 
displacement. Hence, it was not beneficial to use the 
same cellular filling materials in the tubular structures for 
increasing the energy absorption by a bending collapse. 
The researcher needs to determine the failure behaviour 
the foam filled structure and the structure’s crushing 
performance. The tri foam-filled tubes possess a unique 
configuration, wherein they can maintain a high bending 
resistance and dissipate a lot of energy as they delay the 
sectional collapse.  

 

 
Fig. 7. Energy absorption of structures 

 

C. Specific Energy absorption 

Specific energy absorption indicates the energy 
absorption of the crushed sample mass per unit, and was 
defined as: 
 
SEA = Et / m   (2) 
 
Table 2 Showed that the total mass of the foam-filled 
single and double tubes was similar. 
 

Table 2.  Experiment results 
Tubes δmax 

(mm) 
Et (J) m (g) SEA 

(J/g) 
21CTa 22.75 52.72 59.47 0.88 
21CTb 
21CTc 

22.81 
22.76 

52.72 
52.72 

59.47 
59.47 

0.88 
0.88 

22CTa 
22CTb 
22CTc 

22.82 
22.82 
22.83 

55.98 
55.96 
55.98 

60.53 
60.53 
60.53 

0.93 
0.93 
0.93 

31CTa 
31CTb 
31CTc 

31.75 
31.76 
31.76 

122.45 
122.48 
122.48 

111.65 
111.65 
111.65 

1.09 
1.09 
1.09 

32CTa 
32CTb 
32CTc 

31.82 
31.83 
31.85 

111.36 
111.36 
111.36 

106.12 
106.12 
106.12 

1.04 
1.04 
1.04 

 
 Fig. 8 presents the comparison of the SEA of the 4 
structure types. In comparison to the square tubes, the 
circular tubes absorbed more energy by axial crushing. 
The figure also showed that a majority of the energy was 
absorbed by the foam-filled tri tubes after the bending 

collapse per unit mass. Furthermore, the results indicated 
that the foam-filled double circular tubular structures of 
53.8 J showed low energy absorption efficiency in 
comparison to the corresponding tri tubes of 117.4 J, 
which was similar to the earlier results. This was because 
the foam-filled structures are not very compressible and 
also the foam-filled double-walled structures possessed 
smaller stroke efficiency than tri tubes. Table 2 showed 
that the SEA gain increased by 30% and by 70% during 
the bending collapse if the inner tube was used as the 
replacement for the foam filled circular tubes. The 
research must optimise the various parameters of these 
foam-filled tri tubes for obtaining the weight-efficient 
energy. 
 

 
Fig. 8 Specific energy absorption of structures 

 
D. Energy-absorbing effectiveness 

Numerous studies were carried out to determine the 
efficiency of the novel structures and new materials by 
evaluating the energy-absorption effectiveness factor 
[30]. However, in this research, the samples were 
constrained and manufactured using similar material. 
Furthermore, a dimensionless energy absorption factor 
was used to compare the energy-absorbing structures 
with numerous combinations. This research described the 
energy-absorption effectiveness factor as the total energy 
quotient absorbed by the system to its maximal failure 
energy on the normal tensile. This process was 
manufactured using similar material volume, as follows:  
 

 
t

e e i i pl f r

E

A A A L


   


 
  

(3) 

 
Where; εr denotes a uniaxial tensile engineering rupture 
strain on the tubes, σpl is a plateau stress of the foam, Af 
denotes the cross-sectional area of the foam, while σe and 
σi represents the static flow stresses of the materials used 
for the external and internal tubes. Finally, Ae and Ai 
denote the cross-sectional area of the external and the 
internal tubes. 

This study used Eq (3) and determined the 
values of the foam-filled single, double and empty tubes 
were subjected to the three-point bending, as shown in 
Fig. 9. The energy-absorbing effectiveness factor of the 
circular structures is higher than the square structures 
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when subjected to axial crushing. In addition, the foam-
filled tri circular tubes showed a higher energy absorbing 
effectiveness factor than the two circular tubes.  

Results showed that when the tubes were 
subjected to the three-point bending collapse, the foam-
filled tri circular tubes displayed the highest values. 
However, the foam-filled tri circular tubes showed a 
significant low value compared to the corresponding two 
circular tubes. In the case of the foam-filled multi-walled 
tubes, with a similar type of outer wall, there was a 
significant increase in the bending resistance if the foam 
filling was replaced by the inner tubes, for the two and 
tri-circular tubes. Hence, with regards to the energy-
absorbing effectiveness factors noted for the bending–
crushing scenarios, it is better to use a foam-filled tri 
tubular structure in order to acquire a high energy-
absorbing efficiency and a better bending resistance. 
 

 
Fig. 9 Specific energy effectiveness of structures 

 
IV. CONCLUSIONS 

In this study, the researchers carried out a three-point 
bending test for evaluating the bending crashworthiness 
of the thin-walled empty tubes and the foam-filled tubes. 
They investigated 4 types of foam-filled multi-walled 
circular tubes. They also determined and compared the 
energy absorption efficiency, load-deformation 
characteristics, and failure modes of the structures. They 
noted that the inner tube insertions and the foam fillers 
helped the tubular structures develop more plastic hinge 
lines, which increased the bending crush resistance. 
Numerous parameters related to the crashworthiness such 
as the SEA, energy-absorbing effectiveness and total 
energy absorption were examined in this study. 
Furthermore, higher resistance and better energy 
dissipation were noted by prolonging the sectional 
collapse. The foam-filled tri tubes absorbed maximal 
energy, collapse in accordance with each unit mass. The 
results indicated that when the tubes were subjected to 
the crushing an bending activities, the foam-filled tri 
circular tubes showed a higher energy-absorbing 
effectiveness compared to the foam-filled two circular 
tubes. Therefore, in conclusion, the foam-filled tri tubular 
(1.09 J/g) structure illustrated a better bending 
crashworthy performance than the two-tube structure 

(0.93 J/g). Hence, the researchers recommended the use 
of foam-filled tri tubular structures as better and 
crashworthy structural components in the field of vehicle 
engineering as they possessed a higher energy-absorbing 
efficiency and better bending resistance. 
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