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Abstract--Circular tubes are commonly used as energy absorbers in engineering structures. Many attempts have been made 
to improve their energy absorption characteristics. One method of modifying this type of energy absorbers is adding 
discontinuities to these components. In this work we experimentally investigated the effect of size and the number of round-
type through-hole discontinuities on energy absorption capacity of aluminum and steel circular tubes. Different number of 
through-holes with 4.3mm and 7.5mm diameter drilled in the tubes of 120mm length, 50 outer diameter (OD) and 1.27mm 
wall thickness. Under quasi-static crushing test it was observed that introducing first pair of holes to the tubes will cause an 
increase in the amount of absorbed energy in comparison with the plain tube without hole. Although by increasing the 
number of holes, tubes will absorb more energy but increase in the size of discontinuities will lead to a reduction in the 
amount of absorbed energy E. Also results showed that steel have more energy absorption capacity than aluminum because 
of its properties. Experimental test validated by numerical modeling with FEA software of MSC/Dytran. 
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I. INTRODUCTION 
 

Growth in number of transportation vehicles all 
around the world caused more accidents and collision 
leading to injuries or death, so scientists and 
researchers tried to develop energy absorbers with the 
aim to alleviate tragic effects of damage to human or 
cargo within collision impact. Aluminum thin-walled 
extrusions are used as energy absorbing components 
in transportation industry [1]. In designing a space 
frame maximum absorbed energy and maximum 
repulsive impact are two factors of importance that 
must be considered [2].Thin-walled tubular structures 
are commonly used as the strengthening members in 
car body. Many researchers have paid considerable 
attention on the crust behaviour of such kind of 
structure during past three decades [3-6]. 

 
Geometrical discontinuities introduced to structural 

members which are used to avoid crush failure. Crush 
initiators stabilize collapse process and minimizes 
peak crush load. These discontinuities can be 
implemented in different locations, shapes, quantities 
and sizes to improve crush behaviour of energy 
absorbers. Altenhof et al. studied the effect of three 
different kinds of discontinuities (circular, slotted and 
elliptical) on energy absorption capacity, peak crush 
load and crush force efficiency of aluminum square 
tubes [7]. 

 
Thin-walled circular tubes are most widespread 

type of collapsible energy absorbers which provide 
one of the best devices from the energy absorption 
point of view. Plastic energy dissipation in tubes is in 
one of these deformation modes: inversion, lateral 
flattening, lateral indentation, splitting and axial 
crushing [8].  

 

 
Cheng et al. Studied energy absorption and 

collapse modes of square aluminum tubes with 
geometric triggers. They observed that triggers 
decrease the maximum load and increase energy 
absorption capacity and crush force efficiency of the 
tubes [9]. Introduction of circumferential grooves, 
which are cut alternatively inside and outside of the 
tube at predetermined intervals, have been shown by 
Daneshi and Hosseinpour as an effective solution to 
force the plastic deformation to occur at these 
predetermined intervals along the tube [10]. 

The aim of this experimental research is to study 
the effect of size and quantity of discontinuities on 
crush characteristics of circular aluminum and steel 
tubes. Eabsorbed energy, Pmax and crush force efficiency 
calculated for each sample to investigate the behavior 
of tubular aluminum and steel under axial crushing 
force. 
 
II. EXPERIMENTS 
 

2.1 Sample specifications 
Seven samples designed and made for aluminum as 

well as for steel, all samples were of 120mm length, 
50mm outer diameter (OD) and 1.27mm wall 
thickness. First sample of each material Al-0/St-0 was 
a plain tube without any discontinuity, while Second 
samples Al-2S/St-2S are made by drilling a 4.3mm 
diameter through-hole at the middle of the length of 
the tube perpendicular to the longitudinal direction. 
Next samples Al-6S/St-6S have three drilled holes at 
uniform distance of each other and from both ends; 
also Sample Al-12S/St-12S has three more holes than 
sample Al-6S/St-6S, which are drilled at 90 degree of 
those previous holes but in the identical distances. 
Likewise Last three samples Al-2B/St-2B, Al-6B/St-
6B and Al-12B/St-12B are same as samples Al-2S/St-
2S, Al-6S/St-6S and Al-12S/St-12S respectively with 
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the only difference that size of the hole is increased 
from 4.3mm to 7.5 millimeter in these samples. 

2.2 Tensile test 
Tensile test performed to identify material 

properties of aluminum and steel tubes. Specimens 
were cut from the tubes in dog-bone shape. Tests are 
conducted on FIE Universal Testing machine with 
the maximum power of 400 KN. Data from sensor 
and displacement sensor are collected and sent to 
computer which controls the machine. Result Data is 
shown in Table.1. 
Table 1 Tensile Test results of aluminum and steel 

 Aluminum Steel 
Ultimate 

Tensile Strength 
302 MPa 527 MPa 

Yield Tensile 
Strength 

270 MPa 418 MPa 

Modulus of 
Elasticity 

67 GPa 197 GPa 

2.3 Quasi-static crushing test 
Crushing test conducted to investigate the effect of 

size and quantity of round-shape through-hole 
discontinuity on tubular tubes of aluminum and steel. 
Quasi-static axial loading test performed in MCS 
Universal Testing Machine with the maximum power 
of 600 KN. Testing conditions was same for all 
samples (crushing speed was 10mm/min). Load-
Displacement graphs were plotted simultaneously in 
the computer during crushing. Discontinuities are 
supposed to act as crush initiators which help to 
increase energy absorption capacity E and decrease 
the peak crush load Pmax. 

2.4 Parameters 
Parameters used to study the characteristics of 

sample are as follows which are obtained from load-
displacement curve of each sample. 

Total Absorbed Energy (Eabsorbed energy): 
Total Absorbed Energy is the total energy absorbed 

under axial crushing or the work done by crushing 
force: 

E = ∫ Pd  
Where P is axial crushing force and  is the upper-

head displacement. 
Maximum crush load (Pmax): 
Maximum load recorded by the sensor during 

compression test. 
Mean Crush Load (Pmean): 

Defined as a load if applied constantly during a 
displacement same as total displacement of upper-
head of the machine, it will result in the work equal to 
total absorbed energy: 

Pm = E / t 
Crush Force Efficiency (CFE): 
Defined as the ratio of the mean crush load to 

maximum axial crushing force: 
CFE = Pm / Pmax 

 
III. RESULTS AND DISCUSSIONS 
 

3.1 Aluminum 
In table.2 absorbed energy value is shown for each 

sample. Also Pmax and Pmean for each one of the 
graphs are given; adding discontinuities of any size 
seems to have no effect on Pmax since it increases in 
some cases and decreases in some others without any 
order. Eabsorbed energy increases as a hole is introduced to 
a plain tube regardless of hole size and it tend to 
decrease afterwards by adding more holes while 
small size discontinuities are more effective in raising 
up the amount of Eabsorbed energy. 

Same trend happens for Pmean because Pmean is a 
function of Eabsorbed energy. CFE in samples having only 
one pair of holes are maximum (the increase compare 
to plain tube for small hole diameter is 37.8% and for 
bigger diameter it is about 48.8%) but after adding 
more holes the CFE tend to decrease. It can be 
concluded that less discontinuity made on a plain 
tube, especially with smaller size will be more 
effective in absorbing the crush energy and is more 
efficient. 

As shown in the Figs1-7 experimental test results 
can be verified by simulation since in all graphs 
experimental and simulation lines follow the same 
pattern. Also it can be seen that experimental line is 
always under simulation line, on the other word 
simulation line envelopes the experimental line as 
always in simulation maximum loads are considered 
and calculated. 

Meanwhile Experimental lines mostly experience 
sudden falls and sharp slopes in comparison with 
simulation lines which are because of minimum 
response time and calibration of testing machine; 
since more sensitive machines with lower minimum 
response time and perfect calibration produce 
smoother line. 

Table 2 Values of Absorbed Energy, Maximum Load, Mean Load and CFE for Aluminum samples subjected to quasi-static 
crushing test 

Gro
up 

Sample 
Name 

Eabsorbed 
(KJ) 

Pmax (KN) Pmean(KN) CFE (%) 

  Exp Sim Exp Sim Exp Sim Exp Si
m 

Al Al-0 4.6
9 

5.71 116.84 123.89 58.59 71.39 50.1
4 

57.
62 

 Al-2S 7.2 8.71 130.225 149.19 90.003 108.921 69.1
1 

73.
01 

 Al-6S 5.9
9 

7.53 134.62 132.72 74.85 94.13 55.6 70.
92 

 Al-12S 5.1 6.5 123.55 120.01 63.75 81.27 51.5 67.
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9 72 
 Al-2B 6.6

6 
8.2 111.49 168.86 83.21 105.68 74.6

3 
62.

58 
 Al-6B 5.0

4 
5.84 133.36 123.52 62.93 73.05 55.5

1 
59.

1 
 Al-12B 4.2

8 
5.2 131.62 185.38 53.49 64.99 40.6

3 
35.

06 
 

 
Figure 1 Crushing Force/Displacement graph of sample Al-0 

 
Figure 2 Crushing Force/Displacement graph of sample Al-2S 

 
Figure 3 Crushing Force/Displacement graph of sample Al-6S 

 
Figure 4 Crushing Force/Displacement graph of sample Al-12S 

 
Figure 5 Crushing Force/Displacement graph of sample Al-2B 

 
Figure 6 Crushing Force/Displacement graph of sample Al-6B 

 
Figure 7 Crushing Force/Displacement graph of sample Al-12B 

3.2 Steel 
As shown in table.3 absorbed energy Eabsorbed energy 

increases when one pair of holes is introduced to the 
plain tube; this increase will be more as the size of 
the discontinuity increases. Pmax seems to be 
regardless of hole size and number of the holes in 
steel tubes. CFE and Pmean are following same trend 
as Eabsorbed energy. CFE has maximum value at sample 
St-2B and minimum value at sample St-6S, therefore 
the sample with only one pair of discontinuities of 
small size acts more effectively in absorbing crush 
energy. 

Simulation could truly predict the behavior of the 
samples in experimental situation since they are 
nearly following same pattern in load-displacement 
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graphs shown above; from this, it can be concluded 
that software is a reliable tool for further studying of 
samples without making real samples and conducting 
experimental tests. 

From the figures 8-14 it is observed that 
experimental tests can be verified by simulation as 

simulation is in a good agreement with experimental 
test. In both figures graphs show that by adding a 
round-hole discontinuity to a tube the capacity of 
energy absorption of new sample increases; this 
increase is about 4.4 percent for discontinuity of 
4.3mm and 17.1 percent for 7.5mm diameter size. 

Table 3 Values of Absorbed Energy, Maximum Load, Mean Load and CFE for Steel samples subjected to quasi-static 
crushing test. 

 
 
Figure 8 Crushing Force/Displacement graph of sample St-0 
 

 
Figure 9 Crushing Force/Displacement graph of sample St-2S 

 
 
Figure 10 Crushing Force/Displacement graph of sample St-6S 
 

 
 

Figure 11 Crushing Force/Displacement graph of sample St-
12S 

Gro
up 

Sample 
Name 

Eabsorbed (KJ) Pmax (KN) Pmean(KN) CFE (%) 

  Exp Sim Exp Sim Exp Sim Exp Sim 
St St-0 9 9.25 198.13 175.72 112.46 115.67 56.7

6 
65.8

3 
 St-2S 9.4 9.78 193.71 180.07 117.45 122.27 60.6

3 
67.9

5 
 St-6S 7 9 201.96 216.26 87.47 112.43 43.3

1 
51.9

9 
 St-12S 6.24 6.54 165.53 220.2 78.11 81.72 47.1

8 
37.1

1 
 St-2B 10.54 12.74 198.17 218.48 131.81 159.32 66.5

1 
72.9

2 
 St-6B 9.56 11.2 182.16 201.04 119.55 139.86 65.6

3 
69.5

7 
 St-12B 6.2 7.4 165.31 168.48 77.51 92.32 46.8

9 
54.7

9 
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Figure 12 Crushing Force/Displacement graph of sample St-2B 
 

 
Figure 13 Crushing Force/Displacement graph of sample St-6B 
 

 
Figure 14 Crushing Force/Displacement graph of sample St-

12B 
In samples St-6S and St-12S which have 

respectively three and six pairs through-hole 
discontinuities, capacity of energy absorption have 
been decreased as the number of holes increased in 
comparison to the sample St-2S with only one 
through-hole. Same happens to the samples with 
bigger discontinuity diameter size. 

3.3 Comparison between Aluminium and Steel 
One of the objectives of this work was to compare 

the crashworthiness characteristics of aluminum and 

steel. Results of experimental tests were given in 
Table.1 and Table.2.  

 
Figure 15 Comparison between energy absorption capacity of 

aluminum and steel 
Due to physical characteristics of steel its energy 

absorption capacity is remarkably higher than energy 
absorption capacity of aluminum; in the other word steel 
needs more energy to deform under compression. This fact 
is shown in Figure 16. 

Although both aluminum and steel show same trend in 
energy absorption capacity, they behave differently when 
the size of the holes increases; steel needs more energy to 
deform for samples with bigger size holes than ones with 
small size through-hole. On the contrary aluminum uses 
less energy to deform when the size of the through-holes 
are bigger. 

Due to results shown in tables 3.1 and 3.2, maximum and 
minimum CFE in aluminum happens at samples Al-2B and 
Al-12B respectively while in steel, samples St-2B and St-
6S are at maximum and minimum of Crush Force 
Efficiency. 

Moreover the range of Pmax is higher in steel than 
aluminum because of characteristic differenced of these 
two metals. 
 
CONCLUSIONS 
 

Introducing a round-type hole discontinuity to a 
plain aluminum tube causes an increase in energy 
absorption capacity. By increasing the number of 
discontinuities, energy absorption capacity of 
aluminum tubes are still higher that a plain tube 
without any hole but the amount of such increase tend 
to lessen (For samples of 4.3mm hole, having three 
and six pairs of holes, increase in the amount of 
energy absorption capacity will be 27.7% and 8.5% 
respectively while it will be 7.5% and -8.7% for those 
of 7.5mm). 

Making a round-type through-hole discontinuity in 
an aluminum tube causes CFE  to increase about 38% 
for 4.3mm hole size and 49% for 7.5mm hole size, so 
the most efficient sample in absorbing energy among 
aluminum samples is the one having only one pair of 
holes Al-2B. Also it has found that there was no 
relation between Pmax and any changes in the size and 
quantity of discontinuities. 
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Generally steel in comparison to aluminum absorbs 
more energy. On the other word steel needs more 
energy during deformation because of its physical 
characteristics (higher yield and ultimate strength), 
while In both aluminum and steel increasing the 
number of holes causes a reduction in energy 
absorption capacity, while increasing the size of the 
holes causes an increase in steel and reduction in 
aluminum. 

Finally Computer modelling could simulate the 
experimental tests very well. Finite element 
modelling could predict results of absorbed energy 
within the range of 3-27% of difference with 
experimental tests. Also the maximum difference 
between finite element modelling results and 
experimental results for CFE was 27%. Therefore FE 
modelling can be implemented reliably in 
investigating the behaviour of such tests prior to 
spending time, material and other resources to built 
prototype for testing.  
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