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ABSTRACT 

 

Crash boxes are usually used in the transportation and automobile industries. Important 

parameters such as material, boundary conditions, geometry, impact energy consists of 

striker mass and velocity, and plastic deformation history can influence on the 

maximum energy absorption and impact load of these structures. In this research first, 

crash behaviour of extruded aluminium circular tubes under axial impact loading with 

rigid and elastic boundary conditions are studied. Then, effect of the elastic support on 

the tube energy absorption is numerically and experimentally investigated. In the 

following, the numerical results are compared with the practical observations and 

validated. Finally, it is revealed that employing the elastic support leads to changing 

deformation mode and significantly reduces the maximum impact load.  

 

Keywords: Energy absorption; axial impact loading; elastic boundary conditions; 

circular aluminium crash boxes; ductile damage criterion. 

   

INTRODUCTION 

 

The crash boxes are extensively applied in automobile structure to aid the energy 

absorption. These components have a principle role in absorbing a great deal of impact 

kinetic energy of crash during the plastic deformation and must be able to save 

automobile passengers from hazardous injuries or death. Throughout the plastic 

deformation process, the crash boxes need to be deformed as a sequential folding and 

collapse mechanisms. To improve the energy absorption and decrease maximum crash 

load, the process of plastic deformation has to be controlled. During a crash, the energy 

absorption, maximum crash force, and average crash force are the major parameters to 

evaluate automobile safety. These parameters depend on many variables such as 

geometry, material, material porosity, boundary conditions, temperature, plastic 

deformation history, and impact energy including the striker velocity and mass. In the 

transportation systems, lower fuel consumption and eventually less carbon dioxide 

emissions justify lighter and more efficient energy absorber parts. In automotive 

factories, these limitations force designers to try various methods. One of the most 

essential methods is to apply the lightweight structures like advanced high-strength 

steels (AHSS) [1-3], aluminium or magnesium alloys, honeycomb structures [4-7], and 
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composite materials [8, 9]. In comparison with conventional steels, these materials 

generally have low ductility at fracture; strongly endure damage and failure when are 

subjected to crash loading conditions. Throughout the metalworking, crash box 

component suffers a plastic deformation history which impresses the crashworthiness 

response. After the rolling process, sheet metals will be employed in the tension, 

bending, and stretching dies with varying loading paths and strain rates [10, 11]. Hence, 

the plastic deformation history affects the crash box dynamic response, an issue 

considered by many scholars.  

Numerous researches have been reported about modelling the behaviour of the 

crash box and its performance in energy absorption under the frontal crash. To clarify 

the buckling initiation, Karagiozova and Jones studied the axisymmetric buckling of 

circular cylindrical shells [12]. The effects of material properties and impact velocity in 

the critical buckling length which lead to a transition between global and progressive 

buckling of aluminium alloy circular tubes were experimentally and theoretically 

examined by Karagiozova and Alves [13,14]. Meanwhile, Hsu and Jones described 

dynamic axial crushing of aluminium alloy 6063-T6 circular tubes [15]. The inertia 

influence on the response of structural elements, subjected to explosive loads was taken 

into account by Karagiozova et al. [16]. Engaging the elastic-plastic material with linear 

strain hardening, they clearly exhibited the Bauschinger effect.  

Galib and Limam analyzed the role of damage on the prediction of the collapsed 

mode and the energy absorption of aluminium 6060 tubes [17]. Their investigation was 

founded on the classical Lemaitre–Chaboche uncoupled elastic and plastic damage 

model. The triggering effect on the energy absorption and crash deformation mode of 

circular aluminium tubes was obviously presented by Marzbanrad et al. [18]. Also, Jin, 

Altenhof, and Li carried out a parametric study on the axial cutting, energy absorption, 

wall thickness, and the number of blades of aluminium 6061-T6 circular crash boxes 

[19-21]. In the above-mentioned researches, the scholars utilized a simple fracture 

model established on the maximum strain criterion (i.e. for all stress states, the true 

fracture strain was supposed to be constant). These simplified models often cause 

improper predictions of fracture. 

Furthermore, Ramalingam and Lankarani [22], and Naghipour et al. [23] 

primarily suggested the crash with soft soil or water under distributed loading in 

aerospace industry. In the most presented articles, the crash box structure is assumed to 

be a rigid support in one side; while, this support is not really rigid, due to flexibility of 

attached components such as s-rail and firewall. Marzbanrad and Keshavarzi practically 

and numerically focused on the crash behaviour of square tubes, using an elastic 

boundary condition instead of rigid type at the bottom of a crash box [24]. In another 

work, applying ductile failure criterion, Marzbanrad et al. illustrated influence of elastic 

and plastic support on the energy absorption of the extruded aluminium tubes and found 

that types of boundary conditions play an important role in behaviour of the structure at 

crashworthiness [25].  

Recently, a few of researchers have contributed to the behaviour of the thin-

walled structures and increasing their performance in energy absorption under the 

frontal crash [26-35]. In this paper, the main objectives are:  

i. To employ a ductile damage criterion and numerical simulation of axial crushing 

test on circular aluminium extruded tubes.  

ii. To carry out the experimental crash test of the tubes and validate the numerical 

simulations. 
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iii. To inspect the behaviour of circular tubes under axial loading with several 

values of support stiffness. 

iv. To reveal the elastic support effect on the deformed shape mode and behaviour 

of the tubes.  

 

DUCTILE DAMAGE MODEL 

 

Due to a number of mechanisms like nucleation and coalescence of voids, necking 

instability, and shear band formation, a sheet metal component may endure damage and 

consequently fracture. Therefore, using a damage criterion to accurately predicting the 

damage initiation and propagation as well as behaviour of plastic deformation is an 

essential approach.   

Founded on macroscopic strains and stresses, Hooputra et al. offered a 

comprehensive model for failure prediction of a part under loading [36]. In this 

criterion, various failure mechanisms consist of ductile and shear fracture, and necking 

instability are used. In the Hooputra’s ductile criterion, the equivalent strain is 

considered to be as a function of stress triaxiality, established on mathematical model of 

Kolmogorov [37]. For the isotropic materials, three material dependent parameters are 

assumed, respecting the non-uniform influence of enhancing the equivalent strain 

because of increasing the stress triaxiality. The Hooputra's ductile damage model for the 

isotropic materials is represented as follows: 

 
 cc
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in which, D denotes variable of damage and varies from 0 (undamaged material) to 1 

(fully fractured material), at each increment monotonically increases with the equivalent 

plastic strain according to the next equation: 
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Moreover, a , b , and c  are the material dependent parameters, empirically determined 

from three point bending test, Erichsen’s cupping test, and waisted tensile specimen and 

rely on the material, temperature, and strain rate [38]. 

 



Comparison of Energy Absorption in Circular Aluminium Crash Boxes with Rigid and Elastic Boundary 

Conditions: Numerical and Experimental Investigations 

6203 

NUMERICAL SIMULATIONS 

 

Numerical simulations were performed by an explicit finite element method (FEM) 

code. In the numerical simulations of damage analysis, according to Lemaitre [39], 

mesh size is recommended to be 0.5-1mm for ductile metals. Therefore, four node shell 

elements with the size of 1 mm (based on experience and laboratory results) and 

reduced integration points were used to discretize the circular tubes with dimensions of 

L= 300 mm, r=50mm, and the wall-thickness, t=2 mm. The material was stain-rate 

sensitive aluminium alloy (EN AW-7108 T6). Figure 1 displays the yield stress-plastic 

strain diagram of the material at various strain rates, created by the relations of [36]. 

 

 
 

Figure 1. Yield stress-plastic strain diagram of EN AW-7108 T6 [36]. 

 

The striker was defined as a point mass, connected to a 125 kg rigid plate with 

the initial axial velocity of 10 m/s. To simulate the rigid support or boundary conditions, 

tube end was fixed to a rigid surface. Additionally, surface to surface and self-contact 

interaction with 0.2 friction coefficient was correspondingly assigned to the whole tube 

surface and contact between the striker and the tube. 

In this investigation, for the better analysis of the boundary conditions, two 

models of tube with rigid and elastic support which is more reality in the practical 

problems were employed. Figure 2 exhibits a schematic image of the rigid and elastic 

supports. To simulate the elastic boundary conditions, a diaphragm spring element as 

the experimental setup was applied at the back of the bottom surface. Because of 

different ratios of free cone height to thickness, the spring characteristic extensively 

varied. Empirical tests showed that maximum deflection of the spring with impact 

velocity of 7.5 m/s was 3.92 mm. Hence, the spring stiffness was assumed to be 

34194kN/m by linearization of the load-deflection nonlinear relation in range of 0 to 

4mm and this magnitude was assigned in the numerical simulations. The details of 

determining the spring stiffness were published earlier by the current authors [24]. 

According to Figure 3, to accurately defining the stiffness of rigid wall, all 

degrees of freedom of support reference point (RF2) are initially fixed. Then, the 
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difference of maximum crash load dl  and energy absorption de  is taken into account, 

respecting the next equations: 

 
N
k

E
realL

N
L MMMdl === −= /)(*100

 
 

(5) 

N
k

E
realk

N
k EEEde === −= /)(*100

 
(6) 

 

in which, N
LM = , E

realLM = , N
kE = , and E

realkE = respectively are maximum crash load with fixed 

RF2, real maximum crash box with rigid support, energy absorption with fixed RF2, 

and real energy absorption of crash box with rigid boundary condition. Comparison of 

the practical and numerical results implied that the most proper value for rigid wall 

stiffness was 1000MN/m which was applied in the numerical simulations. More details 

of this procedure exist in the previous study of the present authors [24]. 

 

 
 

Figure 2. A schematic image of a (a) rigid support and; (b) elastic support. 

 

 
Figure 3. Assembly model of numerical simulations of crash box test. 

 

After the numerical simulations of the crash tests, magnitudes of displacement, velocity, 

acceleration, and load were extracted. Meanwhile, the tube energy absorption abE , the 

maximum crash force maxP , the mean crash force meanP , and the crash force efficiency 
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CFE  parameters were estimated by the following approach. abE  represents the tube 

external work and can be achieved via the next relation: 

 

=  dPEab )(                                        (7) 

 

in which,  is displacement of the tube and )(P is a function of the crash force. The 

first peak indicates peak of the crash force, maxP  and the area under the crash load–

displacement chart denotes the absorbed energy. Also, the mean crushing load is 

defined as the absorbed impact energy per unit of axial deformation [40]: 
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The integral sign depicts the area under the load-displacement diagram, is 

equivalent of the absorbed energy and d  represents the total displacement. In other 

phrase, mP  takes into account the absorbed energy per unit of length. To determine the 

ability of energy absorbing, the crash force efficiency CFE , is an essential parameter 

[41]: 
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CFE m=                                        (9) 

 

To illustrate the characteristics of absorber, mP and maxP are the two important and 

effective parameters. More value of the absorbed energy is a favorite characteristic for 

the crash box and is obtained with the larger magnitude of mP . It means that all efforts 

are carried out to reduce the peak force magnitude maxP . In the energy absorbers 

design, CFE is a very major parameter; greater values indicate more energy absorption of 

the absorber with less peak force and is the best benchmark for comparing the results. 

 

EXPERIMENTAL TEST 

 

The empirical tests were done by a dynamic test rig arrangement. The test rig had a 

mass of 140 to 500 kg which could slip on 10m rail, produced 13 m/s maximum impact 

speed with a striker mass of 150 kg. Additionally, the experimental test rig was 

equipped by: 

i. Data acquisition system for recording the displacement, acceleration, and load.  

ii. Measurement system architecture to control the measurement system and reveal 

the measurement data vs. time. 

iii. Software management to remove the quantization and process noises in the 

measurement.  

More details of the experimental setup can be found in [24]. 

 

NUMERICAL AND EXPERIMENTAL RESULTS 

 

In this research, four kinds of aluminium circular tubes with respective length, diameter, 

and thickness of 300 mm, 50 mm and 2 mm were prepared and tested. A0, A1, A2, and 

A3 specimens are tubes correspondingly impact to a rigid wall support, a very hard 
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elastic boundary condition (k=10GN/ma), a hard-elastic support (k=1GN/ma), and a 

soft boundary condition (k=0.1GN/ma). Figures 4 and 5 show the numerical and 

experimental results, and comparison between them.  

 

  
 

(a) A0      (b) A1 

 

 
(c) 

 

 
(d) 
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(e) 

 

 
(f) 

 

Figure 4. Experimental and numerical results of specimen (a) A0 (rigid support) and; 

(b) A1 (k=10GN/ma) for (c), (d) crash load–time and; (e), (f) crash load–displacement. 

 

In Figure 4 and 5, image (a) and (b) display the numerical and empirical results 

of the crash tests. Graph (c) and (d) represent the crash load-time diagram, and the 

graphs in (e) and (f) depict the crash load-displacement throughout the crash test. The 

figures signify that in the cases of the solid and very hard elastic support, a fracture 

mode is happened in the tube front; while, the tube is axially compressed and plastically 

deformed without any fracture in the other cases. Although, the numerical values of 

crash load are a little different from the empirical magnitudes but as the figures approve, 

the numerical simulations are able to correctly follow the deformation mode, ultimate 

displacement or the maximum axial deformation, the maximum and the mean crash 

load. Meanwhile, it is realized that there is a maximum alteration between the numerical 

and practical results of maximum crash load. This difference seems to be because of the 

friction effect of the sled and the rail which causes the energy absorption or probably 

errors in the measurement instruments. 
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(a) A2      (b) A3 

 

 
(c) 

 

 
(d) 
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(e) 

 

 
(f) 

 

Figure 5. Experimental and numerical results of specimen (a) A2 (k =1GN/ma) and; (b) 

A3 (k=0.1GN/ma) for (c), (d) crash load–time and; (e), (f) crash load–displacement. 

 

The two modes of deformation and fracture, and the concertina mode can be 

seen in the samples A0 and A1, while, in the A2 and A3 specimens only concertina 

mode can be observed, since the maximum crash load reduces in the A2 and A3 and the 

fracture mode is not created. Comparison between the numerical and experimental data 

of crash test include of the maximum crash load, the energy absorption, ultimate 

displacement or the maximum axial deformation, and CFE  for all the specimens are 

presented in Table 1 and the percent of errors are demonstrated in Table 2. Table 1 and 

2 clarify that the numerical results are in good agreement with the practical tests and 

there are no major variances between them. The peak crash force in the rigid support 

sample (A0) is less than the elastic support cases (A1, A2, and A3), while the maximum 

axial deformation   for A0 is greater than the A1, A2, and A3 specimens. Besides, the 

energy absorption of samples with the elastic conditions is smaller than the rigid support 

type. This is due to this fact that the elastic supports have lower deformation when 
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compared with the rigid conditions. Finally, it can be concluded that the CFE magnitude 

of the rigid support is upper than the elastic boundary condition samples. 

Furthermore, the results show that adding the elastic support, the difference 

between the numerical and experimental results is usually higher. For example, in 

sample A3, this difference in the amount of energy absorbed and the CFE is greater than 

the specimen A0. This can be because by softening the spring stiffness in the laboratory 

model, it becomes nonlinear, while, the spring is considered to be linear in the 

numerical simulations.
 
 

 

Table 1. Comparison between the numerical and experimental data of crash test. 

 

Test 

No. 
)(max kNP N

 

)(max kNP E

 

)(kJE E

in
 

)(kJE N

in

 

)(mmE

 

)(mmN

 

(%)ECFE

 

(%)NCFE

 

A0 165 160 5.81 6.13 0.72 0.71 92.96 98.08 

A1 168 168 5.16 6.05 0.73 0.72 82.56 96.80 

A2 188 198 4.36 5.91 0.70 0.69 69.76 94.56 

A3 185 173 4.05 5.73 0.65 0.64 64.80 91.68 

 

Table 2. The error of numerical results compares to the experimental data. 

 

Test No. 
Error of max. 

crash load (%) 

Error of energy 

absorption (%) 

Error of max. axial 

deformation (%) 

Error of CFE 

(%) 

A0 3.0 5.20 1.3 5.20 

A1 5.6 14.7 1.3 14.7 

A2 6.0 26.2 1.4 26.2 

A3 6.5 29.3 1.5 29.3 

 

CONCLUSION 

 

In this paper, a ductile failure criterion and a number of circular tubes that was subjected 

to axial loading with rigid and elastic boundary conditions were numerically simulated. 

Experimental tests were carried out according to the numerical analyses and compared 

with the numerical results. Comparison of the numerical and practical results showed a 

good adaptation which verified the numerical simulations. Furthermore, the results 

revealed that the maximum axial deformation and the energy absorption could be 

altered by elastic support stiffness. Meanwhile, it was confirmed that during the crash, 

in comparison with the elastic support, the circular crash box with the rigid boundary 

condition was able to absorb more energy. Moreover, the energy absorption could be 

increased by growing the spring stiffness. The current research proved that elastic 

components, attached to the crash box like firewall and S-rail impressed the crash box 

behaviour. Hence, it is concluded that in the structural design of vehicles, the 

automotive engineers must pay attention to the support structure stiffness of crash box 

and the structure stiffness behind the crash box must be seriously noticed. Also, 

nonlinearity of the spring behaviour causes the differences between numerical and 

experimental results. In order to reduce the error in such matters, it is suggested that a 

nonlinear spring model is utilised.   
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