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Thin-walled tubes of circular and noncircular cross-sections are 
increasingly used as energy absorbers in many applications. The most 
important target of the designers in automotive manufacturing is to 
develop a structural component that can sustain high loads and absorb 
high energy to provide more safety to the passengers and the driver of 
the vehicle. In addition, to protect vehicle components from 
catastrophic failure during low or high velocity crush conditions. 
Crashworthiness performance of the energy absorber component 
under axial loading depends on the fracture mechanism by which the 
component collapses. Fracture mechanism of thin-walled metal and 
composite tubes influenced by the cross-section, design parameters, 
and material used. In the current research, finite element analysis on 
aluminium bi-tubular cone components under axial loading was 
conducted. Combined cone-tube consists of a 56 mm tube diameter and 
65.63 mm cone top diameter with cone semi-apical angles of 5o, 10o, 
15o, 20o and 25o were analysed under axial loading. The effect of cone 
semi-vertex angle (α) for cone-cone, cone-tube, and tube-tube 
arrangements on the load-displacement characteristics and the 
absorbed energy was investigated. Crashworthiness analysis was 
conducted on the fractured bi-tubular component. Results presented 
that the crushing load and energy absorption of the bi-tubular cone-
tube and cone-cone enhanced with increasing cone angle from 5o to 15o. 
An additional increase in the cone angle up to 25o, decreased the energy 
absorption, and the bi-tubular components sustained lower loads. 
Initial crush load of the cone-tube bi-tubular component increased 
from 20.04 kN to 30.50 kN with increasing cone angle from 5o to 15o. 
The tested bi-tubes fractured by progressive folding, accompanied by 
buckling that resulted in a concertina plastic failure mode, followed by 
a non-symmetric diamond failure mode. 
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1. Introduction 
Thin-walled tubes made of metals and composite materials under compression loading were considered in many 
applications for the crashworthiness of energy absorption equipment [1]. Absorbed Energy and failure 
mechanism of metal tubes subjected to axial load are affected by the design parameters and material type used 
[2]. The demand for using aluminum material in the automotive industry is increasing where the manufacturers 
consider the environmental factors. The weight of the vehicle can be reduced by 25% by using an aluminum body 
structure compared to steel materials [3],[4].  
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Axial compression of hybrid aluminum-composite tubes has been studied by El-Hage et al. [5]. The authors 
found that folding of hybrid tubes with 45o chamfer started at a higher force than aluminum tubes [5]. In another 
study, El-Hage et al. [6] suggested an equation to estimate the average compression load of hybrid aluminum-glass 
tubes. The initial folding load, average load, and absorbed energy of the aluminum tubes were enhanced when 
using a hybrid material [6].    

Several researchers investigated the crashworthiness performance of bi-tubes of various section shapes, such 
as square [7],[8]  circular [9], triangular [10], and hybrid bi-tubular components [11]. Combined square tubes 
under axial load were investigated by Haghi et al. [7]. The authors stated that using combined square tubes of 
diamond and parallel arrangements under axial compression increased the absorbed energy.  

The behavior of tapered thin-walled rectangular tubes subjected to static and dynamic compression was 
investigated by Nagel et al. [12]. The authors found that increasing the taper angle increased the crush efficiency 
[12]. In another study, they studied the influence of tapered tube wall thickness and the number of tapered 
rectangular tubes and found that the absorbed energy of tapered tubes is clearly affected by wall thickness [13]. 
Also, the authors concluded that the average crush force and absorbed energy increase obviously with increasing 
the number of tapered tubes under compression [13]. Khalid et al. [14] investigated the performance of cotton 
and glass/ epoxy cones under axial compression. The authors concluded that increasing the crush distance 
increased the load gradually for both materials investigated. The increase in cone angle from 5o to 20o of composite 
cones increased the energy absorption, and the cones sustained higher loads [14].  

For the purpose of enhancing the energy absorption and performance of the energy absorber under axial 
crushing, and to get a lighter-weight energy absorber, the crashworthiness performance of aluminum bi-tubes of 
cone-cone and cone-tube components of different cone semi-vertex angles was selected for this investigation. 
Based on the literature review conducted on the crashworthiness of energy absorbers, the performance of 
combined cones and cone-tube components of different cone angles has not yet been investigated. 

The current research aims to investigate the folding characteristics, absorbed energy, and failure mechanism 
of bi-tubular aluminum cone-tube and cone-cone using cone semi-apical angles ranging from 5° to 25° subjected 
to axial load. The research also aims to examine the crashworthiness of the fractured bi-tubes.  

2. Methodology  

2.1 Finite Element Analysis 
An analysis of the behavior of aluminum bi-tubular cone-tube specimens subjected to axial loading was performed 
using LS-DYNA finite element analysis software [15]. The LS DYNA software is prepared for dynamic analysis. 
Scaling up the mass of the tube and the cone by a factor of 1000 has been used to conduct the quasi–static analysis. 
This process decreases the number of steps necessary to enhance computation efficiency. The ratio of the kinetic 
energy to the internal energy was kept less than 5% throughout the axial compression [16-18]. The geometrical 
arrangement of bi-tubes is presented in Figure 1. Where the wall thickness is t., the top and bottom diameters are 
respectively Dt and Db. 

Dimensions of bi-tubes for this investigation are shown in Table 1. Height and wall thickness of the cone were 
maintained as 120 mm and 3 mm, respectively. As shown in the model type, the first terms T and C represent the 
tube and cone, respectively. The last term is a number that represents the specimen’s cone semi-apical angle. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1 Geometrical arrangement of bi-tubes (a) Cone-cone; (b) Cone-tube 
 
 
 

 

 
                    (a)             (b) 
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Table 1 Dimensions of aluminium bi-tubular cone and cone-tube 

2.2 Element Type and Material Model 
Belytschko-Tsay quadrilateral shell elements are used to model the Bi-tubes, upper and lower plates. [19]. 
Aluminum tube and cone are represented by the MAT_024_PIECEWISE_LINEAR_PLASTICITY material model. 
While the upper and lower plates are represented by the MAT_020_RIGID material model. Aluminum specific 
mass, modulus of elasticity, and Poisson’s ratio are respectively 2700 kg/m3, 69e9 N/m2, and 0.3. The rigid plates' 
properties are 7830 kg/m3, 207e9 N/m2, and 0.3, respectively.  

2.3 Boundary Constraints 
The cone and tube models were placed in space, separating the two plates; shell elements were used to model all 
components. The finite element model is shown in Figure 2. The upper rigid plate was permitted to move 
vertically, while the lower rigid plate was completely restricted from motion. The 
BOUNDARY_PRESCRIBED_MOTION_RIGID keyword is implemented to provide motion to the upper plate 
downward. Contact between rigid plates and bi-tubes is represented by 
CONTACT_AUTOMATIC_SURFACE_TO_SURFACE. Interpenetration of cone and tube walls during progressive 
folding is restrained throughout by releasing the penetrated nodes by using 
CONTACT_AUTOMATIC_SINGLE_SURFACE. 
 

 
 

Fig. 2 Finite element model of the bi-tubular cone-tube and rigid plates 

Model 
type 

                                      Cone Tube Inner  
Diameter  
D, [mm] 

 Outer cone Inner cone 
Semi-apical  
angle α, [deg] 

Top diameter 
Dt1, [mm] 

Bottom diameter 
Db1, mm] 

Top diameter 
Dt2, [mm] 

Bottom 
Diameter 
Db2, [mm] 

T0 - - -      - - 56 
TT0 - - - - - 56,65.63 
C5 5 

5 
5 

65.63 86.62 - - - 
CT5 65.63 86.62 - - 56 
CC5 65.63 86.62 56 76.98 - 
C10 10 

10 
10 

65.63 107.95 - - - 
CT10 65.63 107.95 - - 56 
CC10 65.63 107.95 56 98.32 - 
C15 15 

15 
15 

65.63 129.94 - - - 
CT15 65.63 129.94 - - 56 
CC15 65.63 129.94 56 120.31 - 
C20 20 

20 
20 

65.63 152.98 - - - 
CT20 65.63 152.98 - - 56 
CC20 65.63 152.98 56 143.35 - 
C25 25 65.63 177.54 - -  
CT25 25 65.63 177.54 - - 56 
CC25 25 65.63 177.54 56 167.91 - 
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3. Results 

3.1 Model Validation 
Finite element analysis on cone models using LS-Dyna was validated with the experimental results conducted by 
Kathiresan et al. [20] for an aluminum cone subjected to axial crushing. Cone semi-vertex angle, length, and 
thickness were 18o, 95 mm, and 0.95 mm, respectively. Poisson’s ratio, elastic modulus, yield strength, and density 
of aluminum material were v= 0.3. E = 70 GPa, 55 MPa, and ρ = 2710 kg/m3, respectively. 

Aluminum material is modelled using MAT_024_PIECEWISE_LINEAR_PLASTICITY. Figure 3 (a and b) shows 
the fracture mechanism of the cone obtained by the FEA analysis and experimental test results conducted by 
Kathiresan et al. [20]. Progressive folding fracture mechanism observed by the FEA is similar to that observed 
experimentally [20]. Results of model validation are presented in Table 2. Results of the FEA were found in good 
agreement with the results obtained experimentally by Kathiresan et al. [20], where the overall percentage of 
difference was in the range between 1.83 to 3.14%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Fracture mechanism of the cone conducted by (a) FEA; (b) Experimental results 

Table 2 Results of model validation 
Property of the 
material 

Exp. FEA Percentage of 
difference (%) 

Initial crush load 
(kN) 

6.55 6.67 1.83 

Mean Load (kN) 5.41 5.58 3.14 
Maximum Load (kN) 6.75 6.89 2.07 
Total absorbed 
Energy (J) 

271.58 279.25 2.82 

3.2 Crushing Characteristics 
Load-displacement response of the bi-tubular components is presented in Figure 4 (a, b, c, d, and e). As shown in 
Figure 4, the increase in cone angle from 5o to 15o increased the initial failure load and mean crush load. The initial 
and mean crush load decreased with increasing cone angle to more than 15o up to 25o as shown in Figure 4(d and 
e). The increase in mean crushing load is attributed to the increase in the cross-sectional area of the cone with the 
progress in crush distance that sustains higher loads and, in turn, leads to an increase in the absorbed energy [14]. 
On the other hand, the increase in cone angle (α) enhances the capability of the cone to withstand higher loads 
and absorb higher energy on a larger cone cross-section area for the same crush distance [14]. However, there is 
an optimum cone angle where the crush load decreases with additional increase in the cone angle [14] [20] [21]. 
The decrease in crashworthiness performance of cone angles is attributed to buckling phenomena on the larger 
cone semi-apical angles that lower the crush load. The optimum cone angle depends on the material used and the 
wall thickness of the cone [14]. 
 

  
(a) (b) 
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(a) (b) 

  
(c) (d) 

                                                    
(e) 

 
Fig. 4 Load-displacement graphs of aluminium bi-tubular cone-cone and cone-tube for cone angles of (a) 5; (b) 10o; 

(c) 15o; (d) 20o; (e) 25o 

 

The maximum load of the tested bi-tubular components is presented in Figure 5. Increasing the cone semi-
apical angle from 5o to 15o increased the load. The bi-tubular cone-cone arrangement withstands a higher load 
than the bi-tubular cone-tube, which is due to the increase in the cross-sectional area of the bi-tubular cones with 
the crush distance. Bi-tubular cones withstand lower loads using cone angles more than 15 °, which is attributed 
to the increase in fracture of the upper side of the cone vertically towards the inner direction of the cone with 
increasing the cone semi-apical angle more than 15 °. Research work conducted by Kathiresan et al. [20] found 
that cones of semi-apical angle 16o give higher crashworthiness performance than cones of semi-apical angles 
larger than 16o. The authors found that the conical specimens deform towards the inner side of the top surface of 
the cone where the load is applied. The authors concluded that the inside surface at the top side of the cone 
deforms more than the outside surface.  In addition, plastic failure mode formed with crush distance progress on 

0

10

20

30

40

50

0 10 20 30 40 50 60 70 80 90

Lo
ad

 (k
N

)

Displacement (mm)

T0 C5
TT0 CT5

0

10

20

30

40

50

0 10 20 30 40 50 60 70 80 90

Lo
ad

 (k
N

)

Displacement (mm)

CT10
CC10

0

10

20

30

40

50

0 10 20 30 40 50 60 70 80 90

Lo
ad

 (k
N

)

Displacement (mm)

CT15
CC15

0

10

20

30

40

50

0 10 20 30 40 50 60 70 80 90

Lo
ad

 (k
N

)

Displacement (mm)

CT20
CC20

0

10

20

30

40

50

0 10 20 30 40 50 60 70 80 90

Lo
ad

 (k
N

)

Displacement (mm)

CC25
CT25



Int. Journal of Integrated Engineering Vol. 17 No. 8 (2025) p. 139-147 144 

 

 

the conical specimen where fixed hinges formed vertically to the applied load. The fixed hinges developed with 
crushing progress lead to an unsymmetric (diamond) fracture mechanism [20]. 

 

 
Fig. 5 Maximum load of bi-tubular cone-cone and cone-tube 

3.3 Specific Energy Absorption 
The SEA is a substantial factor in the crashworthiness analysis of the energy absorber system. The specific energy 
absorption is represented by the ratio of the total energy absorbed (ET) to the mass (m) as shown in Eq. (1) [19]. 

 

𝑆𝑆𝑆𝑆𝑆𝑆 =
𝐸𝐸𝐸𝐸
𝑚𝑚  (1) 

                                                                  Where;  ET = ∫ F(dδ)δmax
0  (2) 

 
Total energy absorbed is represented by the area under the applied force-displacement relation. The crush 

force and displacement in the axial direction are termed by F and δ, respectively. Figure 6 shows the specific 
energy absorption for cone and tube arrangements.  

 

 

Fig. 6 Specific energy absorption of bi-tubular cone-cone and cone-tube 

As shown in Figure 6, increasing the cone semi-apical angle up to 15 ° enhanced the absorbed energy, and it 
starts to decrease at a cone angle of 20o. The increase in cone angle increased the cross-sectional area of the cone, 
resulting in an increase in the load to be sustained by the cone, and then increased the absorbed energy. While 
there is an optimum cone angle that depends on material, thickness, and cross-section of the tube, where further 
increase in cone angle decreases the absorbed energy [14]. 

3.4 Mean Crush Force (MCF) and Crush Force Efficiency (CFE)  
The MCF and CFE can be calculated using Eqs. (3) and (4) respectively [15]. 
 

𝑀𝑀𝑀𝑀𝑀𝑀 =
∫ 𝐹𝐹𝐹𝐹𝐹𝐹𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚
0
𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚

 (3) 
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𝐶𝐶𝐶𝐶𝐶𝐶 =
𝑀𝑀𝑀𝑀𝑀𝑀
𝐹𝐹𝐹𝐹  (4) 

 
Results of the absorbed energy, mean, and maximum loads for bi-tubular components of different 

arrangements under axial loading are presented in Table 3. As shown in Table 3, combined circular tubes sustain 
axial load and absorb energy 43% and 6.4% higher than a single tube. Maximum load and absorbed energy of 
39.26 kN and 5.58 J/g, respectively obtained on bi-tubular cones of 15o semi-apical angle (CC15). The sustained 
load and absorbed energy decreased to 27.08 kN and 3.27 J/g, respectively, with an additional increase in cone 
angle to 25o. Also, it can be noticed from Table 3 that the combined bi-tubular cone-tube (CT) withstands a lower 
crush load and absorbs less energy than the bi-tubular cones. As the crush distance progresses, the area of the 
combined cones is larger than the area of the combined cone tube. 

Table 3 Results of model validation 
Specimen FM MCF ET SEA CFE 

(kN) (kN) (J) (J/g) (%) 
T0 10.64 7.27 300 2.48 68.33 

TT0 18.81 13.38 580 2.65 71.13 
C5 12.25 8.5021 322 2.60 69.40 

CT5 23.63 17.52 750 2.98 74.14 
CC5 26.26 19.86 900 3.63 75.63 
C10 12.66 9.13 345 2.80 72.12 

CT10 27.02 20.63 1150 4.47 76.35 
CC10 30.45 23.45 1260 4.77 77.01 
C15 18.23 13.64 400 3.15 74.82 

CT15 34.58 27.36 1300 4.96 79.12 
CC15 39.26 33.27 1500 5.58 84.74 
C20 16.71 11.22 423 3.23 67.15 

CT20 29.24 21.02 1000 3.69 71.89 
CC20 33.58 24.86 1200 4.35 74.03 
C25 14.71 9.72 350 2.89 66.08 

CT25 25.24 17.02 781 2.81 67.43 
CC25 27.08 19.06 934 3.27 70.38 

3.5 Failure Mode  
The level of damage and the failure mode can be represented by the Von Mises stress contours. During the 
progress in the crushing process, geometrical changes lead to an increase in the stress on the bi-tubular cones and 
then influence the failure mode. Where the stresses at the top side of the cone are higher than the stresses at the 
bottom side. Table 4 shows the failure mechanism of aluminum bi-tubular cones and cone-tubes for cone semi-
apical angles of 5o, 10o, 15o, 20o and 25o. Progressive folding failure mode is obtained for the fractured aluminum 
tubes and cones. In addition, the increase in cone semi-apical angle (α) angle more than 15 ° resulted in buckling 
at the bottom side of the aluminum cones that decreased the mean crushing load and absorbed energy in the 
region after the initial failure load. As shown in Table 4, during the compression process, the upper side of the bi-
tubular cones buckled at first toward the inside and formed axi-symmetric rings or a concertina plastic failure 
mode. Then, fixed hinges were observed vertical to the direction of the applied load, resulting in a non-symmetric 
diamond failure mode. 

Table 4 Failure mode of the bi-tubular cones 
Cone semi- 
-apical angle 

5o 10o 15o 20o 25o 

 
      
 CC 

     

Plastic 
failure  

Fixed hinge 
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Cone semi- 
-apical angle 

5o 10o 15o 20o 25o 

      
       
 CT 

     

4. Conclusions 
Results show that the load increased linearly for all the bi-tubular cone-tube and con-cone arrangements until 
their ultimate value, and then dropped and fluctuated by progressive folding mechanism till failure for the single 
tube and combined tubes under axial compression. Aluminum bi-tubular cones and cone-tubes withstand more 
force and absorb higher energy with the increase in cone angle from 5o to 15o.  Increasing the cone angle to 20o 
and up to 25o decreased the absorbed energy, and the bi-tubes withstand lower loads. 

Increasing cone angle up to 15o. Increased initial failure load from 20.04 kN to 30.50 kN and from 23.17 kN to 
37.53 kN for the bi-tubular cones and cone-tube arrangements, respectively.    

 In general, the bi-tubular cones supported slightly higher loads than the bi-tubular cone-tube for the tested 
cone semi-apical angles of 5o to 25o. The summation of the loads and energies obtained from single cones and or 
tubes under axial crushing supported lower loads and absorbed energy than the bi-tubular cones and cone-tubes. 
The use of bi-tubular combinations improved the load capacity and energy absorption. Progressive folding failure 
mode accompanied by buckling is observed on the tested cone-cone and cone-tube arrangements. Buckling at the 
bottom side of the aluminum cones is observed for cone angles more than 15 °. Buckling of the upper surface of 
the cone towards the inside is observed, resulting in a concertina plastic fracture mechanism. With the progress 
in the compression process, fixed hinges were formed in a vertical direction to the applied load, leading to a non-
symmetric diamond fracture mechanism. 
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