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In the present study, crash simulations for thin-walled circular and square cross-section samples made of intra-layer glass-

carbon/epoxy hybrid composite, and aluminum have been conducted; and energy absorption capacity and deformation modes 
are obtained. Results related to some post-collision parameters such as variation of displacement and force are presented for 
each combination of cross-sectional geometry and material, as well. Numerical method is validated by a previous experimental 
drop-weight study. Numerical calculations have shown that the hybrid composite sample of square cross-section exhibits the 
highest load resistance and maximum crash energy absorption, while aluminum samples have a low load resistance and energy 
absorption capacity the circular Al samples have smaller displacement than that of the square samples. 
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1. Introduction 

 
Composite materials are produced by 

addition of at least one type of reinforcement to the 
matrix phase and used in industrial applications 
widely owing to their relatively higher strength-to-
weight ratio, modulus, and damping capability, as 
well as corrosive and electrical resistance. Hybrid 
composites use more than one type of 
reinforcement with different physical and chemical 
properties in the same matrix. With hybrid 
composites, it is possible to have greater control on 
properties, balancing the advantages and 
disadvantages of various reinforcement materials. 
In general, reinforcement of a high modulus, such 
as carbon and boron, and that of low modulus, such 
as E-glass and Kevlar, are combined in hybrid 
composites [1-3]. Four types of hybrid composites 
in the study as follow; “inter-ply hybrid composites” 
that consists of change fiber types in different 
distribution, “intra-ply hybrid composites” that 
consist two or more types of fibers used in the same 
layer, “inter-ply/intra-ply hybrid composites” that 
consists of inter-ply and intra-ply layers subjected in 
a exist distribution, and “resin hybrid composites” 
that can be built by using two or more resins rather 
than altering the fiber types [4]. It is important to 
analyze the crashworthiness of hollow structures of 
transportation vehicles before they are implemented 
in real life applications. Employing structural 
members made of hybrid composites reduce the 
total weight of the vehicle, keeping the 
crashworthiness at high levels [5]. Energy  

 absorption capacity of glass epoxy resin and carbon 
epoxy resin composites are experimentally studied 
[6]. It is seen that the use of energy absorbing 
composite (EACS) structures in crash resistance 
application has been adopted by researchers. 
Energy-absorbing composite materials in aircraft, 
ships, wind turbines, automobiles and space 
applications are more advantageous than metallic 
materials due to their environmental friendliness and 
lightness [7, 8].   Since energy absorption depends 
on many parameters such as fiber type, matrix type, 
fiber orientation, sample geometry, processing 
conditions, fiber volume ratio and test speed, energy 
absorption in polymer composite materials had been 
investigated [9]. The front samples were designed to 
improve the performance of the collision and its 
structural mass was reduced, and then the crash 
test was conducted by FEA. Then the same test was 
conducted dynamically, and it was noted that the 
differences are small and changing the dimensions 
of the front samples greatly affects the crash 
performance [10]. Hybrid compounds consisting of 
several materials have become of great importance 
due to their mechanical properties such as light 
weight, the impact test was applied to the hybrid 
sample consisting of aluminum and steel and 
compared it with the same sample, but once for 
aluminum and again for steel, and it was noted that 
the hybrid sample is able to reduce Greater strength 
and enhanced energy absorption at the same time 
than a single substance [11]. Energy-absorption 
systems used in cars or whatever to vanish the 
impact energy along impact operation, that’s ensure  
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the safety for the passengers, and one of the main 
energy absorption systems are the front rails [12.] 
Thin-walled structures are heavily used in 
automotive engineering as a frontal rail to vanish the 
impact against front impacts, and the capacity of 
materials are different while the requirements for 
energy absorption changes by the change of impact 
area rails [13]. Hybrid composite is presents that the 
crashworthiness and light weight of aluminum-steel 
material, and as a result for this test the hybrid 
composite materials increase the sum of absorbed 
forces by 117.83% and decrease the maximum 
force and mass by 16% and 7.73%, respectively 
[14]. While the simulation is heavily used for 
crashworthiness applications, it is usually noted that 
the accuracy of the simulations mainly depends on 
the number of elements [15]. Alternative models are 
used to make the performance of the impact 
process better on crashworthiness while reducing 
the total mass, in this study all scenarios of frontal 
rails like front crash on side crash have been 
analyzed [16]. The low velocity impact test 
represents that the impact force with respect to time 
for hybrid composites are oriented to different 
stacking ways. When the load starts, the velocity 
increases with displacement linearly, and makes the 
high velocity. After that, the unloading level starts, 
which present the nonlinear behavior [17]. 
Numerical and experimental results of the impact 
force with respect to time and absorbed energy with 
respect to time relationships for impact energy were 
compared. These results when composed are very 
close to each other [18]. Carbon epoxy resin and 
glass epoxy resin laminates were subjected to low 
velocity impact loading for comparison to hybrid 
samples. In the event of impact, energy is absorbed 
from new surfaces formed through elastic 
deformation, plastic deformation, and fracture. [19]. 
It is important to analyze the crashworthiness of 
hollow structures of transportation vehicles before 
they are implemented in real life applications. 
Employing structural members made of hybrid 
composites reduce the total weight of the vehicle, 

 keeping the crashworthiness at high levels [20]. 
Researchers’ attention has turned to improving the 
durability of FRF composites as structural members 
are capable of absorbing large amounts of impact 
energy while gradually collapsing in a controlled 
manner. FRP composite structures do not deform 
plastically when subjected to compressive loads, 
but collapse in various modes, with developing 
extensive micro-cracking as the predominant 
damage mechanism [21-27]. 

Main purpose of the present study is to 
compare energy absorption capacity and 
deformation modes of circular and square cross-
section samples made of intra-layer hybrid 
composites and aluminum, numerically. For 
validation purpose, results of the numerical drop 
weight test, which is conducted for unidirectional 
hybrid carbon-glass/epoxy composite in the present 
study, are compared with those of a previous 
experimental study [28]. Then, finite element 
models of samples of square and circular cross-
section made of intra-layer hybrid composite and 
aluminum are created, and several crashworthiness 
tests are conducted. Results of the numerical 
calculations are presented in terms of variation of 
force and displacement with time; as well as that of 
with displacement, for the first six folds. 
 
2. The numerical method 

 
2.1 Materials 

In the numerical crash simulations, samples 
of circular and square cross-sections made of 
A2014-T6 aluminum alloy and intra-layer hybrid 
carbon-glass/epoxy composite are used. Some 
mechanical properties of aluminum alloy and the 
components that make up the hybrid composite are 
given in Table 1. 

Numerical model of the intra-layer hybrid 
composite material is created using ANSYS 
Material Designer, where unidirectional carbon and 
glass fibers are dispersed in an epoxy resin matrix. 
To create the intra-layer hybrid composite model,  

Table 1 
  

Some mechanical properties of the materials used in the numerical calculations 
 

Material 
Tensile Strength 

(MPa) 
Elasticity  

Modulus (GPa) 
Strain  (%) 

Density 
)3(g/cm  

A2014-T6 
aluminum alloy 

485-450 73 13 2.8 

Carbon (TORAY) 
T620SC-24K-50C 

4400 235.0 1.7 1.77 

E-cam (CPIC) 
ECT469L-2400 

1838 73.1 4.51 2.54 

Epoxy Resin 75 3.10 5.26 1.13 
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Table 2 
CG intra material properties (Moduli of elasticity E, Poisson Ratio Ѵ, Shear Stress Ꞇ) 

Density 
(ρ) 

(kg/m3) 

Moduli of elasticity [MPa] Poisson ratio Shear moduli [MPa] 

𝑬𝟏 𝑬𝟐 𝑬𝟑 𝝂𝟏 𝝂𝟐 𝝂𝟑 𝝉𝟏 𝝉𝟐 𝝉𝟑 

1697.7 71340.1 7155.4 7155.4 0.3 0.5 0.3 2620.3 2443.1 2620.3 

 
 

first, carbon and glass fibers are combined with a 
volume fraction of 50% and a fiber diameter of 0.5 
μm. Afterwards, the fiber mixture is combined with 
epoxy resin and the final composite material model 
shown in Fig. 1 is obtained. Then, mechanical 
properties of the hybrid composite material are 
calculated by the software, which are presented in 
Table 2. These values are further used as input 
parameters in the ABAQUS, for impact and crash 
tests. 
 

 
Fig. 1 - The numerical model of intra-layer hybrid composite 

material 

 

 

c. 

Fig. 2 - Illustration of model geometries for samples of a) 
circular cross-section, b) square cross-section; as well as c) 

relevant dimensional parameters (in mm) 

2.2 Geometry, Mesh and Boundary Conditions 
Geometrical models of the samples are 

created using ABAQUS which are shown in Fig. 2.  

 Length and thickness of the samples are L = 415 
mm, and t = 2 mm, respectively; while diameter of 
the circular sample is D = 66 mm and edge length 
of the square is a = 60 mm (Fig. 2c). 

Figure 3 illustrates the numerical grid used 
in the calculations, which have approximately 1800 
elements. The boundary conditions employed in the 
crash simulations are shown in Fig. 4 schematically. 
Accordingly, the front end of the sample is fixed, 
which is taken as the reference plane. The impactor 
used in the crash simulations is a rigid wall with a 
mass of 500 kg, moving in the axial direction of the 
samples with a velocity of 36 km/h. Time period of 
the crash tests is 0.05 s. 

 
Fig. 3 - Numerical grid (mesh) 

 
2.3 Validation 

To validate the numerical method used in 
the present study, results of the drop weight impact 
test are used in the previous experimental study by 
Pashmforoush [28], where the Hashin’ s criteria is 
employed to study the damage resistance behavior 
of unidirectional carbon fibers in epoxy under 
impact. Crash simulations are conducted using the 
ABAQUS solver which employs the finite element 
method (FEM). A semi-spherical rigid ball is used 
as impactor, in compliance with the ASTM D7136 
standard, while the initial velocity and mass of the 
ball is 4 m/s and 2 kg, respectively [28]. The  

 
Table 3 

Impact force and displacement values of numerical and experimental impact tests 

Solution Force [MPa] 
Numerical Displacement 

[mm] 
Experimental 

Displacement [mm] [28] 
[%] 

S1 200 3.6 3.58 0.5 
S2 300 4.51 4.26 5.9 
S3 400 4.88 4.87 0.2 
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Fig. 4 - Illustration of the boundary conditions 

 
 
 

 
a. 

 
b. 

Fig. 5 - Illustration of a) the numerical model of the impact 
test specimen, and b) displacement after impact 

numerical model of the impact test setup, and 
displacement after impact is shown in Figs. 5a and 
5b, respectively. As seen in Table 3, results of the 
numerical drop weight test are found to agree well 
with those of the experimental study with a 
maximum deviation of less than 6 %. 
 
 

 
Fig. 6 - Force - displacement curves for all types of materials 

 3. Results and discussion 
 
In the numerical crash simulations effect of 

material properties and cross-sectional geometry 
on the energy absorbed, and deformation modes 
exhibited by aluminum and hybrid composite 
samples are investigated. Results related to some 
post-collision parameters such as displacement, 
force, and amount of dissipated energy are 
presented for each combination of cross-sectional 
geometry and material. 

Figure 6 presents a comparison of force-
displacement curves for each type of materials for 
at least the first four folding modes, which can 
generally be identified by some decrease in 
modulus of elasticity followed by an increase. It can 
readily be observed that the hybrid composite 
sample of square cross-section exhibits the highest 
load resistance. On the contrary, hybrid composite 
sample of circular cross-section deforms under 
much smaller load at the initial stages of loading, 
whereas its load resistance increases beyond some 
value of displacement and approaches to that of 
square cross-section. Aluminum samples have a 
low load resistance for overall process and show a 
relatively more stable load response, regardless of 
their cross-sectional profile. Characteristic point 
data for the first six folding are presented in Fig. 7. 
Accordingly, value of force corresponding the first 
folding is the highest for the hybrid composite 
sample of square cross-section, followed by that of 
Al sample of square cross-section, while there is a 
negligible difference between the first-folding force 
values of the samples of circular cross-section (Fig. 
7a). Also, the first folding is delayed for the hybrid 
composite sample of square cross-section as the 
first folding occurs approximately at the same 
instant for the rest of the materials (Fig. 7b-c). The 
total absorbed energy can be obtained by the area 
under the force-displacement curves, which is 
presented in Fig. 8.  Thus, it is seen that the hybrid 
composite of square cross-section absorbs 
maximum energy, whereas the samples made of 
aluminum absorb collision energy the least. Also, it 
is seen that samples of square cross-section 
absorbs more energy than those of circular one, 
which is reported to be due to an increase of the 
number of folds and plastic hinges for square cross-
section [29]. 

Time variation of displacement is shown in 
Fig. 9. It is seen that displacement curves of the 
hybrid composite samples are close to each other 
and linear, whereas aluminum samples have a non-
linear displacement-time curve. The hybrid 
composite sample of circular cross-section shows 
minimum deformation per unit time, followed by that 
of square cross-section, while aluminum samples 
exhibit relatively larger displacement in time. 
Therefore, it can be said that hybrid composite 
samples are safer than aluminum samples. 
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a 

 

b 

c 

  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 - Characteristic point values of a) force-displacement, 
b) force-time, and c) displacement-time; related to the first six 

modes of folding 
 

 
 

Fig. 8 - Total absorbed energy for all types of materials 

 

 

 
 

Fig. 9 - Variation of displacement with time 

 

   



     Lütfiye Dahil, Khaled Nimer Mohammed Al-Nimer / Crashworthiness analysis of circular and square thin – walled aluminium              119 

                                                                                      and hybrid composite tubes 

 

 

Fig. 10 - Deformation after folding Mode I superimposed with contour plots of von Mises stress: a) circular Al, b) circular CG, c) 
square Al, d) square CG 

 
 

Fig. 11 - Deformation after folding Mode II superimposed with contour plots of von Mises stress: a) circular Al, b) circular CG, c) 
square Al, d) square CG 

 
 

Fig. 12 - Deformation after folding Mode III superimposed with contour plots of von Mises stress: a) circular Al, b) circular CG, c) 
square Al, d) square CG 
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Fig. 13 - Deformation after folding Mode IV superimposed with contour plots of von Mises stress: a) circular Al, b) circular CG, c) 

square Al, d) square CG 
Deformation and contour plots of von Mises 

stress are illustrated in Figs. 10-13 for the first four 
folding modes. It is reported that for circular tubes of 
diameter-to-thickness ratio D/t < 50, and length-to-
thickness ratio L/t > 2, as well as for square tubes of 
edge-to-thickness ratio within the range 7.5 ≤ a/t ≤ 
40.8; mixed mode folding, i.e., both diamond mode 
and ring mode, is expected [30]; which is already 
observed in Figs. 10-13. An axisymmetric folding is 
apparent near the front end of the circular samples 
(Figs. 10a-b, 11a-b, 12a-b, and 13a-b). It is 
remarkable that square Al sample folds both inward 
and outward at the first folding, whereas the others 
exhibit a folding outward. 
 
4. Conclusion 

 
In the present study, crash simulations for thin-

walled circular and square cross-section samples 
made of intra-layer glass-carbon/epoxy hybrid 
composite, and aluminum have been conducted; 
and energy absorption capacity and deformation 
modes are obtained. Results related to some post-
collision parameters such as variation of 
displacement and force are presented for each 
combination of cross-sectional geometry and 
material, as well. Numerical method is validated by 
a previous experimental drop-weight study. 

Significant outcomes of the numerical 
calculations are as follows: 

- The hybrid composite sample of square cross-
section exhibits the highest load resistance, while 
aluminum samples have a low load resistance for 
overall process and show a relatively more stable 
load response, regardless of their cross-sectional 
profile.  

- The hybrid composite of square cross-section 
absorbs maximum energy, whereas the samples 
made of aluminum absorb collision energy the least.  

- Samples of square cross-section absorbs more 
energy than those of circular one, which is expected. 

 

 - Mixed mode folding is observed for all 
samples, which is expected due to the diameter-to-
thickness and edge length-to-thickness ratios of the 
circular and square cross-sectional samples. 
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