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a b s t r a c t
The quest to reduce the energy consumption in automotive has resulted in the development and use of
lightweight materials for the design of vehicles. Also, stiffer legislation is being put in place to enforce the
utilization of lightweight components for vehicles in order to guarantee the safety of both pedestrians
and passengers. Hence, the bumper beams of a vehicle which is a major contributor to its total weight
must be made of lightweight materials capable of absorbing kinetic energy developed during a collision.
In this paper, the impact response of a double hat bumper beam made with two different materials, aluminium Al (3105-H18) and carbon fibre-epoxy composite and subjected to a high-velocity impact was
simulated using finite element analysis code, Abaqus CAE/2019. The response of both materials was compared, and the results show that carbon fibre-epoxy composite absorbed equal amount of energy as aluminium during collision and thus, can be used as a bumper beam for vehicles.
Ó 2020 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Symposium on Nanostructured, Nanoengineered and Advanced Materials.

1. Introduction
During collision, the bumper beam system serves as a source of
protection for both the passengers and the body of the car [1]. A
typical bumper system consists mainly of three components
namely, the bumper beam, the absorber and the fascia [1] as displayed in Fig. 1. Of these three components, the bumper beam is
the most important due to its ability to absorb the kinetic energy
developed during high collision, and also provide bending resistance during low impact collision [2].
The ability to absorb energy in automobile industry is a key factor for increasing and determining the safety of passengers as well
as the vehicle during collision [1]. Thus, the structural crashworthiness is a pertinent requirement during the design of the parts of
automobile as is shows the response of vehicle when involved in
an impact or collision. The cross-section area of the bumper beam
has direct contact with the impactor; hence, it determines the
energy absorption of the bumper. Several studies have been carried
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out particularly on thin-walled structure to determine the energy
absorbed during impact [1,3] with square tube, circular tubes,
sandwich plates and honeycombs at the forefront of the studies
[1].
Bumper beam come in different cross-section areas such as;
rolled formed box section, C or channel section, hat box section,
hat section and double hat section. However, most of the bumper
beams in use were made from steel which contributes significantly
to the total weight to the vehicle. The introduction and use of aluminium as a replacement lead to a tremendous bumper beam
weight reduction but at the expense of cost. Hence, the advent of
polymer composite offers a lighter weight, ease of fabricating complex shapes, high impact energy absorption and lower cost as compared to metals. Due to these unique attributes, polymer
composites are considered as a potential replacement for metal
in the fabrication of bumper beams. Also, research conducted on
polymer composite shows that it offers comparative advantage
over steel in terms of low weight, ease of shaping and high impact
energy absorption ability [4–6]. Polymer composites are also
known to possess substantial strength and stiffness which make
them eligible for crashworthiness [7]. Furthermore, it has been
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ð1Þ

MA V A ¼ ðM A þ M B ÞV 0

ð2Þ

where, MA and MB are the masses of impactor and bumper beam
respectively, whileV A , V B and V 0 are the velocities of impactor,
bumper beam and final velocity of the impactor and bumper beam
after collision respectively.
Using the coefficient of restitution (e), the velocities after
impact can be determined. The expression for the coefficient of
restitution is given as:

e¼
Fig. 1. A simple bumper system [1].

established that plastic containing about 30% reinforcement have
the potential of yielding composites with substantial increase in
tensile strength and significant weight reduction [8].
A thermosetting polymer, epoxy resin has high adhesive
strength and mechanical properties and thus are used for several
applications such as adhesives and structural composites [9].
When epoxy resin is reinforced with carbon fibre, the composites
formed are known to exhibits special advantages such as high
strength, stiffness, low density, long fatigue life, high corrosion
resistance, environmental stability and wear resistance [10]. Epoxy
reinforced carbon fibre offers a good balance in terms of part processing, performance and durability during service. Amidst the
several choices of lightweight materials, carbon fibre-epoxy composite proffers the greatest mass reduction for equivalent strength
or stiffness [11]. Hence, there is an exponential increase in the rate
at which carbon fibre composites are integrated into the structure
of vehicles by automotive industries and the composite have been
successfully used for window frame and door profile in Porsche
911 GT3 Cup cars by Bentler-SGL [7]. Stiffer legislation is constantly been placed on new vehicle design in terms of environmental friendliness, recyclability, fuel efficiency and pedestrians and
passenger’s safety. Thus, there is imminent change in every sphere
of vehicle design, particularly in the area of material selection since
the efficiency of the vehicle can be significantly increased through
weight reduction as about 40% of vehicular fuel consumption is
attributed the inertia due to vehicle mass [12].
In this paper, a model of two different but suitable lightweight
materials, Aluminium 3105-H18 and carbon fiber-epoxy composite double hat bumper beam was developed in Abaqus CAE/2019
and their response to a high velocity, low mass impact was
compared.
2. Absorbed energy
Energy can neither be created nor destroyed. It can only be
changed from one form to another. During impact, there is energy
absorption, and the energy is converted into internal potential
energy of the system. The absorbed energy can be calculated theoretically using impact theory.
2.1. Impact theory
According to impact theory, there are two types of impacts
namely elastic and plastic impact. During elastic collision or
impact, kinetic energy is conserved throughout the process of collision and the total momentum before impact or collision is equal
to the momentum after impact or collision. Thus, the expression
for energy and conservation of momentum is given as:

V B2  V A2
VA  VB

ð3Þ

The value of coefficient of restitution determines the behaviour
of kinetic energy after collision. If the coefficient is high enough
and close to 1, then minute energy was loss during impact, but
the opposite occurs when the coefficient is low and close to 0.
The dissipated energy can be determined from the difference
between the kinetic energy between the two masses after collision
and impactor before collision.

EPlastic ¼

1
1
1
1
M A V 2A þ M B V 2B  M A2 V 2A2  MB2 V 2B2
2
2
2
2

ð4Þ

2.2. Finite element analysis (FEA)
Over the years, FEA has been applied in various walks of life
such as aerospace, automotive, machinery manufacturing, electronics etc and its use spans from a simple 2D (two-dimensional)
to a more complex 3D (three-dimensional) problem, from static
general to a dynamic problem, from linear to a nonlinear problem
[13]. Analysing energy absorption during real impact is complicated as it depends on a lot of variables, thus, the automobile
industries now rely on finite element analysis (FEA) in the development and testing the impact response of their products [14]. With
FEA, the effect of different design parameters on the appropriate
functionality of component or product can be determined easily.
Also, FEA is a suitable method for analysing the impact energy
absorbed and the deflection behaviour during collision. Furthermore, it can analyse designs in detail with tremendous cost and
time saving via the reduction in the required prototypes. Using this
approach, the desired result can be obtained through several simulations before performing the real physical test.
3. FEA model
The model of the double hat cross-section bumper beam and
the rigid impactor was created in finite element analysis software,
Abaqus CAE/2019. Fig. 2 (a) and (b) and Tables 1 and 2 present the
model, meshed assembly model, material properties and dimensions of carbon fiber-epoxy and Aluminium 3105-H18 bumper
beam created. The diameter and height of the impactor is 0.08 m
and the 0.3 m respectively. The bumper beam dimensions used
represent that of a typical front bumper beam of a car obtained
from literature. Similarly, the material properties of carbon fiberepoxy and Aluminium 3105-H18 used for the analysis were
obtained from literature. Due to the speed involved during impact,
nonlinear explicit step was used for this analysis.
9248 linear hexahedral elements of type C3D8R and 620 linear
wedge elements of type C3D6 mesh consisting of a total of 19,855
nodes were applied on the bumper beams after conducting a mesh
convergence study while the impactor was meshed using 2263 linear quadrilateral elements of type R3D4 having a total of 2240
nodes.
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Fig. 2. (a) Part model and (b) meshed assembly model of bumper beam and impactor.

Table 1
Material properties of carbon fiber epoxy and aluminium 3105-H18 [7,15].
Materials

Modulus of Elasticity(GPa)

Poisson Ratio

Density kg/m3

Yield Strength (MPa)

Carbon fiber-epoxy
Aluminium (3105-H18)

150
68.9

0.30
0.33

1700
2720

276
193

Table 2
Dimension of bumper beam [16].

4. Results and discussion

Length(m)

Thickness(m)

Distance between supports(m)

Height(m)

1.070

0.002

0.95

0.125

The model was developed such that the rigid impactor with a
mass of 2 kg collides with the bumper beam at a velocity of
50 m/s in a step time of 2 ms. The velocity of collision represents
the longitudinal condition of impact while the step time accounts
for the total duration of the analysis (from time of impact till final
separation).

The predictive stress developed on the bumper beam made
with aluminium 3105-H18 is lower than that developed on the
carbon fibre-epoxy composite after impact as shown in Fig. 3,
but the predictive elastic and plastic strain of the composite is
lower than that of aluminium as shown in Fig. 4. This signifies that
the carbon fibre-epoxy composite bumper beam can withstand a
higher plastic strain before failure when impacted than the aluminium bumper beam.
Furthermore, the aluminium bumper beam gave a higher predictive displacement as compared to the corresponding carbon

Fig. 3. Predicted stress developed on (a) aluminium Al (3105-H18) and (b) carbon fibre-epoxy composite.

Fig. 4. Predicted strain and plastic strain developed after impact in (a) aluminum Al (3105-H18) and (b) carbon fibre-epoxy composite.
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fibre-epoxy composite as shown in Fig. 5 (a) and (b). This is can be
attributed to the higher rigidity of aluminium as compared to carbon fibre-epoxy composite. Thus, the bumper beam made with
carbon fibre-epoxy composite have a higher tendency to remain
intact when impacted with a low velocity impactor then the aluminium made bumper.
Using strain energy equation and the kinetic energy equation
shown in Eq. (4), Abaqus computes the total strain energy and
kinetic energy absorbed by the bumper beam during the impact.
At the point of impact, the bumper beam made with aluminium
absorbed higher strain energy than that made with carbon fibreepoxy composite as displayed in Fig. 6 (a) and (b). In addition,
the total predictive strain energy and predictive kinetic energy plot
shown in Fig. 7 (a) and (b) buttresses the fact that the aluminium is

a better absorber of energy than the carbon fibre-epoxy composite.
Nevertheless, both bumper beams attained their maximum and
minimum total strain energy at the same step time after impact,
but the value of the total predictive strain energy in the aluminium
bumper beam is higher than that of the composite throughout the
duration of the analysis.
Just like the strain energy, the maximum and minimum predictive kinetic energy in both bumper beams as generated in the output database of Abaqus were observed to occur at the same step
time as shown in Fig. 7(b). It was further observed that within
the first few milliseconds, the kinetic energy of both bumper
beams appears to be almost the same but changes drastically
toward 0.5 ms step time, with aluminium having the higher
energy. Also, at about 1 ms, the energy in both beams were

Fig. 5. Predicted displacement of (a) aluminum Al (3105-H18) and (b) carbon fibre-epoxy composite after impact.

Fig. 6. Predicted strain energy developed in (a) aluminum Al (3105-H18) and (b) carbon fibre-epoxy composite after impact.

Fig. 7. (a) Total predictive strain and (b) predictive kinetic energy developed in aluminum Al (3105-H18) and carbon fibre-epoxy composite after impact.
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observed to be the same and the value remained constant all
through the duration of the analysis.

5

member of the sound and vibration laboratory of Tshwane University of Technology, South Africa for their tremendous support
towards the success of this research.

5. Conclusion
References
 In this study, high velocity impact of both aluminium and carbon fibre-epoxy composite bumper beam was simulated using
finite element analysis software, Abaqus CAE/2019 and their
results were compared.
 Although the stress value developed by the carbon fibre-epoxy
composite bumper beam is higher than that of the aluminium
bumper beam, its strain, strain energy, kinetic energy and displacement after impact is lower than that of aluminium.
 The low strain value and displacement displayed by carbon
fibre-epoxy composite bumper beam can be attributed to its
lower modulus of rigidity when compared to aluminium.
 Although aluminium has a higher energy absorption ability
than carbon fibre-epoxy composite, the composite can be used
as a substitute for aluminium in the design of bumper beam due
to its superior weight and displacement advantage during
impact.
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