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Abstract

This paper focuses on the optimization of initiating dimensions of groove bearing in association with desired design of vehicle’s front structure which is made up of low carbon steels in the case of frontal
collision. Axial bearing analysis is done numerically using nonlinear finite element code LS-DYNA. In this
analysis, changes of two main parameters including measure of energy absorption of structure and
maximum force of structure collision are being considered. Square structure profile is being chosen and the
groves are placed on two opposite sides. Tests of collision simulation are performed for steel samples and
then a mathematical equation is derived; next, the initiating dimensions are optimized using Genetic
Algorithm. Desired case for design of this structure part is the one which provides maximum energy
absorption measure and minimum collision force; in this paper, the most optimal case is an initiator with
groove depth of 4.5 mm and radius of 10 mm.
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1.

Introduction

Transportation effect on human life, comfort and
safety has become important with the increase of this
industry in the world. Vehicles including ships, trains
and planes have assigned a great part of transportation
to themselves. A great number of people lose their
lives due to transportation accidents annually; this
makes designers to decrease injuries level by
innovating modern methods [1]. 60% of accidents
relate to vehicle frontal collision; this fact proves the
necessity of effective components in this case. In
frontal collision study, 40% of energy absorption is
allocated to vehicle’s front rail which turns this
component to the most important one in frontal
collisions safety [2]. Comprehensive experimental
investigation on the response of composite sandwich
panels to quasi-static compression has been carried
out in pervious researches [3-5]. The crashworthiness
parameters, namely the peak load, absorbed crash
energy, specific absorbed energy, average crushing
load, stroke efficiency, and crush force efficiency of
International Journal of Automotive Engineering

various types of composite sandwich panels were
investigated in a series of edgewise compression tests.
Also, the response of low-velocity impact has been
determined based on mass ratio, which is defined as
the ratio of the impact mass to effective mass of the
structural component.
The front rail is the most important part of vehicle
structure which can improve the parameters of
collision force and energy absorption simultaneously.
In the case that the front rail is high rigid, the
passenger deceleration will be increased which may
cause the passenger to be thrown and collided to the
windshield. Unlike, if the structure is weak, it can be
bended easily which decreases the energy absorption
which can also hurt the passenger [6]. This article [7]
describes an investigation into the material and
structural requirements of an automotive frontal
protection system (FPS). The operation of the FPS
relies both on cantilever bending and local crush of
the structure at the impact point to absorb the required
energy.
Fig (1) shows a view of vehicle’s front rail. In
addition to structure roles in tolerating loads such as
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engine and gearbox, and road loads as the support of
suspension system, this component has the role of
accident energy absorption as an absorber. This
component begins from firewall and ends to the front
bumper.
Since this component must be considered rigid as
far as possible to bear bending and torsion loads, this
problem is in opposition with increase of energy
absorption characteristic. Moreover, in the case of
component bending during collision in one point, the
engine and its accessories will move towards the
passenger which creates critical situation. If the
vehicle structure is designed in such a way that can
provide maximum energy absorption of collision, this
problem can be solved to some extent [6, 9].
In general, axial crush response has been
investigated with respect to types of response modes,
geometry-material design criteria for components,
crush characteristics to evaluate performance,
methods to initiate or modify response and rate and
temperature effects. Researchers have also
investigated effects of material type, material
alloying, and process parameters on the axial crush
response of metallic alloy components [10-13]. An
experimental investigation was performed to study
the effects of ambient temperature on axial-crush
response of steel, square box components by Dipaolo
and Tom [13]. They show that depending on the
material type, secondary folding-phase load and
energy-absorption crush characteristics can be
significantly influenced by ambient temperature.
Also, in [14] a specific axial crush configuration

response of steel, square box components under
quasi-static testing conditions has been studied. In
[15, 16] the results from an experimental
investigation into crushing characteristics of single,
welded and plate divided mild steel tubes of varying
lengths subjected to quasi-static and dynamic axial
loading have been presented.
Song and et.al. [17] Introduced origami patterns to
thin-walled structures and studied their axial crushing.
Patterned tubes with square, hexagonal and octagonal
sections are studied using FEA. Also in [18] Jandaghi
and Marzbanrad studied the crush behavior of
segmented circular tubes, made of aluminum alloy
6061 and subjected to quasi-static axial loading,
analytically and experimentally. Crush behavior of
Tailor-Made Tubes (TMTs) was modeled by
integrating available analytical models and
superposition principle. The effects of different TWB
parameters, such as weld line locations and material
combinations on crushing characteristics are studied
in [19]. Such crushing characteristics as specific
energy absorption, average crush force, peak force are
also evaluated. The results exhibited the advantages
of TWBs with a noticeable improvement in the peak
force and energy absorption. Energy absorption and
reaction force of S-rails that are made of
transformation-induced plasticity (TRIP) or dual
phase steel (DP) considering forming history has been
studied in [20] and an optimum design for improving
crash performance of the S-rail using trigger
proposed.

Fig1. Front rail of Mazda [8]
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Fig2. A model of front rail collision to the rigid obstacle

Table 1. Specifications of material

Material
St13

Wall Thickness
2

Yield Stress
355

Tube Density
7840

Increase Percent
18%

Young Modulus
210

Fig3. Tensile and pressure test equipment and placement of sample under pressure

2.

Test Conditions and Validation of Collision
Finite Element Model

To analyze the energy absorption performance of
vehicle’s front rail which acts as a thin-wall tube in
collision study, dynamic model of collision is
determined as demonstrated in Fig (2).
Dimensions and materials of all samples are the
same. Square tube profile includes side of 80 mm,
length of 310 mm and thickness of 2 mm.
Specifications of used material are illustrated in Table
(1).
As it is shown in Fig (2), the colliding body
impacts the tube with velocity of v=15.5 m/s and

International Journal of Automotive Engineering

Weight of 550 kg directly with zero angle. One
side of profile is free and the other side is fixed in all
orientations and degrees of freedom.
To validate the applied method in this paper,
experimental methods have been used. Quasi static
tests are done by the universal tensile and
compression testing equipment (STM-150) with
capacity of 150 KN and loading velocity of 5
mm/min. The samples are loaded axially between the
equipment jaws and the load-displacement curve is
derived.
Fig (3) shows quasi static test equipment and the
way the sample is installed.
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The actual stress-strain diagram of the applied
material from tensile test is exhibited in Fig (4). This
diagram is identified to the used software.
Width, thickness and length of tested square tubes
are 25 mm, 1 mm and 200 mm, respectively. All the
tubes are borne 145 mm with velocity of 5 mm/min.
The first sample has no initiator, the second one has
two initiators and third one has three initiators. Fig (5)
shows the samples after bearing.
The comparison of experimental results and
bearing simulation of samples 1, 2 and 3 are brought
in Table (2).
The models are made in ANSYS software;
boundary conditions and material specifications are
allocated to them and then are solved in impact
specialized software LS-DYNA. The element thin
shell 163 is used for model meshing and the material
is determined as nonlinear plastic. During bearing
process, the contact friction coefficient of tube layers
is considered 0.2.
Appropriate number of test samples is required for
optimization. Since the optimization is performed on

dimensions of initiators, different measures are
assigned to two main geometric parameters as
independent variables to understand the effect of
those measures change on output results which are
dependent variables of the problem.
As it is seen in Fig (6), two independent variables
are the measure of dent (y) and curve radius (R) of the
initiator. The distance from initiators beginning to the
beam front is constant for all samples and in equal to
60 mm.
Moreover, dependent variables include the
measure of collision energy absorption and maximum
collision force. To improve structure characteristics in
accidents, the maximum collision force must be
decreased while structure energy absorption must be
increased as far as possible. In the case of not using
initiator, the structure must be reinforced to increase
energy absorption which leads to maximum force
increase. Thus, correct and optimal use of initiators
not only helps in energy absorption but also decreases
the collision force significantly.

Fig4. Actual stress-strain diagram from tensile test

Fig5. Tested steel tubes after bearing
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Table 2. Comparison of experimental and bearing simulation results of samples 1, 2 and 3
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Sample

Experimental Test Results

Simulation Results

Difference (Percent)

Fmean(KN)

Fmax (KN)

Fmean(KN)

Fmax KN)

∆Fmean (%)

∆Fmax (%)

1

8.76

25.04

10.45

23.69

19.1

5.3

2

9.53

22.2

9.95

20.4

4.4

8.1

3

10.17

23.5

11.21

20.86

10.2

11.2

Fig6. Schematic of the model and analyzed parameters

Fig7. Collision with zero angle a) without initiator, b) one hole, c) 2 hole, d) 4 hole

In order to investigate the initiator effects on
collision results, four cases has been considered.
Figure 7 depicts the zero angle collision results after
1.3ms for each case. In the first case (a), without
initiator, bearing starts in both ends of rod, whenever
by adding initiator in the middle of rod, failure occurs
around initiators. In case b there is a long hole and
cases c, d have two and four holes respectively.

International Journal of Automotive Engineering

In the next stage, to assess the collision angle,
angle has been changed to 15 degree for each above
mentioned cases. Results are compared in figure 8
after 3ms.
As shown in figure 8, unlike the zero angle
collision, in this situation, bearing occurs in both ends
of all cases. Also results indicate that with increasing
the collision angle, getting started bearing is less
dependent
on
location
of
initiators.
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Fig8. Collision with 15o angle a) without initiator, b) one hole, c) 2 hole, d) 4 hole

Fig9. Function and curve of energy absorption for actual and predicted measures of EPR (Left)
Fig10.

3.

Function and curve of maximum collision force for actual and predicted measures of EPR (Right)

Optimization and Discussion of Collision
Tests Results

Initiators dimensions and simulations results for
different samples have been presented in table (3).
Using the code of EPR which is written in MATLAB
software, the change of dependent variables versus
independent variables is shown in Fig (9) and Fig
(10). It should be noted that the desired curve is
calculated and estimated by Genetic Algorithm.
As it can be seen from Table (3) results, the
maximum measure of collision force and energy
absorption of the structure decreases with the increase
of y measure in most cases. This is also true for curve
International Journal of Automotive Engineering

radius with less intensity. It is also observed that the
structure is more sensitive to y parameter than R
parameter from output results of Genetic Algorithm
for each level.
Both parameters y and R are analyzed
simultaneously in optimization part by using multi
objective optimization method. Optimization results
demonstrate that the most optimal values for
simultaneous optimization of energy absorption and
maximum force of collision for y and R are 4.5 mm
and 10 mm, respectively. Fig (11) illustrates
comparison of force-displacement curve for simple
and optimal initiators cases. Fig (12) shows the
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sample with initiator before and after bearing.
Considering this figure, two deformations are made in

the tubes and the third deformation is about to be
made.

Table 3. Simulation results of samples collision

Test Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Y (mm)
2
2
2
2
2.5
3
3.5
4
4
4
4
4.5
5
5.5
6
6
6.5
7
7.5
8
8
8.5
9
9.5
10

Fig11.

R (mm)
2
7.5
10
15
2.5
3
3.5
4
6
6
11
4.5
5
5.5
6
8
6.5
7
7.5
8
10
8.5
9
9.5
10

Maximum Force (KN)
161.57
148.69
141.69
147.08
148.96
150.83
145.87
142.69
160.81
160.82
144.36
144.29
154.1
146.05
146.02
155.25
144.13
145.22
144.62
151.45
146.02
147.15
152.7
151.22
152.03

Absorbed Energy (J)
17019
16741
16842
17010
17010
16759
16860
16867
17031
17148
17065
17056
17094
17047
16891
16971
16977
16972
16980
17004
17152
17152
17163
17172
17328

Comparison of force-displacement curve for simple and optimal initiators samples
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Fig12.

Model with optimal initiator before and after deformation

Conclusion
In this paper, grooved bearing initiators are used
on the front steel rail of vehicle to improve effective
parameters of passenger safety, and their geometric
parameters are optimized multi objectively. To ensure
the correctness of numerical analyses, quasi static
experimental tests of some square tubes in the
laboratory are used and the results are compared with
numerical results and analyses. Of 25 simulation
samples of collision, the geometric parameter of dent
depth has the most effect on the output parameters.
Generally, the more the parameters y and R are
increased, the more the maximum collision force and
the energy absorption of the structure are decreased.
Therefore, considering the same value for both output
parameters, optimal dimensions of 4.5 mm for dent
depth and 10 mm for curve radius of bearing initiator
are determined after the optimization.
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