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Abstract-This paper describes a computationally aided 
design process of a thin-walled structure of a retail car crash box 
subjected to a progressive crashing in longitudinal axial 
direction. The study was broken up into three phases: (1) 
digitising of the existing retail car crash box structure, (2) the 
crash simulation of the structure using dynamic explicit 
formulation (3) the verification of the simulation of the accident. 
In the digitalization phase of this structure, the perimeter of the 
cross section, the shape, the length and the thickness of profile 
were made the same as the Original Equipment Manufacturer 
(OEM) the product of a compact car found in the local market. 
The crashing procedure and parameter follow the New Car 
Assessment Program (NCAP) by National Highway Traffic 
Safety Administration (NHTSA). It found that the value of 
energy absorbed by the crash box was 5.91 KJ. The specific 
energy absorption is 21.53 KJ/kg. The crash force efficiency is 

0.54. The simulation method, that was verified using square tube 
structure, resulting in the value that matches to the current 
simulation done by another researcher. 

Keywords-Crash; Energy absorption; Longitudinal axial 
impact; Car crash box; Finite element 

I. INTRODUCTION 

Today's society in all over the world is placing increased 
dependence on the transportation system. It can be seen clearly 
by the continuously increasing number of vehicles over the last 
two decades. Accordingly, It has grown the number of 
collisions and fatalities [I]. 

Based on Indonesian statistics bureau, the accidents have 
increased more than 90%, since 2000 to 2013 [2]. Given this, 
higher demand has been advocated to ensure higher standards 
of safety for vehicles. It has lead to continuous research in 
designing efficient energy absorbers to dissipate energy during 
an accident while protecting the occupant in the vehicle. 

The crash box is a passive safety system and part of the 
crash-worthy system. The position of this element is illustrating 
in Fig. l. Usually, the crash box is made of the thin-walled 
structure and distorted forever to disperse energy during a 
collision. This portion is applied to reduce and protect the 
occupant and also the forceful component in the vehicle from 
the fatalities. 

Extensive research on designing a crash box part has been 
carried out in improving the energy absorption of such a 
structure due to direct axial impact. Studies in the irregular and 
regular shape of a crash box, such as square, circular, and 
elliptic shape were extensively performed [3]. Also, the 
material choice such as steel [4], mild steel [5], magnesium 
alloy [6], hybrid aluminium tubes and foam [7] made recently. 

Fig. I. The position of the crash box 

To develop a new crash box with better performance, it 
needs to know the performance of the existing crash box. An 
impact crash testing can be used to determine the performance. 
However, time and cost can be a problem. On the other hand, 
computer simulation can also predict the amount of the 
absorbed energy. Therefore, there is a trend among researchers 
to alteration from test to computer simulation based studies. 
This procedure is broadly used comprehensively in design, 
analysis, and optimisation. For crashing research, FEA is sound 
to be a useful implement to understand the deformation 
mechanism and responses of the energy absorber crash box 
under longitudinal axial direction crushing load. 

This paper presents the calculation of energy absorbed by a 
retail car crash box in collision event using finite element 
analysis. The result can utilise as a guide in designing a new 
crash box with a better perfonnance. 
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II. METHODOLOGY 

This study was broken up into three phases. In the first step, 
the digitalization was performed on the existing commercial 
car crash box using a Computer Aided Design (CAD) software, 
and then it was exporting to the Abaqus. In the redesigning, 
this structure, the perimeter of the cross section, the shape, the 
length and the thickness of profIle were made the same as the 
Original Equipment Manufacturer (OEM) product of the 
famous car found in the local market. It was the two separated 
part, and it was assembled as a single-lap-joint part with seven 
spot-weld in the side wall. The total length of a crash box is 
210 mm, and the thickness of the plate is 1 mm. The shape of 
the structure is displayed in Fig. 2. It was modelled as a shell of 
3D deformable with a mesh size of 4 mm. The crasher and the 
fixed base were assumed to be a rigid body, and it was 
modelled as a shell discrete rigid body with a mesh size of lO 
mm. 

Fig. 2. An example of the commercial car crash box shape 

The second phase of the study was the simulation of the 
structure using dynamic explicit methods. The crashing 
procedure and parameter follow the New Car Assessment 
Program (NCAP) by National Highway TraffIc Safety 
Administration (NHTSA). The crash box model lays on the 
rigid body, and it was collided by the crasher, as depicted in 
Fig. 3. 

The lump-mass crasher was 275 kg as required by NCAP 
for the vehicle with 1100 kg in weight. The velocity of crasher 
initially set to 15.6 m/s in the longitudinal axial direction of the 
crash box tube. The movement of the crusher was constrained 
on the move to x and y-direction and only free for translation in 
the Z-direction or the longitudinal axial of the crash box tube, 
without any rotation (x, y, or z-axis). 

Rigid Body Crusher 

Fixed Rigid Body 

Fig. 3. Finite Element Analysis setup for direct axial impact 

The performance of crash box can be evaluated based on the 
overall crash response. A typical crash response is a force
displacement diagram, as shown in Fig. 4. 

Lond, F 

The Peak load. FMAX 

Total energy absorbed, U 
L-__ -'-________ -:-__ Displacement, d 
Pre-crushing IE--- Post-crushing zone ------71 Compacli ng zone 
zone dl) d",�'i 

Fig. 4. Force-displacement diagram 

Under the crash response, the following parameters were 
obtained. 

1. The peak load, F MAX 

2. The total energy absorbed, U 

3. The specific energy absorption, Es 

4. The crash force effIciency, CFE 

5. The average crash force, FA vo 

The peak load of a component is the highest value required 
to cause a significant permanent deformation in the post
crashing zone. At pre-crashing zone, no permanent deformation 
takes place, as this would not be considered as damage to the 
structure, especially in the low-speed collision and little impact. 
However, at the high-speed crash. The peak load will causing a 
permanent deformation and has a direct influence on the 
vehicle occupants. In the simulation, the peak load value is 
calculated from the reaction force of the fixed base, a similar 
principle on how load cells are using in actual physical tests. 

The total energy absorbed, U, in crashing of the structure is 
equal to the area under the load-displacement curve, where 

I
dlnax 

U = F ds 
o 

(1) 

Where F is reaction force, ds is a differential of the 
displacement variable, d max is maximum displacement before 
compacting zone, and do is displacement at first post-crashing 
zone. 

The specific energy absorption, Es is defined as the energy 
absorbed per unit mass of material as given by the following 
equation. 

u 
(2) 

m 

Where m is a mass of the crasher component, and U is the total 
energy absorbed. The crash force efficiency, CFE definition is 
the ratio of average force to the peak force, the average crash 
force, FAVO, is the means force in the post-crashing zone [1]. 
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The collapse modes of crashing on the tube were used to 
evaluate the tube based on failure mechanism. There are two 
type modes for the square tube, i.e. compact and noncompact 
mode. 

The third phase of this study involves the verification of the 
crash simulation. The step procedure in the [1] study was used 
to verify the simulation of the collision. In the study, the 
crashing performed on a rectangular-shaped tube fixed on a 
rigid base. The material was A36 steel, 2 mrn thickness, 350 
mrn length, automatic meshing, four nodes quadrilateral mesh 
size of 4 mrn. The crusher had lump mass of 275 kg, mesh size 
of 10 mrn, and move on the speed of 15.6 m/s. 

Finite Element Modelling 

The geometry model of the thin-walled crash box tube, the 
striker/crasher as the falling body and the fixed base 
component, is made by Computer Aided Design (CAD) 
software. 

Based on this geometry, finite element model is made. 
Four node shell continuum (S4R) elements with element size 4 
mm and five integration points along the thickness direction of 
the element were used to make a finite element model of the 
thin-walled crash box tube. 

The crusher modelled as a rigid body with lumped mass of 
275 kg, and the impact velocity was set to be 15.6 mls. The 
crusher was restricted to move only in one translational 
displacement, with four node shell continuum (S4R) elements 
and element sizes of 10 mrn. The impact speed value was 
taken from the New Car Assessment Program (NCAP) by the 
National Highway Traffic Safety Administration (NHTSA). 
The mass was assumed to be 25% of a compact car weight [1]. 

The fixed base plate modelled as a rigid body with four 
node shell continuum (S4R) elements, and the element size is 
10 mm. It was not moving in all direction. 

The general contact algorithm was used to simulate the 
contact interaction between all components. Also, the finite 
sliding penalty based contact algorithm with contact pair and 
hard contact were chosen to model the contact between the 
crash box profile and the other component. All contact 
surfaces were setting at the Coulomb friction coefficient of 
0.2. 

The crash phenomenon was a nonlinear dynamic event at 
short duration. In this simulation, the nonlinear finite element 
code, ABAQUS-Explicit was used to predict the response of 
the thin walled crash box, subjected to a free falling impinging 
mass. This formulation based on the motion of Equation, 
below. 

2 

[M) [:t�l + [eel + [K){U} [F(t)] 
(3) 

That equation can be simplified as (4). 

.. 
Mu + 1= P (4) 

Where the mass nodal matrix, M, the internal element forces, I 
the externally applied forces, P, and the acceleration, U. 

The acceleration at the start of the current increments at a 
time, t is calculated, as in (5). 

.. - 1 ul(t) = [M) (P - 1)I(t) (5) 

Therefore, the acceleration of any node is determined only by 
its mass, M and the net force performing on it, (P - I). 

The change in velocity is calculated by integrating the 
acceleration through time using the central difference rule. 
Then, the velocities at the middle of the current increment 
calculated by added the change velocity to the midst of the 
previous increment as shown in (6). 

UI ( M) = t+-2 

. (Llt I (t + M) + b. t I (t») . 
UI (t _ �t) + 

2 
ul(t) 

(6) 

By the similar ways, the displacement at the end of increment 
calculated by added to the movement at the beginning of the 
increment and the change in displacement, by integrated the 
velocity in (6) through time, as shown in (7). 

(7) 

The calculation of the stress of every element in finite 
element model can be described, that the acceleration causes 
any node in finite element model to have a velocity, which in 
turn, causes a strain rate. By integrating this strain rate, the 
element strain increment is calculated. Whiles the element the 
strain is the sum of the item strain increment and the first 
strain. Then, the element stress is gotten by applying the 
material constitutive model. 

In this study, the A36 mild steel used as a crash box 
material and the material constitutive model to characterise the 
response of impact is the Johnson-Cook Constitutive model. In 
this constitutive model, there are three key material response, 
strain hardening, strain rate effects, and thermal softening. 
These three effects are combined, as shown in (8). 



2017 3rd International Conference on Science and Technology - Computer (ICST) 

�pl 

IT � [A + B(EPI)
"
j 1 + Cln (:J (1- in 

where 

[A + B (Epl) n] is the plastic strain hardening, 

(1 - 8 m) is the thermal softening, and 

-m 8 is a non-dimensional temperature, defined as: 

o for 8 < 8transition 
(8 - 8transition) 

(8) 

8= 
(8melt - 8transition) 

1 

for 8transition :5 8 :5 8melt 
for 8 � 8melt 

(9) 

-pi �pl 
(J is the yield stress, E is the equivalent plas�ic strain, E is 

E 
the plastic strain rate, A, B, C, n, m and 0 are physical 
parameters measured at or below the transition temperature, 
and e is the current temperature [8]. Johnson-Cook material 
parameter, for A36 mild steel used in the calculation, is shown 
in Table 1 [9]. 

TABLE I. MATERIAL PROPERTIES OF THE CRASH Box 
A36 Steel 

Density (p) 7850 kg/m3 

Modulus Young (E) 200 Gpa 

Poisson's Ratio (v) 0.2619 

Initial Yield Stress (A) 146.7 Mpa 

Hardening Constant (B) 896.9 Mpa 

Hardening Exponent (n) 

Strain Rate Constant (C) 

Thermal Softening Exponent (M) 

. (T It) Meltmg Temperature me 

Reference Strain Rate (E) 

. (C ) 
SpecIfic Heat P 

0.320 

0.033 

0.323 

1773 K 

1,0 S-I 

486 
K 

III. RESULT AND DISCUSSION 

J/kg 

The result obtained in this study is explaining as follows 

3.1. Collapse mechanism 

The failure mechanism of this crash box tube in each 
elapsed time is shown sequentially in Fig. 5. It is 
demonstrating that the initial deformation of the crash box was 
started at the groove, and then initiates new collapse modes. 
The first lobe began in the elapsed time 0.004 s. The first fully 
flap created at the elapsed time 0.006 s, This corresponds to 
the peak of axial force. The lobe formation followed by a 
sharp drop load. In the elapsed time 0.008 s, an initial second 
lobe was growth, and the second ears were entirely created in 
the elapsed time 0.01 s, followed by the third lobe in the 
elapsed time 0.012 s. 

The next is the formation of regular deformation. The 
deformation that is related to the crasher displacement stops 
after 0,04 second. At this point, no more distortion occurs on 
the crash box. 

3.2. Force-Displacement Characteristics 

Fig. 6 shows the force-displacement curve corresponding 
to the collapse process in Fig. 5. The force refers to the force 
exerted on the base plate, and the displacement relates to the 
movement of the crusher which is assumed to be full contact 
with the crash box as crashes in longitudinal axial direction. 
The curve can be divided into four zones region, representing 
the collapse mechanism. The first zone is starting from time 
step 0 s to 0.0 I s. In this region, the axial force is increasing 
fast until reaching peak load at elapsed time of 0.006 seconds, 
where the first full lobe was generating, as shown in Fig. 5. 
The nwnber of lobes then was regularly made, and the force 
decreases accordingly. It can saw that the ears were repeating 
in compact mode. The axial load then decreases continuously 
until time step 0.010 s. Afterwards, the second zone started 
from time step 0.012 s to 0.018 s. At this zone, the decreasing 
force speed decreases. 
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Timestep: 0.000 s 

Timestep: 0.004 s 

Timestep: 0.008 s 

Timestep: 0.012 s 

Timestep: 0.016 s 

Timestep: 0.020 s 

Timestep: 0.024 s 

Timestep: 0.028 s 

I lto\ it (!� 
�m li,,, 

. i iiii� 
Timestep: 0.002 s 

Timestep: 0.006 s 

Timestep: 0.010 s 

Timestep: 0.014 s 

Timestep: 0.018 s 

Timestep: 0.022 s 

Timestep: 0.026 s 

Timestep: 0.030 s 

I • 

Timestep: 0.032 

Timestep: 0.036 

Time step: 0.040 s 

Fig. 5. Collapse mechanisms 

Timestep: 0.034 s 

Timestep: 0.038 s 
S, Mises SNEG, (fraction = ·1.0) 

(Avg: 75%) 
+1.4110+03 
+1.4100+03 
+1.2930+03 
+1.1750+03 
+1.0580+03 
+9.4010+02 
+8.2260+02 
+7.0510+02 
+5.876.+02 
+4.7010+02 
+3.5260+02 
+2.3500+02 
+1.175.+02 
+0.000.+00 

It has propagated until the time step 0.018 s, followed by a 
drop of the axial force. The axial force reduction repeated as a 
result of the formation of the folding until the step time 0.022 s. 
Moreover, then the crash box was compacted, in the fourth 
zone. In this zone, the repeated lobes were creating in compact 
mode, and a sharp drop load generated in the shorter 
displacement than the previous area. Then, the third zone was 
started in time step 0.020 s to 0.024 s. Typically with the 
former regime, the load was also diminished in the shortest 
displacement, whiles the repeated of lobes was created in 
compact mode, but the shape of lobes different to the previous 
one. 

It is showing that the crash box dissipated the energy. 
Moreover, the collision load was transferred by crash box 
deformation. At the last region, the crusher was a move to 
compacting the crash box, whiles the load increase until the 
time step 0.034 s. Finally, the crusher did not run anymore, and 
the crasher moves backwards. 

200000 

z 150000 
1f 
� 100000 

20 40 60 80 100 120 140 160 
Displacement, mm 

�Force - Displacement Curve 

Fig. 6. Force - displacement curve of the commercial crash box car 
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From this Fig. 6, the energy absorbed by the crash box is 
evident. It is showing by the total area under the force
displacement curve. Calculation of this area piece wisely, it 
was found that the value of energy absorbed by the crash box is 
5.91 KJ. The specific energy absorption is 21.53 KJ/kg. 
Moreover, the crash force efficiency is 0.54. 

3.3. Verification 

This study was verified based on the research done by 
[1]. The calculation performed on a crash box with profile: 

Shape: rectangular 

Length: 350 nun 

Thickness: 2 nun 

Material: A36 Mild Steel 

It is shown in Fig. 7. 

200000 ���---.--�---.--,----,� ----.---�___r----,---, 
180000 

160000 

140000 

z 120000 

�� 100000 

� 80000 

60000 

40000 -t-

20000 

50 100 150 

Displacement. mm 

Fig. 7. Force-displacement curve of square tube profile 

200 250 

Based on a force-displacement curve, is shown in Fig 7. 
The same calculation method as explained in the previous 
model was applied, and the energy absorbed by the rectangular 
crash box was found to be 20.16 KJ, that is following the value 
reported by [1] which was shows a value of 19.5 KJ. Therefore, 
the method used in this study is identical with simulation done 
by the previous researcher. 

IV. CONCLUSIONS 

A numerical investigation of the longitudinal axial crash 
response of thin-walled crash box profile with A36 Mild Steel 
was performing. A retail crash box that was digitising with 
shape, material thickness and length as the same as OEM part 
was modelled using FEA. The energy absorbed by the crash 
box in the crashing event is found to be 5.91 KJ, the specific 
energy absorption is 21.53 KJ/kg, and the crushing force 
efficiency is 0.54. These values can be used as a start to 
develop a new crash box toward one with better performance. 
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