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Abstract: - In case of bus rollover, the body structure of a bus should be designed to ensure the survival space for 
passengers.  So, this study focused on evaluating the rollover strength through a computer simulation using the 
commercial code, LS-DYNA3D at the initial stage of vehicle development.  For this purpose, section structure of 
the bus frame was first modeled using simple beam elements, and the impact boundary conditions required by ECE 
regulation No. 66 were applied.  In order to validate the beam element model, the simulation results were 
compared to those of shell element model.  Since the analysis error with beam element model was mainly caused 
by the difference in strain energy at the T-shaped connecting joint, the joint connection was modified with 
nonlinear springs to account for the local buckling. With the improved beam model, the results were in a good 
agreement to shell element model, but the simulation times were much reduced. 
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1   Introduction 

Many types of buses have been used for 
commercial traffic transportation, and life span of a 
bus is longer than that of a passenger car.  Also, a 
bus have been operated with much more passengers 
than a small passenger car, however, the research 
and interest related on its safety seemed relatively 
low.  Since there are many seriously wounded 
passengers in traffic accidents of buses, more 
careful analysis and simulation for impact accidents 
should be investigated.  Since the understanding and 
knowledge of automobile consumers for their safety 
had been growing up, the related official rules have 
come into effect.  In many bus manufacturers and 
research institutes, new designs and various 
researches are in progress to match new regulations. 

In Australia, ADR 59 (Australian Design Rule 
59) had specified the deformation of bus body in 
rollover accidents [1], and ECE 66 (Economic 
Commission for Europe 66) controls the same 
substance presently [2].  Bus structure designs that 
ensure the survival space of passengers are 
indispensable, and for these purposes, the rollover 
analysis and design by using explicit finite element 
method are useful [3,4].  Takagi [6] has numerically 
simulated rollover occurrence and occupant 
behavior according to the rollover initiation types 
with commercial computer program.  The physical 
test method for rollover accident has recently 

developed by Richardson [5] and Larson [7], and 
Moffatt [8] used the controlled rollover impact 
system for rollover impact investigation.  In this 
study, the commercial code LS-DYNA3D [11] was 
used for the rollover analysis of bus structure, and 
the beam analysis model was modified with 
nonlinear spring characteristics for the advanced 
exactness of its solution. 
 
 

2   Rollover Test 
The rollover test of real section structure was 

executed by a bus manufacturer [15] according to 
the conditions which were defined by ECE.  The 
body section was located on a rotational platform, 
and the platform was lifted up by a crane as shown 
in Fig. 1.  The body section structure has the weight 
of 830 kgf, and the free dropping begins after the 
center of gravity moves out of the hinge point. 

As the results of rollover test, a deformed body 
section is shown in Fig. 2.  Plastic deformation 
occurred near the welding point of side body beams, 
and also the local break-down appeared on the open 
section of the beams.  The bending collapse took 
place at the joining area of lower part of window 
frame and side beams as shown in Fig. 3.  The 
strength of this area dominates deformation of the 
whole body, and this connection is the most 
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important to ensure the survival space of passengers 
in rollover accidents. 

 
 
 
 
 
 
 
 
 
 
 
Fig. 1  Rollover test apparatus 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2  Rollover test of the body section structure 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3  Side pillar frame under bending collapse 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Rollover analysis of shell element model 
 
3   Numerical Rollover Simulation 
 
 
3.1 Analysis with Shell Element Model 

The body section structure is a skeleton set which 
is composed of frame-type pillars.  This structure is 
a framework of the whole body which absorbs 
60~70 % of the impact energy when impact takes 
place [9,10].  The exterior panels and leads were 
neglected for their small capacity of impact energy 
absorption.  Shell elements were used to establish 
the body section structure as shown in Fig. 4, and 
concentrated mass elements were arranged to adjust 
the weight of the structure.  The material properties 
of elasto-plastic steel were employed, and the 
nonlinear region of material property curve was 
piece-wise linearly approximated. 

 
 
3.2 Analysis with Beam Element Model 

In the design stage of a bus, the numerical 
evaluation of rollover features with a simple beam 
model has the advantages of its low cost and quick 
response [12].  Moreover, the reduction of effort to 
generate the analysis model is also possible.  The 
Belytschko-Schwer beam elements [11] with the 
material properties of resultant plasticity, which was 
adequate for box-tube type structures, were selected 
as shown in Fig. 5.  The cross-sectional area, 
moment of inertia, torsional modulus, and the 
properties of shear area were considered without 
discrimination with the previous shell model [11].  
Also, the concentrated mass elements and the same 
boundary conditions were applied. 

 
 
 
 
 
 
 
 
 
 
 
Fig. 5  Rollover analysis of beam element model 
 
 
3.2 Comparison of the Two Results 
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It was cleared that the survival space for 
passengers was secured via computer simulations.  
Deformation of window pillars were similar to the 
results of body section test, and the survival spaces 
were obtained during rollover procedures as shown 
in Fig. 4 and Fig. 5. 

The displacement of window pillars measured 
from the rain rails and deformation angles from the 
waist rails are summarized in Table 1.  The 
displacement and deformed angle in beam element 
model were smaller than those of shell element 
model, and the differences were 9 % and 12 % of the 
results in shell element model, respectively. 

The strain energy absorbed by the body section in 
deformation processes is shown in Fig. 6.  The 
absorbed energy of beam element model was higher 
than that of shell element model.  These differences 
come from the over-estimated stiffness of beam 
element model.  In the beam element model, no local 
buckling at the area of plastic hinge was considered, 
and as the result, plastic deformation was not 
sufficiently estimated.  Therefore the beam element 
modeling with the consideration of the stiffness of 
pillar joint area is needed to obtain more exact 
simulation results. 

 
Table 1  Comparison of displacements and 

deformed angles measured at window pillar 
Test 392  mm 

Shell element 
model 397  mm Displacement Simulation Beam element 
model 363  mm 

Test 24.9 ° 
Shell element 

model 25.6 ° Deformed 
Angle Simulation Beam element 

model 22.5 ° 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6  Comparison of absorbed energy 
 
4   Simulation with Modified Models 
 

Nonlinear spring elements were supplemented to 
improve the disadvantages of beam element bus 
model.  Nonlinear spring elements were added at the 
joining area of beam elements to consider the local 
buckling and the adequate structural stiffness. 

 
4.1 Collapse Theories 

The scheme for nonlinear spring input is 
described in Fig. 7.  The characteristics for axial 
crush, bending collapse, and torsional collapse are 
required to import nonlinear spring elements, and 
the curves of force-displacement, 
moment-rotational angle, and torsion-twisting angle 
should be computed in advance to the simulations, 
respectively.  The following equations were adopted 
to represent the axial crush and the average crush 
force [13]. 
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The maximum bending moment and 
post-buckling behavior are important factors to 
describe the bending collapse of structural frames.  
The relations on the bending collapse defined by 
Kecman and Wierzbicki were used as followings 
[14,17]. 
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In the joint area, the eccentric loading is applied, 
and torsional deformation occurs.  The behavior of 
thin-walled beams under the torsional loading is 
effectively treated using initial twisting moment iT , 
twisting moment in steady-state sT , critical twisting 
angle cθ , and the final twisting angle fθ  as shown 
in Fig. 8,  and the following equations were used to 
calculate the torsional energy EA  [16]. 
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where 0σ  denotes the stress value that corresponds to 
the average strain. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7  Scheme for nonlinear spring input 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 8  Torsion-twisting angle curve 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9  Modified model for T-shaped joint 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10  Reaction force curves against bending 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11  Reaction torsion curves against twisting 
 
 
4.2 Verification with Simple Joint Model 
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To verify the effect of nonlinear spring 
attachment, T-shaped simple joint model was 
investigated as shown in Fig. 9.  Nonlinear springs 
were located on the joining point and its both sides.  
As previously mentioned, the collapse conditions by 
Wierzbicki and Santosa were applied to activate the 
added spring elements [13,16]. 

Reaction properties against the bending and 
torsional load are plotted in Fig. 10 and Fig. 11, and 
the absorbed energy curves are in Fig. 12 and Fig. 13, 
respectively.  It was verified that the modified model 
represented well the nonlinear characteristics of 
joint area. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12  Absorbed bending energy curves 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13  Absorbed twisting energy curves 
 
 
4.3 Modified Bus Model and Improved 

Results 
The beam element bus model was modified with 

the nonlinear spring elements which were verified to 

be reasonable in the previous section.  The joining 
areas between window pillars and side beams, at 
which the local buckling and plastic hinge had 
originated in the previous test and simulations, were 
remodeled as shown in Fig. 14. 

The resultant deformed shape from the rollover 
simulation with the modified bus model is in Fig. 15.  
Bending at the modified joint area was increased, 
and the resultant difference was reduced to 3 % of 
shell element bus model.  The absorbed energies are 
plotted in Fig. 16, and this comparison shows the 
improved result which contains the difference of 
1.2 % in their energy values. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14  The locations of modified joints 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15  Deformed shape of modified bus model 
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Fig. 16  The comparison of absorbed energy 
 
5   Conclusion 

In the rollover simulation of a finite element bus 
model, a beam element model was successfully 
modified to save the analysis cost with little loss of 
its accuracy in comparison with a shell element 
model.  The stiffness of simple beam elements was 
overestimated, and the local plastic deformation was 
partially out of consideration.  However, the 
modified model, to which spring elements and its 
nonlinear characteristics were applied, estimated the 
structural stiffness properly, and showed the 
improved results of reaction forces and internal 
energy.  The stability and effectiveness of joint 
modification technique was confirmed, and the 
approach was proved to be useful and advantageous 
in the vehicle rollover investigation and its 
development. 
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