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Abstract

The strength analysis of bus superstructure was extremely important that the manufacturer must take into account, especially in the max-
imum stress analysis as well as the construction stiffness. In this study, the finite element (FE) model of an intercity bus superstructure
consisted of chassis frame and body structure has been analyzed based on the improved beam joint considerations. The accuracy im-
provement of beam type element model was performed using the equivalent joint stiffness of T-junction beam modeling, and then com-
pared with shell and volume elements. According to the improved T-junction FE model, the flexible joint stiffness consideration has
been obtained, in which the behavioral error was reduced to less than 6%. The FE model of bus superstructure with improved beam joint
was then compared to the rigid joint condition in bending, torsion, longitudinal and lateral load cases. The numerical results revealed that
magnitude of maximum stress in the improved beam joint model displayed increasing of 11.53 %, 14.11 %, and 18.45 % in torsion, lon-
gitudinal and lateral load cases, respectively. However, the maximum stresses reduced in a case of bending with value of 5.72 %. In addi-
tion, the value of construction stiffness of improved beam joint model exhibited lower than the rigid beam joint as 44.85%, and 10.68%
in the bending and torsion load case, respectively. To improve the accuracy of computer simulation, it will be beneficial to the passenger
and the bus structure design and improvement procedure.
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1. Introduction

Nowadays, the transportation by intercity bus extremely plays
important role in Thailand. It was found that the average number
of people using the bus service is increasing steadily each year [1].
In the design and manufacture process of the intercity bus, the
structural strength, fabrication difficulty as well as structure con-
figuration are essential factors that manufacturer must take into
account. The intercity bus superstructure is generally divided into
two parts. One is a chassis frame which is a main component de-
signing to resist a external load. Another part placed on the upper
of chassis frame is called a body structure creating to accommo-
date passengers included utilities. The constructed body structure
is similar to a skeleton frame consisted of many members with
various cross-sectional shapes which serve to enhance the con-
structed stiffness of the bus superstructure as shown in figure 1.

Currently, the finite elements (FE) analysis is a computational
technique which is widely used, especially in automotive industry
for the process of design including the development of new prod-
uct [2]. The FE modeling was generated to convert a physical
geometry of the actual bus structure into an analytical model.
However, the verification of FE analysis still continues to be ex-
tremely important for the reliability.

(b)

Fig. 1: Bus superstructure; (a) Chassis frame, (b) Body structure.

According to the structure requirements, the category of any struc-
ture can be generally described into 2 points. One is strength cate-
gory characterized by the onset of permanent deformation includ-
ing the allowable stress. Another is stiffness category which is the
ratio of applied load per unit of deformation [3, 4]. The character-
istic of construction stiffness can be divided into 2 sections fol-
lowing as bending stiffness (K ), and torsion stiffness (K; ). It
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can be obtained from the ratio between applied load and defor-
mation on bending and torsion case as shown in relation (1).

T
Kg=—, Ki= @

Where:

W: total load (N)

T: torsion moment (N-mm)
¢ : deformation (mm)

6 : twist angle (degree)

For large tubular structures such as the bus superstructure, beam
type elements were utilized due to the fact that these elements
provided satisfactory results at relatively reduced computational
performances. The analyze system with non-complex beam equa-
tion provided reliability in the large structure simulation [5-8]. In
addition, it is suggested that if the length of the member is 10
times larger than largest dimension of its cross section, the beam
element is more suitable for an FE model generation. However,
the infinite rigid behavior of beam joint modeling continues to be
a limitation in the analysis. This imperfection decides an inflexible
behavior of structures interpreting into an error cause for the struc-
tural analysis (up to 45%) [9]. In previous studies, the reliability of
bus structure was proposed using shell and volume element type
analysis [2, 10]. The study of Alcala in 2013 [9] examined the
square thin-walled cross section of T-junctions using beam ele-
ment included the joint stiffness consideration. The behavioral
characteristics of beam modeled determining their limitations and
comparing to shell and volume elements. The result found that the
behavioral error was reduced to less than 5%.

In the study, the finite element of one model of intercity bus su-
perstructure made from Cherdchai Industrial Factory Co.,Ltd.
consisted of chassis frame and body structure was analyzed under
global vehicle load case (e.g., bending, torsion, longitudinal, and
lateral). For the accuracy improvement of beam joint, the equiva-
lent flexible joint was evaluated by using T-junctions beam mod-
eled. By this way, the joint stiffness matrix can be validated and
compared to the shell and volume element. In addition, the FE
model of bus superstructure with improved beam joint was then
compared to the rigid joint condition. The strength analysis con-
sisted of maximum stress, deformation, and construction stiffness
was obtained.

2. Material and Method

2.1. T- Junction Flexible Joint Stiffness Evaluation

The 5 cross section of simple thin-walled T-junction joint struc-
ture consisted of 3 parts (the length of 500-mm for part number 1,
and number 2 and the length of 1,000-mm for part 3) with equal
square cross section and the dimension of 80-mm x 80-mm X 4-
mm, 40-mm x 80-mm X 4-mm, 47-mm X 47-mm X 1.8-mm, 23-
mm X 48.5-mm x 2-mm and 25.6-mm x 25.6-mm X 2-mm wear
considered as shown in figure 2. According to the beam joint
modelling, a total of 6 parameters of stiffness matrix consisted of
three linear, and three angular translations as following in equation
(2) and (3), respectively.

K, =

i d_I i=xy,z @

Where:
F. : elastic element axial force corresponding to the x, y and z

directions

d, : nodal displacement on the x, y and z directions.

Mi .
Kn:?i, i=xvy,z ©)

Where:
M; : torsional moment corresponding to the x, y and z directions

6, : Twist angle
\ i
@) (b)

Fig. 2: A simple T-junction joint structures; (a) the three parts of real beam
model, (b) the concept modelling of beam with flexible join stiffness.
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Fig. 3: FE model of T-junction beam including the boundary condition.

For the evaluation of T-junction flexible joint stiffness, the linear
and angular translations under the four-type applied loads were
evaluated from numerical and experimental method as shown in
figure 3 to figure 5. Regard to the FE simulation, the material
properties of T-junction beam were considered as linear isotropic
material with the elastic modulus of 204 GPa, Poisson’s ratio of
0.26, and yield strength of 235 MPa (obtained from the laboratory
test). For the boundary condition, the end of part number 1 and
number 2 were fixed support included the applied load at the end
of part number 3 as shown in Figure 3

According to the experiment, the apparatus of T-junction beam
testing with clamping and adjustable sliding guide was created for
the linear and angular translation measurement by the digital dial
gauge as shown in figure 4 and figure 5, respectively. To measure
the linear deformation, a mass was applied along the direction of
X-, y-, and z-axis as shown in figure 4. For angular deformation,
the calculated torsion moment about x-axis obtained from mass
and the distance of lever arm 500 mm. was performed as shown in
Figure 5.

2.2. Strength Analysis of Bus Superstructure by Im-
proved Flexible Joint Stiffness

In order to the strength analysis, the FE model of bus superstruc-
ture was performed using finite element commercial software. The
joint stiffness modeling of bus superstructure was considered.
From previous section, the 5 sets of 6 parameters of stiffness ma-
trix were defined in each T-junction of the skeleton structure. For
the material properties assignment, the chassis frame was achieved
with yield strength of 235 MPa, elastic modulus of 204 GPa, and
the body structure was placed with yield strength of 370 MPa,
Young modulus of 193 GPa (obtained from the Iabora}ory test).
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Fig. 4: The each direction of applied load on T-junction beam including
the digital dial gauge; (a) X-axis, (b) Z-axis, (c) Y-axis.
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Fig. 6: The typically bending load case by subsystem weight consisted of
console unit, passenger, baggage, and engine components.

According to the boundary condition and the total of 4 global load
cases (e.g., bending, torsion, longitudinal, and lateral) they were
performed as following; [3, 4]

Bending load case; a total of 4 components consisted of the engine
component of 6,730 N., the front console weight of 3,000 N.,
(from parts data sheet) the passenger weight of 31,280 N., the
passenger baggage of 7,000 N. (measured from real load at same
bus model series), and the construction weight of 21,766 N. (from
CAD simulation), was considered as a vehicle at rest including the
simply support at 4 wheel hub condition as shown in Figure 6.

Torsion load case; a wheel climbed a curb accidentally was con-
sidered. The vertical displacement was applied to one wheel hub
with a lamp up of 200 mm, while other three wheels were attached
at the ground.

Longitudinal load case; the acceleration or deceleration responds
was performed in longitudinal direction. From the previous study,
the severe acceleration load of 0.75g was recommended for this
case.

Lateral load case; a lateral acceleration was used to simulate the
cornering maneuver. For a severe drive, a lateral acceleration of
0.75g was employed to obtain both sides of a turning response.

3. Results and Discussions

3.1. T - Junction Flexible Joint Beam Element Evalua-
tion

Table 1 and 2 displayed the results of 6-DOF parameter of flexible
joints stiffness matrix of thin-hollow square cross section 47-mm
X 47-mm x 1.8-mm beam calculated from deformation results by
experimental compared with FE rigid joint beam element results
and previous equation (2) and (3). Then, there was input the 6-
DOF of flexible joints parameter in the FE simulation (Flexible
joint beam element type). Figure 7 showed the deformation results
of T-junction structure in different element type compared with

experimental results. It can be noticed that all corresponding
among 5 models illustrated a very similar trend. However, there
was the flexible joint beam element despite a small discrepancy
from the result of experimental method. The result showed that the
accuracy of beam deformation could be improved using the meth-
od of flexible joint stiffness compensation. By this way, the flexi-
ble joint matrixes were corrected which the beam properties can
be calculated to match the rotational stiffness.

Table 1: Results of 3 DOF linear flexible joint stiffness matrixes
(47-mm x 47-mm x 1.8-mm)

X direction | Y direction Z direc-
tion

Experimental defor- 0.24 0.10 0.08
mation at joint (mm)
FE. deformation at joint 0.13 0.01 0.06
(mm)
dx (mm) 0.11 0.09 0.02
Load, Fx (N) 127.53 127.53 127.53
Linear flexible joint 1,159 1,482 8,502

Parameter value (Fi/d;)
(N/mm.)

Table 2: Results of 3 DOF torsion flexible joint stiffness matrixes
(47-mm X 47-mm x 1.8-mm)

Axis | X | Y | Z
Experimental twist angle 0.42 0.18 0.25
(Degree)

FE. Twist angle (Degree) 0.30 0.12 0.23
0; (Degree) 0.12 0.06 0.02
Moment, M; 69,925 127,530 127,530
(N-mm)

Torsion flexible joint
parameter value (Mi/6;)
(N-mm./degree)

588,447 2,023,486 5,079,292

Table 3: The deviation of deformation respected to experiment
(47-mm X 47-mm x 1.8-mm)

Load % Error
Element type

Solid Surface Mix Beam Beam

beam- rigid flexible
surface joint joint
Linear X 35.42 33.33 29.16 45.83 0.97
Linear Y 16.40 16.05 16.85 17.34 4.06
Linear Z 46.66 45.64 42.82 40.00 5.97
Torsion X 27.99 14.80 42.07 21.98 0.05

Table 3 showed the result of the deviation of beam deformation in
each applied load direction compared to the experiment. It could
be noticed that the FE beam element using flexible joint beam
element has the lowest error for those other. This was clearly iden-
tified that FE beam flexible joint or compensated joint modeling
approach could have an equivalent solution to other element that
agreed with the study of E. Alcala et al. [9]

Deformation (mm.)

0.3 4
= Experimental result

0.25 - m Flexible joint beam element

m Rigid joint beam element
02 1 B Solid element

[ ]

015 4 Surface element
¥ Mix beam-surface element

0.1 4

0.05 -

0 -+ Distance (mm.)

@)
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Deformation (mm.) Torsion flexible joint 4,349,165 2,647,137 7,228,812
45 parameter value (Mi/6;)
4 (N-mm./degree)
—#—Experimental result
35 e
3 _;_2::;;; dm;m Table 6: Results of 3 DOF linear flexible joint stiffness matrixes
25 ot et (40-mm x 80-mm x 4-mm)
) e Surface dlment X direction | Y direction Z direc-
1.3 Mix beam-surface element tion
. Experimental deformation at 0.226 0.088 0.086
os joint (mm)
0 L= Distanse () FE. deformation at joint 0.016 0.020 0.016
0 200 100 600 800 1000 ‘ (mm)
(b) dx (mm) 0.210 0.068 0.070
Load, Fx (N) 127.53 127.53 127.53
) Linear flexible joint Parame- 607 1,875 1,837
Deformation (mm.) ter value (Fi/d;) (N/mm.)
35
‘ Table 7: Results of 3 DOF torsion flexible joint stiffness matrixes
—#— Experimental result (40-mm X 80-mm x 4_mm)
— Fl‘e).uh‘lel] oint beam element AXIS | X | v | Z
T Risidjelnt beam cement Experimental twist 0.133 0.090 0.139
i Z“h: de“;a“ angle (Degree)
N:I TE“T . FE. Twist angle (De- 0.109 0.060 0.055
X beam-surface element gree)
0i (Degree) 0.024 0.030 0.084
* Distance (mm.) Moment, M; 92,086 128,167 128,167
0 200 400 600 800 1000 (N_mm)
(c) Torsion flexible joint 3,727,007 4,203,535 1,531,948
parameter value (Mi/6;)
8 (Degree) (N-mm./degree)
0.7
" Experimental result Table 8: Results of 3 DOF linear flexible joint stiffness matrixes
Flexible joint beam element (23-mm X 48.5-mm X Z.mm)
" Rigid joint beam element Xdirection | Y direction Z direc-
B Solid element tion
= Surface element Experimental deformation at 0.850 0.344 0.220
Mix beam-surface element joint (mm)
FE. deformation at joint 0.152 0.127 0.145
(mm)
dx (mm) 0.698 0.217 0.075
Distance ) Load, F, (N) 127.53 12753 12753
1000 ’ Linear flexible joint Parame- 182 588 1,700
(d) ter value (Fi/d;) (N/mm.)
Fig. 7: The result of beam deformation in different element types respect- Table 9: Results of 3 DOF torsion flexible joint stiffness matrixes
ed to the experimental result; (a) Applied load on X-axis, (b) Applied load i (23-mm x 48.5-mm x 2-mm)
on Y-axis, (c) Applied load on Z-axis, (d) the angular deformation when Axis | X | Y | Z
app“ed bending moment on X- axis. Experimental twist 0.258 0.678 0.604
angle (Degree)
Table 4 to 11 displayed the results of 6-DOF parameter of flexible gi'e )TW'St angle (De- 0178 0.588 0523
joints stiffness matrix of other cross section of thin-hollow square
cross section beam 6i (Degree) 0.080 0.090 0.081
' Moment, M; 13,901 122,046 122,046
. T . N-mm)
Table 4: Results of 3 DOF linear flexible joint stiffness matrixes ( - s
. (80-mm CBom X 4_#":]) : X Torsion flexible joint 174,810 1353521 1,497,636
X direction | Y direction | Z direc- parameter value (Mi/6;)
o (N-mm./degree)
Experimental deformation at 0.186 0.148 0.208 . o .
joint (mm) Table 10: Results of 3 DOF linear flexible joint stiffness matrixes
FE. deformation at joint 0.007 0.027 0.009 (25.6-mm x 25.6-mm x 2-mm) _ _
(mm) X direction Y direction Z direc-
dy (mm) 0.179 0.121 0.199 i tion
Load, Fy (N) 255.06 255.06 255.06 Experlmental defor- 0.332 0.398 0.136
Linear flexible joint Parame- 1425 2,116 1,285 mation at joint (mm)
ter value (Fi/d;) (N/mm.) FE. deformation at joint 0.130 0.257 0.121
(mm)
Table 5: Results of 3 DOF torsion flexible joint stiffness matrixes d (mm) LA bl 0.015
(80-mm x 80-mm X 4-mm) Load, Fx (N) 83.385 83.385 83.385
AXis [ X [ v; [ Z Linear flexible joint 413 593 5,559
Experimental twist 0.097 0.140 0.056 Pﬁ;amete' value (Fi/dy)
angle (Degree) (N/mm.)
FE. Twist angle (De- 0.058 0.045 0.022 . L i X
gree) Table 11: Results of 3 DOF torsion flexible joint stiffness matrixes
0, (Degree) 0.039 0.095 0.034 . (25.6-mm x 25.6-mm x 2-mm)
Moment, M; 168,339 251,234 251,234 __HE X v 2
(N-mm) Experimental twist 0.552 0.533 0.967

angle (Degree)
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FE. Twist angle (De- 0.378 0.503 0.910

gree)

0; (Degree) 0.174 0.030 0.057

Moment, M;
(N-mm)

14,359 79,582 79,582

Torsion flexible joint
parameter value (Mi/6;)
(N-mm./degree)

82,650 2,694,863 1,400,193

3.2. Strength Analysis of a Bus Superstructure
3.2.1. Maximum Stress and Maximum Deformation

For the strength analysis, the maximum stress occurred on the FE
beam model of bus superstructure with rigid joint and flexible
joint were considered. Comparatively, the results revealed that the
magnitude of maximum stress in a case of FE beam model with
flexible joint exhibited as 44.57 MPa in the bending load case,
which was decreasing of 5.72 % as comprised to the case of rigid
joint model. This results due to the effect of beam joint behavior
which can be flexible structures. However, the value of maximum
stress in a case of FE flexible joint was higher than the case of
rigid joint model following as 81.94 MPa, 28.22 MPa, and 34.06
MPa (with increasing of 11.53%, 14.11%, and 18.45%) in the
torsion, longitudinal, and lateral load case, respectively. However,
it was not over the yield strength of material following as 235
MPa and 370 MPa for chassis frame, and body structure, respec-
tively.

Figure 8 displayed the maximum stress distribution occurred on
the bus superstructure in a case of torsion load, which was the
critical condition. The critical stress of 81.94 MPa occurred on the
cross beam member of body structure which was adjacent to rear
wheel hub. According to the failure, the safety factor of body
structural disclosed the value of 2.87 in a case of twist behavior.
Generally, the safety factor recommended from previous research
should be more than 2.5 [5]. However, different vehicle will expe-
rience different torsion loads, for a given bump height, depending
on their mechanical and geometry characteristic [3].

Unit: MPa

66.534
50.037
33539
17.082
05444
-15953
-32.451
-48.948
-65.446

-81.943

Fig. 8: Maximum stress distribution occurred on the body structure in a
case of torsion load.

In order to compare maximum deformation, there was no thresh-
old values for the deformation of bus superstructure but it was
importance value for calculate the stiffness of superstructure, the
results exhibited that the FE beam model with rigid joint model
displayed the highest deformation in a bending load case. In the
other hand, the FE beam model with flexible joint model showed
the highest deformation in a case of lateral load. For the magni-
tude of maximum deformation, the FE model with flexible joint
simulation showed following as 10.17 mm, 6.07 mm, and 22.12
mm in a case of bending, longitudinal, and lateral displayed, re-
spectively.

3.2.2. Bus superstructure stiffness

The construction stiffness of a vehicle structure has important
influences on its handling and vibration behavior, including the
benchmark of vehicle structure performance [3]. Different load
cases require different stiffness definition; however, the two most
commonly used included the bending stiffness and torsion stiff-
ness.

According to the bending stiffness, it was found that the bus su-
perstructure with FE beam with flexible joint showed the bending
stiffness of 5,959 N/mm which was lower than rigid joint simula-
tion 44.85%. For the torsion stiffness, the FE result revealed that
the FE beam model with flexible joint simulation displayed as
19,303 N-m/degree which was the lower value than the FE rigid
joint model of 10.68%. Again, this result was due to the effect of
beam joint modelling. Regarding the vehicle structure stiffness,
there was no previous report about the proper value. However, the
bending stiffness was recommended with the range of 5,000
N/mm — 15,000 N/mm for the common vehicle structure. while,
the torsion stiffness for bus structure was suggested as 18,000 —
40,000 N-m/degree. [10-13]

4. Conclusion

This study focused on analyzing a bus superstructure in term of
strength analysis including the structural stiffness. One model of
the intercity bus made from Cherdchai Industrial Factory Co.,Ltd.
was employed in the study. The FE beam model was proposed for
the accuracy improvement of T-junction of joint stiffness. Using
the equivalent flexible joint stiffness, FE beam model of bus su-
perstructure was carried out based on the vehicle global load cases
(e.g., bending, torsion, longitudinal and lateral conditions). Ac-
cording to the results, the flexible joint stiffness consideration has
been obtained, in which the behavioral error was reduced to less
than 6%. For the strength analysis, the magnitude of maximum
stress in the improved beam joint model displayed increasing of
11.53 %, 14.11 %, and 18.45 % in torsion, longitudinal and lateral
load cases, respectively. However, it did not exceed the yield
stress. The bending and torsion stiffness of bus superstructure
displayed as 5,959 N/mm and 19,303 N-m/degree which was low-
er than the FE beam model with rigid joint analysis. By this way,
the accuracy improvement of FE beam joint modelling will be
beneficial for the passenger and the bus structure design and de-
velopment procedure.
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