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THANAPORN TALINGTHAISONG : THE DEVELOPMENT OF IN-HOUSE
SOFTWARE TO EVALUATE THE CENTER OF GRAVITY (C.G.)
POSITION AND TILT-TABLE TESTING FOR PASSENGER BUS.

THESIS ADVISOR : ASST. PROF. SUPAKIT ROOPPAKHUN, Ph.D., 112 PP.

CENTER OF GRAVITY/TILT TABLE TEST/IN-HOUSE SOFTWARE/WEIGHT

DISTRIBUTION/STATIC STABILITY FACTOR

This research is to development of the in-house software used to evaluate the
center of gravity position and tilt-table testing for the utilization in the manufacturer
and assembling bus industrial companies. The data of an entrepreneur's requirements
were first collected and used for the development of the computer software called SUT
| CG based on the Visual Studio platform. By using Multi-body dynamics computerized
software (MSC Adams/Car). Next, the developed in-house software was validated and
benchmark. The influence of suspension parameter on the ability of the tilt-table angle
for the passenger bus was also evaluated. According to the results, the SUT CG
software could be evaluated the center of gravity position inthe 3D coordinate, included
to calculate the weight distribution on the axle and the maximum of tilt angle. The
developed software could be analyzed via input from the various data with sub-system
features as well as the graphics display. The summary report in PDF file format
included the detail of calculation and weight distribution analysis referenced by the
Department of Land Transport were obtained. In addition, the static stability factor
(SSF) which is the relationship between the wheel track and the height of the center
of gravity displayed the most effective to the stability of the vehicle tile test. According

to the comparison with MSC ADAMS/Car, SUT CG software was then used to the



calculation of the center of gravity and tilt angle. It was found that the maximum error
was 4.02% and 0.59%, respectively. In a case study of low floor bus and the standard
4 type of bus, the calculation of weight distribution and the tilt angle revealed the error
of 18.75% and 2.71%, respectively. Regard to assessment of the utilization, SUT CG
software displayed an average satisfaction score of 4.25 from 5 and it could be used for

the in the design process.
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CGCalcDTO dto = new CGCalcDTO() { Name = “iwinglavars'};
if (pModel != 3)

decimal p = (pPassengers.Sum()) * 55;

decimal x = pEs.Sum() - (pTs.Sum() / 2);

dto.FrontAxle = MathHelper.Rounding((p * x) / pB, SHOW_DIGIT);
dto.Total = p;
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. Yimiin furiiagagudaIs (mm)
a1y 8NI
(Mlansw) X Y Z
1 Chassis structure 890 2,659.18 ,1213.4 610.45
2 | Front Axle 635 2452 | 1,110.5 539.9
3 | Rear Axle 1,270 6,482.87 | 1,175.02 | 522.57
4 Steering pack 220 -1,119.11 | 1,825.11 638.2
5 Cooling pack 120 8,409.6 241.46 837.67
6 | Body structure 1,350 3,289.42 | 1,191.39 | 1,517.99
7 i 698 3,714.39 | 1,432.71 | 1,096.76
8 | noulwa 220 -2,362.5 | 1245.08 | 1,166.68
9 | Fudand 1,990 4331.12 | 1,169.63 | 699.8
10 | n3zan 500 3,156.46 | 1,200.33 | 1,783.59
11 | Control Unit 220 8,603.72 | 1,273.37 | 693.38
12 | Vinaugao1na 35 3,404.14 | 1,174.47 | 2,679.38
13 | NIZINUBINAN 20 -2,486.02 | 1,175.82 | 1,908.95
14 | dszgilszgaudy 35 -1,626.67 | 2,413.01 | 1,057.72
15 | dszgnmau 30 7,969.37 | 2,392.67 | 1,418.44
16 | Uszadlaoasvih 40 -1,62137 | -65.99 | 1,040.78
17 | Uszqdlasasvai 70 3,170 -64.55 | 1,031.33
18 | Battery pack 2,730 3,530.7 | 1,089.42 | 1,828.57
19 | Air Condition 360 3,164.01 | 1,177.7 | 2,834.88
20 Steering Pump 55 -2,231.26 | 1,126.84 532.42
21 | Air Pump 65 8,983.25 | 1,934.97 | 585.45
2 | dug 500 433112 | 1,190 499.5
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public void AddTotal()
{

SubSystemDTO total = new SubSystemDTO();

total.SubSystemName = "Total";

for (int i = @; i < sub_grid.Items.Count; i++)

{
SubSystemDTO d = (sub_grid.Items[i] as SubSystemDTO);
total.Weight += d.Weight;
total.X += (d.X * d.Weight);
total.Y += (d.Y * d.Weight);
total.Z += (d.Z * d.Weight);
//total.AmountX += d.AmountX;
//total.AmountY += d.AmountY;
//total.AmountZ += d.AmountZ;

}

if (total.Weight != @)

{
total.X /= total.Weight;
total.Y /= total.Weight;
total.Z /= total.Weight;

}

sub_grid.Items.Add(total);

}
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public const int SHOW_DIGIT = 2;
public decimal CalcMaximumTiltAngle(decimal pY, decimal

{
return MathHelper.Rounding(Convert.ToDecimal
(Math.Atan(Convert.ToDouble(pY / pZ)) * 180 / Math.PI),
SHOW_DIGIT);

}
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] 9
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The Strength Analysis of Double-Decker Bus Superstructure based
on Global Load Case using Finite Element Analysis

Thanaporn Talingthaisong and Supakit Rooppakhun’
“School of Mechanical Engincering, Institute of Engineering,
Suranaree University of Technology
111 University Avenue, Muang, Nakhon Ratchasima 30000, Thailand
+Corresponding author: supakit@sutac.th

ABSTRACT

In Thailand, a double-decker bus was classified as standard type-4 and widely used for public
transport including the intercity transit services, According to the regulation of Department of
Land Transport, double-decker bus superstructure was limited by the allowed not exceed of
12 meters of overall length, 2.55 meters in the width, and 4 meters in height. The available
bearing weight capacity of rear shaft bus must be no more than 16.5 tons and/or the total
weight capacity does not exceed 21.5 tons, The objective of the study is to analyze the
strength of double-decker superstructure bus based on global load cases consist of bending,
torsion, longitudinal and lateral. In this study, finitc clement model of bus superstructure
included the chassis frame and body structure (CB390 model, Cherdchai Industrial Co., Ltd)
was created using the computerized software. Three-dimensional (3D) beam clement based
on the consideration of rigid beam joint was performed and analyzed. According to the
results, the magnitude of maximum stress occurred in bending load case was 116.35 MPa, and
it did not exceed the yield strength of the material with a safety factor of 2.02 The torsional
strength of bus superstructure with no permanent deformation was 24.1 x 10° N-m. In the case
of longitudinal and lateral, the magnitude of maximum stress displayed of 96.32 MPa and
50.11 MPa, respectively. For the structural flexibility, the calculated magnitude of bending
stiffness and the torsional stiffness were displayed of 13 x 107 N/mm, and 28.75x10° N-
m/deg, respectively within a range of previously reported. The structural analyzed results can
be lecad to the improved design for strength and safcty.

Keywords: Strength analysis, Double-decker bus, Global load case, Finite element method
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1. INTRODUCTION

Double-decker bus was widely used for public transport including the intercity transit
services, especially in Thailand. According to the statistical report by Department of Land
Transport, Thailand (in April 2016), there was the number of double-decker bus classified as
standard type-4 around 7,360 unit that is approximately 36 percent from all passenger bus [1].
However, the public transportation accidents statistics in 2017 reported that the number of
double-decker bus involving in accidents displayed 126 times or approximate 25% of all [2]
as shown in Figure 1.

W Single-Decker Bus
9%

u Double-Decker Bus
32%

Van

Minibus

Figure 1, The statistics of public bus accidents in 2017, Thailand [2)

Generally, a double-decker bus was the largest size bus consisted of the double floor
of passenger seat and capacity transit service by 45 persons, In Thailand, Department of Land
Transport was the organization responsible for the systematization and regulation of land
transport as well as the regulation of standard and safety for passenger bus, For the involved
regulation of the passenger bus, the superstructure of the double-decker bus was limited by
the allowed not exceed of 12 meters of overall length, 2.55 meters of the width, and 4 meters
of height[3]. In addition, the bearing weight capacity of the rear shaft must be no more than
16.5 tons and/or the total weight capacity does not exceed 21.5 tons [4]. In order to the design
and manufacturing process, the consideration of structural strength based on the basic global
load configurations was the essential procedure that design engineering must take into
account. Configurationally, the bus superstructure is generally divided into two parts, first is a
chassis frame designed for the main component that resisted the major external load. Second
is the body structure placed on the upper of chassis frame creating to accommodate
passengers included other utilities as shown in Figure 2. Regard to the basic global load cases
[5], it can be classified into four type follows:

- Bending load case: This is loading in a vertical axle due to the distributed weight of
components placed upright or vertically on the bus structure e.g., passengers, engine, fuel,
luggage, etc.

- Torsion load case: The vehicle body is subjected to a moment applied at the axle
centerlines by applying upward and downward loads at cach axle that is the physical
consideration when a wheel on one side strikes a bump or a pot-hole on each wheel.

- Longitudinal load case: The longitudinal load case generated due to the longitudinal
centrifugal acceleration of the vehicle that is the consideration of when the vehicle structure
caused by braking or acceleration.

- Lateral load case: The lateral load case generates due to the lateral centrifugal
acceleration of vehicle occurred when a vehicle travels on a curved or turn.
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A) By

Figure 2. The configurations of bus superstructure: (A) chassis frame, (B) body structure

Currently, the Finite Elements (FE) analysis is the most widely applied method or one
of the most powerful modern technology available for engineering. The computer simulation
using FE technique provided a way of virtually testing a product design in the development
process, cspecially in the automotive industry [6]. In this study, the FE simulation of double-
decker bus superstructure referred by CB390 model (Cherdchai Industrial Co., Ltd) based on
the basic global load cases consisted bending, torsion, longitudinal and lateral was performed
using computer software (called as ANSYS Workbench v18.0). The beam type clement was
used for the FE modcling under the assumption of the rigid beam joint conncction. The
structural strength was evaluated in the term of stress analysis included the construction
stiffness. The structural analyzed result can be contributed to the improved design for strength
and safcty.

2. MATERIALS AND METHODS
In this study, thc modcl was constructed and analyzed basced on the computerized
software called as ANSYS Workbench v18.0 with the details as follows.

Square tubing

C-Channel 50x50x2.3

50x25x2.3

P

Square tubing Square tubing Square tubing
50x25x2.3 80x40x4 80x80x4

Figure 3. FE model of bus structure consisted of the different cross-sectional shape
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2.1 Finite Element (FE) model

The FE model of double-decker bus superstructure referred by CB390 model
(Cherdchai Industrial Co., Ltd) was created using the beam element. The consideration of
rigid beam joint was performed. The total of five different cross-sectional shapes consist of
the thin-walled square tubing and C-channel tubing was assigned following 80 x 80 x 4 and
80 x 40 x 4 for the chassis frame, and 50 x 50x 2.3, 50 x 25 x 2.3 for the body structure
component as shown in Figurc 3.

2.2 Material properties

The assumption of material propertics used in the study was considered as the
isotropic clastic materials. The mechanical properties of chassis frame and body structure
components including elastic modulus, Poisson’s ratio, the tensile yield strength, and density
were shown in Table 1.

Table 1: Material properties used in the study

Components Elastic Poisson's Tensile yicld Density
modulus ratio strength
(GPay (MPa (kgﬂm")
Body structure 210 026 235 7860
Chassis frame 220 03 370 7740

2.3 Boundary conditions

For the boundary condition, the simply support was performed using the multi-point
constraint element (RBEs) defined at the position of wheel hub as shown in Figure 4. Regard
to the loading conditions, the basic global load cases (bending, torsion, longitudinal, and
lateral) were defined and mentioned the details as follows.

In the bending load case, Table 2 showed all weight component defined using a point
mass assignment. Figure 4 showed the configuration of point mass in each weight component
and the simply supported condition.

Table 2: The detail of weight component for the bending load case

Position Detail Weight kg
A Fuel tank and luggage 900
B Console 300
C Engine 675
D Passenger and seat 4,950
EF ‘Windows, door and body coating 1,500
G Air condition 300
Superstructure weight 2,8377
Total 11,4627

68

ICETA-Summer August 17-19, 2018, Sapporo, Japan




99

ISSN 2411-9318 ICETA-Summer August 17-19, 2018, Sapporo, Japan

For the torsional load case, the bus superstructure was considered under the
asymmetrically couple load during a wheel climbed on the curb accidentally as shown in
Figurc 5. In order to the torsional strength, the twisting moment was calculated from the
maximum of applied couple force between a both of front wheel hub based on the
consideration of no permanent deformation as well as the angle of twist.

Regard to the longitudinal and lateral cases, the acceleration or deceleration respond
of the bus superstructure was conducted, for example, acceleration/braking and cornering.
From the previous study, the magnitude of acceleration of 0.75g was recommended in each
analysis of both cases [7].

Figure 4. The boundary condition in bending load case

Figure 5. The boundary condition for the torsional load case
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2.4 Structural stiffness

In order to the structural stiffncss analysis, it can be divided into two cascs as
following: the bending stiffness (Kg), and the torsional stiffness (Kr). Theoretically, the
bending stiffness related to the symmetrical vertical deflection of a point near the center of the
wheclbase to multiples of the total static loads on the vehicle. While the torsional stiffness
relates to the torsional deflection of the structure to an applied pure torque about the
longitudinal axis of the vehicle [6]. The calculation of both stiffnesses can be expressed as
follows in the equation (1) and the equation (2), respectively.

h

T
K. == @2
=g )

where:
is the applied load
is the deflection

is the applied torque
is torsion twist

TN

3. RESULTS AND DISCUSSION

In this study, the results of structural analysis of double-decker bus superstructure
using FE method can be divided into two parts as follows.
3.1 Structural strength

Figure 6 displaycd the stress distribution of the FE model of bus superstructure in all
load case. The results revealed that the highest magnitude of stress occurred in a case of
bending load by the value of 116.35 MPa. The critical zone displayed the high stress level
was disclosed in the floor structure member that is the passcnger scat space as shown in
Figure 6(A). Under the static failure consideration, the value of safety factor was 2.02. In
previous report, the safety factor recommended for the bending load case should be more than
2.5 [7]. The magnitude of safety factor indicated lower than recommended previous study due
to the FE model of bus superstructure not include the other component such as the panel or
the thin-wall member. For the torsional strength, the maximum torque of bus superstructure
with no permanent deformation was 24.1 x10° N-m. According to previous report, the
torsional strength requirement was approximately in a range of 5,000 N-m to 8,000 N-m for
the command mid-size vehicle [8]. Figure 4(C) and Figure 4(D) showed the result of the
stress distribution on the superstructure caused by the acceleration in the longitudinal and
lateral, respectively. The results of maximum stress value in longitudinal and lateral load
cases were 96.32 MPa and 50.11 MPa, respectively. Generally, structural strength may be
alternatively defined as the maximum force which the structure can withstand. In addition,
different load cases cause different local component loads, but the structure must have
sufficicnt strength for all load cases [6, 7).

According to the deformation, the results of maximum deformation in bending casc,
and torsional case were 9,18 mm and 38.76 mm, respectively. However, the results also
revealed that the maximum deformation of the bus superstructure caused by the acceleration
was displayed in the casc of latcral load with 8.75 mm, and occurred at the region of the side
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pillar frame as shown in Figure 7(D). Due to the center of gravity position, the shape of
double-decker bus highly affects from the lateral acceleration such as cornering. In addition,
the center of gravity position was the important factor for the vehicle dynamics stability,
especially in the control of during the cornering. In generally, the structural requirement was
related to the load- deformation characteristic. The category of structural requirement can be
considered based on the allowable deformation. It was important to ensure that deflections
duc to cxtreme loads were not so large as to impair the function of the vehicle [7].

116.35 Max

nnz
22245
b1
15561
20639
A6
-42.214 Min

-6.0605 Min

D)

Figure 6. The FE results of stress distributions on the model of bus superstructure: (A) Bending
case; (B) Torsion case; (C) Longitudinal case; and (D) Lateral case

3.2 Construction stiffness

Different load case requires different stiffness definition, however, the two most
commonly used the vehicle structure including the bending stiffness and torsion stiffness. For
construction stiffncss, the FE results of deformation and the angle of twist obtained from
bending and torsional load case were used. According to the bending stiffness, the bus
superstructure revealed the value of 13x10° N/mm. In the case of torsion stiffness, the bus
superstructure displaycd the magnitude of 28.7x10° N-m/deg. Generally, the bending stiffncss
for the common vehicle structure was recommended within a range of 8 x 10° N/mm to 10 x
10° N/mm [7]. While the torsional stiffness for bus structure was suggested within a range of
18 x 10° N-m/deg to 40 x 10°> N-m/deg [9]. In the study, it can be noticed that double-decker
bus superstructure showed the valuc of bending and torsional stiffness in a range of thosc
previous reported. However, the consideration of FE model in this study was simplified and
ignored the other component influenced the torsional stiffness such as the thin-walled panel.
The stiffness of vehicle structure played the important role that influenced on its handling and
vibrational behavior as well as the benchmark of vehicle structure performance [6,7].
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Figure 7. The FE results of bus superstructure deformation: (A) Bending case; (B) Torsion case;
(C) Longitudinal case; and(D) Lateral case

4. CONCLUSION

This study was focuscd on analyzing of bus superstructure in the term of strength
analysis as well as the structural stiffness. The basic global load cases consist of bending,
torsional, longitudinal and lateral condition were carried out for the vehicle structures analysis
using finitc clement simulation software. According to the results, the maximum stress was
displayed in the bending load case (safety factor of 2.02, and occurred on the floor structure
member that is the passenger seat space. While the maximum stress in the longitudinal and
lateral case because of acceleration or deceleration exhibited in the region of juncture between
the pillar and chassis frame. For the construction stiffness, double-decker bus superstructure
revealed the bending stiffness of 13x10° N/mm, and torsional stiffness of 28.7x10° N-m/deg
exhibited in a range of previously reported.
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ABSTRACT

Passenger bus stability testing is frequently conducted in accordance with a regulation standard of the
Economic Commission for Europe of the United Nations. Specifically, this standard defines a test that requires the
vehicle to be titled to either side at an angle of 28 degrees from the horizontal without overturning. Generally, the
stability of a vehicle at this tilt angle is primarily affected by the height of the center of gravity as well as the
suspension system. This paper explains a study of several parameters influencing the tilt angle stability test of the
passenger bus to avoid bus accident caused by a rollover. The parameters consisted of the spring stiffness, damping
coefficient, anti-roll bar stiffness including the static stability factor (SSF). The full factorial design of the
experiment was used to analyze the results of the main effects on the tilt angle as evaluated by multibody dynamics
simulation software. According to the results, the SSF of the passenger bus displayed higher sensitivity to the tilt
angle than the suspension parameter at approximately 82%. The passenger bus with a low SSF tended toward
rollover or low tilt stability more than one with a high SSF. For the suspension system, the anti-roll bar stiffness
manifested a greater effect on the stability than the spring stiffness and damping coefficient, respectively. The results
can be used to make design decisions and improve suspension parameters for improved vehicle stability.

Keywords: stability test; passenger bus; suspension system; tilt angle

1. INTRODUCTION

In Thailand, the Department of Land Transport
(DLT) is the agency responsible for developing motor
vehicle test standards for bus safety. In determination of
the stability of a vehicle, they involke the tilt table test,
in accordance with the standard regulations no107 of
Economic Commission for Europe of the United Nations.
The vehicles used for the carriage of passengers
(classificatations of M and M) must pass the safety test
with a tilt angle of 28 degrees from the horizontal
(Economic Commission for Europe of the United
Nations, 2015). The stability testing is one of the

ISSN Online 2630-0087

regulational requirements regarding registration and
certification for public buses controlled by government
agencies. The DLT of Thailand has announced
regulations for all buses which have height dimensions
greater than 3.6 meters must pass a vehicle stability test
with a tilt angle of over 30 degrees (Department of
Land Transport, 2012) to be certified as a public bus.
The vehicle stability testing which causes overturning
must be conducted on an inclined floor with an
increment application of the angle of 0.05 degrees per

second. The maximum tilt angle of vehicle stability
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was determined from the point when the wheel on the
opposite side starting lift from the tilt table, as shown in
Figure 1. In the case of the passenger bus which has not
passed the standard test with the tilt angle more than
30 degrees, then the bus manufacturers or owners
cannot obtain registeraration and extension of the

annual vehicle tax.

Figure 1 The typical passenger bus in tilt table test
(Bingley, 2015)

According to the statistical report of the DLT
(Safety Department of Land Transport, 2019), there are
approximately 300 units of passenger buses classified
into 4 standards which have height dimensions greater
than 3.6 meters, and approximately 40.8% do not pass
the tilt test as shown in Figure 2. Generally for legal
registration and operation, all passenger buses involve
obtaining passing results of all tests regarding
regulation and certified by the DLT. Owing to the fact
that bus superstructure development necessarily
takes a long time as well as significant cost, the bus
manufacturers often choose to design the height of the
bus to be less than 3.6 meters to avoid the stability tilt
test requirement. However, the height of the structure is
not the only factor involved in causing a bus rollover.
The suspension and subsystems were identified as
relating to the stability of the vehicle such as anti-roll
bars, leaf springs, coil springs, and damping (Dixon,
1999).

105
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®Pass ® Fail

Y

Standard 1 Standard 2 Standard 3 Standard 4

Figure 2 The statistics report on the stability tilt test in

each passenger bus classification

For the bus suspension systems, the design
components involved in the stability of the vehicles were
considered the leaf springs, dampers, and anti-roll bar
components. Normally, the shock absorber component
has the main function to support the load included
reducing the vibration of the vehicle for stability and
safety. The components of the shock absorber consisted
of leaf springs working with a damper to help act in
absorbing noise and vibration. The anti-roll bars of
vehicles are used to provide an increase of roll stiffness
during cornering. Additionally, the static stability factor
(SSF) which is related to the center of gravity position
was also affecting vehicle stability (Hinch et al., 1992).
For each vehicle type, it is recommended to design an
appropriate SSF value. For example, the double-decker
buses have suggested the magnitude of SSF in a range
of 0.60 - 0.75 for appropriate stability.

In the actual test, the bus manufacturer would not
be able to predict that passenger buses will pass the
standard tilt tests due to the height of the center gravity
position not being determined in the design process.
The SSF parameters, consequently, could not be easily
analyzed in practice. There was only the suspension
parameter that could be evaluated in the preliminary
design process. However, if one were able to know the
factors that affect the design for adjustments to the
suspension system they could be tailored to be suitable
in vehicle stability. These would be able to improve the
suspension parameters of the passenger bus such for it
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to be suitable and reduce trial and error before the actual
tilt test.

Therefore, the objective of this study was to
evaluate the influences of suspension parameters on
the tilt angle test of the passenger bus. The suspension
parameters evaluated consisted of the spring stiffness,
damping coefficient, and anti-roll bar stiffness of the
double-decker bus, which were analyzed as well as
the value of SSF. Using multibody dynamics analysis,
a total of sixteen design of experiments with full
factorial was performed to determine the tile angle
with MSC ADAM/Car software. Consequently, the
main effect of the suspension parameter was obtained
from the Pareto Chart. The results of this study
could lead to an improved suitable design of the
suspension parameter to include reducing time for
trial and errors before the standard tilt test of the
passenger bus.

2. MATERIALS AND METHODS
2.1 Materials

An analysis of multibody dynamics is generally
used to model the dynamic behavior of interconnected
rigid or flexible bodies, each of which may undergo
large translational and rotational displacements
(Michael and Damian, 2004). The results of dynamic
behavior obtained from the equilibrium of applied
forces included the change of momentum. In this study,
the three-dimensional model of passenger buses
included the simulation of a tilt table test that was
performed using multibody dynamics software (MSC
ADAMY/Car) as shown in Figure 3. The parameters
of the SSF and suspension system consisted of spring
stiffness, damping coefficient, and anti-roll bar stiffness
with the various sub-systems of bus models were
evaluated in a total of 16 design scenarios to analyze in
the tilt table test module.

From the previous study (Sert and Boyraz, 2017),
the results of comparison accuracy on behavior the
rollover of the actual test and using the MSC ADAM/

ng, T. and Rooppakhun, S.

Car software on tilt table test analysis, the result of the
tilt table angle was 26.2 degrees, while the roll angle of
the actual vehicle test was 31.6 degrees that measured
from the first wheel that was lifted off the surface of the
actual test. However, the simulation result of the roll
angle using MSC ADAM/Car revealed 28.25 degrees.
Therefore, it can be noticed that the results of the roll
angle from the virtual vehicles body analysis displayed
close correlation to the actual test.

Figure 3 Tilt table test on MSC ADAM/Car software

The rollover of the vehicle causes a lot of danger
and damage to both life and resources. If the bus
manufacturer is able to predict the trends of behavior
towards rollover, it will reduce accidents caused by
the rollover. The parameter used to analyze the rollover
resistance is SSF (Heydinger et al., 1999) that

calculated as followed equation (1):

b
SSF =— 1
2h M

where b represents the width of the vehicle which is
determined from the distance between the center of the
vehicle, and & represents the center of gravity height of
the vehicle to the tilt table. Theoretically, the bus
structure with a lower SSF was at more risk for the
rollover than the one with a higher SSF. The typical
of SSF value in each vehicle type is shown in Table 1
(Andrzej, 2015).
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There are many important factors for the
design and improvement of the SSF of vehicles to
avoid rollover as much as possible. For example, the
emplacement of equipment that affected the total
weight of the vehicle and/or the center of gravity

including the suspension system affecting the center of
gravity's height. Table 2 shows the detail of the
subsystem parameters consisting of mass and the center
of gravity position used to analyze in MSC ADAM/ Car

software.

Table 1 The typical static stability factor values of vehicle type

Vehicle type Static stability factor (SSF)
Car 1.3-145
Van 1.10-1.25
Sport utility vehicle 1.05-1.20
Truck, pickup truck 1.10-1.25
Double-decker bus 0.60-0.75
Table 2 The detail of subsystems used in the study
Subsystem Mass [kg] CG
X [mm] Y [mm] Z [mm]
Front ARB 4.09 2815.57 1060.05 543.92
Steering 44.41 1836.77 449.06 1372.03
Front suspension 43.60 2488.74 1060.05 356.81
Powertrain 304 6368.50 1060.05 359.37
Chassis frame 10.000 5000 1060.05 1457.29
Rear suspension 431 7749.95 1059.21 508.75

2.2 Methods

All parameters obtained from the bus
manufacturer (Scania Siam Co., Ltd.) are shown in
Table 3. The suspension parameters of the passenger
bus, presented in a range of maximum and minimum
value, consisted of the spring stiffness, damping
coefficient, and the anti-roll bar stiffness, respectively
as well as the SSF value. A full factorial design of
the experiment consisted of all possible combinations
of two-levels with the maximum and minimum
valus for all factors those were performed. A total of
sixteen design scenarios were created and used for
the analysis of the maximum tilt angle of stability
test.

Table 3 Parameters used in this study

Parameters Values

Spring stiffness” [N/mm] 240 to 260
Damping coefficient” [N/ms™] 6,935.8 to 13,872.0
Anti-roll bar stiffness” 78,200 to
[N-mm/deg] 7,980,000

SSF 0.60 to 0.75

“Source: Data from Siam Scania Co., Ltd.

3. RESULTS AND DISCUSSION

Table 4 shows the results of the maximum tilt
angle in each case with the maximum and minimum
values of the 4 parameters, denoted by +1 and -1,
respectively. Using 2* full factorial design, a total

number of 16 design scenarios were obtained. It can be
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observed in the case of using the high SSF values in all
8 cases (as a case of 9 to case 16). The maximum tilt

angle was the tendency to be quite high. The tilt angle

of the body structure which has the highest value in the

case of 12 was 39.55 degrees.

Table 4 The results of maximum tilt angle in each design scenario

Case Spring Damp anti-roll bar SSF Maximum tilt angle (degree)
1 —1 =1 -1 | 34.28
2 +1 =1 ~1 | 34.15
3 1 +1 =1 w1 33.22
4 +1 +1 1 -1 3375
5 -1 =1 +1 -1 33.19
6 +1 ~1 +1 =] 31.96
7 =1 +1 +1 = | 32.20
8 +1 +1 +1 2 3247
9 =1 =1 =1 +1 38.52
10 +1 -1 =1 +1 38.06
11 -1 +1 =1 1 38.94
12 +1 +1 ~1 +1 39.55
13 =1 ¥l +1 +1 38.28
14 +1 = +1 +1 37.67
15 -1 +1 +1 +1 37.86
16 +1 +1 +1 +1 38.16

In experiments that use a low SSF value, there
was a tendency of the maximum tilt angle to be low in
all 8 cases (as a case of 1 to case 8) when compared to
the case that uses the highest SSF. Therefore, the lowest
value of the experiment of tilt the body structure in
the case of 6 was 31.96 degrees. From these results, it
can be drawn that the SSF is the most influential
parameter on the tilt angle.

Figure 4 shows the results of the Pareto chart of
all parameters affecting the tilt angle consisting of the
spring stiffness, damping coefficient, anti-roll bar
stiffness, and SSF, represented by A, B, C, and D,
respectively. The critical line was created to determine
the parameters with the significance level of 0.05.
Figure 4(a) displays the four bars followed by D, C, AB,
and BD which beyond the critical line of 0.417, which
revealed a significant effect on the tilt angle. However,

there is no significant probability value (P-value) at the
first factorial design, as shown in Table 5. Therefore,
it could not be determined that the main factors
affected the tilt angle.

The elimination of the high order terms such as
ABCD, ABD, ABC, ACD, and BCD was performed to
evaluate the main parameter as shown in Figure 4 (b).
In this step, the results of the parameters beyond the
critical line of 2.57 consisted of D, C, AB, and BD with
a significance level of 0.05. These results revealed the P-
value of the main effect, however, there is a non-
significant confidence interval of 95%, as shown in
Table 5. The elimination of interaction terms between
A and B such as AB, BD, AC, BC, and AD was
performed due to A and B displayed the P-value higher
than the others, as shown in Table 5 at the second
factorial design.

108




109

Influence of suspension parameters on a tilt angle of passenger bus for the stability test

Figure 4(c) shows the results of the final factorial
design to evaluate the main parameters affected to the
tilt angle of vehicle stability. The results in the term of
D and C exhibited beyond the critical line, while the
term of the CD displayed below the critical line, as
shown in the Pareto chart. Therefore, the SSF value and
the anti-roll bar stiffness were considered as significant
effect parameters to the tilt angle with P-value <0.05, as
shown in Table 5 at third factorial design.

Figure 5 displayed the results of each parameter
related to the maximum tilt angle. It can be noticed
that the SSF value displayed quite a strong relational
effect to the tilt angle of bus stability. The bus with low
SSF value tended to exhibit the increased rollover
or low tilt stability than a bus with high SSF. In

Term
D

C
AB
BD
BCD
<D

AC
ABCD
ACD

0 1 2 3 4
Effect
Lenth’s PSE = 0.162188

(@)

Term 2.18

addition, the increase of stiffness of the anti-roll bar
tended to decrease bus stability or the ability of a high
tilt angle. Therefore, the anti-roll bar stiffness was
the main parameter in the suspension system of bus
design besides the value of SSF. Figure 6 shows the
percentage results of the main parameters that affected
the tilt angle of the passenger bus. It could be revealed
that the magnitude of the SSF of bus displayed high
sensitivity to the tilt angle than suspension parameters
with a percentage of 81.58% while the damping
coefficient of 0.06% showed the least sensitivity
parameter. The effect of the relationship between
the tilt angle and the variable values could be
implied to manipulate the suspension parameters of the

passenger bus.

AB
BD
(@)
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BC
A
AD
B
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Standardized effect
(b)
15 20
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(©

Figure 4 The Pareto chart of the all parameters; a = 0.05, A = spring stiffness, B = damping coefficient

C = anti-roll bar stiffness, D = SSF
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Table 5 P-values analysis of each parameter

Factorial design p-value
Spring stiffness Damping coefficient Anti-roll bar stiffness SSF
1 ¥ P p 7
2 0.632 0.983 0.002 0.000
3 - - 0.001 0.000
Spring stiffness lzc‘"}‘l"":‘ "\“‘l!'r;‘:[' e SSF
39
g 38 //
E
c —— —
£
2 35
z 34
33
1 1 1 1 1 1 1 1
Figure 5 The relationship of parameter affected to the tilt angle
A:1.41% B:0.06 %
C:16.94 %
D:81.58%
® A = Spring stiffness ® B = Damping coefficient
¥ C = Anti-roll bar stiffness = D = SSF
Figure 6 The percentage of the main parameters affected to the tilt angle
4. CONCLUSION stiffness, and SSF) on the tilt angle test in which the

The effects of the suspension parameters (i.e.,  stability of the passenger bus was presented. The design

spring stiffness, damping coefficient, anti-roll bar  of the experiment based on the full factorial method was
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used to analyze the main effects on the tilt angle. The
results of the Pareto chart revealed that the static
stability factor exhibited the highest sensitivity to the tilt
angle with approximately 82%. For the suspension
system of a passenger buses, the anti-roll bar or torsion
stiffness was the main effect to tilt angle with
approximate 17%, followed by spring stiffness and
damping coefficient as 1.4% and 0.06%, respectively.
In this study, it can be concluded that the suspension
system of the passenger bus, especially in the anti-roll
bar component, affected the tilt angle test.
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