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Abstract

:

The strength and stiffness of the frame is one of the key indicators of vehicle structures. Insufficient stiffness causes vibration and noise, and is also less comfortable for both the passengers and the driver. Symmetry is required between the strength and comfort of the structural frame, which depends on vibration and noise. This article analyses the frame of the structure of a medium-sized passenger bus and its dynamic properties, when replacing materials of structural elements which do not affect the symmetry of the structure. The conducted theoretical and experimental modal analysis of the bus, allows for evaluating dynamic parameters and validating the theoretical model based on the experimental results. The optimization of the medium-sized passenger bus frame—by replacing the material of the ancillary frame elements with fiberglass—reveals that its dynamic characteristics change by up to 20%, comparing the values of the first three resonant frequencies with those of the steel structure. The obtained results show that replacing the material of ancillary frame elements with fiberglass, while maintaining the symmetrical arrangement of the elements in the structure, does not change the safety characteristics of the structure, reducing the mass of the frame by 11%, and shifting the coordinate of the centre of gravity vertically downwards, which is very important for stability, comfort and fuel consumption.
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1. Introduction


Recently, high energy consumption and environmental pollution has increasingly raised global concern [1,2]. Anthropogenic greenhouse gas emissions have been the main cause of the earth’s changing climate.



Road transport is one of the largest air pollutants, having an adverse effect on both the environment and human health [3,4,5,6,7].



Europe and many other countries are adopting new laws or regulations governing the development and sale of means of transport, in order to reduce CO2 emissions. Various institutions promote the use of electric vehicles to reduce fuel consumption and emissions. Many engineers are researching ways to increase battery capacity, in order to extend vehicle mileage. However, electric vehicles have one major problem––their battery weight and body structures make them quite heavy, reducing the mileage at which they can travel [8]. Therefore, it is important to not only develop electric vehicles, but also to reduce their weight.



Reducing vehicle weight is one way to reduce fuel consumption and CO2 emissions. Accordingly, lighter, safer, more fuel-efficient and environmentally friendly vehicles are a priority for European authorities [9,10,11,12].



Lightweight materials may be used to reduce the weight of vehicles. They can be used both in the vehicle structure, and in interior or other components [9,13,14].



Lightweight materials are an important technology that can reduce passenger vehicle fuel consumption by 6–8%, with a 10% reduction in its weight. Even though the benefits of using lightweight materials are obvious, technology gaps mostly related to performance properties, connection to steel structures, and their price, prevent their widespread use in vehicle structures [15,16].



Wenlong et al. [8] argues that lightweight materials could be widely used in the automotive industry, if their prices were the same as those of traditional materials.



As previously mentioned, the transport sector is one of the biggest polluters, and the increasing demand of society for mobility, also increases challenges related to traffic policymaking and vehicle manufacturing. The process of manufacturing new vehicles must adapt to increasingly stringent environmental requirements, but at the same time, manufacturers are obliged to ensure the basic safety and comfort requirements of vehicles [17,18,19].



Buses are one of the most popular types of vehicle, allowing people to travel both in cities and suburbs. Medium-sized buses, which give more freedom to both carriers and passengers, are more environmentally friendly and economical, and have been gaining popularity.



The frame accounts for 30% of the total weight of the bus in its overall structure. It is the most important element of the bus structure [17,20,21,22], and the part of the bus which bears the highest load [23].



The strength and stiffness of the bus frame are very important factors, having a significant impact on the generated vibrations and noise, respectively. This makes traveling less comfortable for both the passengers and the driver, and reduces the bus’s stability and reliability during operation [24,25,26,27].



The structure of the bus body must be balanced, to ensure safety and comfort when riding on the bus. The body must be strong enough to withstand both normal loads and loads that form in accidents. Parameters of the bus body structure include stiffness, light weight, adaptability and welding possibilities. However, according to Guruprasad et al., [28], the conducted research identified certain inconsistencies in the technical parameters, i.e., the improvement of one parameter may make other parameters worse.



Despite the fact that this concept remains nearly unchanged, the total weight of a bus has increased by more than 25% over the last three decades. In order to resolve this problem, manufacturers have started using lightweight materials [8,17]. Rebaïne et al. [17] offers the use of aluminum, which would reduce the weight of the vehicle frame by 26.4%. However, the use of fiberglass composites would allow a further reduction in the total bus weight. The stress values of composite materials do not exceed the limit values, and these materials are stronger. Therefore, Prasannapriya and Venugopal Rao [29], state that reducing the wall thickness and using composite materials, gives better results than the original model, which uses steel.



Buses, like all other vehicles, are also subject to certain safety requirements. According to Chirwa et al. [30], bus rollovers are most dangerous when a bus falls on a hard surface from a certain height. Such a rollover usually occurs when a bus moves in a curve subjected to centrifugal acceleration [31].



One of the basic safety requirements for a medium-sized bus, is the dynamic rollover test described in UN / ECE Regulation No. 66 [31,32]. A bus rollover is very dangerous, because it significantly deforms the roof and side walls, which in turn reduces the safe space to its minimum. A reduced safe space can hurt or even fatally injure passengers.



However, this dynamic rollover test is quite expensive and complex, as it requires both a prepared vehicle and a special rollover test bench [33,34]. Therefore, many manufacturers use the method of finite elements, to create models that perfectly simulate the behaviour of the actual structure [31,33,35,36].



However, assessing not only the strength of the structure, but also the comfort of passengers and the driver, is very important. The use of lightweight materials in vehicle structures can impair the strength of the vehicle body. The impaired stiffness of the vehicle body is one of the main reasons for its low modal frequencies [37]. Lower structural frequencies of modules causes strong flexible vibrations, and contributes to a less comfortable ride for the passengers [26,38].



The modal analysis was conducted with the aim to obtain structural resonance frequencies, and spatial characterization of vibration patterns, referred to as normal mode frequencies and shapes, respectively [39]. The identification of natural mode frequencies and shapes, is also important to avoid resonance and to improve dynamic parameters (noise and vibration) [40]. Furthermore, analysis of the natural vibration frequency and dynamic mode of the frame, is an important process to ensure both vehicle performance, and the safety and comfort of the passenger and driver [41,42,43]. The simulations made, allow Haryanto et al. [44] to state that the structural weight of a bus frame can be reduced by approximately 8%, without changing its dynamic characteristics.



In order to ensure that the received simulation results are the same as those obtained during the field test, the building of a proper model, the selection of materials, and the comparison of results received from both the field and the digital model, are necessary.



In this analysis, both experimental and numerical dynamic tests of the model will be conducted, mainly aiming to determine and evaluate the properties of the bus structure, when steel is replaced by pultruded fiberglass pipes.




2. Research Object and Experimental Modal Analysis


Unlike large passenger buses, medium-sized buses are manufactured in two stages. A medium-sized passenger bus consists of two main elements: (a) the chassis, and (b) the passenger compartment. Usually, manufacturers of the second stage design the passenger compartment, and install it on the chassis.



This article examines a medium-sized passenger bus manufactured by the second stage manufacturer, “Altas Komercinis Transportas” (Lithuania). According to the technical (see Table 1) and economic characteristics, the IVECO 70C chassis was chosen as the basis for bus manufacturing, because this particular chassis is fully adapted to the manufacturing of buses, and all of the systems installed in the base have been certified in accordance with the safety requirements which buses are subject to. Furthermore, the IVECO 70C chassis contains the proper assembly of units necessary for a bus, i.e., the engine is in front of the driver’s cab, and it has a rear-wheel drive.



The main technical characteristics of the vehicle are presented in Table 1.



The IVECO 70C has a safety frame. It has fiberglass composite or tin body elements, and glass affixed thereto from the outside, with respectively installed interior trim elements inside. Figure 1a presents a general view of the bus.



Model validation. An experimental and theoretical modal analysis was performed to validate the theoretical model, aimed at choosing suitable bus frame materials. Having chosen the proper materials, the aim is to solve the optimization problem, in order to determine the optimal characteristics of the materials that make up the bus frame.



Experimental modal analysis. Figure 1 presents the test bench of the modal bus frame analysis. Bruel and Kjear equipment, which consists of data storage and processing equipment 3660D with a PC (Figure 1a, position 2), and accelerometers 8344, was used in the experimental modal analysis of the bus frame (Figure 1a, position 1). Measurements of the vibrations at 30 points of the bus frame (Figure 2b), were conducted in two directions (directions Z and X of Figure 1b), with 15 points on each side of the bus frame, respectively.



Operational modal analysis (OMA) was used in the experimental research. Forced excitation from the started engine, running at idle speed, was used in the modal bus frame analysis. Figure 2 presents the results of the vertical direction response of point 3.1 (Figure 1c) of the bus frame. The experimental and numerical natural frequencies of the bus body are presented in Table 2.



Figure 1, Figure 2 and Figure 3, show the frame, which is made of steel 1.4003 (STALA400F). The properties of the steel are given in Table 3.



When running at idle speed, the engine generates accelerations of up to 0.5 m/s2 on the bus frame. The predominant acceleration amplitudes occur at the frequencies of 10.75, 20.00 and 26.63 Hz; also, the analysis of the frequency ranging up to 50 Hz, showed clearly expressed frequencies at 2.75, 6.625, 7.375, 13.38, 16.25, 18.75, 19.25, 21.63, 28.13, 33.38, 37.50, 40.00 and 42.50 Hz.



In the virtual modal analysis carried out by Ansys 18.2 workbench software, upon using its complement “Modal”, the conducted OMA showed three explicit modes presented in Figure 3a,c; and Figure 3b,d,f presents the results of the theoretical modal analysis conducted on the basis of the OMA, while Table 1 presents a comparison of the frequencies.



The received simulation results are very close to the experimental ones, with the discrepancy ranging from 0.72 to 4.7%. Further calculations were made using the created bus body model. The construction of the bus body was optimized in the calculations, to make it lighter.




3. Numerical Analysis of the Modified Bus Body


Properties of the bus structure were changed by replacing steel with fiberglass, produced by way of pultrusion. In this work, the structure of the bus safety frame was designed using SolidWorks software, and Ansys was used for simulations. The steel in the safety frame of the bus was replaced with a fiberglass composite material, in order to reduce the total mass of the bus. Steel has a higher density than composite materials, so replacing it with composites makes the structure lighter.



A grid of finite elements was designed using the ANSYS 18.2 software (Figure 4). The fineness of the grid affects the accuracy of the result, and the speed of solving the problem; the finer the grid, the longer it takes to both design it and to solve the problem, and solving the problem requires a more powerful software. Table 3 presents the properties of materials used in the bus frame structure during the simulation.



In addition, theoretical tests of three modifications were conducted. In these modifications, fiberglass was added to the bus frame structure, or it was used to entirely replace the steel contained in the frame. During the modifications, the symmetry of the structure was maintained, i.e., both the steel and the modified structure were intrinsically symmetrical. It can also be mentioned that in order to simplify the modelling in Ansys, the symmetry function could be used, using only half of the whole bus frame construction. However, in this particular case, the entire construction of the bus was analysed. The main parts of the frame that withstand loads (safety arcs), were replaced by fiberglass in the first modification; the roof and side materials (except for the safety arcs), were replaced by fiberglass in the second modification; and the entire frame material was replaced by fiberglass in the third modification. Modifications to the bus frame are shown in Figure 5. Table 4 presents the received results of the modal analysis.



The received results (Table 4) showed that option 3, when the roof and side materials (except for the safety arcs) were replaced by fiberglass, rendered the smallest deviation compared to the steel structure. This modification was very close to option 4, when the entire frame was made of steel (and that option is considered a benchmark). Similar results were also obtained with option 2, when the safety arc material was replaced by fiberglass. The frequency of option 1 changed the most, decreasing by 1.4 times—not good for the passengers’ comfort. In this mode, the material of the safety arcs was also replaced by fiberglass, and additional tests should be carried out to ensure that this modification meets the resistance requirements, which the steel structure does. The assessment of option 4, when the entire frame structure was replaced by fiberglass, revealed poor results. The frequencies of the five modes being analysed ranged from 2.654 to 4.962 Hz, meaning a poor level of comfort. A change in the mass, with different materials used and a shift in the center of gravity, were also assessed and presented in Table 5. The shift in the center of gravity is presented in direction Z only, because the change was very slight, up to 5 mm, in all other directions.



The assessment of the received results of the weight change, and a shift in the center of gravity of the structure, revealed that: the replacement of steel with fiberglass reduced the mass by 172.2 kg, or 18.8% compared to the steel structure (when the safety arc material was also replaced by fiberglass); 103.6 kg or 11.24% (when the material of the roof and side was replaced by fiberglass); and 681.9 kg or 74.00% (when the whole frame was replaced by fiberglass). This is a significant reduction in mass, which would reduce fuel consumption of passenger vehicles by approximately 8% when replacing the material of the roof and sides by fiberglass, and approximately 15% when replacing the material of the safety arcs by fiberglass. The assessment of the option when the material of the whole frame was replaced by fiberglass, revealed that this would allow a significant reduction in fuel consumption, due to a 74% decline in the mass of the structure. The assessment of the change in the center of gravity in Z direction (Figure 4a), revealed that it shifts downwards by 111.37 mm when the material of the roof and sides was replaced by fiberglass, and 121.1 mm when the material of the safety arcs was replaced by fiberglass. These results show that the replacement of structural material would render a positive vehicle stability result, because of the center of gravity shifting closer to the ground.




4. Conclusions


This article analyses the dynamic properties of the passenger vehicle structure, showing the response of the structure to forced excitation.



The experimental resonant frequencies of the structure of the passenger bus frame received by the conducted theoretical and experimental research were 6.512, 7.752 and 9.841 Hz, while the results of the developed theoretical model demonstrated good validation, with a discrepancy of 0.72–4.7%.



The optimization of the passenger vehicle structure, when replacing the materials of the respective parts of the structure with fiberglass, allowed for the best dynamic parameters when the materials of the roof and sides were replaced with fiberglass. When it comes to mass reduction, the best result was obtained when replacing the whole frame structure with fiberglass, leading to a mass reduction of 74%. However, an evaluation of the dynamic parameters revealed that the frequencies of the five modes being analysed—ranging from 2.654 to 4.962 Hz—was a very poor result in terms of passenger comfort. A shift of the center of gravity in the vertical direction Z, which directly affected vehicle stability, ranged from 111.37 mm to 121.1 mm when replacing the materials of the roof, the sides and the safety arcs of the structure. The conducted research revealed that regarding the optimisation of the passenger bus structure analysed in the article, the replacement of steel with fiberglass, rendered very impressive dynamic parameters of the structure, allowing for a reduction in mass, and a shift of the centre of gravity, in the vertical direction closer to the ground.
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Figure 1. General view of the bus (a) and test bench of the modal bus frame analysis (b,c). 
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Figure 2. Histories of acceleration time, and frequency spectra of acceleration amplitudes of the middle point (Figure 1c 3.1 point) of the bus body, in vertical (a) and horizontal (b) directions. 
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Figure 3. Results of OMA and FEM of the bus body: Steel construction first mode by OMA (a); Steel construction first mode by FEM (b); Steel construction second mode by OMA (c); Steel construction second mode by FEM (d); Steel construction third mode by OMA (e) and Steel construction third mode by FEM (f). 
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Figure 4. Finite element model of safety frame (a) and fixed support (b). 
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Figure 5. Modifications to the bus frame: (a) safety arcs replaced by fiberglass, (b) roof and side tubes (except for safety arcs) replaced by fiberglass and (c) the entire frame replaced by fiberglass. 
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Table 1. Technical vehicle characteristics.






Table 1. Technical vehicle characteristics.





	Vehicle length, mm
	8480



	Chassis base, mm
	4750



	Vehicle width, mm
	2440



	Vehicle height, mm
	3100



	Total actual vehicle mass, kg
	6220



	Maximum technically permitted weight of a loaded vehicle, kg
	7200



	Number of seats (without a driver and a guide), pcs.
	29
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Table 2. Experimental and numerical natural frequencies of the bus body.






Table 2. Experimental and numerical natural frequencies of the bus body.





	
Mode No

	
Frequencies

	
Δ = fFE/fEXP, OMA




	
fEXP, OMA, Hz

	
fFEM, Hz






	
1

	
6.512

	
6.711

	
1.031




	
2

	
7.752

	
8.115

	
1.047




	
3

	
9.841

	
9.912

	
0.721
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Table 3. Experimental and numerical natural frequencies of the bus body.






Table 3. Experimental and numerical natural frequencies of the bus body.





	

	
Steel 1.4003 (STALA400F)

	
GFRP (Vinyl Ester Resin)




	
Property

	
-

	
Directionality




	
-

	
Longitudinal

	
Crosswise






	
Density

	
7700 kg/m3

	
2000 kg/m3




	
Tensile ultimate strength (MPa)

	
-

	
364




	
Compressive ultimate strength (MPa)

	
-

	
364




	
Young’s modulus (MPa)

	
220,000

	
39,000

	
4875




	
Poisson’s ratio

	
0.28

	
0.035

	
0.335




	
Shear modulus (MPa)

	
-

	
3358

	
3342
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Table 4. Results of numerical modal analysis of 4 modifications to the bus body.






Table 4. Results of numerical modal analysis of 4 modifications to the bus body.





	
Mode No.

	
Resonant Frequencies, Hz and the Change Δ = fFEsteel/fFE




	
Option1

	
Option2

	
Option3

	
Option4




	
Steel

	
Steel and Fiberglass (Safety Arcs)

	
Steel and Fiberglass (Roof and Sides)

	
Fiberglass




	
Frequency, Hz

	
Frequency, Hz

	
Change Δ = fFEsteel/fFE

	
Frequency, Hz

	
Change Δ = fFEsteel/fFE

	
Frequency, Hz

	
Change Δ = fFEsteel/fFE






	
1

	
6.711

	
4.789

	
1.401

	
6.009

	
1.117

	
2.654

	
2.529




	
2

	
8.115

	
7.421

	
1.094

	
6.811

	
1.191

	
3.033

	
2.676




	
3

	
9.912

	
9.421

	
1.052

	
8.785

	
1.128

	
3.692

	
2.685




	
4

	
14.230

	
12.063

	
1.180

	
10.068

	
1.413

	
4.846

	
2.936




	
5

	
14.863

	
12.173

	
1.221

	
11.442

	
1.299

	
4.962

	
2.995
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Table 5. The mass of the frame during each modification.






Table 5. The mass of the frame during each modification.





	
Option 1

	
Option 2

	
Option 3

	
Option 4




	
Material steel

	
Material steel and fiberglass (safety bows)

	
Material steel and fiberglass (roof and sides)

	
Material fiberglass




	
Construction mass, kg




	
921.5

	
749.3

	
817.9

	
239.6




	
Coordinate of the center of gravity in direction Z (Figure 4a), mm




	
0

	
−125.1

	
−111.37

	
0
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