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ABSTRACT 

 

 

 

 

 Most of the Federal Motor Vehicle Safety Standards applicable to school buses do not 

specifically cover the cutaway type of buses assembled on ladder-type chassis, for which a 

production process is split into two stages. In the first stage, the chassis and cab section are 

assembled by automobile manufacturers. In the second stage, the vehicle is shipped to another 

company where the bus body and additional equipment are installed. Lack of strict structural 

standards for transit bus body builders necessitates the crashworthiness and safety evaluation of 

this category of vehicles. Such an assessment process is imperative since these transit buses are 

often used to transport disabled passengers.   

 A full scale crash test is considered the most reliable source of information regarding 

structural integrity and safety of motor vehicles. However, the high cost of such tests and 

difficulties in collecting data results in an increasing interest in the analytical and computational 

methods of evaluation. Theses methods allow for extensive safety studies once the finite element 

model is validated. A reliable analytical investigation can reduce the cost dramatically and allow 

faster introduction of the new solutions.  

 This thesis research work presents the procedure for development of a finite element (FE) 

model of a public transit bus and the results of its crashworthiness and structural integrity 

analysis. The finite element model was developed based on the geometry obtained by 

disassembling and digitizing all major parts of the actual bus. The FE model consists of 73,600 

finite elements, has 174 defined property sets and 23 material models. All parts are connected 

using different multi point constraints and special links with failure to model actual types of 

structural connections such as bolts and spot welds. LS-DYNA non-linear, explicit, 3-D, 

dynamic FE computer code was used to simulate behavior of the transit bus under different 

impact scenarios, such as frontal impact and side impact at various velocities.
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CHAPTER 1 

INTRODUCTION 

 

 

 

 

Accurate prediction of vehicle crashworthiness and vehicle-structure interaction is 

required to determine the safety measures to be taken to minimize accident severity and occupant 

injury. Study of collisions between vehicles, impacts between vehicles and roadside structure, 

abrupt motion of errant vehicles, and their tendency to overturn at sharp turns are few examples 

of vehicle dynamics which are of primary interest to highway safety engineers. Based on these 

studies, several federal motor vehicle safety standards (FMVSS) are developed and are 

applicable to the motor vehicles operated in the USA. Most of the FMVSS applicable to school 

buses do not specifically cover the cutaway type of buses assembled on ladder-type chassis, for 

which a production process is split into two stages [1]. First, the chassis and cab section are 

assembled by automobile manufactures. Then the vehicle is shipped to another company, where 

the bus body and additional equipment are installed according to the owner’s specifications. 

Lack of strict structural standards for transit bus body builders necessitates the crashworthiness 

and safety evaluation for this category of vehicles. Such an assessment process is imperative 

since these transit buses are often used to transport disabled passengers.    

The Florida Department of Transportation acquires over 300 buses and vans for public 

transportation each year. Part of this fleet consist the cutaway type bus, designated to transport 

disabled passengers, often in wheelchairs. The passenger protection during an accident is an 

important issue associated with the structural integrity of a bus body.  

A full scale crash test is considered the most reliable source of information regarding 

structural integrity, crashworthiness, and safety of motor vehicles. However, the high cost of 

such tests and difficulties in collecting data result in an increasing interest in the analytical and 

computational methods. Theses methods allow for extensive safety studies once the finite 
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element model is validated. A reliable, analytical investigation can reduce the cost dramatically 

and allows faster introduction of the new solutions.  An investigation of the structural behavior 

of deformable bodies subjected to impacts requires consideration of complex issues of physics, 

continuum mechanics, and mechanics of materials. Most of the bus body is built with fiber 

reinforced composites (FRC). However, FRC’s often lack the detailed material property data 

associated with metals [2].   

This thesis research work is aimed at developing a finite element model of the Ford Eldorado 

Aerotech 240, a cutaway category of transit bus, for its crashworthiness and structural integrity 

investigation. The research results will assist in better understanding of the structural response 

and behavior of the bus during various accident events. 

 

 

1.1 Problem Statement 

 

 

 Cutaway type of transit buses are often made by at least two major auto manufacturers. 

While the first makes the chassis and cab section, the second installs bus body and assembles 

additional equipment. This process lacks a comprehensive safety assessment and it is not 

regulated (in contrast with school buses) by strict federal safety standards. Such an assessment 

process is needed and important since transit buses are often used to transport disabled 

passengers.   

 Two methods are available for crashworthiness and safety evaluation: full scale testing 

and finite element analysis (FEA). Although a full scale test is considered the most reliable 

source of information regarding crashworthiness and safety of vehicles, high cost of such tests 

and difficulties of collecting sufficient data result in increasing interest in finite element method. 

This efficient and cost effective tool enables extensive investigations once the finite element 

model is validated. Advances in computer technology make it feasible to accurately simulate the 

structural response during a collision using a detailed model with a large number of elements 

within hours or even minutes [3]. LS-DYNA finite element code is the leading analytical tool in 

the automotive industry worldwide due to its wide array of element types and material models, 

its different contact-impact algorithms, and multi point constraints [4, 5].  This research presents 

findings, conclusions, and recommendations from the knowledge gained during the entire 
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research project conducted to evaluate the crashworthiness of a selected transit bus through 

computer impact analysis. 

 

 

1.2 Research Objective 

 

 

The following goals are proposed for the research: 

1. Development of the finite element model: The primary goal of the research is to 

develop a finite element model of the Ford Eldorado Aerotech 240 bus. Design 

data/geometric data required for FE model building is to be collected using reverse 

engineering technique. The bus has to be disassembled for capturing detailed geometric 

data of all parts. Disassembly of the bus will be conducted by a professional 

subcontractor. Captured geometric data will be imported into MSC.PATRAN 

preprocessor for finite element mesh generation. 

2. Material testing: Coupon tests for some of the materials are to be carried out by a third 

party contractor to determine their mechanical properties. The results of the test and data 

from available resources will serve as an input for assigning material properties to the FE 

model developed.  

Once the finite element model, complete with all material properties, is created crash 

analysis will be carried out to study different crash events. Various load and boundary 

conditions will be applied to the FE model based on the specific crash event under 

consideration. 

3. Frontal impact: Structural integrity of the bus during frontal impact will be analyzed by 

simulating the impact of the bus into a rigid wall.  

4. Side impact: Available FE model of the bus will be duplicated to have two models of the 

bus. One of the buses will be impacted into the other bus at two different speeds.  

The speed of the impact for both impact cases will be based on the requirement of Florida 

DOT, which will also be of the most interest to the highway safety engineers. The results 

of the analysis will be presented in terms of time history of accelerations, velocity, 

internal energy and deformation in the impacted zone. 
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CHAPTER 2 

LITERATURE REVIEW 

 

 

 

 

2.1 Computing Methods 

 

 

 Full-scale crash testing is still the only method for final certifications of crashworthiness 

for the vehicles but engineers have become increasingly reliant on computer simulation program 

[6]. First analytical methods using computer simulation programs were developed at the Cornell 

Aeronautical Laboratory [7]. These methods involved the development of dynamic models using 

springs, dashpots, beams and links to study vehicle-barrier collisions. Modifications to this work 

led to the development of the Highway Vehicle Object Simulation Model (HVOSM) in the late 

1960’s. It was initially developed for simulating vehicle handling models [8]. This program 

simulated the three-dimensional behavior of vehicle/roadside object interaction. This program 

was used to develop many improvements in guardrail design [9]. The program uses a total of 11 

degrees of freedom (DOF); a 6-DOF sprung mass, 1-DOF for each tire and one steering DOF 

[8]. This program had some limitations such as inability to model tire penetrations into soft soil 

and instability of vehicle rotation directions during an impact. HVOSM uses a thin-disk tire 

model that does not have any lateral flexibility. This feature prevents the model from accurately 

simulating tire deflections and tire/barrier contact forces. HVOSM's is not suitable for modeling 

suspension damage since it can not predict this kind of situation accurately [8]. Modified forms 

of HVOSM’s are still widely used for specific applications [10]. 

 In 1970 Graham Powell developed two-dimensional codes; BARRIER V and BARRIER 

VI for the Federal Highway Administration. They were originally designed for impact 

simulations with flexible barriers. Though very useful, this code had severe limitations due to its 
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two-dimensional nature [7]. In 1973 Powell published the next version, BARRIER VII, which 

included an energy balance computation. The program has accurately simulated the snagging 

effect of wheels with posts or other snagging obstacles which leads to unacceptably excessive 

vehicle decelerations. The program however becomes unstable in the presence of very large 

deformations and can not account for the snagging of vehicle and barrier components. BARRIER 

VII, owing to its two-dimensional nature, does not allow prediction of vehicle vaulting or 

underriding of the barrier [8]. 

 In 1991 FHWA sponsored three independent projects to make recommendations for 

improving analytical capabilities for simulating impact problems. All projects recommended 

general purpose finite element code DYNA3D in place of other special-purpose codes such as 

NARD, GUARD, BarrierVII and HVSOM [7]. DYNA3D is a general-purpose non-linear 

explicit three-dimensional finite element code. It was developed as a classified product at the 

Lawrence Livermore National Laboratory (LLNL) in 1976 [6]. The FHWA and NHTSA have 

been promoting the use of FE analysis over the last several years. General finite element codes 

like DYNA3D, PAMCRASH, LS-DYNA, Mecalog/RADIOSS and their improved versions have 

gained wide popularity in the federal agencies, universities and private companies specializing in 

the finite element analysis field [11]. LS-DYNA, the commercial version of DYNA3D is 

discussed in more detail in section 2.2.2. 

 

 

2.2 Software 

 

 

2.2.1 Preprocessor MSC/PATRAN 

 

 MSC/PATRAN is the pre- and post-processing core of the MSC.PATRAN analysis 

software system. The code is dedicated to build FE models applicable for different commercial 

solvers such as ABAQUS, ANSYS, DYTRAN, MARC, NASTRAN, PAMCRASH and 

SAMCEF. It supports all leading CAD software and analysis software programs. The software is 

fast, easy-to-use and highly customizable, enabling engineers to develop their models quickly 
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and directly incorporate MSC software products into their specific engineering processes [12]. 

Its major components are summarized in the following paragraphs. [13]  

Graphical User Interface: MSC/PATRAN user interface consists of a main form (containing 

the menu bar, toolbar, command line and history list) and a graphics viewport. The menu bar 

controls the parameters for the system tasks such as managing files, setting preferences, 

manipulating groups and graphics, as well as switching between interactive applications. The 

information displayed in the graphics viewport includes geometry, finite elements, applied loads, 

boundary conditions, analysis results, and user-defined annotations. The history list contains a 

record of all commands executed during an MSC/PATRAN session. The command line allows 

commands to be entered from keyboard. The toolbar is a customizable table of icons for 

frequently used MSC/PATARAN functions. 

Direct Geometry Access: MSC/PATRAN enables direct access to geometry from leading CAD 

systems for developing finite element models [14]. With direct access, geometry remains intact 

in the CAD format and it is imported into the MSC/PATRAN database without any translation or 

modification. Support for many industry standard geometry exchange formats is provided. An 

option is also available for direct import into Parasolid format for several CAD systems and 

exchange formats. All finite elements, loads, boundary conditions, and material properties can be 

associated to the geometry. It can directly access the geometry created in following CAD 

systems: Unigraphics, Pro/ENGINEER, EUCLID, CATIA and CADDS5 and I-DEAS. 

MSC/PATRAN supports data exchange formats such as IGES, PDES/STEP, and VDA.  

MSC/PATRAN has a comprehensive library of commands to generate and manipulate 

geometric entities. Basic entity types include points, curves, surfaces and solids. Various creation 

options include translate, rotate scale, mirror, glide, normal, extract, fillet, XYZ, extrude, 

revolve, decompose, intersect, manifold, project and many more. It has custom forms available 

such as Loads, Boundary conditions, Element properties, Material properties, Multi-point 

Constraints (MPCs), Solution type and parameters for code-specific data input. Most of the 

model definition can be easily formulated using custom forms available in MSC/PATRAN but 

some of the LS-DYNA options regarding MPCs, loads and boundary conditions are not 

included. These options must be added manually in the key file. Mesh generation is especially 

convenient due to numerous options and geometric tools included in PATRAN. MSC/PATRAN 

finite element modeling system permits the user to directly access model geometry and to 
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quickly develop finite element meshes. The term “functional assignments” refers to the 

application of loads and boundary conditions, as well as the selection of element and material 

properties. To develop an FE model with LS-DYNA preference, the code used in this research, 

an additional package called LS-DYNA 3D Module had to be installed in PATRAN. With this 

module, PATRAN is able to create a key word file, used as an input deck for LS-DYNA solver. 

This key word file is the input data file which is then submitted to LS-DYNA solver. Figure 2.1 

shows the MSC/PATRAN viewport.  

 

 

 

 

 
 

Figure 2.1. MSC/PATRAN Viewport. 
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2.2.2 Explicit Finite Element Program LS-DYNA 

 

 Since the 1950’s, when the finite element method was first applied for linear problems, 

the method has been continuously developed and is now an essential component of computer-

aided design. The history of nonlinear finite element methods is tied with the evolution of the 

computer age and is well represented by the development of codes. Many of today’s commercial 

nonlinear codes were developed at universities and national research laboratories [15].  

 A new era of programming explicit finite element codes began at Lawrence Livermore 

National Laboratories by John Hallquist. The first version of his DYNA code was released in 

1976. Very soon, DYNA-2D and DYNA-3D were widely used at universities and research 

laboratories throughout the world. Hallquist’s improvements including effective contact-impact 

algorithms, application of one-point quadrature elements with consistent hourglass control and 

the high degree of vectorization, opened new avenues for engineering simulations. The code 

contains over a hundred material models and numerous contact-impact algorithms, links, multi 

point constraints (MPCs), and special elements such as airbag and seat belt, which makes it a 

leading analytical tool in the automotive industry worldwide.  

 The DYNA codes were first commercialized in the 1980s, by a French firm, ESI Group. 

ESI’s product called PAMCRASH included many routines from WHAMS. Livermore Software 

Technology Corporation (LSTC) distributes LS-DYNA, a commercial version of DYNA-3D.  

LS-DYNA is an explicit, 3-D, nonlinear finite element code suitable for studying high 

strain rate impact problems. There are three major, commercial explicit codes, used for crash 

simulations. LS-DYNA is used at GM, Daimler-Chrysler, Ford-Australia and Jaguar, while a 

French code Mecalog/RADIOSS (introduced in 1986) is used at Ford, Mazda, Volvo, PSA 

Peugeot, Citroen, Opel and Renault [16]. ESI’s PAMCRASH is widely used in Europe and 

Japan. 

 

2.2.3 Post processor LS-POST 

 

LS-POST is an interactive post-processor for the program LS-DYNA. LS-POST reads 

the binary plot files generated by the LS-DYNA analysis codes and plots contours, time 

histories, and deformed shapes. Contours of a large number of quantities may be plotted on 

meshes consisting of plate, shell, and solid type elements. LS-POST can compute a variety of 

strain measures, reaction forces along constrained boundaries, and momentum. [17] The graphic 
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user interface of LS-POST provides a user friendly environment. It supports the latest OpenGL 

standards to provide fast rendering of fringe plots and animation of results. It is available for all 

computer platforms [18]. Figure 2.2 shows the LS-POST viewport.  

 

 

 

 

 
 

Figure 2.2 LS-POST Viewport. [17] 

 

 

 

 

2.3 Crash Tests 

 

 

            Automobile crash tests have been carried out since the 1920s to evaluate the structural 

integrity and crashworthiness of vehicles. The tests help in determining the behavior of 

automobiles in different accident events. Many organizations including NHTSA, Insurance 

Institute for Highway Safety (IIHS) carry out crash tests and provide safety ratings for tested 

vehicles. All automakers are required to follow the federal motor vehicle standards (FMVSS) to 
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ensure the occupant safety and crashworthiness of vehicles. Crash tests help them to determine if 

the vehicles are meeting all criteria stipulated by FMVSS standards.  

Although many automakers use FEM approach for extensive analysis of different crash 

modes, full-fledged crash tests are also carried out to validate the accuracy of FEM analysis and 

crash simulations. 200 series of FMVSS stipulates the minimum requirement for crashworthiness 

of vehicles in the event of accidents. These standards are meant to ensure that adequate 

measures, such as occupant protection in interior impact, rollover protection, side impact 

protection, and many more, are adopted to safeguard the occupants in the event of different 

modes of accidents. This section gives brief explanation of some of the crash tests, particularly 

those which are of interest for this research. 

 

2.3.1 Frontal Impact Test 

 

A frontal impact crash test gives information about the crashworthiness and behavior of 

the vehicle related to the severity of occupant injury. In this test a moving vehicle with dummies 

in the driver's and front passenger seat rams into a concrete barrier to evaluate the impact on the 

head and chest, and to check the condition of the deformed vehicle. This test represents a typical 

head-on collision of two vehicles of the same weight. Figure 2.3 illustrates the frontal impact 

test. 

 

 

 

 

       
 

Figure 2.3. Frontal impact test. [19] 
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2.3.2 Frontal Offset Crash Test 

 

This test gives information about the personal bodily injury as well as crashworthiness of 

vehicle in case of offset crashes at some angles. In the offset crash test the vehicle is driven into a 

crushable barrier face. The crash forces are concentrated on the driver's half of the vehicle. In 

offset tests, only one side of the vehicle's front end, not the full width, hits the barrier so that a 

smaller area of the structure must manage the crash energy. This means the front end on the 

struck side crushes more than in a full-width test, and intrusion into the occupant compartment is 

more likely.  Figure 2.4 illustrates the frontal offset crash test.  

 

 

 

 

    
 

Figure 2.4. Frontal offset crash test. [19] 

 

 

 

 

 FMVSSS 201, 202 and 208 require that the vehicle’s passenger compartment should keep 

its shape in the offset crash test. The steering column, dash, roof, roof pillars, pedals and floor 

panels should not be pushed excessively inwards, where they are more likely to injure the 

occupants. Doors should remain closed during the crash and should be able to be opened after 

the crash to assist quick rescue. 
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2.3.3 Side Impact Test 

 

        The Federal Motor Vehicle Safety Standard (FMVSS) 214, "Side Impact Protection" was 

amended in 1990 to assure occupant protection in a dynamic test that simulates a severe right-

angle collision [20]. It is one of the most important and promising safety regulations issued by 

the National Highway Traffic Safety Administration (NHTSA). In 1993, side impacts accounted 

for 33 percent of the fatalities to passenger car occupants. Extensive research was done and 

amendments to FMVSS 214 were suggested to avoid such high rate of fatalities in this particular 

crash event. The current FMVSS 214 is the culmination of many years of research to make 

passenger vehicles less vulnerable in side impacts, and especially to reduce fatality risk to the 

nearside occupant when a vehicle is struck in the door area by another vehicle - the configuration 

responsible for the majority of side-impact fatalities. 

In the side impact crash test the vehicle is stationary and a Moving Deformable Barrier 

(MDB) hits the side of the vehicle [21]. Weight, speed, dimensions and material for MDB is 

governed by the specifications given in FMVSS 214. Figure 2.5 shows the test setup for side 

impact test. 

                   

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Side impact test setup. [21] 
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A similar type of crash test was performed by Ward Transportation Services Inc [22]. 

Ward has carried out side impact test on Ford Eldorado Aerotech 240 bus at a speed of 30 mph 

by a 4000 lb MDB. Though the same type of bus was used for this test, the focus of the study 

was to determine the fuel integrity system as per Title 49, Code of Federal regulations - Part 

571.301 fuel system integrity. Figure 2.6 represents the pre-impact, impact, and post impact 

conditions of the bus.  

 

 

 

 

   

 

Figure 2.6. Side impact test on Ford Eldorado Aerotech 240 bus. [22] 

 

 

 

 

2.4 Finite Element Models of Vehicles 

 

 

In 1992, several government institutions joined their research efforts to establish a 

cooperative agreement to improve vehicle crashworthiness and occupant safety.  From a 

historical standpoint, transportation safety issues have been primarily addressed through 

common sense and engineering judgment [23]. Later, crash-testing techniques were developed to 

help the designer improve vehicle safety. However, over the years, there has been a steady 

increase in the number of vehicles in circulation. In addition, there has been a constant 

modification in their design. Therefore, the added complexity of possible crash scenarios made it 

necessary to develop other tools such as Finite Element Analysis (FEA), to efficiently address 

occupant safety issues. Nonetheless, actual crash scenarios can only be simulated with accurate 

finite element (FE) vehicle models. As a result, a number of FE models of vehicles have been 
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developed. Many FE models are available on public domain to be used for further research. 

Table 2.1 lists some of the well developed FE models which have proved to be a good source of 

information for this research. 

 

 

 

Table 2.1. Publicly available FE vehicle fleet 

 

Type of Vehicle Example of FE Models Available 

Small Cars 1996 Dodge Neon, 1997 Geo Metro 

Midsize Cars 1991 Ford Taurus 

Midsize Sport Utility Vehicles 1994 Ford Explorer 

Large Pickup Trucks 1994 Chevrolet C-1500/C-2500 Pickup Truck 

 

 

 

 

 The technology for developing these models is well established. It utilizes the digitization 

of pertinent structural components. Their geometrical features are then imported in a pre-

processor where the parts are assembled. This process will be extensively discussed in later 

chapters. The following section describes some of the vehicle models that are commonly used 

for vehicle dynamics research. 

 

2.4.1 Small Car FE models 

  

(a) FE model of 1996 Dodge Neon: This model was developed at the National Crash Analysis 

Center (NCAC). As with other models from that institution, there are two versions available: 

reduced and detailed. The latter is made up of about 272,180 elements, which break down into 

2,860 solids, 269,249 shells, and 71 beam elements. Over 300 parts and corresponding material 

models were modeled. Figure 2.7 show the Dodge Neon and its FE model. 
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Figure 2.7. 1996 Dodge Neon and detailed FE Model. [24] 

 

 

 

 

(b) FE model of a 1997 Geo Metro: The Geo Metro model is one of the latest FE models 

developed at the NCAC in Washington, D.C. The two available versions are the detailed model 

and the reduced model. While the reduced version has about 16,100 elements distributed over 

200 parts, the detailed one features 193,200 finite elements. This model is one of the most 

accurate developed so far, since it features a working suspension model (see Figure 2.8). 

However, this model is primarily geared to full frontal crash simulations. 

 

2.4.2 Midsize car FE models 

 

FE model of a 1991 Ford Taurus: Development of this model was commissioned by the 

National Highway Traffic Safety Agency (NHTSA) to EASI Engineering (see Figure 2.9). Since 

it was initially designed and validated for frontal impacts, the anterior portion of the vehicle was 

modeled in details while the center and rear of the parts were modeled with a coarse mesh or 

beam elements [25]. In 1993, EASI Engineering developed the finite element model of a 1991 

Ford Taurus 4-Door Sedan. Subsequently, the resulting model was validated for the 35 mph 

frontal barrier and 50% offset barrier tests [26].  
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Figure 2.8. 1997 Geo Metro and reduced FE Model. [24] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 2.9. 1991 Ford Taurus and FE Model. 
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 Prior to its disassembly the vehicle was thoroughly measured. Data such as total mass, 

moments of inertia, and center of gravity location were acquired. This was done using the Inertia 

Property Measurement Device (IPDM), commonly called a ‘tilt table’. In addition, the vehicle 

geometrical features were scanned with a TARUS laser coordinate measurement machine 

(CMM). To enhance model accuracy, all sheet metal thicknesses were measured, all components 

were weighed, and then their centers of gravity were determined. Another critical task involved 

gathering the location and nature of all welds and fasteners so that the ensuing model would 

reflect the original car [26]. The mesh generation was performed with the preprocessors 

MSC/PATRAN and PDGS. Overall, the model comprises about 28,000 elements. They break 

down as 27,873 shell elements, 140 beam and 340 hexagonal solid elements. In order to account 

for the vehicle total mass 32 discrete lumped masses were introduced. Most parts in the model 

are sheet metal. Therefore, they were assigned the piecewise linear isotropic plasticity material 

model [26]. The authors concluded that the model performance during the validation tests 

appeared satisfactory. In addition, further improvements on the whole model could be achieved 

through subsystem testing [26]. 

 

2.4.3 Midsize SUV FE model 

 

FE model of a 1997 Ford Explorer: The Oak Ridge National Laboratory (ORNL) has 

developed detailed vehicle computational models, including that of a Ford Explorer (see Figure 

2.10). The model of the Explorer has about 115,000 elements including 137 material models. 

This model was developed using the reverse engineering technique: first disassembling the 

vehicle and then scanning the shape and measuring the mass and inertia of each component. 

Subsequently, all structural relations between components are established and modeled. 

Examples of modeling of such relations include spot welds, node merging, node tying, etc. The 

final finite element model is derived from the individual models by assembling the individual 

parts. 
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Figure 2.10. 1997 Ford Explorer and FE model. 

 

 

 

 

The SUV model can be structurally divided into two main components: frame with the 

power- and drive train, and the sheet metal body. These two subsystems are connected at discrete 

point locations and can be entirely separated. Owing to the greater structural strength and 

stiffness exhibited by the frame, almost half of the overall scanning effort was geared to the 

frame to make sure that its geometry and subsequent deformation patterns are accurately 

represented. Researchers at ORNL determined the thickness of all component using ultrasonic 

thickness gages. The verification and model modification based on experimental vehicle crashes 

is currently under way. 

 

2.4.4 Pickup truck FE model 

 

 This model was developed at the National Crash Analysis Center for FHWA/NHTSA for 

multi purpose crash applications. It is discussed in the following section. 
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FE model of a 1994 C-2500 Chevrolet pickup truck: The vehicle represents the 2000P class as 

stipulated in NCHRP Report 350 [27]. The vehicle is a regular-cab, fleetside long-box C-2500 

with a total length of 5.4 meters (17.7ft) and a wheelbase of 3.34 meters (10.8 ft). The full 

detailed model consists of 52,541 shell elements, 109 beam elements and 1716 hexahedron 

elements, while the reduced model consists of 8,721 shell elements, 47 beam elements and 336 

hexahedron elements [28]. The reduced FE model of the 1994 Chevrolet pickup truck was 

successfully validated for a frontal impact to a rigid barrier, as well as a corner impact into a 

New Jersey Shape Concrete Barrier and a 42-inch Vertical Concrete Barrier [29]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11. 1994 Chevrolet Pickup Truck and reduced FE Model. 
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CHAPTER 3 

PROCEDURE 

 

 

 

 

To meet the objectives of this research project and to better organize the research tasks, 

the best possible way of conducting the research was devised. Extensive literature review was 

carried out to draw the plan of action to achieve the desired goals. This chapter presents the 

methodology and the detailed work-plan used in carrying out the research project. In addition, 

the description of the bus used for the project and computational resources available at CIAL is 

given.  

  

 

3.1 Research Approach 

 

 

In order to study the dynamic behavior of modified body-on-chassis buses during 

accidents and to evaluate their crashworthiness and structural integrity, computational method of 

impact analysis was chosen as the research approach. The main objective of this project was 

development of a finite element (FE) model of the Ford Eldorado Aerotech 240 transit bus and 

determination of its structural integrity. 

 The procedure for development of the FE model used in this research was based on the 

methods used at the National Crash Analysis Center (NCAC) and other university communities 

[30, 31, and 32]. Since the blueprints and design data of the bus were not available, the process 

called reverse engineering [32] had to be adopted to acquire geometric data and to develop the 

FE model for the computational mechanics analysis. The FE model development process can be 

grouped into two consecutive stages: Reverse engineering (RE) and finite element model 

development. In the reverse engineering stage, geometric data of the vehicle is acquired and in 
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the FE model development stage a complete FE model with assigned specific physical properties 

is created. Figure 3.1 depicts the stepwise procedure for FE model creation.  
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Figure 3.1 Stepwise procedures for FE model development. 

 

 

 

 

 The first set of activities symbolizes the reverse engineering stage. In this stage, a 

reference coordinate system is established and initial digitization is carried out around the 

vehicle to locate its position in the defined coordinate system. It is followed by the careful 

disassembly of the vehicle to allow for accurate geometric data acquisition. A detailed 

description of the disassembly and geometric data acquisition process is given in Chapter 4. In 

addition to geometry entities such as surfaces, curves and points, data regarding materials such as 
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material type, material properties, part weight, and part thickness are also collected. 

Subsequently, the scanned geometry for each part is imported into preprocessor software for FE 

model development [33].  

 Reverse engineering stage is followed by FE model development stage. In this stage, the 

finite element mesh is developed from the scanned geometrical data. The preliminary FE model 

is verified for the duplicated elements, mass less nodes, missing connections and rectified if any 

of such errors are found. The material properties obtained by testing sample coupons are 

assigned to complete the finite element model development for a single part. Similarly, FE 

models of all parts are created and specific material properties are assigned. Subsequently, all 

part models are assembled to form the complete finite element model of the bus. An important 

part of this phase is model validation. It is based on the comparison between computational crash 

analysis results and actual full-scale crash test results. This comparison can be established at 

different levels: component, subsystem level, and entire vehicle level. Actual crash tests provide 

valuable inputs for modification of the existing FE model.  

 

 

3.2 Work Plan 

 

 

After extensive literature review and study of existing methods of finite element analysis 

a work-plan for carrying out the research tasks was drawn. Following tasks describe the work-

plan used for conducting the research. 

 

Task 1: Literature review, collection of material properties from automotive industries, 

collection of other necessary finite element models.  

Task 2: Site preparation at the Florida DOT facility for reverse engineering laboratory. 

Task 3: Establishing reference coordinate system and initial digitization of the bus. 

Task 4:          Tear down of the bus by a subcontractor (QMG, Inc.) and preparation of vehicles’ 

structural components. 

Task 5: Carrying out tension, torsion, bending and shear tests of structural components for 

material properties. 
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Task 6: Preparing and taping the parts for digitizing. 

Task 7: Digitizing all parts and mapping the geometry into 3-D IGES objects in 

AntroCAM and AutoCAD software. 

Task 8: Importing all geometric IGES objects into PATRAN pre-processor. 

Task 9: Conversion of bus geometry to finite element models of all parts. 

Task 10: Merging parts, defining connections, selecting material models, and assigning 

material properties. 

Task 11: Preliminary LS-DYNA runs and testing. 

Task 12: Model validation. 

Task 13: Setting up impact scenarios (rollovers, impacts at different angles, etc) of interest 

to Florida DOT. 

Task 14: LS-DYNA runs for crash analysis. 

Task 15: Model validation using existing data from full-scale crash testing and from 

university resources. 

Task 16: Corrections and re-runs. 

Task 18: Final model and conclusions from the results of crash analysis. 

 

 

3.3 Description of the Ford Eldorado Aerotech 240 Bus 

  

 

 Complementing the objective of investigating crashworthiness and structural integrity of 

modified body-on-chassis buses, a Ford-Eldorado Aerotech 240 bus (see Figure 3.2) was chosen 

for this research. This type of bus represents the class of vehicles known as small transit buses. 

Bumper-to-bumper length of such vehicles is generally less than forty feet. Small transit buses 

are classified into four categories: standard vans, modified vans, body-on-chassis, and small bus. 

The Eldorado-Ford Aerotech 240 belongs to the body-on-chassis class, and therefore exhibits 

different crashworthiness characteristics from the original factory vehicle. There are two 

manufacturing methods for a body-on-chassis vehicle. The first method involves constructing a 
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bus body on the rear of a commercial van cutaway chassis. The second method involves building 

a complete bus body on a light-duty truck chassis. The bus used for this research is built by the 

first method of manufacturing.  

 

 

 

 

 
 

Figure 3.2 Ford-Eldorado Aerotech 240 bus. 

 

 

 

 

 In this method, usually the company building the body purchases a ladder type cutaway 

chassis from a major automotive company and builds the body to accommodate customer 

specifications. The body-on-chassis buses exhibit desirable advantages such as better stability, 

added comfort, roominess, and ease of access. However, the construction alterations introduced 

in the body-on-chassis buses by the manufacturer could potentially offset those advantages and 

may undermine safety, if these modifications are structurally questionable.  

The Ford Eldorado Aerotech 240 bus is a special type of bus used for transporting 

disabled passengers. It has a wheel chair door and a power lifting assembly to lift the 

wheelchairs inside the bus. The details for this bus are provided in Table 3.1 
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Table 3.1 Description of Ford Eldorado Aerotech 240 bus 

 

Body 

 

ENC Model:     240 AEROTECH  

Vehicle Identification Number: 1 FDXE 45F9YHA27274 

Manufactured by:    ELDORADO NATIONAL (KANSAS), Inc.  

304 Avenue B, Salina, KS 67401 

Chassis 

 

Cutaway chassis:   ECONOLINE E450 SUPER DUTY CUTAWAY 

     WHEELBASE (DRW) -176’’ 

     Total length -294.5’’ 

     Total width – 95’’ 

Manufactured by:   Ford Motor Company 

VEHICLE SAFETY STANDARD CERTIFICATION LABELS 

Manufactured By: Eldorado National Company., Salina, KS                    Date: 5/ 2000 

Inc: Veh. Mfd. By: Ford Motor Company Date: 10/ 99

GVWR GAWR FRT GAWR INT GAWR RR  

14050/ 6372 

LB/ KG. 

4600/2086 LB/KG.  9450/4286 LB/ 

KG 

 

Axle Tire Size Rim PSI/ KPA Lb/ Kg 

(Cold) 

Frt LT 225/ 75 R 16E 16 x 6.OK 80/ 551.6  

Int     

RR LT 225/ 75 R 16E 16 x 6.OK 80/ 551.6 (DUAL) 

VIN: 1 FDXE 45F9YHA27274 TYPE: BUS (NOT SCHOOL BUS) 

MOD: 240 AEROTECH SER: EFRMA 2414Y 0569528 

 

KEY: 

VIN- Vehicle Identification Number 

GVWR- Gross Vehicle Weight Rating 

GAWR- Gross Axle Weight Rating 

 

 

3.4 Computational Resources 

 

 

 Crashworthiness and Impact Analysis Laboratory (CIAL) has some of the highly 

sophisticated and widely used computational resources available for complex, nonlinear, and 

dynamic simulations. The most powerful computer at CIAL is an SGI Origin 2000 main frame 

computer with 16 parallel RISC 250 MHz processors and 2 GB RAM. This is used for running 

the simulations. The simulations are generally run using 4 to 8 processors. It uses the UNIX 
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operating system IRIX64. In addition, CIAL has 5 SGI Octane workstations with 1 RISC 300 

MHz processor and 256 MB RAM. These are used primarily for pre and post processing. The 

Octanes were also used for preliminary analysis of individual model components, such as 

suspension and tires, before being implemented into the full vehicle model. Octanes also use the 

UNIX operating system IRIX6.4. Along with these resources, CIAL also has access to two FSU 

supercomputers; IBM SP3 and SP4. The supercomputer SP3 has 168 power 3 processors running 

at 375 MHz, each with 1/2 GB of memory. SP4 has 512 power 3 processors. Domain-

decomposition technique applied in MPP Version of LS-DYNA allows taking full advantage of 

the massively parallel processing (MPP) supercomputers with their numerous processors. The 

domain-decomposition technique means that the mesh of the model is partitioned into sub-

domains and, in most cases; each domain is assigned to one processor [34, 35].  

 The increasing speed of computers and decreasing cost of computer time have made 

computer simulations highly cost-effective. Table 3.2 shows computational time of 0.1 s front 

impact simulation for the FE model of Ford Eldorado bus developed in this project. It presents 

the comparison of performance of highly parallelized MPP Version of LS-DYNA on a FSU 

supercomputer; IBM SP3.  

 

 

 

 

COMPUTING EQUIPMENT IN CIALCOMPUTING EQUIPMENT IN CIAL
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COMPUTING EQUIPMENT AT FSU

Supercomputers

Teragold: IBM SP3 machine with 168 Power3 

CPUs  

Eclipse: IBM SP4 machine with  512 Power4 

CPUs 

 
 

Figure 3.3 Computational resources. 
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Table 3.2. Performance of the MPP version of LS-DYNA on IBM SP-3 

  

No. of CPUs Hours, Minutes Speed-up ratio 

SP3 - 1CPU 34h, 10 min 1.00 

SP3 - 2CPUs 21h, 31min 1.58 

SP3 - 4CPUs 9h, 42min 3.52 

SP3 - 8CPUs 4h, 58min 6.87 

SP3 - 16CPUs 2h, 31min 13.57 

SP3 - 32CPUs 1h, 34min 21.8 

SP3 - 64CPUs 1h, 9min 29.71 

SGI Octane2 - 1 CPU 60h, 22min 0.56 

SGI Origin 2000- 10 CPUs 6h, 26min 5.31 

 

 

 

 

Highly optimized software and continuously improving computer hardware, allow for 

fast, effective, and detailed crash analyses. Integration of commercial FE codes with CAD 

programs and graphical preprocessors facilitates the process of model development. 

Additionally, numerous graphical postprocessors enable impressive output visualization and 

better interpretation of results.  

 

 

3.5. Research Collaboration and Subcontracting 

 
 

  Successful completion of research work requires careful planning of research activities 

and subdividing the major tasks. These activities are then carried out in sequential manner. After 

careful study of this research project it was decided to seek information and guidance from 

several research institutes and subcontract some of the activities to other professional 

organizations.  

  National Crash Analysis Center (NCAC) was an important source of technical 

information for this project. The center is primarily funded by the Federal Highway 

Administration (FHWA) and by the National Highway Transportation Safety Administration 

(NHTSA). The NCAC is involved in developing finite element models and crashworthiness 
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analysis of motor vehicles. It has developed finite element models of several vehicles and these 

models are available in public domain as reference for other research groups. Information 

obtained from NCAC regarding the material models, element types, boundary conditions, and 

material properties was particularly very useful.  

  One of the major tasks of the project was disassembling the bus for easy access of all 

parts for digitizing and measuring. This task was subcontracted to a professional company, 

Queen Management Group, Inc. (QMG). QMG has played an active role from the initial phase of 

the disassembly, including preparation of the site for Reverse Engineering Laboratory for Florida 

DOT.  

In order to obtain information regarding mechanical properties, two structural steel 

shapes were investigated for bending, shear and torsion strengths. These experiments were 

conducted at the Structural Engineering Laboratory at FAMU – FSU College of Engineering. 

These steel sections are commonly used as reinforcement members in the body of buses. 

Therefore, investigating their behavior was safety critical. An important consideration is that the 

laboratory tests performed on these sections were static, while buses are typically subjected to 

dynamic loading in the event of a crash. However, the static testing provides useful insight on the 

structural behavior of those sections. Nonetheless, is pertinent to note that the dynamic behavior 

of dynamically loaded composite structures cannot be predicted using static mechanical property 

data [46]. 
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CHAPTER 4 

REVERSE ENGINEERING 

 

 

 

 

All automotive companies owning detailed vehicle FE models hold proprietary rights on 

them. Therefore, the highway research community must develop their models using reverse 

engineering techniques. Reverse Engineering (RE) is a process by which a complex CAD model 

of an existing part or product is created from a set of measurements aided by digitizing tools. 

Reverse engineering begins with a final product, which is disassembled into individual parts. The 

parts are taped, scanned, digitized, and mapped into a computer for further analysis of the entire 

design and manufacturing process. The developed model describes all the relevant characteristics 

of the part or product, such as geometry, tolerances, etc.  

The first objective of RE methodology is to generate a conceptual model (example: 

surface triangulated) starting from a physical model: a sample (part or tool); or prototype. In this 

sense, the 3D-scanning digitizing techniques aided by specialized software for model 

reconstruction are necessary.  

  The usual 3D-scanning digitizing technique to capture 3D geometries consists of 

generating a points cloud matrix (3D-coordonates) starting from a surface geometry of a physical 

object. The data generated during 3D-scanning, i.e., the digital points cloud data in x, y, z 

coordinates is exported to  model reconstruction system software to be transformed in a 

conceptual model supported by a triangulated surface geometry or by a CAD surface data [36]. 

The geometry required to develop a finite element model of the Ford-Eldorado transit bus 

is captured using FARO Arm (a counter-balanced, temperature compensated, six degree of 

freedom measurement arm) and numerous software tools (like AnthroCAM, AutoCAD and 

MSC/PATRAN). Digitizing part of the research resulted in data acquisition of major geometric 

quantities including reference points and polylines, which are mapped into a computer model. 
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The geometric model development requires vehicle teardown and digitizing of all major 

structural parts of the bus. A detailed description of vehicle disassembly and geometric data 

acquisition step is given in subsequent topics. 

 

 

4.1 Disassembly of Ford Eldorado Bus 

 

 

4.1.1 Purposes of Bus Disassembly 

  

Disassembly of the bus was an important phase in the reverse engineering process. The 

disassembly of the bus served several purposes. 

Currently CAD programs and FE programs are standard tools for manufactures. 

However, they do not readily hand out their proprietary model, even to government agencies 

[37]. Since there were no blueprints, AutoCAD files or material properties available for public 

use, disassembly played an important role in rebuilding the computer model from the actual bus. 

Although it would be much easier to create FE model based on AutoCAD data, disassembly 

provided the performance evaluation of the actual vehicle and showed many structural 

discrepancies (see Figure 4.4). Problems are inevitably introduced during all stages of 

manufacture process, which are not embodied in the original design model. Identification of 

these potential problems should be based on the disassembly of the actual bus, instead of the 

original AutoCAD file.                 

Disassembly of the bus allowed for accurate geometric data acquisition. The development 

of the finite element model required digitizing all major structural parts of the bus and generating 

individual models for these components. Figure 4.1 shows the disassembled bus. The frame and 

cage were exposed and scanned with digitizing equipment.  Figure 4.2 presents the removed 

fender and hood.  
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Figure 4.1. Disassembled Ford Eldorado Aerotech 240 transit bus. 

 

   

 

Figure 4.2. Removed bus components: Fender and Hood. 

 

 

 

 

Disassembly also revealed the structure of the bus. After the non-structural components 

were removed, it was possible to identify how the bus was built. This understanding of bus 

structure not only helped to create the FE models of bus components but also enabled for model 

development of the entire bus. It also helped to identify the important components, especially 

affecting structural behavior. The connections between the bus components were represented in 

the FE model by Multi Point Constraints and special links such as spot-welds. The method of a 

connection, its failure criteria and the connection strength are very important factors influencing 
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structural behavior during a crash. Disassembly resulted in full exposure of the connections of 

the major components.  All joints among the structural parts, such as hinges, rivets, welds, bolts, 

and rubber pads were identified and were appropriately modeled using multipoint constraints 

(MPC), spot welds, node merging and node tying. Figure 4.3 shows examples of exposed 

connections.  

 

 

 

 

    

 

(a) Bolt and rubber pad connection between   (b)Hat to hat welds in the cage 

  frame and floor   

 

Figure 4.3. Examples of structural connections. 

 

 

 

 

Some deterioration of components and manufacturing flaws were found after the 

disassembly. These defects may lead to the reduction of strength and modulus and could 

adversely affect the performance of the bus. Fig 4.4 shows two examples of manufacturing 

defects.  
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(a) Weakened hat segment             (b) No uniform welding of hat sections 

 

Figure 4.4. Defects in the structure of the bus. 

 

 

 

 

In order to check the accuracy of the model, versatile validation is needed. One of the 

methods for evaluation of an FE model is to check its mass distribution. This can be executed by 

comparison of the weights of the model components and their actual equivalents. Disassembly of 

the bus enables for mass measurement of all separated parts.  

 

4.1.2 Pre-disassembly Preparation 

 

The disassembly process was conducted by the Queen Management Group, Inc. (QMG) 

in cooperation with the Crashworthiness and Impact Analysis Laboratory (CIAL) research team. 

The CIAL team marked and measured the reference points and QMG performed the tear down 

task, labeling all removed parts and specifying them in an inventory log. Many pictures showing 

the original connections and structural parts were taken in all phases of the disassembly. The 

CIAL research team took over 800 pictures during the disassembly process and after it. 

Since the digitizing was performed in a pre-defined global coordinate system, at least 3 

reference points were marked and measured for each part before a structural component was 

removed. These points allowed for subsequent scanning of the geometry of the parts in the global 

coordinate system and correct placement in the preprocessor when creating the FE mesh. 

Labeling and digitizing reference points were the first steps in the disassembly process. Re-
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allocation of these reference points was critical for the alignment of the digital data and thus 

undeniable for the success of the project.  

In order to ensure proper data acquisition, removal and digitizing of parts must be 

performed in a coordinated manner. Therefore, effective communication between the 

subcontractor and CIAL was crucial. The physical presence and assent of CIAL was required 

prior to daily disassembly activities.  At least one member of the CIAL research team was 

present at the site at most of the time during the disassembly process. Because it was difficult to 

predict all activities in the tear down process, efforts were made by QMG and CIAL to ensure 

proper communication and cooperation between the teams on the research site. 

The bus could not be moved during the disassembly stage because it would disturb the 

position of reference points in the fixed global co-ordinate system. Special attention was paid to 

the labels with reference points. Any damage or removal of these labels was avoided during 

handling or transporting the removed parts.  

   

4.1.3 Disassembly  

 

Before the tear down process began, a global coordinate system was established by 

marking 350 initial reference points, and taking measurements with portable coordinate 

measurement equipment. This preliminary phase was performed in the Structures Lab at the 

FAMU-FSU College of Engineering. At least three reference points (up to ten) were digitized for 

each part before its removal to determine the component position in the global coordinate 

system. After disassembly, geometric entities as lines, points and curves were scanned for each 

component with FaroArm. The geometric data obtained was transformed to the MSC PATRAN 

pre-processor, where finite element grids were generated, modified and merged. Finally, the 

components were assembled into a complete bus model in the pre-processor. 

The plan for the tear down process (showed in Table 4.1) was worked out in cooperation 

with FDOT representatives. All the components were categorized into 3 groups. 

 

Group I - Nonstructural parts, which had negligible mass and stiffness:  

1. BODY – cabling, molding, seats, dash assembly, seat belts, wheelchair tie downs, 

wheelchair lift, heaters, windows, hand rails and stanchions, interior lights, roof hatch, 
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doors, rear air-condition (A/C) evaporator, rear bumper, exterior body lights, interior trim 

and insulation, A/C condensers. 

2. OEM CHASSIS - brake lines, fuel lines, steering column. 

Group II - Structural parts, which were going to be removed:  

1. BODY – fiberglass body structure, steel cage, roof side walls, wood flooring, metal floor 

frame. 

2. OEM CHASSIS - hood, grill, bumpers, fenders, driver door, passenger door, evaporator – 

heat core, radiator and braces, engine and transmission (mated), radiator, drive line, rear 

springs, rear end chunk, front end assembly, fuel tank, wheels with tires mounted, rear 

brake drums. 

Group III – Structural parts, which were not planned to be removed:  

1. Frame, axles, cab, etcetera. 

 

The disassembly was conducted at the Reverse Engineering Laboratory of the FDOT. 

While tearing down the bus, additional 250 points were marked and digitized on exposed parts.  

All structural components were identified, labeled and removed from the bus structure according 

to a detailed disassembly plan. Each removed part was labeled and included in a legend list by 

the QMG team. Several hundred photos were taken showing connection details, removal 

sequence, and deterioration of some bus elements. 

The sequence of activities was changed in the last phase. It was decided to take off the 

floor without removing the body structure: roof, walls and steel cage. The change enabled for the 

access to all remaining structural components and the possibility of a real crash test using the 

remaining structure. 
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Table 4.1. Bus disassembly plan 

 

STEP TIME WHO WHAT 

1 2 weeks CIAL team 

Moving bus to Reverse Engineering Lab. Placement of the 

bus on timber blocks so that wheels are positioned above the 

floor.  Digitizing reference points positioned on all accessible 

bus components and on the floor around the bus. 

2 

10 

working 

days 

QMG & 

CIAL team 

Disassembly of bus components in the following order: 

1) OEM CHASSIS - hood, grill, bumpers, fenders, driver 

door, all passenger doors, dash assembly,  

wheels with tires mounted, rear brake drums. 

2) BODY – interior components such as seat belts, 

wheelchair tie downs, wheelchair lift, A/C condensers, 

aux. heaters, windows, hand rails and stanchions, interior 

lights, roof hatch, doors, rear A/C evaporator, rear bumper, 

exterior body lights, 

interior trim and insulation – so that steel cage will be 

visible, wood flooring, metal floor frame.  

3) OEM CHASSIS – evaporator-heat core, radiator and 

braces, steering column, engine and transmission (mated), 

radiator 

3 2 weeks CIAL team 
Digitizing reference points for uncovered components.  

Scanning some disassembled parts 

4 

5 

working 

days 

QMG & 

CIAL team 

Remove and identify: 

1) OEM CHASSIS – drive line, rear springs rear end 

chunk, front end assembly, brake lines, fuel lines, fuel 

tank, Wheels with tires mounted, rear brake drums  

2) BODY – fiberglass body structure, steel cage, roof 

side walls.  
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Figure 4.5 shows the removed components that were put aside in the storage of Public 

Transportation Lab belonging to FDOT and Figure 4.6 presents the disassembled bus body. 

 

 

 

   

 
  

Figure 4.5 Stored components. 

                                     

    

(a)                                                             (b) 

Figure 4.6 Disassembled bus body. 

 



 38

After the digitizing task was finished, QMG members reassembled the structural 

components. It made the bus ready for the real crashworthiness test scheduled in the next phase.  

The reassembled bus is showed in Figure 4.7.  

 

 

 

 

 
 

Figure 4.7 Reassembled bus. 

 

 

 

 

4.2 Geometric Data Acquisition 

 

 

 In order to generate the FE mesh of Ford Eldorado Aerotech Bus, necessary geometric 

data such as points, curves and surfaces is required. These geometric entities we obtained in the 

process of reverse engineering using FARO Arm and the AnthroCAM software as digitizing 

tools. FARO Arm (see Figure 4.8) is connected to the computer for data acquisition and is 

capable of recording very precisely the position of the probe at the end of the arm. 
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Figure 4.8. FARO Arm – a portable digital tool. 

 

 

 

 

 The most useful entities for mesh generation are curves defined by AnthroCAM as 

“polylines” and “splines”, and representing edges and characteristic curves of the actual bus 

parts. A polyline consists of points connected with straight segments. For splines, points are 

connected by curved segments determined with polynomials.  Polylines and splines are obtained 

using scanning options. During the scanning, the stream of points determined by the temporary 

position of the probe is read. Points are defined by their coordinates. The coordinates of all 

entities scanned for all parts of the bus were established in one coordinate system defined by user 

and called User Coordinate System (UCS).  
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4.2.1 Establishing User Co-ordinate System 

 

 The User Coordinate System (UCS) should be determined at the beginning of the 

geometric data acquisition, before taking any of measurements. The UCS is an orthogonal XYZ 

coordinate system with X, Y and Z axis defined by user. The UCS is related to the actual bus by 

reference entities. Points, cones, circles or spheres can be used as reference entities. In this 

project points were chosen as reference entities. They are the actual points marked on the bus 

with coordinates measured in the UCS.  

 After the coordinates of reference points are known, they can be used for recalculation of 

the new digital arm position in the UCS. Many different locations of the digital arm had to be 

used, because the working volume of FARO Arm is limited approximately to a sphere of 8 feet 

radius, which is much smaller than the bus structure. Once the coordinates of at least three 

reference points are settled, any part of the bus can be located with the UCS. This option allows 

for scanning of polylines in the same coordinate system even after the part is removed from the 

bus. It reduced significantly the time spent on operations such as translations and rotations of the 

FE models of the bus parts to their correct positions.  

 AnthroCAM, the software used for acquiring data scanned by FARO Arm, recognizes 

different coordinate systems: the User Coordinate System (UCS), World Coordinate System 

(WCS), the measuring device Machine Coordinate System (MCS), and the AnthroCAM Design 

Alignment. When AnthroCAM Design boots up, it automatically resets the MCS to the 1” 

reference sphere (see Figure 4.9). In this way, the 1” reference sphere applies to (0,0,0) in 

AnthroCAM Design. When importing a CAD model, the CAD coordinate system is the WCS.  

 To define User Coordinate System (UCS), and use it for further measurements, 

“Alignment 3-2-1” option is used. There are several types of alignments. Each is constructed 

using entities which were previously measured (in MCS), or imported from CAD data.  The sub 

option used there is called “3-2-1 Alignment”.  It requires three entities being defined: a plane, 

line and a point. The plane determines XY plane, the projection of the line on that plane defines 

X-axis and the projection of the point on the plane defines the origin of the UCS. Figure 4.10 

shows the UCS defined for this project. 
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Figure 4.9 FARO Arm. [38] 

 

 

 

 

 

 

Figure 4.10. User Coordinate System for Ford Eldorado. 
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Figure 4.11. Establishing X axis and origin. 

 

 

 

 

 The plane XY was defined as the plane of the floor. It was constructed using several 

points measured on the floor surface near the front end of the bus. The line defining X-axis was 

marked on the floor. To construct this line, two points were defined as vertical projections of 

middle points of the front and rear bumpers onto floor surface. These points were settled using a 

plumb bob (see Figure 4.11). The projection of the middle point of the front bumper was used as 

the origin. 

 The entities (coordinates of points) stored in AnthroCAM files can be divided into two 

categories. The first group consists of nominal entities, which are constructed or imported from 

IGES or text files. When imported from CAD or text data new entities correspond to the World 

Coordinate System (WCS), which is equal to the Machine Coordinate System (MCS) but not to 

the User Coordinate System (UCS). The next group consists of entities, which are measured 

using FARO Arm. To have all data defined in one coordinate system or to have all coordinate 



 43

systems MCS WCS and UCS equal, option CAD=PART need to be applied. Once it is done, it is 

effective for any other entity measurements and constructions.  

 

4.2.2 Reference Point Measurements 

  

 After specifying the User Coordinate System (UCS), the digitization of reference entities 

was performed. Reference entities allow for establishing the actual position of the digital arm. 

Minimum 3 and maximum 10 entities are needed to recalculate the position of the digital arm in 

UCS and define a transformation matrix between MCS and UCS. Several different types of 

reference entities: points, circles, cones and spheres can be applied for FARO Arm. Points are 

measured by taking several readings with the probe positioned to the marked location. Other 

entities are constructed in the computer based on the measurements of at least 3 points on the 

surface or curve of the chosen entity. Using best-fit method AnthroCAM program determines 

geometric parameters of constructed entity such as a center and radius.  

 FARO Arm is equipped with three types of probes: point probe and two ball probes with 

diameter equal to 3.175 mm and 6.350 mm (see Figure 4.12). When a ball probe is used, the 

readings are taken from its center instead of the contact point. There is no offset for a point 

probe. For ball probes, compensation meaning the offset equal to the radius of the probe can be 

applied, in some cases.  Compensation is possible only when the offset direction is determined, 

as it is in the case of geometric objects like plane or sphere, constructed with measured points. 

Compensation is impossible for scanning where the stream of coordinates is read as probe is 

moved on the undefined surface.  Only points measured without compensation, named “Comp 

OFF Points”, can be used as reference points.  

 To reduce the errors “Comp OFF Point” option as a reference entity was chosen. It was 

assumed that all readings of reference points would be taken with the point probe. Constructed 

entities such as spheres are more precise when ball probe is used. Regardless of how the ball 

probe contacts the sphere, midpoint of the probe is located on the sphere surface, which has 

larger radius but the same center as the actual, measured one. 
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Figure 4.12 Probes used for FARO Arm. 

  

 

 

 

 When a reading is taken for a marked point, and the ball probe is used, large error can be 

introduced. Since, the center of the probe can be in different positions when marked point is 

contacted from different directions. The readings taken with point probe for points marked on the 

part surface or on the surface of a glued marble used as a reference object are at the same level of 

precision. Finally, the point probe was chosen for digitizing the reference points and ball 0.125” 

probe for scanning (because the point probe is too sharp). A special form was prepared to outline 

the procedure of changing the probes for scanning sessions (see Figure 4.13).  

 Reference points were established in all places where the digital arm was positioned. 

Additionally, all structural parts, which are to be removed in the disassembly process, should 

have at least three reference points, marked and digitized before removal. Reference points were 

marked with printed stickers as shown in Figure 4.14. Each point has its unique number 

associated with the measured coordinates stored in the computer file. 
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Name of the file:                          .dwg

1.1 Change probe for POINT PROBE Devices -> Probes -> Point Probe

1.2 Find reference points 3-10 (recommended 10)

1 M_

2 M_

3 M_

4 M_

5 M_

6 M_

7 M_

8 M_

9 M_
10 M_

1.3 Alignment -> CAD to PART ->Leap Frog

Maximum error = < 2.0 mm

1.4 Check  other point coordinates

X Y Z X Y Z

1 M_

2 M_
3 M_

1.5 Position number (C_DEVPOS?) =       

2.1 Change probe for BALL PROBE (1/8"=3.175 mm) Devices -> Probes -> Ball Probe

2.2 Measure->ScanOptions->

  Comments:

Date: 

Name of the part: 

1. Leap Frog 

Reference Points

Nominal Values Measured Values

Reference Points

2. Scanning 

FreeHand ->   3D Free Hand

Minimum Distance 5.0000

Save as PolyLines

Open

Parallel Lock Planes ->   3D Free Hand

INCREMENT :                

# OF PLANES :                 

Minimum Distance: 1.0000

Save as PolyLines

Open

XY     YZ   ZX     

Offset By:   

 

 

Figure 4.13.Form developed for scanning sessions. 
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Figure 4.14. Sticker used for marking a reference point. 

 

 

 

 

Figure 4.15. Ford Eldorado with stickers marking reference points. 
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 In the first step, about 350 reference points were established around the bus and on the 

exterior surface of the bus. (see Figure 4.15). Just after establishing the coordinate system, 18 

reference points were digitized using the same position of the arm in front of the bus. To define 

next set of reference points FARO arm should be moved to the next location. To move the device 

and continue digitization in the same coordinate system a technique called leapfrog had to be 

performed (see Figure 4.16). After movement, at least 3 points digitized in the previous position 

had to be digitized again to establish the new position of the arm.  

 

 

 

 

 
 

Figure 4.16. Leapfrog technique. [38] 

 

 

 

 

 Once the new location is defined, digitization could be continued. To reach points 

marked in the rear wall, 7 positions of the arm were taken along the right side of the bus and 8 

along the left. Only points located up to the height of windows could be reached. Because of the 
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error value, measurements were repeated in the second session. Figure 4.17 shows top view of 

the positions of digitized points and locations of FARO Arm taken during two sessions.  

 

 

 

 

 
 

Figure 4.17. Reference points and locations of the digitizing arm. 

 

 

 

 

 After checking the errors (see the next section), the digitization of the reference points 

was continued. Three hundred and fifty (350) reference points marked on the bus were digitized 

before the bus was moved to the new location in the Springhill Facility for disassembly. 

Additionally, more than 300 points were digitized before, during and after disassembly process. 

The total number of reference points was 738. Some of the points were marked on the floor 

around the bus to improve the recalculation of the new location of FARO Arm when leapfrog 

technique was used. Figure 4.18 shows all 738 reference points digitized for the bus. 
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Figure 4.18. The image of reference points. 

 

 

 

 

4.2.3 Error Estimation 

  

 At the first scanning session, seven positions (#2-#8) of the digitizing arm were 

established along the left side of the bus and 6 (#9-#14) along the right (see Figure 4.17). Several 

points on the rear wall were digitized twice from two different positions #8 and #14. The 

maximum error, i.e. 3D distance between measured points was 45 mm. It was observed that the 

error was too big and the measurements were repeated. The data was carefully analyzed to 

reduce the value of the error obtained.  

 There are three main sources of the errors for measurement carried out with FARO Arm 

[38]. The first error is caused by the operator who has to touch the reference entity using the 

probe. For repeatable measurements, differences in the position of the probe’s tip end give 

different readings. However, as the Point Probe has been chosen and the reference points were 

marked very precisely using printed stickers it is expected that this part of the total error was 

reduced to the possible minimum. 

 The next error is the machine error and is described as the total bandwidth error. This 

bandwidth can apply to single point repeatability, linear displacement accuracy or volumetric 
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performance. Instrument accuracy can also be described statistically in standard deviations or 

sigma. One sigma error band contains 67.3%, the 2 sigma contains 95.5% and the 3 sigma 

contains 99.7% of all measurement errors. For the model used in this project FARO’s Bronze 

Series Model 06 & 08, and Single-point Repeatability at 2 sigma, the error is ±.012” or ±.305mm 

[38]. It means that we can expect the error for one reading within the above range. The 

experience gained during the preliminary measurements shows that this error can reach up to 0.5 

mm depending on the probe position relative to the device base.  

 The next origin of the error is the leapfrog technique. According to FARO manual [38] 

the error for one change of the device position can be approximated by the following formula:  

 

Sigma 2 @error  max. mm) (2.1 .084"
1

1)x.012"-(8
=

                      (4.1) 

 

 

where 8’ in the numerator is the length of the device, 1’ is the “Overlap Distance of the Leap 

Frog Features”, and 0.012 is the instrument accuracy. According to the above formula, the error 

caused by leapfrog is dependent on the magnitude of the distance between the reference points. 

For maximum distance equal to 1 foot the error is supposed to be 2.1 mm, for 2 feet it is equal to 

0.91 mm.   

 It was observed that the magnitude of the error received after the first measurement 

session was due to the offset in Y coordinates, which was about 40 mm. Most of the reference 

points used for leapfrog are marked on the sidewalls. Because bus sidewalls are approximately 

flat and vertical, there is little difference in Y coordinates of these points.  Even if the 3D 

distance between reference points was greater than 2 feet, the distance along the Y coordinate 

was very small and the error for Y coordinates was greater than 2 mm.  

 To reduce the errors caused by the leapfrogs in the next session extra reference points 

were marked on the floor and the columns aside the bus. These points had larger offset in the Y 

direction. Additionally, for each change of the arm position maximum allowed (10) reference 

points were used. In the second session 7 device positions (#15 - #21) were taken along the right 

side of the bus from the front to the rear end and 8 positions along the left side (#22 - #29). Some 

points on the rear wall of the bus were digitized twice, once from the position #21 and again 
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from the position #29. The maximum 3D distance was 23.2 mm. The offset for each coordinate 

is presented in Table 4.2 

 

 

 

 

Table 4.2. Maximum errors received in the second session 

 

Max. DX -3.6 mm 

Max. DY -15.3 mm 

Max. DZ -18.6 mm 

Max. 3D 24.0 mm  

 

 

 

 

Assuming that the error caused by one leap frog is approximately 1 mm, the error for 15 device 

positions can reach (7+8)*1 = 15 mm.  To estimate the total error the device error should be 

added. It was estimated that the received error is within the acceptable range and the 

measurement was correct.  

 

4.2.4 Error Distribution 

  

 The total of 232 reference points were digitized using the first position #1 and #15 other 

positions (#15 to #29) in the second session. Several points marked outside the bus were lost as 

the bus was moved to the next location. The rest was intended to be used as reference points for 

any further measurements and scanning. Each time the digitization was performed; the reference 

points were used to calculate the new device position which affected the accuracy of the 

measurements. For that reason, the coordinates of reference points should be determined with the 

maximum possible precision. To reduce the error during the second measurement, error 

distribution was applied. 

 It was assumed that all the points measured from the same device position have the same 

magnitude of error. The value of the error for the position #1 (where the coordinate system was 
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established and first 18 reference points were taken) was assumed zero. For the each next 

leapfrog (counting from the position #1 along both sides of the bus) the same average error 

values were applied as offsets in X, Y, Z directions. Table 4.3 shows the average error values 

calculated for four reference points digitized twice on the rear wall.  

 

 

 

 

Table 4.3. Average error values 

 

DX -2.3mm 

DY -14.8 mm 

DZ -18.2 mm 

 

 

 

 

Table 4.4 presents offset values calculated for each group of points digitized from the same 

device position. Each point with the new coordinates received a new number, which was marked 

on the label (see Figure 4.14). All calculated coordinates were imported to the AnthroCAM file. 

These new coordinate values were used for all further measurements and scanning as reference 

point coordinates. 
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Table 4.4. Error distribution 

 

Device 

Position # 

Numbers of 

digitized points 

∆X 

[mm] 

∆Y 

[mm] 

∆Z 

[mm] 

New reference 

points # 

1 #1-#18 0.0 0.0 0.0 M_1 – M_18 

15 #232- #238 0.0 1.0 1.3 M_19 – M_25 

16 #239 - #247 0.0 2.1 2.6 M_26 – M_34 

17 #248 - #269 0.0 3.1 3.9 M_35 – M_56 

18 #270 - #291 0.0 4.2 5.2 M_57 – M_78 

19 #292 - #311 0.0 5.2 6.5 M_79 – M_98 

20 #312 - #331 0.0 6.3 7.8 M_99 – M_118 

21 #332 - #341 1.1 7.4 9.1 M_119 – M_128 

22 #342 - #356 0.0 -1.0 -1.3 M_129 – M_143 

23 #357 -#373 0.0 -2.1 -2.6 M_144 – M_160 

24 #374 - #388 0.0 -3.1 -3.9 M_161 – M_175 

25 #389 - #403 0.0 -4.2 -5.2 M_176 – M_190 

26 #404 - #416 0.0 -5.2 -6.5 M_191 – M_203 

27 #417 - #429 0.0 -6.3 -7.8 M_204 – M_216 

28 #430 - #440 -1.1 -7.4 -9.1 M_217 – M_227 

29 #441 - #445 -1.1 -7.4 -9.1 M_2128 – M_232 

 

 

 

 

4.2.5 Validation of Calculated Reference Point Coordinates 

  

 To check the accuracy of the new calculated values, five measurements were taken. For 

each measurement, different device position was used. Each measurement consisted of two 

phases. First ten accessible reference points were chosen and digitized. Based on the new 

coordinates and taken measurements the position of the device was automatically calculated. 

Table 4.4 presents comparison of nominal and digitized values. Maximum error depicted as 3D 

distance was less than 3 mm. (see shaded numbers in Table 4.5) 
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Table 4.5. Comparison of calculated and digitized values 

 

Reference  

Points # 

Digitized 

Points# 

∆X 

[mm] 

∆Y 

[mm] 

∆Z 

[mm] 

3D 

[mm] 

22 1 -0.37 -1.78 -1.48 2.34 

29 2 -0.37 -0.47 -0.07 0.60 

42 3 0.91 0.34 -0.97 1.38 

54 4 0.38 0.84 0.85 1.25 

37 5 -0.92 0.47 -0.27 1.07 

111 6 0.33 0.41 0.88 1.03 

112 7 0.19 0.81 0.01 0.83 

87 8 -0.26 0.22 -0.01 0.34 

79 9 0.55 2.30 1.30 2.70 

76 10 0.11 0.15 -0.22 0.29 

124 11 -2.11 1.59 0.62 2.71 

127 12 1.77 0.91 0.98 2.22 

220 13 0.92 -0.06 -0.59 1.09 

224 14 0.51 -0.55 -0.29 0.80 

4 15 0.94 -1.36 0.64 1.77 

3 16 1.05 -1.31 0.94 1.92 

6 17 0.68 -0.08 -0.01 0.69 

origin 18 -0.02 -0.63 -0.84 1.05 

9 19 0.59 1.14 0.03 1.29 

130 20 -0.44 -1.45 0.08 1.52 

140 21 -1.04 0.16 0.44 1.14 

154 22 0.52 0.40 0.18 0.68 

146 23 0.07 -0.37 0.38 0.54 

159 24 0.60 0.98 0.29 1.19 

158 25 0.29 0.95 0.98 1.40 

155 26 -1.02 0.69 1.24 1.75 
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4.2.6 Scanning Using FARO Arm 

 

 Once FARO arm is positioned and a new location is recalculated the operator can begin 

scanning. The scanning means automatic reading of characteristic geometric entities such as 

lines and edges, using digitizing arm. These lines were used later for mesh generation using 

graphical preprocessor MSC PATRAN. Most of the lines and edges before scanning were 

marked on the bus using adhesive tape (see Figure 4.19). 

 

 

 

 

 
 

Figure 4.19. Characteristic lines on the front part marked with adhesive tape. 

 

 

 

 

 As the operator moves the ball 0.125” probe along a line, FARO arm reads continuously 

the coordinates of the points lying on the line. The user can define the distance between these 

points. The stream of the points can be saved in computer as polylines or splines. Polylines 

consist of straight segments. Each segment is defined by two following points taken during 

scanning. Splines have smooth segments, approximated by polynomials. Since, the minimum 

distance selected was only 2 mm, the polyline was chosen as sufficiently precise and simple 
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option.  Figures 4.20 – 4.23 show examples of polylines scanned for exterior, interior and frontal 

part of the bus. More than 3000 polylines of various lengths were scanned for the entire bus. 

Some of the polylines scanned for the straight elements such as cage segments were scanned and 

constructed using AnthroCAM option “Construct”. The operator needs only to scan two short 

segments defining far and near ends of the line and computer constructs straight line between 

them. 

 

 

 

 

 
 

Figure 4.20. Polylines scanned for exterior of the bus. 

 

 

 

 

 Another very useful option available for FARO Arm is called “Parallel Locked Planes”. 

It allows for creation of curves (polylines) defined as intersection of the scanned surface with the 

set of parallel planes defined by user. Points defining polylines are collected as the probe passes 

through each plane. The user can specify in the setup the number of planes (max: 1000) and the 

distance between each plane.  
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Figure 4.21. Polylines scanned for interior of the bus. 

 

 

 

 

  After defining the first plane in the global coordinate system, the remaining 

planes are set up parallel to the first plane, offset by the specified increment. While scanning, 

points are displayed as short lines, which indicate any deviation from the scanned point to the 

plane. A linear interpolation is performed to compensate for points that do not lie exactly on the 

plane. After scanning is complete, the points on each plane are sorted. Then, points that are 

closer than the minimum distance value are discarded. A maximum of 2000 points may be 

digitized on each plane. Figure 4.24 shows example of polylines scanned using the option 

“Parallel Locked Planes” for the hood and the fenders.  
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Figure 4.22. Examples of polylines scanned for frontal part of the bus. 

 

 

 

Figure 4.23. Straight polylines scanned and constructed for the cage. 
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Figure 4.24. Polylines scanned using option “Parallel Locked Planes”. 

 

 

 

 

4.2.7 Tape Measurements 

 

 In addition to the sophisticated FARO Arm measurements, tape measurements were also 

used. The first goal was to check dimensions of the finite element mesh developed using 

polylines digitized with FARO Arm. The actual distance between two selected points was 

measured and compared with the distance between referring nodes developed on the computer. 

The maximum error of about 30 mm was detected for points placed on the opposite body walls 

in the rear part of the bus. That difference was due to the errors affecting Y coordinates of 

digitized reference points.  

 Tape measurements were the sole source of geometry data for the frame and the 

suspension. The frame consists of regular segments and can be easily modeled based on simple 

measurements of distances between the elements (see Figure 4.25).  
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Figure 4.25. Tape measurements for the frame. 

 

 

 

 

 In contrast to the frame, the suspension system has very complex geometry. FARO Arm 

allows for precise determination of location of the points positioned on the surface of these 

elements. Additionally, access to such elements especially for the front suspension is limited. 

Therefore it was decided to model the suspension system using discrete elements such as beams 

and rods, hence digitizing was omitted.  To represent correctly the suspension modeled with rigid 

one-dimensional elements, the position of central points in the connections was necessary. 

Location of the characteristic points defining connections between the discrete elements in the 

FE model was measured with tape after marking the local coordinate systems. Next, the 

measured coordinates were manually entered to the computer model using analogues local 

coordinate system generated by user.  
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4.2.8 Thickness Measurements 

 

 Geometric data is not restricted only to the (x,y,z) coordinates of structural parts. 

Especially for metal sheet components, it encompasses the corresponding material thickness. 

Throughout the project, a slide caliper and an ultrasonic gauge T-MIKE B from Stresstel 

Corporation (see Figure 4.26) was used to measure component thicknesses.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26. Stresstel Corp. T-MIKE B thickness gauge 

 

 

 

 

 The measurements with aid of the ultrasonic gauge are based on Non Destructive 

Evaluation (NDE). NDE refers to the ability of obtaining quantitative information on an object 

without affecting its usefulness. To gather an accurate part thickness measurements without 

destroying the part, the gauge measures the time required for an ultrasonic pulse generated by a 

transducer to travel through a thickness of the material, reflect from the back or surface of a 

discontinuity (i.e. thickness), and be returned to the transducer. The measured two-way transit 

transducer

gauge
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time is divided by two to account for the down-and-back travel path, and then multiplied by the 

velocity of sound in the test material. The result is expressed in the well-known relationship:  

 

2

tv
d

⋅
=

                                  (4.2) 

 

where: d is the distance from the surface to the discontinuity in the test piece (i.e. thickness), v is 

the velocity of sound waves in the material and t is the measured round-trip transit time.  

 Before any thickness is measured, three operations must be performed: Part cleaning, 

then PROBE ZERO and CAL functions (see below). Dirt, loose material, and other residue must 

be removed from the part. Such debris can alter the travel path of the ultrasonic pulse, therefore 

leading to erroneous thickness measurements.  

 The PROBE ZERO function must be performed at the start of every digitizing session to 

compensate for transducer wear, or whenever the transducer is changed. A drop of couplant is 

applied to the end of the transducer to ensure that the pulse smoothly travels from the transducer 

through the material. The transducer is then placed in steady contact with the probe disk located 

at the back of the T-MIKE E. The gauge then recognizes that the probe is in contact with the 

probe disk, and automatically performs the PROBE ZERO function. 

 The CAL function is performed to calibrate the gauge to a given material velocity. The 

probe measures the velocity of the ultrasonic wave through a given material. If a steel sheet 

metal is measured, then by pressing the CAL key, the velocity of the pulse in steel appears as 

0.23 in/msec.  

 To perform a thickness measurement, the user presses the MAT key, which lists steel, 

aluminum, stainless steel, cast iron, and plexiglass); the appropriate material is then selected, and 

the transducer is applied to the material for a few seconds. If the detected echo from the 

transducer is of marginal magnitude, then a question mark appears, showing that a measurement 

error has occurred. If the measurement was correctly performed, the resulting thickness is 

displayed in inches or in meters. The mechanical slide caliper was used mostly for elements 

made of the materials not available for the ultrasonic gauge such as glass and laminate layers of 

body walls. The precision of the measurement is 0.1 mm and is regarded as sufficient.  
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CHAPTER 5 

DEVELOPMENT OF FINITE ELEMENT MODEL  

 

 

 

 

The procedure for development of finite element (FE) meshes starts with importing IGES 

geometry data. FE meshes are developed based on this geometry data. All FE meshes are then 

verified for inconsistencies and refined to improve the mesh quality. Connecting all refined and 

modified FE model components completes the FE model building process. All FE model 

components of the bus with related groups are listed in Table 5.1. 

 

 

5.1. Importing Geometry Data 

 

 

Transporting scanned geometric data to the preprocessor is a two step process. The first 

step is to export the data from AnthroCAM to the specified directory. In the second step 

geometric data is imported into a preprocessor MSC/PATRAN in the IGES format. IGES is an 

abbreviation for Initial Graphics Exchange Specification, which is a standard format providing a 

way of representing geometric entities in such a way that several CAD programs can read and 

process them.  

To export the part IGES geometric data from AnthroCAM into MSC/PATRAN, the user 

must simply select the File > IGES out menu; this prompts the Autodesk IGES Translator (see 

Figure 5.1). The user then selects the name of the directory where the IGES file should be 

exported. 
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Figure 5.1. IGES data output in AnthroCAM [39]. 

 

 

 

 

To import the generated IGES geometric data into MSC/PATRAN, the user needs to perform the 

following steps: 

1. Open MSC/PATRAN  

2. Setup a new Database and initial parameters 

3. Select IGES from the File>Import menu. The IGES Import data form appears. Then the 

user can select the command: Source > IGES. 

4. Select the desired IGES file from the list or type a filename. The user can specify an 

existing filename in the current directory or in a different directory. 

5. Accept the selection. MSC/PATRAN then imports the geometry from the IGES file, 

displaying points, curves, and surfaces. If the current MSC/PATRAN model already 

contains geometry, the IGES data is integrated into the geometry of that model. If it 

encountered problems reading the IGES file, MSC/PATRAN displays a warning 

message, which lists the geometric entities that could not be translated. Figure 5.2 

shows the MSC/PATRAN viewport with import dialog box and IGES import options 

dialog box. A detailed import dialog box is shown in Figure 5.3. 
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Figure 5.2. MSC/PATRAN viewport with import dialog box and IGES import options dialog 

box. 

 

 
 

Figure 5.3. Form showing IGES data import in MSC/PATRAN. 
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Figure 5.4 shows polylines for the exterior bus components as an example of scanned 

geometry imported in MSC/PATRAN. Once the part geometry is imported in MSC/PATRAN, 

the process of mesh development begins. The following sections describe the development of FE 

models for several bus parts. 

 

 

 

 

 
 

Figure 5.4. Polylines scanned for exterior bus components. 

 

 

 

 

5.2. Development of FE Meshes 

 

 

Building the FE mesh is the first step in development of a finite element model. Next, 

decisions regarding element formulations, material models, material characteristics, contact 

algorithms, MPCs and connections, loading and boundary condition formulations, solution 

parameters and others, should be determined to create valuable concise model. Only a well-

defined FE model, with carefully established parameters, can realistically represent the structural 

behavior of the system.  
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           Development of FE meshes was the most important phase of this research project. The 

majority of the research time was spent to create, verify, and refine the FE meshes which could 

give reliable and realistic information about crash analysis.   

 

5.2.1 Development of Finite Element Models 

 

MSC/PATRAN provides numerous ways to create a finite element model. It is important 

to determine the analysis requirements of the model before starting the FE model creation. These 

requirements determine how to build the model in MSC/PATRAN.  

FE model for each part is developed in following sequence- 

1. Finite Elements: Choose Elements application form in Patran.  

2. Finite elements for regular geometry: For regularly shaped parts, finite elements are 

developed by first creating mesh seeds which help create a large number of elements at 

the same time. 

3. Mesh seeds: Imported geometry data of regular shaped parts is utilized to create the mesh 

seeds and large number of regular shaped elements are developed using these mesh seeds.  

4. Finite element mesh: Finite element mesh of Quad elements is created using mesh seeds 

with Isomesh mesher. 

Elements of different shape are created by selecting one of the shapes available in Patran, such as 

Point, Bar, Tri, Quad, Tet, Wed, and Hex. Figure 5.5 shows the intermediate stage of FE model 

building process for bus body and Figure 5.6 shows the MSC.PATRAN viewport with the 

“Finite elements” form used for creating finite element mesh. 
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Figure 5.5. FE mesh development for bus body. 

 

 

 

 

 

 

Figure 5.6. MSC/PATRAN viewport with Finite elements form.  
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5.2.2 Development of FE Model for Hood  

 

 

As an example, FE model development for the bus hood is presented in this section. The 

procedure follows the steps outlined in section 5.1 and 5.2.1 Scanned geometry data is imported 

in MSC/PATRAN and different shaped elements are created using the Elements form. The 

model consists of Tri and Quad shaped elements. The actual hood picture, geometric polylines, 

and FE model for hood are shown in Figure 5.7 

 

 

 

 

 
 

(a) Hood picture 

 

 

 
 

(b) Polylines for hood 
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(c) FE model for hood 

 

Figure 5.7. FE model development for hood.  

 

5.2.3 Development of FE models for other parts 

 

During the course of the project, preliminary FE models of several bus parts were 

developed, in the similar fashion as hood, from the scanned geometry of Ford Eldorado Aerotech 

240 bus. They include: chassis, wheels, suspension, doors, engine, body, cage, fenders, drive 

shaft, floor, frontal parts, rear parts, fuel tank etc. Figures 5.8 to 5.22 show all individual parts of 

the complete bus model.  

 

 

 

 

 
 

Figure 5.8. FE model of chassis. 



 71

 
 

Figure 5.9. FE model of cage. 

 

 

 

 

 

 
 

Figure 5.10. FE model of bus body. 
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Figure 5.11. FE model of rear suspension. 

 

 

 
 

Figure 5.12. FE model of wheel. 

 

 

 
 

Figure 5.13. FE model of engine. 
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Figure 5.14. FE model of passenger door. 

 

 

 

 
 

Figure 5.15. FE model of wheel chair door. 
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Figure 5.16. FE model of driver door. 

 

 

 
 

Figure 5.17. FE model of rear bumper. 

 

 
Figure 5.18. FE model of radiator and frame. 
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Figure 5.19. FE model of air conditioning unit. 

 

 

 
 

Figure 5.20. FE model of fuel tank. 

 

 

 
 

Figure 5.21. FE model of driver door. 
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Figure 5.22. FE model of drive shaft. 

 

 

 

 

All these parts are connected to build the final model of the entire bus. Figures 5.23 to 5.39 

represent the model building process for the complete model of bus. 

 

 

 

 

 
 

Figure 5.23. FE model building stage -1. 

 

 

 
 

Figure 5.24. FE model building stage - 2. 
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Figure 5.25. FE model building stage - 3. 

 

 

 

 

 
 

Figure 5.26. FE model building stage - 4. 
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Figure 5.27. FE model building stage – 5. 

 

 

 

 

 
 

Figure 5.28. FE model building stage – 6. 
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Figure 5.29. FE model building stage – 7. 

 

 

 

 

 
 

Figure 5.30. FE model building stage – 8. 
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Figure 5.31. FE model building stage – 9. 

 

 

 

 

 
 

Figure 5.32. FE model building stage – 10. 
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Figure 5.33. FE model building stage – 11. 

 

 

 

 

 
 

Figure 5.34. FE model building stage – 12. 
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Figure 5.35. FE model building stage – 13. 

 

 

 

 

 
 

Figure 5.36. FE model building stage – 14. 
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Figure 5.37. FE model building stage – 15. 

 

 

 

 

 
 

Figure 5.38. FE model building stage – 16. 
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Figure 5.39. FE model building stage – 17. 

 

 

 

 

 The final model was built by connecting all individual parts together. Figure 5.39 shows 

the final FE model of the bus.  

 

 

5.3. Groups and Bus Parts 

 

 

In the process of developing FE model of the bus, FE models of small parts are 

developed first. These models are then checked for inconsistencies before connecting all parts 

together to build the complete bus model. It is convenient to examine small parts for 

inconsistencies by carrying out drop test runs. Any discrepancies pertaining to the model could 

be identified and modifications could be performed on such small models. A part in LS-DYNA 

is called the group or property set in PATRAN. A group is a set of elements with same properties 

such as material, thickness and type of FE elements. The final model of the bus consists of 174 

parts. Summary of the final FE model of the bus is provided in Table 5.1 
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Table 5.1. Summary of the final FE model of bus 

 

No. Entity Number 

1 Number of parts (LS-DYNA)/ Property sets (PATRAN) 174 

2 Number of material models 23 

3 Number of nodes 67,788 

4 Number of solid elements 9,612 

5 Number of shell elements 63,271 

6 Number of beam elements 712 

7 Total number of elements 73,595 

 

 

 

 

Table 5.2. Lists all parts of the bus and related groups (property sets) 

 

No. Group of parts Property set in PATRAN 

080_Z_around 

084_Body_Tube_Near_PassDoor, 

161_Body_Foam 

081_BodyHoneycomb 

160_Body_Skin 

159_Window_Glass 

082_Body_Interior_Layer, 

1 Body 

083_Body_Outer_Laminate 

001_Beam_long_t_3.5 , 

 002_Beam_long_t_6.5 

 003_Beam_long_t_10, 

004_Beam_tr_III_5.5 

005_Beam_tr_II_4, 

006_Beam_tr_IV_4.0 

007_Beam_tr_I_3.4, 

008_Beam_tr_VI_4.0 

009_Beam_tr_V_3.5, 

 010_C_long_channels 

 077_Tubes_2.5, 

 078_Beam_tr_Transm 

0761_Bolt_Rubber_Pads, 

034_III_layer_1.5 

2 Chassis 

035_III_layer_long_2.0, 
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Table 5.2 Continued. 

 

No. Group of parts Property set in PATRAN 

036_III_layer_long_2.7 

037_IV_layer_long_3.3, 

  

076_Rubber_Pads 

085_Cage_C-section 

086_Cage_Flat_Bar, 

087_Cage_Hat_section 

088_Cage_Nodes_Connect 

3 Cage 

090_Cage_Tube, 

092_DoorPassFrame 

097_DoorPassFramePlate, 

103_DoorPassSteps 

117_DoorWheelChairFrame, 

125_DriverDoorMetal 

121_Door_Rear_Alumin_Frame 

123_Door_Rear_Inside, 

119_DoorWheelChairThickElemn, 

122_Door_Rear_Ext, 

124_Door_Rear_Window, 

126_DriverDoorWindow 

104_DoorPassWindowGlass, 

118_DoorWheelChairGlass 

091_DoorPassDoor 

120_Door_Wheelchair_1_2 

093_DoorPassFrameHingeFrBottom, 

094_DoorPassFrameHingeFrTop 

095_DoorPassFrameHingeRearBptto, 

096_DoorPassFrameHingeRearTop 

098_DoorPassHingeFrBottom, 

099_DoorPassHingeFrTop 

100_DoorPassHingeRearBpttom, 

101_DoorPassHingeRearTop 

105_DoorRWHingeBottomDoor, 

106_DoorRWHingeBottomWall 

107_DoorRWHingeTopDoor, 

108_DoorRWHingeTopWall 

109_DoorWChDoorHingeBottFront 

110_DoorWChDoorHingeBottRear 

111_DoorWChDoorHingeTopFront 

112_DoorWChDoorHingeTopRear 

113_DoorWChFrameHingeBottFront 

4 Doors 

114_DoorWChFrameHingeBottRear 
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Table 5.2 Continued. 

 

No. Group of parts Property set in PATRAN 

115_DoorWChFrameHingeTopFront 

116_DoorWChframeHingeTopRear 

127_DriverdoorHingeDoorBottom 

128_DriverdoorHingeDoorTop 

129_DriverdoorHingeFrameBottom 

130_DriverdoorHingeFrameTop 

  

102_DoorPassRubberStrip 

151_Drive_Shaft_Rods_Steel 5 Drive shaft 

150_Drive_Shaft_Rigid 

131_EngineConnection, 

132_EngineConnectionRod 

134_EngineTransmission 

6 Engine 

133_EngineRubberPad 

1521_Floor_Steel_2 7 Floor 

1522_Floor_Plywood_19 

139_FrontBumper 

1401_FrontMetalPart, 

1402_FrontMetalPart1_3 

1403_FrontMetalStiffner, 

140_FrontMetalPart2 

141_FrontRoofMetal, 

143_FrontStripMetal 

155_FrontRadiatorDouble_t4; 

156_FrontRadiatorSingle_t2 

157_FrontRadiatorPlastic 

158_FrontRadiatorMetal 

142_FrontRoofStiffPlywood, 

8 Frontal parts 

0185_FSStr3DSteerBox 

153_Rear_Bumper_2.7, 9 Rear bumper 

154_Rear_Bumper_C_5 

020_FS_El_U_beam 

021_FS_El_axle_curb, 

022_FS_El_axle_str 

023_FS_El_rock_curb, 

024_FS_El_rock_str 

025_FS_Spring 

0251_FS_Steear_Spring 

019_FS_Damp 

0191_FS_Damp 

10 Front suspension 

011_Elastic_rod 
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Table 5.2 Continued. 

 

No. Group of parts Property set in PATRAN 

012_FCurbDrumRig, 

0171_FSCurbRigRodAxle 

0172_FSCurbStickRigRod, 

017_FSCurbRigRodAxle 

0181_FSStrRigRodAxle, 

0182_FSStrRigRodAxle 

0183_FSStrStickVerRRod, 

0184_FSStrAxleVerRRod 

018_FSStrRigRodAxle, 

  

028_FStrDrumRig 

050_RS_Elastic_axle 

059_RS_leaf_10mm_curb, 

060_RS_leaf_10mm_street 

061_RS_leaf_15mm_curb, 

062_RS_leaf_15mm_street 

063_RS_leaf_7.7mm_curb, 

064_RS_leaf_7.7mm_street 

065_RS_rear_susp_U_beam 

049_RS_Dampers_rear 

075_RearAxleSolid 

038_RCurbDrumRig, 

047_RSCurbRigRodAxle 

048_RSStrRigRodAxle, 

051_RS_Rigid_curb_beam_lb 

052_RS_Rigid_rod_curb_front, 

053_RS_Rigid_rod_curb_middle 

054_RS_Rigid_rod_curb_rear, 

055_RS_Rigid_rod_street_front 

056_RS_Rigid_rod_street_middle, 

057_RS_Rigid_rod_street_rear 

058_RS_Rigid_street_beam_lb, 

11 Rear suspension 

066_RStrDrumRig 

12 Fuel Tank 079_Tank, 

013_FCurbRimAround, 

014_FCurbRimSide 

029_FStrRimAround, 

030_FStrRimSide 

039_RCurbINRimAround 

040_RCurbINRimSide, 

043_RCurbOutRimAround 

13 Wheels 

044_RCurbOutRimSide, 
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Table 5.2 Continued. 

 

No. Group of parts Property set in PATRAN 

067_RStrINRimAround 

068_RStrINRimSide, 

071_RStrOutRimAround 

072_RStrOutRimSide, 

015_FCurbTyreSidewall 

031_FStrTyreSide 

041_RCurbInTyreSide 

045_RCurbOutTyreSide 

069_RStrInTyreSide 

073_RStrOutTyreSide 

016_FCurbTyreTread 

032_FStrTyreTread 

042_RCurbInTyreTread 

046_RCurbOutTyreTread 

070_RStrInTyreTread 

  

074_RStrOutTyreTread 

144_Hood, 

145_HoodHingeCurb 

146_HoodHingeFrontCurb 

147_HoodHingeFrontStreet 

14 Hood  

148_HoodHingeStreet 

033_Fenders_2.8, 

135_FenderCurbsideNormal 

136_FenderCurbsideSpecial, 

137_FenderCurbsideSpecial2 

15 Fender  

138_FenderStreetside, 

 

 

 

 

5.4. Verification 

 

 

Once the FE model of the part is developed, it is necessary to verify the mesh for 

massless nodes, lack of connection between elements, duplicate elements, inconsistent normals, 

aspect ratio, shape of elements, etc. MSC/PATRAN provides the option to verify the elements 

with regard to all these aspects. Model verification consists of a number of different tests which 

can be performed to check the validity of a finite element model. [40] These tests include checks 
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of element distortion, element duplication, model boundaries, nodal connectivity, and 

node/element ID numbering.  

In the case of distortion checking, MSC/PATRAN provides a series of automated tests to 

measure the “distortion” of elements from an “ideal” shape through measurable geometric 

properties of the element. The results of these tests are compared to user specified criteria and a 

determination is made whether the element is acceptable or not. The pass criterion is analysis 

code dependant and is updated automatically when the Analysis Preference is changed.  

Verification tests are always performed on the current group of the active viewport 

except in the case of duplicate elements in which case the entire model is checked. To get an 

overview when checking a specific element type, there is a test choice of All. When this option is 

selected, MSC/PTRAN will display a spreadsheet showing a summary of the total number of 

elements that exceed a threshold value for each of the distortion checks, and the actual test value 

and element ID number for the most extreme element. 

 Model verification provides visual feedback of the selected test. Element distortion 

checks allow the selection of a threshold value using a slidebar. During the check, any element, 

which exceeds the threshold value, is highlighted and its value is listed in the Command Line. 

Verification forms for Quad elements include an icon that allows a selection to split failed 

elements or simply highlight them. 

Other checks, such as element duplication and connectivity, give options only to 

highlight any offending elements, or automatically correct the model. Model boundaries may 

either be displayed as edge lines, showing unshared edges in the model, or as shaded faces, 

showing unshared surfaces. Information obtained from verification procedures can assist the 

engineer in deciding if the finite element model is satisfactory, or should it be adjusted through 

remeshing or element modification. Figure 5.40 shows the Verify form for quad elements. 
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Figure 5.40. Elements form with verify action for quad elements. 

 

 

 

 

5.5. Mesh Refinement 

 

 

 The accuracy of FE analysis depends upon various factors, including proper 

material models, material properties, boundary conditions, application of loads, mesh quality, 

and mesh density. A detailed FE model with a dense mesh can predict the crash results very 

closely to the actual tests. In the first stage of the project, a coarse FE model was developed and 

some preliminary runs were carried out. Figures 5.41 and 5.42 show the crash simulation runs for 

the coarse model. In the second stage, a refined and modified FE model was developed. 

Improvement and modification of FE models for all components of the bus were made with the 

help of computationally more powerful IBM supercomputer at FSU. The MPP version of LS-

DYNA was installed on this new IBM supercomputer. The IBM SP3 is equipped with 168 CPUs 



 92

and is much more powerful compared to the SGI Origin 2000 with 16 CPUs, which was used as 

a main computational unit in the first stage.  Usage of the supercomputer allowed for the 

application of more detailed models with a larger number of elements.  

 

 

 

 

 
 

Figure 5.41. Simulation of frontal impact with a girder. 

 

 

 

 

Figure 5.42. Simulation of frontal impact test . 
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The refined mesh has approximately four times higher number of smaller elements, 

which should give a higher level of accuracy. New meshes for the frame, floor, and frontal parts 

were developed. The FE model for the sandwich structure of the wall, consisting of two glass-

reinforced composite layers and one honeycomb layer entrapped between them, is partially 

refined. Comparison between the coarse FE mesh and refined FE mesh for the body is shown in 

Figure 5.43.  

 

 

 

 

 
                              

(a) Coarse FE model of body of the bus 

 

 

 
(b) Refined FE model of body of the bus 

Figure 5.43. Comparison of coarse and fine FE meshes for the body. 
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Modifications were done systematically for each structural part like the hood, fenders or 

windshield. After completing mesh refinement for one part, computer runs were performed to 

check the new model and remove all initial penetrations of the modified nodes.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 95

 

 

 

 

 

 

CHAPTER 6 

MATERIAL MODELS AND PROPERTIES 

 

 

 

 

6.1. Introduction 
 

 

 To obtain realistic results it is necessary to apply proper constitutive models and 

determine actual values of material properties. Several types of materials were used for the 

structural components of the actual bus structure. Mild steel was used for the parts like the 

protecting cage, frame, suspension, doors, front part (hood, fenders, and the engine 

compartment). The bus body is built using two layers of composite material and a paper 

honeycomb layer placed between them.  

 In crash simulations, materials with failure and element erosion should be applied to 

model local damage and material separation. Several erosion criteria are applied in LS-DYNA 

including factors such as: pressure, maximum principal stress, effective stress, maximum 

principal strain, effective plastic strain, maximum shear strain and the time dependent Tuler-

Butcher criterion [35]. These criteria are independent of the material models. Only values of 

failure parameters are specific for the material. Once a failure criterion is satisfied, the element is 

deleted from the calculation.  

 For ductile materials such as mild steel, an ultimate plastic strain is used as an input data 

for the failure criterion. Although, it should be a real strain it should also be related to the 

element volume as in the first order elements. Resultant force and moment are approximated in 

one integration point only. Additionally, in crash simulations where there are high velocities and 

rapid deformations, strain rate effects should be taken into account.  Because of lack of 

information about actual material properties of the bus, strain rate effects were omitted in this 

project. They are recommended for the future research.  
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 This chapter describes all material models and material properties used in the FE model 

of the bus. All FE groups and material models used for respective group are listed in Appendix 

A. It is necessary to use consistent units of material properties to obtain correct results. Table 6.1 

shows applied units and some example values of typical properties. 23 LS-DYNA material 

models are used in the final FE model of the bus. Data of the material properties for all these 

material models is submitted to LS-DYNA solver in card formats. Table 6.2 describes all the 

variables used in the property cards. 

 

 

 

 

Table 6.1. Units 

 

No. Property Units 

1 Length millimeter 

2 Time second 

3 Mass tone 

4 Force  Newton 

5 Young’s modulus of steel 210.0E+03 

6 Density of steel 7.85E-09 

7 Yield stress of Mild Steel 200.0 

8 Acceleration due to gravity 9.81E+03 

9 Velocity equivalent to 30 mph 13.4E+03 

 

 

Table 6.2. Description of variables 

 

Variable Description  

MID Identification number, Unique identification number to be selected. 

RO Mass density 

E Young's modulus 

PR Poisson’s ratio   

LCID Load curve ID, see *DEFINE-CURVE, defining the stress versus 

Engineering strain. 
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Table 6.2 Continued 

 

Variable Description  

F0 Initial tensile force. If FO is defined, an offset is not needed for an initial tensile 

force.  

SIGY Yield stress 

ETAN Tangent modulus 

BETA Hardening parameter 

FAIL Failure flag, when the plastic strain reaches this value, the element is deleted 

from the calculations.  

LCSS Load curve ID or Table ID 

N MEDYMO3D coupling flag 

COUPLE Coupling option if applicable 

M MEDYMO/CAL3D Coupling option flag 

CMO Center of mass constraint option 

CON1 First constraint option 

CON2 Second constraint option 

FS Failure strain for eroding elements 

VF Relative volume at which honeycomb is fully compacted. 

MU Material viscosity coefficients 

BULK Bulk viscosity flag 

LCA Load curve ID for sigma-aa verses either relative volume or volumetric strain  

LCB Load curve ID for sigma-bb verses either relative volume or volumetric strain 

LCC Load curve ID for sigma-cc verses either relative volume or volumetric strain 

LCS Load curve ID for shear stress verses either relative volume or volumetric strain 

LCAB Load curve ID for sigma-ab verses either relative volume or volumetric strain 

LCBC Load curve ID for sigma-bc verses either relative volume or volumetric strain 

LCCA Load curve ID for sigma-ca verses either relative volume or volumetric strain 

LCSR Load curve ID for strain rate effects defining the scale factor verses strain rate 

EAAU Elastic modulus Eaau in uncompressed configuration 

EBBU Elastic modulus Ebbu in uncompressed configuration 

ECCU Elastic modulus Eccu in uncompressed configuration 

GABU Elastic modulus Eabu in uncompressed configuration 

GBCU Elastic modulus Ebcu in uncompressed configuration 

GCAU Elastic modulus Ecau in uncompressed configuration 

AOPT Material axes option 
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6.2. Metal Parts 
 

 

Seven different material models are used to describe all metal parts of the bus. In the 

front and rear suspensions some elements, mostly beam and rod elements are elastic and rigid. In 

addition, solid steel components such as the drive shaft and the rear axel have rigid material.  

 

 

 

 

Table 6.3. Properties for MAT_ELASTIC used for purely elastic material 

 

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO E PR DA DB K  

Value 1 7.85e-09   210000 0.3     

 

 

Table 6.4. Properties for MAT_PIECEWISE_LINEAR_PLASTICITY used for elastic-plastic 

model of steel [24] 

 

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO E PR SIGY ETAN FAIL TDEL 

Value 3 7.85e-09     210000 0.3 350  0.2  

Card 2 1 2 3 4 5 6 7 8 

Variable C P LCSS LCSR VP    

Value   65      

 

 

Table 6.5. Stress – strain values for curve no. 65 

 

*DEFINE_CURVE 65 

  Strain  Stress (Mpa) 

0 350 

 0.04879 388.5 

0.09531 429 

0.1823 480 

0.2231 493.8 

0.2624 494 

 2.398 504 

10 533.4 
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Curve no. 65
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Figure 6.1. Stress – strain graph for curve no. 65. 

      

Table 6.6. Properties for MAT_RIGID used for steel parts 

 

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO E PR N COUPLE M ALIAS 

Value 4 7.85e-09     21000 0.3 0 0 0  

 

 

Table 6.7. Properties for MAT_PLASTIC_KINEMATIC used for steel rods [24] 

 

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO E PR SIGY ETAN BETA  

Value 2 7.85e-09     210000 0.3 270  21000  

Card 2 1 2 3 4 5 6 7 8 

Variable SRC SRP FS VP     

Value   0.2      

 

 

 

 

 Material # 3, MAT_PLASTIC_KINEMATIC is used for rods applied as connectors for 

parts such as drive shaft. Material # 24 is invalid for truss elements. This material model shows 

inelastic properties and failure.  
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Table 6.8. Material properties for MAT_PIECEWISE_LINEAR_PLASTICITY used for 

aluminum [24] 

 

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO E PR SIGY ETAN FAIL TDEL 

Value 39 2.75e-09     69000 0.3 140    

Card 2 1 2 3 4 5 6 7 8 

Variable C P LCSS LCSR VP    

Value      21      

 

 

Table 6.9. Stress – strain values for curve no. 21 

. 
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Figure 6.2. Stress – strain graph for curve no. 21. 

*DEFINE_CURVE 21 

Strain Stress 

0 140 
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0.365 284 
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1 340 
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Table 6.10. Properties for MAT_ELASTIC used for engine and transmission 

 

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO E PR DA DB K  

Value 40 1.542e-09    75000 0.33     

 

 

Table 6.11. Material properties for MAT_PLASTIC_KINEMATIC used for radiator [24] 

 

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO E PR SIGY ETAN BETA  

Value 65 2e-09     100000 0.2 50 200   

Card 2 1 2 3 4 5 6 7 8 

Variable SRC SRP FS VP     

Value   0.2      

 

 

 

 

6.3. Paper Honeycomb 
 

 

Honeycomb sandwich structures are increasingly being used in automotive bodies due to 

their high strength-to-weight ratios. Honeycomb is fabricated to form a continuous series of 

consistent cells, similar in appearance to the cross section view of corrugated board. It consists of 

two facing panels and a layer of core material sandwiched between them. Paper honeycomb 

bonded to facing materials to form sandwich panels provides outstanding strength and rigidity 

compared to the strength of paper itself. 

Paper honeycombs are available in different cell configurations of core materials. 

Typically hexagonal or triangular cell configurations are used in automotive bodies but other 

configurations are also predominant depending upon the application. Figure 6.3 shows an 

example of paper honeycomb with triangular cell configuration. 
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Figure 6.3. Example of paper honeycomb with triangular cell configuration. [41] 

 

 

 

 

 When paper honeycomb is bonded to facing laminates on both sides, the resulting 

sandwich structure carries shear, bending, and compressive loads. The body-wall of the bus used 

for this research is made of a paper honeycomb sandwich structure. A hexagonal cell 

configuration of paper core is sandwiched between two glass reinforced composite laminates 

used as panels. Figures 6.4 and 6.5 illustrate cross sectional view of honeycomb layer used in 

Ford Eldorado bus. After disassembling the bus, thicknesses of composite laminates and 

honeycomb layer were measured. Mechanical properties of honeycomb are listed in Table 6.12. 

 

 

 

 

 

 

Figure 6.4. Cross section of wall structure of Ford Eldorado bus. 
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Figure 6.5. Schematic representation of cross section of wall structure.  

 

 

 

 

Table 6.12. Mechanical properties of paper honeycomb. [42] 

 

 

 

 

 

 

WR II is a water-resistant special application paper core material. It is designated as WR II-3/8-

4.0  

Where WR II – refers to type of material  

3/8 – is the cell size in fractions of an inch. 

4.0 – is the density in pounds per cubic foot. 

 

Composite panels Paper honeycomb 
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Figure 6.6. View of wall section of Ford Eldorado bus. [39] 

 

 

 

 

Load carrying capacity of honeycomb depends upon the thickness of core. The thicker 

the core, the greater is its load carrying capacity. Compared to flat composite laminates, paper 

honeycomb sandwiched structures show better strength-to-weight ratios. Figure 6.7 shows the 

graphical comparison between strengths of paper honeycomb for different core thicknesses and 

solid fiberglass composite laminates. 

As shown in the Figure 6.7, honeycomb structures (A to D) have greater strength-to-

weight ratios than solid fiberglass skins (E). The honeycomb structure shows good strength 

characteristics only when paper core and laminates are in good condition. If the paper core is 

damaged or deteriorated, the honeycomb structure looses its strength and facing laminates 

become too flexible. Figure 6.8 illustrates the deteriorated paper honeycomb structure for 

disassembled Ford Eldorado bus. 
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Figure 6.7. Strength capacities of fiberglass honeycomb structures vs. flat fiberglass panel. [43] 

 

 

 
 

Figure 6.8 Deteriorated paper honeycomb structure.  

A. 4” Honeycomb 
B. 3” Honeycomb 
C. 2” Honeycomb 
D. 1” Honeycomb 

E. Solid Fiberglass
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Table 6.13. Properties for MAT_HONEYCOMB used for paper honeycomb 

  

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO E PR SIGY VF MU BULK 

Value 44 4.2e-11     380 0.33 3.72 0.25 0 0 

Card 2 1 2 3 4 5 6 7 8 

Variable LCA LCB LCC LCS LCAB LCBC LCCA LCSR 

Value 61 61 61 61 61 61 61  

 

 

 

 

6.4. Composite Panels and Plastic Parts 

 

 

Composite materials have been widely used in automotive industry due to their useful 

properties such as very light weight, high strength, and good energy absorbing characteristics. 

The body wall of Eldorado Aerotech bus is made of sandwich structure, in which paper 

honeycomb is sandwiched between two layers of composite laminates. Figure 6.9 shows cross 

section of the bus body wall. 

 

 

 

 

 

 

Figure 6.9. Cross section of bus body wall. 
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The properties of composite material are determined by parameters such as the properties 

of each constituent material, ratio of two materials, alignment of fiber, etc. LS-DYNA provides 

several material models to simulate composite materials. Material type 55, 

MAT_ENHANCED_COMPOSITE_DAMAGE was used to model the composite panel of the 

bus body wall.  

  This material model is valid for shell elements and can model arbitrary orthotropic 

materials like panel with unidirectional fiber.  Various types of failure modes including tensile or 

compressive fiber, tensile or compressive matrix, can by identified. However, it was found that 

short glass fibers were randomly distributed in the composite panel, so it is justified that the 

properties in the panel plane are isotropic.  

Due to the lack of information of composite panel of the bus, basic data of fiber and 

matrix [36] were used to estimate the mechanical properties of the composite panels. 

The basic data of fiber and matrix are:  

Density of glass fiber: 3/5.2 cmgf =ρ  

Tensile modulus of glass fiber: af GPE 80=  

Shear modulus of glass fiber: af GPG 3.33=  

Density of matrix: 3/2.1 cmgm =ρ         

Tensile modulus of matrix: am GPE 3=  

Shear modulus of matrix:  am GPG 07.1=  

Fiber volume fraction: 5.0=fV   

Fiber aspect ratio 500=
d

l
 

The mixture rule gives the density of composite cρ . 

3/ 85.1)5.01(2.15.05.2)1( cmgVV fmffc =−×+×=−ρ+ρ=ρ  

The longitudinal tensile modulus 11E , transverse tensile modulus 22E , and shear modulus 12G  for 

a composite with unidirectional discontinuous fibers are given by the following equations. 
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substituting the basic data, aGPE  4111 = , aGPE  3.1022 =  and aGPG  312 = .  

Moduli of the composite panel were estimated with randomly distributed fibers. 

                                          aGPEEE  8.21
8

5

8

3
2211 =+=                                      (6.7) 
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                                            aGPEEG  7.7
4

1

8

1
2211 =+=                                      (6.8) 

                                                     4.01
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=−=ν
G

E
                                               (6.9) 

 

The input cards for the composite material are presented in the table 6.14. 

 

 

 

 

Table 6.14. Properties for MAT_ENHANCED_COMPOSITE_DAMAGE used for composite 

material 

 

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO EA EB (EC) PRBA (PRCA) (PRCB) 

Value 23 1.98e-09 21800 21800 0 0.3 0 0 

Card 2 1 2 3 4 5 6 7 8 

Variable GAB GBC GCA KF AOPT    

Value 7700 7700 7700 0 0    

Card 3 1 2 3 4 5 6 7 8 

Variable XP YP ZP A1 A2 A3   

Value 0 0 0 0 0 0   

Card 4 1 2 3 4 5 6 7 8 

Variable V1 V2 V3 D1 D2 D3 DFAILM DFAILS 

Value 0 0 0 0 0 0 0.05 0.0078 

Card 5 1 2 3 4 5 6 7 8 

Variable TFAIL ALPH SOFT FBRT YCFA

C 

DFAILT DFAILC EFS 

Value 0.2 0.25 1 0 2 0.05 0.05 0.013 

Card 6 1 2 3 4 5 6 7 8 

Variable XC XT YC YT SC CRIT BETA  

Value 150 140 150 140 60 55 0  
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Two material models were used to simulate the plastic parts in the bus. The first one is 

LS-DYNA material type 24, MAT_PIECEWISE_LINEAR_PLASTICITY, which was used for 

the body skin and plastic layers in the rear door and the wheel chair door. This material model 

allows user to define a stress and strain relationship curve, as well as the failure plastic strain.  

 

 

 

 

Table 6.15. Properties for MAT_PIECEWISE_LINEAR_PLASTICITY used for plastic parts 

[24] 

 

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO E PR SIGY ETAN FAIL TDEL 

Value 36 1.2e-09 2800 0.3 45    

Card 2 1 2 3 4 5    

Variable C P LCSS LCSR VP    

Value   62      
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     (a) Stress-strain values                 (b) Stress-strain graph 

 

Figure 6.10. Stress – Strain values and graph for curve no. 62. 
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 Another material model used for plastic is LS-DYNA material type 3, 

MAT_PLASTIC_KINEMATIC. This model was used for the plastic layer of the front radiator.  

 

 

 

 

Table 6.16. Properties for MAT_PLASTIC_KINEMATIC used for plastic layer of radiator. [24] 

 

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO E PR SIGY ETAN BETA  

Value 66 2e-09 10000 0.2 10 20   

Card 2 1 2 3 4 5 6 7 8 

Variable SRC SRP FS VP     

Value   0.01      

 

 

 

 

6.5. Plywood 

 

 

Plywood is used as the floor and stiffeners of the bus. Material model 

MAT_PIECEWISE_LINEAR_PLASTICITY is used for the plywood. Figure 6.11 and 6.12 

show the floor and stiffener. The properties of the plywood were taken from Plywood Design 

Specification APA – The Engineering Wood Association.  

 

 

 

 

Table 6.17. Properties for PIECEWISE_LINEAR_PLASTICITY model used for plywood 

 

Card 1 2 3 4 5 6 7 8 

Variable MID RO E PR SIGY ETAN FAIL TDEL 

Value 43 5.54e-10 10335 0.3 8.268  0.01  
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Figure 6.11. Plywood stiffeners.                                     Figure 6.12. Plywood floor. 

 

 

 

 

6.6. Foam 

 

 

Foam panels lie between the composite laminate and inner skin. Figure 6.13 indicates the 

position of the foam panels. The foam panels were meshed into solid elements and simulated 

with LS_DYNA material model MAT_CRUSHABLE_FOAM. This material type can model 

crushable foam with optional damping and tension cutoff. Unloading is elastic and tension is 

treated as completely elastic-plastic. 

 

 

 

 

Table 6.18. Properties for MAT_CRUSHABLE_FOAM used for foam [24] 

 

Card 1 2 3 4 5 6 7 8 

Variable MID RO E PR LCID TSC DAMP  

Value 70 1.475E-10 1789 0.3 58 0.001 0.05  
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Figure 6.13. Position of foam panels. 

 

 

Curve 58 defines the yield stress versus volumetric strain. 
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Figure 6.14. Stress – strain values and graph for curve no. 58. 

 

*DEFINE_CURVE 58 

 volumetric 

strain 
stress 

0 0 

0.01 0.955 

0.016 1.875 

0.02 2.565 

0.03 4.709 



 114

6.7. Springs and Shock Absorbers 

 

 

In the bus suspension system, springs and shock absorbers were modeled with beam 

elements. Their material properties are described by user defined curves including force versus 

rate-of-displacement curve. MAT_DAMPER_NONLINEAR_VISCOUS material type was used 

for front suspension shock absorber. MAT_SPRING_ NONLINEAR_ELASTIC material type 

was used for front suspension springs.  

 

 

 

 

Table 6.19. Properties for MAT_DAMPER_NONLINEAR_VISCOUS used for springs and 

shock absorbers [24] 

 

Card 1 2 3 4 5 6 7 8 

Variable MID LCDR       

Value 72 59       

 

Curve 59 describes the force and rate of displacement relationship.  
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Figure 6.15. Rate of displacement – force values and graph for curve no. 59. 
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Table 6.20. Properties for MAT_SPRING_ NONLINEAR_ELASTIC used for suspension 

springs[24] 

 

Card 1 2 3 4 5 6 7 8 

Variable MID LCD       

Value 74 64       

 

Curve 64 defines the relationship between force and displacement. 
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Figure 6.16. Displacement – force values and graph for curve no. 64. 

 

 

 

 

Figure 6.17 shows the shock absorber and springs in front suspension and Figure 6.18 

presents the front suspension model. Spring and damper elements are designated in green, elastic 

parts in red, rigid elements in pink color. 
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Figure 6.17. Shock absorber and spring in front suspension. 

 

 
 

Figure 6.18. FE model of front suspension.  

 

 

 

 

MAT_DAMPER_VISCOUS material model was used for shock absorber of steering 

system. Figure 6.19 shows the shock absorber for steering system. Instead of defining a curve, 

only a damping constant was specified in the input card.  

 



 117

Table 6.21. Properties for MAT_DAMPER_VISCOUS model used for shock absorber of 

steering system 

 

Card 1 2 3 4 5 6 7 8 

Variable MID DC       

Value 71 2       

 

 

 

 

Figure 6.19. Shock absorber for steering system. 

 

 

 

 

The springs in steering system were treated as linear elastic springs and modeled with 

MAT_SPRING_ELASTIC. By trial and error, the stiffness coefficient was selected.  

 

 

 

 

Table 6.22. Properties for MAT_SPRING_ELASTIC used for springs in steering system. 

 

Card 1 2 3 4 5 6 7 8 

Variable MID K       

Value 73 200       
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 As front suspension damper, the rear suspension damper was modeled with 

MAT_DAMPER_NONLINEAR_VISCOUS. Curve 63 describes the relationship between force 

and rate of displacement. 

 

 

 

 

Table 6.23. Properties for MAT_DAMPER_NONLINEAR_VISCOUS used for suspension 

damper 

 

Card 1 2 3 4 5 6 7 8 

Variable MID LCDR       

Value 75 63       
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Figure 6.20. Rate of displacement vs. force, values and graph for curve no. 63. 

 

 

 

*DEFINE_CURVE 63 
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6.8. Tires 

 

 

 MAT_ELASTIC model was used for rubber sidewalls of the tiers. The material 

properties are provided in Table 6.24. Rubber tread of the tires was modeled with 

MAT_MOONEY-RIVLIN_RUBBER. The properties are provided in table 6.25.  

 

 

 

 

Table 6.24 . Properties for MAT_ELASTIC model used for tires rubber wall 

 

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO E PR DA DB K  

Value 7 1.3e-09    10000 0.3     

 

 

Table 6.25. Properties for MAT_MOONEY-RIVLIN_RUBBER used for rubber tread 

 

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO PR A B REF   

Value 14 2.542e-09    0.499 5.541 0.9853    

 

 

 

 

6.9. Rubber Pads and Bolts 

 

 

 MAT_MOONEY-RIVLIN_RUBBER model was used for rubber pads. The material 

properties are provided in Table 6.26. MAT_CABLE_DISCRETE_BEAM is Material Type 71. 

This model permits elastic cables to be realistically modeled; thus, no force will develop in 

compression. It was used to model bolts in rubber part connections (see Figure 6.21).  
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Table 6.26. Properties for MAT_MOONEY-RIVLIN_RUBBER used for rubber pads 

 

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO PR A B REF   

Value 6 1.24e-09    0.499 0.5518 0.137    

 

 

 
 

Figure 6.21. Rubber pad and bolt connection. 

 

 

Table 6.27. Properties for MAT_CABLE_DISCRETE_BEAM used for bolts 

 

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO E LCID F0    

Value 42 1e-07     -61000      

 

 

 

 

6.10. Glass 

 

 

 MAT_PIECEWISE_LINEAR_PLASTICITY material model was used for all glass parts. 

Using this material model, elasto-plastic material with an arbitrary stress verses strain curve and 
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arbitrary strain rate dependency can be defined. In addition, failure based on a plastic strain or 

minimum time step can be defined. Curve 60 defines the stress and strain relationship. 

 

 

 

 

Table 6.28. Properties for MAT_PIECEWISE_LINEAR_PLASTICITY used for all glass parts 

[24] 

 

Card 1 1 2 3 4 5 6 7 8 

Variable MID RO E PR SIGY ETAN FAIL TDEL 

Value 23 2.5e-09    76000 0.3 138    

Card 2 1 2 3 4 5 6 7 8 

Variable C P LCSS LCSR VP    

Value      60      
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Figure 6.22. Stress – Strain values and graph for curve no. 60. 

 

 

 

 

 

*DEFINE_CURVE 60 
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CHAPTER 7 

LOADS AND BOUNDARY CONDITIONS 

 

 

 

 

7.1. Loads 

 

 

 Different loads such as the gravity load, friction forces, and internal pressure should be 

considered during crash simulation. Friction forces exist between the tires and road surface and 

between all contacts. Pressure exists on the inner surface of the tire. In the FE model, gravity is 

applied at the beginning of the simulation. It causes time dependent deformations and stresses. 

Rapid application of the gravity leads to vibrations, which can be reduced by implementation of 

large initial damping. Initial displacements caused by gravity only, are mostly due to 

deformations in front and rear suspensions. Figure 7.1 shows time history of vertical 

displacements in the front (red) and rear (green) suspensions caused by gravity only. No 

damping was applied. These displacements reflect deformations of the suspension springs and 

leaf springs.  

Translational accelerations (accelerations along x, y and z axis) allow body forces to be 

imposed on a structure [34]. The body force is held constant to simulate the gravitational load.  

Based on previously defined coordinate system, Z axis was vertical and coincides with the 

direction of gravity, so the translational acceleration along Z axis was set equal to the gravity 

acceleration with X and Y components zero. Conceptually, base acceleration is the acceleration 

of the coordinate system in the specified direction, thus the inertial loads acting on the model are 

of opposite sign [34]. In this case, the Z axis was upward and the gravity acceleration was 

downward, so the base acceleration should be positive 9810 2/ smm .  
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Figure 7.1. Time history of vertical displacements in the suspension. 

 

 

 

 

The internal pressure applied on tires was modeled by AIRBAG, which defined 

thermodynamic behavior of the gas flow into the airbag as well as a reference for the fully 

inflated bag [34]. Instead of modeling the airbag by discrete solid elements, it was modeled by 

control volume, which was defined as a volume enclosed by a surface. Usually the surface 

includes shell or membrane elements comprising the airbag fabric material. Since PATRAN does 

not provide a method for applying airbag in a model, the required input data had to be edited in 

the input file (key file) for LS-DYNA. The volume is defined by specifying a material subset 

which represents shell elements forming the closed boundary. If holes are detected, they are 

assumed to be covered by planar surfaces [34]. In the wheel model, tread, sidewall of tire and 

some parts of steel rim make the enclosed surface and the pressure is applied on them. Since the 
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enclosed space consists of shell elements, the normals of all these elements must be oriented 

outward from the volume to make sure that the air pressure is applied in the correct direction.  

In the modeling, it was experienced that the existence of a hole would give bad 

simulation result although a planar surface is assumed to cover the hole as stated by LS-DYNA 

theory manual. The resultant force of the inner pressure is not equal to zero, so the elements 

consisting the airbag are subject to acceleration in the resultant force direction.    

Two important values for airbag are internal pressure and damping factor. A simple drop 

test was conducted in reverse engineering laboratory by dropping a wheel from of 1 meter height 

and the behavior of the wheel was recorded using digital camera. In the preliminary runs, the 

drop down behavior was modeled with the same height as that in real test and different 

combinations of pressure and damping factors were tried. Figure 7.2 presents the drop test of 

wheel and the simulation. By comparing the computer simulation and the real test, the values of 

pressure and damping factor, which caused the behavior of wheel model closest to that of real 

wheel, were selected.  A segment of key file describing airbag is listed below.  

 

*AIRBAG_SIMPLE_PRESSURE_VOLUME 

           5         1                                                0.35                                                                           

      0.55         1 

*SET_PROPERTY 

          5          1 

          2          3         4 

 

Above input file specifies the pressure is 2/55.0 mmN and the damping factor is 0.35. 

The space is enclosed by element group 2, 3 and 4, which refer to tread, sidewall of tire and 

portion of rim. 

Friction in LS-DYNA is based on Coulomb formulation in which the frictional force is 

related to the friction coefficient and normal force. The frictional action is modeled by an elastic 

plastic spring. At every time step, LS-DYNA calculates the yield force from coefficient of 

friction and normal force, update the interfacial force based on the incremental movement of the 

nodes, and then checks the yield condition by comparing the interfacial force and yield force.  
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COMPARISON OF DROP TEST
HEIGHT: 920 m (36 in)

 

 

Figure 7.2 Drop test and computer simulation for wheel. 

 

 

 

 

The main concern in case of friction force is to choose the appropriate coefficient of 

friction. The values of coefficients are given in Table 7.1.  

 

 

 

 

Table 7.1 Typical values of Coulomb friction [44] 
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7.2. Boundary Conditions 

 

 

Boundary conditions are constraints imposed on elements, nodes or whole system, 

including pressure boundary conditions, kinematic boundary conditions, displacement 

constraints, prescribed displacements, velocities and accelerations.     

LS-DYNA provides two types of rigid boundary conditions, planar rigid wall and 

geometric rigid boundaries. The boundary region of planar rigid wall is flat, finite or infinite in 

extent and is defined by an outward normal unit vector n with the origin at a corner point on the 

wall if the wall is finite, or at the arbitrary point on the wall if the wall extends to infinity [35]. 

The definition of rigid boundary is shown in Figure 7.3.  

 Geometric Rigid Boundaries are similar to that of finite planar rigid walls. However, they 

can move translationally in a prescribed direction. When the geometric surface moves and 

contacts the structure, external work and plastic work is done. Currently rectangular prism, 

cylinder, flat surface, and sphere are the four geometric shapes that can be defined as geometric 

boundaries. Figure 7.4 presents the available shapes. 

 

 

 

 

 
 

Figure 7.3. A rigid boundary defined by a normal unite vector. [35] 
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Figure 7.4. Four shapes of geometric rigid boundaries. [35] 

     

 

 

 

In the bus model developed, planar rigid boundaries are used to model roads and 

stonewall for the simulation of frontal impact. A set of nodes on the bus model is specified so 

that they can not penetrate the rigid wall. When contact occurs, the components of velocity and 

acceleration of contacting nodes in the normal direction are zero, while in the tangential 

direction; the motion of contacting nodes is subject to Coulomb friction.  

 

 

7.3 Initial Conditions 

 

 

Initial conditions refer to prescribed parameters at the beginning of simulation. These 

prescribed values can be initial displacements, initial velocity, initial stress or initial temperature. 

In crashworthiness analysis, initial velocity is an important factor because it defines the 

kinematical energy and determines the intensity of impact. Every node in the model had the same 

translational initial velocity with zero rotational velocities.  
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If only translational components are used, the initial velocity can be conveniently defined in pre-

processor.  

 In the simulations presented in Chapter 8, an offset was applied for impacting object 

second bus, vertical planar wall, and rigid girder. This offset generates an initial period needed 

for impacting object to approach impacted bus. During this time bus wheels touche the road, 

gravity causes deformations. Forces in suspension components: springs and dampers, and 

applied frictions cause rotation of wheels. Usually contact between the wheels and the road 

causes about 5% reduction of initial kinetic energy (see Figure.7.5).  

 

 

 

 

 

 

Figure 7.5. Time history of total kinetic energy for side impact of two buses. 
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7.4. Contact 

       

 

Contact represents the interaction between the adjoining parts. This interaction occurs 

frequently in transient dynamic systems. It is generally classified as rigid to flexible or flexible to 

flexible type. LS-DYNA provides options for representing the sliding and impact along 

interfaces. The interface is defined by listing all triangular and quadratic segments that comprise 

each side of the interface [35]. One of its sides is designated as master side and the other is 

designated as the slave side. Nodes lying in these surfaces are referred to as master nodes and 

slave nodes, respectively. Figure 7.6 shows the slave surface and master surface.  

 

 

 

 

 
 

Figure 7.6. Slave surface and master surface. [35] 

 

 

 

 

Three distinct methods have been implemented in LS-DYNA code, which are the 

kinematical constrain method, the penalty method and the distributed parameter method. Penalty 

method was used for the bus model. The basic idea is to place springs between the penetrating 

nodes and the interface. This method ensures conservation of momentum and makes the 

implementation simple since it does not require special treatment of intersection of interface. If 

the interface stiffness is appropriately chosen, the time step is not affected by the interface.       

A new approach of defining automatic contact is used in this model. In this approach, the 

master and slave surfaces are internally generated within LS-DYNA from part ID assigned for 

each surface. For automotive crash models it is quite common to include the entire bus in one 

single surface contact definition where all the nodes and surfaces within the interfaces interact 
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[35]. Shell thickness effects should be considered when shell elements are used to model sheet 

metal. Both the slave and master surfaces are projected based on the mid-surface normal vectors. 

The surfaces then must be offset by an amount equal to 0.5 times their total thickness.  

For the bus model, the automatic single surface contact type is used for most parts of the 

bus. Additionally, other master-slave sets are defined for solid elements, such as engine and 

radiator and surrounding groups of shell elements. Different sets of contact definitions are 

applied depending upon the interacting zones. 

For each simulation, all possible contact areas should be determined using repeatable, 

preliminary runs. Figure 7.7 present a bottom view of two buses in side impact, showing 

penetration of elements due to lack of contact between AC unit and frontal part of the impacting 

vehicle. Figure 7.8 shows the simulation under the same conditions with properly defined 

contact. Contact algorithms are very computation demanding and can increase run times 

dramatically. To reduce calculation time, self contact areas were reduced only for regions of 

possible interaction. For example for a simulation of two impacted buses, self contact area was 

reduced for impacting vehicle only to the frontal part.  

 

 

 

 

 
   

Figure 7.7. Penetration of elements due to absence of contact definition. 
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Figure 7.8. Simulation with contact defined between AC unit and frontal part of impacting bus. 

 

 

 

 

Beam to beam contact is another contact used in the model. The contact surface is a 

surface of a cylinder. Figure 7.9 presents the contact surface. The diameter of the contact 

cylinder is set equal to the square root of the area of the smallest rectangle that contains the cross 

section [35]. If intersection point between neighboring beam elements or outer surface overlap is 

found, then the contact force is computed and is applied to the nodal points of the interacting 

beam elements.   
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Figure 7.9. Beam contact surface. [35] 

 

 

 

 

7.5 Initial Penetration 

 

 

Thickness specifications for the shell elements can lead to the initial penetration. Hence, 

the adjoining components consisting of shell elements need a minimum offset. The initial 

penetration should be avoided during mesh developing stage because it can cause considerable 

initial stress and severe numerical discrepancies when the calculation begins. The growth of 

negative contact energy often accompanies initial penetration, and the warning messages, 

including penetrating nodes and penetrated segments, are printed in output files like D3HSP and 

MESSAGE. Figure 7.10 gives an example of penetration related to the thickness of shell 

element. 

LS-DYNA has the capability to eliminate this initial penetration by automatic 

modification of the geometry of mesh, which allows continuation of calculation. This 

modification of geometry removes the penetration problem, but can lead to incorrect location of 

element middle surface [35]. In some cases, LS-DYNA cannot identify the initial penetrations. 

Figure 7.11 presents a case where the contact node penetrates completely through the surface, 

which cannot be detected by LS-DYNA. 
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Figure 7.10. Example of initial penetration. [35] 

 

 

 

 

Figure 7.11 Undetected initial penetration. [35] 

 

 

 

 

Full consideration was given to the initial penetration during the mesh generation stage. It 

included: (1) leaving adequate offset for the adjacent surfaces, considering element thicknesses; 

(2) using consistently refined meshes on adjacent parts that have significant curvature; (3) 

defining the thickness of element carefully; (4) using multi-point constraint, instead of merging 

nodes, to avoid the initial penetration. 

A procedure was also employed to find the initial penetrations and eliminate them during 

the mesh creation process. For every part or group of parts, preliminary runs were conducted 

with contacts assigned. Mesh was refined based on the warning message and a new run was 

conducted. This procedure was repeated until no warning message appeared in the output file.  

 



 134

7.6 Connections and Multi Point Constraints 

 

 

After the meshes of components were developed, the components were connected 

together to form the whole model. Several techniques were used to model the connections 

between components. Merging nodes which belongs to different components is the most efficient 

way to connect parts together if it is sure that the nodes have the same degrees of freedom and 

move together in the same way. In this case, different parts shared some nodes through which 

parts were connected together.  

However, merging nodes has some limitations and is not valid for some types of 

connections.  For example, the connection between the doors and the bus body cannot be 

modeled by this method since the door could not rotate about the hinge. Even though several 

parts moved in the same way in some cases, merging nodes would result in initial penetration or 

very bad shell elements with warping or bad Jacobi ratio, which in turn affect the accuracy of 

simulation. Nodes belonging to different types of elements are not allowed to be merged due to 

different number of degree of freedom. For example solid element nodes cannot be merged with 

the shell element nodes.  

Other ways such as multi point constraint were used to model the connections for which 

it was not appropriate to merge nodes. Some of the components of the actual bus are connected 

together using bolts, screws and welds. These connections may damage during an impact. To 

model such connections with failure, numerous types of multi-point constraints MPC’s and 

massless links are available in LS-DYNA.  

An MPC is a constraint that defines the relationship among one or more nodal degrees-

of-freedom (called: dependent degrees-of-freedom) and the response of one or more degrees-of-

freedom of other node(s) (called: independent degrees-of-freedom). The explicit form of the 

MPC can be written as: 

 

U0 = ∑CIUI + C0       (7.1) 

 

Where U0 is the dependent degree-of-freedom, UI the independent degrees-of-freedom, and CI, 

C0 are the constants. MPCs can be used to model certain mechanical phenomena that cannot be 

easily modeled using finite elements, such as rigid links, joints (revolutes, universal, etc.) sliders 

and many others [45]. Since it is not easy to determine the explicit MPC equation which 
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correctly represents the phenomena, many analysis codes provide special types of implicit 

MPCs. Such “ready to use” implicit MPCs simulate a specific phenomena with minimum user 

input. MPCs are especially useful in modeling the vehicle suspension system, where many 

relatively rigid components are connected together forming a complex kinematical system. They 

can also be used to allow load transfer between incompatible meshes. 

Another way of modeling connections is based on using of special purpose, massless links such 

as spot-welds [34].   The spot-weld is modeled as a rigid beam that connects two nodes in such a 

way that nodal displacements and rotations are coupled. The spot weld must be connected to 

nodes having rotational degrees of freedom, i.e. nodes belonging to beams and shells.  

 

 

 

 

              
 

(a) Actual welded connection    (b) FE model with spot-welds 

 

Figure 7.12. Welded connection and FE representation with spot-weld links. 
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The failure of the spot-welds occurs when the following criterion is satisfied: 
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where fn and fs are the normal and shear forces in the link. Component fn is nonzero only for 

tension. Sn and Ss are the normal and shear forces at failure, for the brittle failure of spot-welds. n 

and m are exponents for normal and shear forces respectively, usually m=n=2 are used. 

Two other models of failure criteria are also used. The second is the failure time TF, 

which specifies the time when spot-weld becomes inactive and the constrained nodes can move 

freely. The third criterion can model the tearing out of a spot-weld from the sheet metal when the 

plasticity occurs in the material surrounding the weld. The spot-weld failure due to plastic strain 

is determined by the input value εp
fail. The plastic strains in the connected elements are integrated 

through the element and the average values are projected to the nodes via a least square fit. When 

the calculated plastic strain exceeds the input value εp
fail, the spot-weld is removed from the 

calculations. 

Figure 7.12 presents application of spot-welds for modeling welded connections in the 

bus steel cage. The cage is designed for protection of passengers during the side impacts. Most of 

the segments used are hat cross-sections welded together. In the FE model, spot-welds with 

brittle criterion were applied. In Figure 7.12 spot-welds are depicted with yellow dashes.  

 Multi Point Constraints between rigid rod elements such as spherical joint and revolute 

joint were also used to model door hinges and connections among suspension components. 

Figure 7.13 shows model of the hinge for driver door. Black lines depict rigid rod elements 

developed using nodes of existing shell elements. It should be realized that rigid elements having 

the same property name are treated by LS-DYNA as a one rigid body. Such set of elements even 

not formally connected (no common nodes) can only move as a rigid body. It means that 

distance between any two nodes cannot change in time. Figure 7.14 presents the front suspension 

modeled using rigid elements and MPC. 
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Figure 7.13. Model of hinge for driver side door. 

 

 

 

 

 

 

Figure 7.14. Front suspension modeled using rigid elements and MPC. 
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7.7 System Damping 

 

 

Rapid application of load causes dynamic response such as vibrations. Initially, the 

sudden application of gravity load causes the bus body to go down and sets the vibrations. This 

kind of vibration is not expected in the simulation and should be removed as soon as possible. 

One of the methods of damping the vibrations is weight proportional system damping, which is 

applied at any time during the solution stage either globally or on a material basis. The 

acceleration is computed by [35]: 

 

)(1 n

damp

nnn FFPMa −−= −                                      (7.3) 

 

where, M  is the diagonal mass matrix; nP is the external load vector; nF is the internal load 

vector; and n

dampF  is the force vector due to system damping which is defined as [20] 

 

mvDF s

n

damp =                                                     (7.4) 

 

sD is the damping constant. LS-DYNA recommends sD be taken as two times the lowest 

frequency. This damping applies to both translational and rotational degrees of freedom. Figure 

7.15 shows a damped system subject to different damping coefficients.  

To damp vibration caused by rapid application of the gravity, an initial global damping 

was applied to the nodes of deformable bodies and to the mass center of the rigid body. During 

the initial period of 0.2 - 0.3 second, when the deformations in the suspension springs and leaf 

springs are generated, the damping coefficient of 2000 was applied. Later the damping constant 

is reduced to the value 15.  These values need further investigation using repeatable runs and the 

trial and error method. 
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Figure 7.15. Displacement versus time with a variety of damping coefficients [35]. 

 

 

 

 

7.8 Hourglass Control 

  

 

If only one point is used for integration for solid and shell element formulation, zero 

energy modes, called hourglass modes, will form. Only one point is used for determining 

element centered force and moment by Gauss or Lobatto integration. In some situations, the 

integration result is far away from the real value and does not reflect the true element 

deformation. Undesirable hourglass tend to have periods that are typically much shorter than the 

periods of the structure response and they are often observed to be oscillatory and increase 

undesirable deformation [35]. So hourglass must be controlled.       

 One way of preventing undesirable hourglass is to add a viscous damping or small 

elastic stiffness capable of stopping the formation of the abnormal modes but having a negligible 

effect on the stable global modes. The hourglass deformation mode is orthogonal to the strain 

calculation, so work done by the hourglass resistance is neglected in the energy equation. Figure 

7.16 shows several hourglass modes of solid element with only one integration point. 
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Figure 7.16. Hourglass mode of an eight node element with only one integration point [35]. 

 

 

 

 

 Figure 7.17 and Figure 7.18 present an example of a beam subjected to impact. Figure 

7.17 shows deformation before hourglass modes were generated. Figure 7.18 shows unrealistic 

deformations caused by cumulated hourglass deformations.   

 

 

 

 

 
 

Figure 7.17.Beam with hourglass control.                Figure 7.18. Beam without hourglass control. 
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7. 9. Element Formulation 

 

 

 Most of the structural parts of the bus are made of metal and composite sheets. These 

vehicle components are modeled with shell elements. In the explicit codes like LS-DYNA it is 

necessary to use single point integration to have diagonal representation of mass matrices (the 

only matrices which are inverted in the time integration process). It leads to linear element 

formulations (bilinear shape functions), with the following options for shells: 3-node triangular 

elements, 4 node quads and 8 node thick shell elements with only nodal translations. In such 

elements, only one-point quadrature is used to split element-centered force and moment 

resultants to the local nodal forces and moments. Element-centered force and moment is 

determined by integration through the thickness of the shell using up to ten, either Gauss or 

Lobatto, integration points [34]. The number of through the thickness integration points is related 

to a constitutive model being used. Three integration points are the minimum required to capture 

bending with plastic effects. In this project, most of the meshes of the bus components were 

generated using four node quad elements with five through the thickness Gauss integration 

points. 

 Application of linear elements sometimes results in hourglass modes characterized by 

nodal deformations, which doses not contribute to the element strain energy [34]. LS-DYNA 

provides over 20 different types of shell elements, including different versions of Hughes-Liu 

and Belytschko-Tsay formulations [34].   

 After performing several simple numerical tests with small number of elements, it has 

been determined, that element No. 16 – fully integrated shell element - is fast and shows very 

good performance.  Figure 7.19 presents results for such a simple numerical test.  A cantilevered 

flat bar modeled with quad shell elements is excited into vibration caused by sudden application 

of gravity with no dynamic relaxation. The diagrams show comparison of results for BT 

(Belytschko-Tsay) element No. 2 and fully integrated shell element No. 16 [34]. Only elastic 

material was used in all these numerical tests. It was concluded that although the number of 

elements and number of through thickness integration points influence the results, they do not 

help for poorly defined elements. Incorrect deformations are depicted in Figure 7.19. After a few 

first oscillations, improper growth of the permanent slope discontinuity between adjacent 

elements was developed. Good performance in this numerical test was also obtained for 
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elements: S/R co-rotational Hughes-Liu No.7, Belytschko-Leviatan No.8, and fully integrated 

linear assumed strain C0 No.20 [34]. LS-DYNA element No. 16 was finally selected for the 

current project. 

 

 

 

 

       
 

(a) Top view of cantilevered flat bar  (b) Incorrect deformations generated for 

 Belytschko-Tsay element No.2  

 

           

 

(c)Time history for free end displacement         (d) Time history for free end displacement for 

for fully integrated shell                                       Belytschko-Tsay element No. 2 element No. 16 

 

Figure 7.19 Vibration caused by rapidly applied gravity. 
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CHAPTER 8 

ANALYSIS OF IMPACTS 

 

 

 

 

8.1 Frontal Impact into Rigid Wall with Velocity 30 MPH 
 

 

  This section presents results for a computer simulation of a frontal impact into 

rigid wall with a speed 30 mph. The initial position of the vehicle is presented in Figure 8.1.  

 

 

 

 

80 km/h (50 MPH)

48 km/h (30 MPH)

2 m (6’ 7”) Road

Rigid wall

 

Figure 8.1 Initial position of the bus. 

 

 



 144

The following loads and boundary conditions (BC) were applied for the simulation: 

1. Gravity – applied to all nodes of the bus. 

2. Initial velocity of 30 mph – applied to all nodes. 

3. Road – modeled as an infinite planar rigid wall, applied to all nodes of the tire of the bus, 

with coefficient of friction 0.8. 

4. Vertical planar rigid wall – applied to the nodes in frontal part of the bus (driver 

compartment and part of the body). 

5. Contact boundary conditions: 

5.1. automatic self-contact between all shell elements of the bus. 

5.2. master-slave surface contact defined between faces of solid elements of the 

frontal part of the engine (master) and surrounding shell elements (slave). 

5.3.  master-slave surface contact between faces of solid elements of the engine 

(master) and shell elements of the inner floor(slave).   

5.4. master-slave surface contact for impacting bus, defined between faces of solid 

elements of the front radiator and surrounding shell elements. 

 The FE model of the vehicle is positioned 17 mm above the road modeled as an infinite 

rigid wall, to avoid initial penetration between the tire nodes and the road. The simulation starts 

0.155 s before the moment of interaction between the vehicle and the vertical rigid wall to allow 

the vehicle to move down under the gravity and to generate deformations and forces in the 

springs and dampers in the suspension system.  Initially, the distance between the front bumper 

of the bus and the rigid wall is 2 m (6’ 7”).   

 Time history of the simulation is presented in the subsequent figures. Figure 8.2 shows 

change in the total kinetic energy with time and Figure 10.3 shows the change in the total 

internal energy. In both figures, B0-B4 depict characteristic time points on time history curves. 

Figure 8.4 shows a sequence of pictures corresponding to the time points B0-B4. B0 describes 

the beginning of simulation; B1 (t= 0.06 s) indicates the time when the tires touch the road, B2 

(t=0.155s) indicates the moment when the interaction between the bus and the vertical rigid wall 

begins, B3 (t=0.225) indicates the end of bus - vertical wall interaction, and B4 (t=0.285s) is the 

end of simulation. 

 The initial total kinetic energy is 349.4 kJ (475.2 ft-lb). This value corresponds to the 

initial velocity of 30 mph (13.33 m/s) applied to the bus. According to Figure 8.2 wheels of the 
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bus touch the road after about 0.06 s. During this initial period presented as a horizontal segment 

B0-B1, the bus moves above the road. In the next phase B1-B2, the interaction between wheels 

of the moving vehicle and the road causes a loss of kinetic energy by 3.8 %.  The interaction 

between the tires and the road creates horizontal contact forces due to applied friction. These 

forces initiate rotation of the wheels. Figure 8.5 shows a trace plotted for a node selected on the 

top of the front wheel of the bus. The wheels start to rotate after 0.06 s (point B1). At the time 

0.155 s (point B2) the bus hits the planar rigid wall. During a short period of about 0.07s 

depicted in Figure 8.2 as the segment B2-B3, 95.2% of the total kinetic energy (at the point B2) 

is transformed into strain energy (see Figure 8.3) associated with the deformation in the 

impacting zone.  
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Figure 8.2. Time history of total kinetic energy. 
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Figure 8.3. Time history of total internal (strain) energy. 
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Figure 8.4. Sequence of pictures showing bus at characteristic time points. 
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Figure 8.5. The trace plotted for the top node on the front wheel. 

 

 

 

 

 Figure 8.6 shows deformation at the frontal part of the bus at the time t=0.165s, 0.2s, 

0.225s, and 0.285s. Figure 8.7 presents corresponding contours of effective stress (von Mises 

stress). Both pictures show that most of the deformation was concentrated at the frontal part and 

driver compartment, where the structure is weekend in the cut away buses. This observation is 

confirmed by Figure 8.8, which presents a sequence of pictures showing bottom view of the 

impacted zone.  Four pictures show contours of effective stress at same four characteristic points. 

During the impact, the frame buckles at the curved frontal segments. These segments were 

deliberately designed as bended to initiate buckling and serve as an energy-absorbing zone. 

During the frontal impact there is a little deformation in the body. Figure 8.9 shows contours of 

effective stress for the steel cage, chassis and driver compartment. Body walls and interior layers 

were removed from the view. Figure 8.9 shows that there is a little deformation in the steel cage 

as compared to the frontal part of the chassis.  
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Figure 8.6. Deformations in the bus. 
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Figure 8.7. Contours of effective stress. 
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Figure 8.8. Contours of effective stress, (Bottom view). 
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t=0.285s

 

 

Figure 8.9. Contours of effective stress in cage and chassis. 

 

 

 

 

8.2. Side Impact with Velocity 30 MPH 
 

 

The results for a computer simulation of the side impact of two identical Ford Eldorado 

buses are presented in this section.  The initial position of vehicles is presented in Figure 8.11.  

 

 

 

 

Left bus Right bus
Front view

48 km/h (30 MPH)

  

 

Figure 8.10. Initial positions of buses (front view). 
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4.2 m (13’ 9”)

48 km/h (30 MPH)

 

 

Figure 8.11.  Initial positions of buses (top view). 

 

 

 

 

The following loads and boundary conditions (BC) were applied for the simulation: 

6. Gravity – applied to all nodes of both buses, 

7. Road – modeled as an infinite planar rigid wall, applied to all tire nodes of both buses, 

with friction coefficient of 0.8, 

8. Initial velocity of 30 mph – applied to all nodes of the right bus, 

9. Contact boundary conditions: 

9.1. automatic self-contact between all shell elements of the left bus, 

9.2. automatic self-contact between shell elements of the frontal half of the right bus, 
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9.3. master-slave surface contact for impacting bus. This BC is defined between faces 

of solid elements of the frontal part of the engine and surrounding shell elements 

in the same bus, 

9.4.  master-slave surface contact between faces of solid elements of the engine 

(master)  and shell elements of the inner floor (slave). This BC is defined only for 

the impacting (right) bus. 

9.5. master-slave surface contact for impacting bus, defined between faces of solid 

elements of the front radiator and surrounding shell elements, 

9.6. master-slave surface contact between faces of solid elements of the frontal parts in 

the right bus (the engine and radiator) and shell elements in the impacting zone on 

the street wall of the left bus, 

9.7. master-slave surface contact defined between shell elements of the frontal part of 

the right bus and shell elements of the impacting zone on the street wall of the left 

bus. 

 

 The initial velocity was applied for the right bus, which serves as an impacting vehicle. 

The left bus has no initial velocity.  Both vehicles are positioned about 20 mm above the road 

modeled as an infinite rigid wall, to avoid initial penetration between the tire nodes and the road. 

The simulation starts 0.33 s before the moment of interaction between the vehicles, to allow the 

vehicles to move down under the gravity and to generate deformations and forces in the springs 

and dampers in the suspension system. Initially, the distance between the front bumper of the 

right vehicle and the street wall of the left bus is 4.2 m (13’ 9”).   

 Time history of the simulation is presented in the subsequent figures. Figure 8.12 shows 

change in the total kinetic energy with time and Figure 8.13 shows the change in the total 

internal energy with time. In both figures B0-B4 depict characteristic time points on time history 

curves. Figure 8.14 shows a sequence of pictures corresponding to the time points B0-B4. 

 The initial total kinetic energy is 350.4 kJ (476.7 ft-lb). This value corresponds to the 

initial velocity of 30 mph (13.33 m/s) applied to the right bus.  
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 Figure 8.12. Time history of total kinetic energy. 

 

 

B0

B1

B2

B3 B4

0.07
0.33

0.39
[s]

[Nmm]

 
 

Figure 8.13. Time history of total internal (strain) energy. 
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Figure 8.14. Sequence of pictures showing both buses at characteristic time points. 
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 According to Figure 8.12 wheels of the right bus touch the road after about 0.07 s. During 

this initial period, presented as a horizontal segment B0-B1, impacting bus moves above the 

road. In the next phase B1-B2 the interaction between the wheels of the moving vehicle and the 

road causes a loss of kinetic energy by 5.2%. Contact between the wheels and the road generates 

internal forces in the suspension components: springs, dampers and spring leaves. Additionally, 

the interaction between the tires and the road creates horizontal contact forces due to applied 

friction. These forces initiate rotation of the wheels. Figure 8.15 shows a trace plotted for a node 

selected on the top of the front wheel of the right bus. The wheels start to rotate after 0.07 s. 

 

 

 

 

 

 

Figure 8.15. The trace plotted for the top node on the front wheel of impacting bus. 

 

 

 

 

 At the time 0.33 s (point B2) the right bus hits the second bus. During the short period of 

0.06s, depicted in Figure 8.12 as the segment B2-B3, 46.6% of the total kinetic energy (at the 

point B2) is transformed into strain energy (see Figure 8.13) due to deformation in the impacting 

zone. Most of kinetic energy is dissipated due to inelastic deformation in the impacting zone of 

the street wall in the left bus. Figure 8.16 shows deformation and damage in the street wall at the 

end of simulation at the time 1.2 s. The impacting bus was erased from the view. Figure 8.17 

shows deformations in the steel cage and floor. Windows, driver doors, and body were removed 

from the view. Figure 8.18 presents contours of effective stress (von Mises stress) for steel cage 

and the floor at the moment when they are the larges, at the time t=0.37s. Both pictures show that 

most of the impact was concentrated at the floor level, where the bus structure is relatively stiff. 

For the impact with the speed 30 mph there is a little damage in the bus body. That conclusion is 

true only under the assumption that material characteristics for body are correct.  Figure 8.19 
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shows deformation inside the left, impacted bus at time t=0.54s. The street part of the bus was 

erased from the view. Figure 8.20 shows time history for relative lateral displacement for one of 

the nodes in the wall, in the impacted area. The relative displacement is defined as the difference 

between the total displacements of selected node in the impacted area and a node selected in the 

rear axle. Maximum elastic – plastic penetration is 300 mm at the time t=0.39 s. The inelastic 

maximum penetration is about 200 mm.  

  Figure 8.21 confirms accumulation of the strain energy in the floor and chassis. It 

presents a sequence of pictures showing bottom view of impacted zone.  Four pictures show 

contours of effective stress at different time moments.  The first picture (top left) shows stresses 

at time 0.34 s, the beginning of interaction between the vehicles. The second picture presents 

deformations and stresses at time 0.35 s, which is the next interval for which calculated data was 

written (every 0.01s). These two pictures show how rapid are the stress changes during the 

impact. The third picture (top right) shows the state at time 0.39 s, which is the end of the 

extensive deformation period. The last picture shows stresses at the end of computer simulation; 

at time 1.20 s. Figure 10.21 demonstrates some inelastic deformations in the chassis and 

extensive deformation in the floor.  

 

 

 

 

 

Figure 8.16. Inelastic deformations in the impacted bus, t=1.2 s. 
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 Figure 8.17. Deformations in cage and floor, t=1.2 s. 

 

 

Figure 8.18. Contours of effective stress , t=0.37 s. 
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 After the time t=0.39 s (point B3) most of the kinetic energy is dissipated due to the 

friction between the tires and the road (see Figures 8.12 and 8.13).  During that period between 

points B3 and B4, from t=0.39 to t=1.2s energy dissipation is almost uniform, with 

approximately the same intensity. The behavior of the impacted bus during that period is 

presented in Figure 8.22.  Figure 8.23 shows time histories of vertical displacements for four 

nodes selected in the middle of the wheels in the left bus. Presented curves show that as an effect 

of impact, the left bus is raised up by 100 mm above the road level (front wheel).  According to 

Figure 8.23 both curbside wheels are moving above the road for 0.1s, and street wheels are in 

contact with the road most of that time. Blue curve corresponding to the front curb wheel shows 

a series of peaks indicating snagging on the pavement after hitting the road. It should be noted 

that zero in Figure 8.23 indicates initial position and does not show the road level. The vertical 

movement of the impacted bus is caused by the fact that its vertical position of Center of Gravity, 

which is about 0.5 m above the road, is above the point of impact. The position of the impacted 

bus at time t=0.5s is presented in Figure 8.24, showing curb wheels risen above the road.  

  

 

 

 

 

 

 Figure 8.19. Deformations inside the impacted bus, t=0.54 s. 
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Figure 8.20 Relative lateral displacements in the street side wall.  
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Figure 8.21. Contours of effective stress in the impacted zone. 
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Figure 8.22. Position of the impacted bus. 
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Figure 8.23. Time histories of vertical displacements for middle points of wheels in left bus. 
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Figure 8.24. Position of impacted bus at time t=0.5 s. 
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Figure 8.25 presents time histories for displacements in the lateral direction (direction of the 

initial velocity, see Figure 8.11) for two nodes selected in the middle of the rear axle for each 

bus. According to Figure 8.25 the lateral displacement of buses is 4.46 m from the moment of 

interaction at t=0.33 s to the end of simulation at t=1.20 s. Figure 8.26 shows velocities for the 

same nodes and Figure 8.27 presents accelerations. The calculation was terminated at time 

t=1.20 s where both vehicles were still moving with the speed 4800 mm/s (17.3 km/h or 10.8 

mph).  
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Figure 8.25. Time history of displacements in the direction of initial velocity. Values for nodes 

selected in the middle of rear axles.  
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Figure 8.26. Time history of velocities in the direction of initial velocity. Values for nodes 

selected in the middle of rear axles.  
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Figure 8.27. Time history of accelerations in the direction of initial velocity. Values for nodes 

selected in the middle of rear axles.  

 

 



 164

8.3 Side Impact with Velocity 50 MPH 

 

 

 This section presents analogues results as the previous one for the side impact with 

velocity 50 mph. The initial position of vehicles is presented in Figure 8.28. The same load and 

boundary conditions (BC) were applied for the simulation as describe in Section 8.2. The only 

change is the initial speed, which is 50 mph in this case. Time history of the simulation is 

presented in the subsequent figures. Figure 8.29 shows change in the total kinetic energy with 

time and Figure 8.30 shows the change in the total internal energy with time. As in previous 

cases, B0-B5 depicts characteristic time points on time history curves. Figure 8.31 shows a 

sequence of pictures corresponding to the time points B0-B5. 

 

 

 

 

Left bus Right bus
Front view

80 km/h (50 MPH)

 

Figure 8.28 (a) Initial position of the buses (front view). 
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4.2 m (13’ 9”)

80 km/h (50 MPH)

 
Figure 8.28 (b) Initial positions of buses (top view) 
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Figure 8.29. Time history of total kinetic energy. 
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Figure 8.30. Time history of total internal (strain) energy. 

 

 

 

 

The initial total kinetic energy is 973.6 kJ (1324 ft-lb). This value corresponds to the 

initial velocity of 50 mph (22.22 m/s) applied to the right bus. According to Figure 8.28 wheels 

of the right bus touch the road after about 0.07 s. During this initial period, presented in Figure 

8.28 as a horizontal segment B0-B1, impacting bus moves above the road. In the next phase B1-

B2 the interaction between the moving wheels and the road causes a loss of kinetic energy by 

5.6%.  The interaction between the tires and the road creates horizontal contact forces due to 

applied friction. These forces initiate rotation of the wheels. Figure 8.32 shows a trace plotted for 

a node selected on the top of the front wheel of the right bus. The wheels start to rotate after 0.07 

s (point B1). 
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Figure 8.31. Sequence of pictures showing both buses at characteristic time points. 

 

 

 

 

 At the time 0.2 s (point B2) the right bus hits the second vehicle. During the short period 

of about 0.1s depicted in Figure 10.29 as the segment B2-B3, 49.7% of the total kinetic energy 

(at the point B2) is transformed into strain energy (see Figure 8.30) due to the deformation in the 

impacting zone of the street side wall in the left bus. Figure 8.33 shows deformation and damage 

in the street side wall at the time 0.3 s. The impacting bus was erased from the view. 
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Figure 8.32. The trace plotted for the top node on the front wheel of impacting bus. 

 

 

 

 Figure 8.33. Inelastic deformations in the impacted bus, t=0.3 s. 

 

 

 

 

Figure 8.34 shows deformations in the steel cage and floor. Windows, driver doors and 

body were removed from the view. Figure 8.35 presents corresponding contours of effective 

stress (von Mises stress) for steel cage and the floor. Both pictures show that most of the impact 

was concentrated at the floor level, where the bus structure is relatively stiff. This observation is 

confirmed by Figure 8.37, which presents a sequence of pictures showing bottom view of 

impacted zone.  Four pictures show contours of effective stress at different time moments.  The 

first picture (top left) shows stresses at time 0.2 s, the beginning of interaction between the 
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vehicles. The second picture presents deformations and stresses at time 0.25s, which is the 

middle point of the period when the most of kinetic energy is transformed into the internal 

energy. The third picture (top right) shows the state at time 0.3 s, which is the end point of the 

extensive deformation period. The last picture shows stresses at the end of computer simulation; 

at time 0.91 s. Figure 8.36 demonstrates extensive inelastic deformations in the chassis and in the 

floor. Also damage and inelastic deformations in the body are much larger comparing to the 

impact at velocity 30 mph. Figure 8.38 shows view of the impacted bus from inside showing 

deformations in the street wall and the floor, at time t=0.33 s. 

 

 

 

 

 

 Figure 8.34. Deformations in cage and floor, t=0.3 s. 
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Figure 8.35. Contours of effective stress , t=0.3 s. 

 

 

  

 

Figure 8.36. Damage and deformations in the street wall. 
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Figure 8.37. Contours of effective stress in the impacted zone. 

 

 

 

 

 After the time t=0.3 s (point B3) most of the kinetic energy is dissipated due to the 

friction between the tires and the road (see Figures 8.29 and 8.30).  During the period between 

points B3 and B4, from t=0.3 to t=0.7s energy dissipation is not intensive, because most of the 

wheels of the left bus are above the road and there are no lateral forces caused by friction. The 

behavior of the impacted bus during that period is presented in Figure 8.39. 
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Figure 8.38. Relative lateral displacement in the street wall. 

 

 

 

 

 Figure 8.40 shows time histories of vertical displacements for four nodes selected in the 

middle of the wheels in the left bus. Presented curves show that as an effect of the impact, the 

left bus is raised up by 250 mm above the road level. Red curve corresponding to the front street 

side wheel shows a series of peaks indicating snagging on the pavement. According to Figure 

8.40 all bus wheels are moving above the road during the period from t=0.44 s to t=0.68 s. Green 

and blue curves describing behavior for curb wheels show relative negative displacements at the 

end of simulation due to large deformations in the tires. The vertical movement of the impacted 

bus is caused by the fact that its vertical position of Center of Gravity, which is about 0.5 m is 

above the point of impact. 
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Figure 8.39. Position of the impacted bus at time 0.3, 0.5 and 0.7 s. 
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Figure 8.40. Time histories of vertical displacements for middle points of wheels in left bus. 

 

 

 

 

 Figure 8.41 presents time histories for displacements in the direction of the initial 

velocity for two nodes selected in the middle of the rear axle for each bus. According to Figure 

8.41 from the moment of interaction at t=0.2 s to the end of simulation at t=0.91 s both buses 

move the distance of 6.89 m. The calculation was terminated at time t=0.91 s where both 

vehicles were still moving. Figure 8.42 shows velocities for the same nodes and Figure 8.43 

presents accelerations.  
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Figure 8.41. Time history of displacements in the direction of initial velocity. Values for nodes 

selected in the middle of rear axles.  
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Figure 8.42. Time history of velocities in the direction of initial velocity. Values for nodes 

selected in the middle of rear axles.  
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Figure 8.43. Time history of accelerations in the direction of initial velocity. Values for nodes 

selected in the middle of rear axles.  
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CHAPTER 9 

CONCLUSIONS 

 

 

 

 

The objective of the presented research was to investigate the crashworthiness and 

passenger safety of modified body-on-chassis buses. The purpose was to create data useful for 

developing recommendations for bus body manufactures. The study was focused on a Ford 

Eldorado Aerotech 240 transit bus, which served as a sample representing a wider range of 

similar transit buses. The research attempted to evaluate the crashworthiness of the selected bus 

through computational mechanics and impact analysis (simulated crash-testing). 

 A reliable finite element (FE) model of the Eldorado Aerotech 240 transit bus was 

developed in order to perform the crashworthiness and the structural integrity evaluation. The FE 

model was developed as a representation of the range of similar transit buses which could 

accurately represent mechanical behavior of the actual bus during different types of traffic 

accidents. 

 The FE model developed in this research consists of 73,600 finite elements, has 174 

defined properties (groups of elements with the same features like thickness and material) and 23 

material models. All parts are connected using different multi point constraints and special links 

to model actual types of connections as bolts and welds including failure. The model represents 

geometrical and material properties for all structural parts of the actual vehicle and connections 

between all parts. The contact among elements during deformations is also represented. It is a 

working model, which can be directly used for LS-DYNA numerical simulations. All internal 

errors terminating computer runs and faults (like initial penetration of nodes) causing numerical 

noise have been removed.  

 The FE model is a good geometric representation of all major parts of the bus. Material 

properties for the model were obtained from several available sources: 
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1. Limited laboratory testing was conducted at FAMU-FSU College of Engineering to 

determine and compare different structural shapes (channels, box, hat sections, etc) due 

to tension, torsion and bending. Although these tests were not aimed directly at collecting 

material properties for LS-DYNA analysis, they helped in establishing ranges of possible 

material properties. 

2. Most of the material properties were adopted from other FE models of vehicles, 

developed by NCAC and other university communities. It is not clear if these values were 

obtained based on actual laboratory testing of the vehicle components. It should be noted 

that although these values represent average parameters, but they can be different from 

the actual material properties of Ford Eldorado transit bus.  

3. Other material properties were selected from common engineering handbooks, which 

often provide range of common material properties. 

 Due to uncertainty regarding exact material properties for the given bus, the FE model is 

not considered to be fully validated. The missing part of the work includes coupon tests for 

determination of material properties, especially for body wall structure (honeycomb and 

composite layers). In addition, simple laboratory tests of selected component connections should 

be conducted to evaluate their strength and failure criteria. Finally, a full-scale crash test for Ford 

Eldorado is necessary to validate the entire finite element model. Although the finite element 

model is not validated, it is complete in the sense that it represents all the structural parts of the 

actual bus, connections between them, their geometry and mechanical properties of some of the 

components. Numerical data presented in the report show that the FE model yields realistic 

results and with possible modifications and improvements (depending on laboratory test data), it 

can accurately represent the behavior of the actual bus. The following improvements and 

modifications are recommended: 

1. To obtain accurate results it is necessary to apply proper constitutive models and 

determine actual values of material characteristics. It is strongly recommended for future 

development of the existing FE model, to use material data for LS-DYNA based on 

actual laboratory test of coupons cut off from the actual vehicle. 

2. Strain rate effects may need to be taken into account in crash simulations with high 

velocities, large deformations, and failure.  Because of lack of information about the 

actual material properties of Ford Eldorado, strain rate effects were not included in this 
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project. It is recommended to consider inclusion of the strain rate effect in future 

research. 

3. To check the accuracy of the mass distribution in the FE model it is recommended to 

determine experimentally the location of the center of gravity and moments of inertia. In 

addition, the weights of selected parts should be measured and compared with the model 

values. 

4. The finite element model of Ford Eldorado Aerotech bus developed in the present project 

needs to be fully validated. Validation should be based on a full-scale crash test results 

and should show comparison of computer results with the test data.  

 Results from computational mechanics analysis presented in this study provide detailed 

histories of stress, strain and other state variables. The study offers a valuable insight into the 

structural response of a bus impacted by another vehicle. The results show the potential for 

thorough evaluation of the bus crashworthiness and safety of its passengers.  The existing model 

can be easily converted and modified to reflect potential changes in the body structure of new 

buses for detailed parametric studies. Comparison of results for models with different material 

properties or structural components can assist engineers in developing recommendations 

regarding optimal and safer design.  

 The FE model of Ford Eldorado, developed in this project, can closely resemble the 

behavior of the actual bus during various accidents. Numerical data provided from computational 

analysis can be very helpful in establishing new standards for bus body builders. Continuation of 

the project beyond the presented scope would allow for model validation and application of the 

model for other transit buses. It would also serve as research evidence in efforts to improve the 

Federal Motor Vehicle Safety Standards. 
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APPENDIX 

 

 

 

 

Table A.1. Material Properties 

 

No. Material Name Material Properties  

    Density 
Elastic 

Modulus 

Poissons 

Ratio 

Yield 

Stress 

Element 

failure 

Strain 

Defined 

Curve 

Maximum 

Plastic 

Strain 

1 
01_Elastic 

7.85E-

09 210000 0.3         

2 
021_steel_MAT3 

7.85E-

09 210000 0.3 270 0.2     

3 
02_steel 

7.85E-

09 210000 0.3 350 0.2 

curve 

65   

4 
03_rigid 

7.85E-

09 210000 0.3         

5 
04_rubber_pad 

1.24E-

09   0.499         

6 
05_rubber_sidewall 

1.30E-

09 10000 0.3         

 Continued        

7 
06_rubber_tread 

2.54E-

09 75000 0.499         

8 
08_composite 

1.98E-

09 

tension 

21800 0.3       

fiber   

0.05 

  
    

shear   

7700         

matrix   

0.05 

  
              

shear   

0.0078 

10 
12_plastic 

1.20E-

09 2800 0.3 45   

curve 

62   

11 
13_aluminium 

2.75E-

09 69000 0.3 140   

curve 

21   

12 
14_Engine_Trans 

1.54E-

09 75000 0.33         

13 
15_MAT_cable_ 

1.00E-

07 

(stiffness) 

-61000           
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 Continued        

  _discrete_beam               

14 
16_plywood 

5.54E-

10 10335 0.3 8.268 0.01     

15 
17_Honeycomb_3D 

4.20E-

11 380 0.33 3.72   

curve 

61   

16 
18_metal_radiator 

2.00E-

09 100000 0.2 50 0.2     

17 
19_plastic_radiator 

2.00E-

09 10000 0.2 10       

18 
20_foam 

1.48E-

10 1789 0.3     

curve 

58   

19 0191_FS_Damp               
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