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ABSTRACT 

There have been many studies on side impact accidents, crashworthiness of car structures and 

occupant protection and safety. These studies have focused on either development of better car 

interiors, belts, airbag safety and seating system for passengers or on more energy absorbing car 

structures and stronger materials to withstand the accident. The National Highway Traffic Safety 

Administration (NHTSA) has developed metric method to quality and study the aggressive 

behavior of Light trucks and Vans (LTV’s). One of the methods include driver fatality ratio 

(DFR) and Accident Safety (AS) by considering statistical data which was obtained from the 

accidents. The present research work proposes a computational method utilizing nonlinear finite 

element (FE) modeling of side impact crashes based on Federal Motor Vehicle Safety Standard 

(FMVSS) 214 and the United States New Car Assessment Program (USNCAP) conditions of 

several bullet and target vehicles. A computational finite element crash simulation methodology 

is initialized in this study include twelve cases, in which there are three target cars struck from 

side by four different bullet cars. The target cars include the Dodge Neon, Geo Metro and Toyota 

Yaris; and the bullet cars include the Dodge Caravan, Ford Econoline, Ford Explorer and Chevy 

S-10. The intrusions of the bullet and target cars are captured at specific locations. A scheme is 

then utilized to estimate the DFR based on the ratio of the bullet and target car intrusions, as well 

as the ratio of the accelerations at the driver seats corresponding to the two cars. The estimated 

DFR has been compared to the statistical DFR based on the accident data, and shown to provide 

reasonable correlation. The target vehicles in this study have been changed from the older 

models to a new model in order to observe any influence on the predicted DFR. The 

methodology presented here can be used in the design stage of new cars in order to improve the 

occupant protection and survivability of the passengers in the designed vehicles.  
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1 INTRODUCTION 

1.1 Background 
 More than half of the accidents occurring in U.S are between LTV’s and cars. In these 

collisions fatal injuries occurred in cars were registered as 81% [1]. LTVs are heavier, stronger, 

with high ground clearance and are constructed ruggedly than the small passenger cars. 

Aggressivity metric is used to measure the aggressiveness of cars which is given based on 

Fatality Analysis Reporting System (FARS) statistical data. Estimation of specific vehicle 

category incompatibility is not reliable by aggressivity metric method, so driver fatality ratio 

method is chosen based on FARS and General Estimates System (GES) for this research work 

which is more reliable for vehicle incompatibility study [2]. 

 The NHTSA launched a program whose research is based on collision between 

different types of vehicles. In this research program, vehicle incompatibility and aggressivity of 

vehicles were studied while car accidents are main criteria [10].  

 Collision between LTV’s and other cars is increasing day by day due to the increment 

in usage of LTVs in U.S. According to U.S statistics 33% of passenger cars are LTVs [1].  

 To prevent traffic related injuries, identification of effective strategies and prediction of 

fatalities are prominent for global health importance. Vehicle size and weight are chief 

determinants for degree of severity in traffic injuries. Estimation of fatalities and injuries could 

be avoided and this rounds up to 50% [3].  

 If all cars were designed with equal weight, size etc. comparatively data from 1996-

2001 period, 2008-2010 period  road users killed were reduced to 30% due to rapid increase in 

shifting passenger cars to light trucks and vans (for instance Canada). LTV’s are geometrically 

blunter than the passenger cars due to the heavier and stiffer construction, but passenger car 

occupants would have different kind of threat by LTV’s. Occurring of serious injuries in frontal 
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and side impact crashes is high due to the vehicle mismatch. Passenger car occupant’s injury risk 

would be more than LTV’s occupants [3].  

 Aggressivity of pickups and sport utility vehicles are 3 to 2 times more than passenger 

cars respectively.  As shown in Figure 1.1, fatalities in both LTV’s and passenger cars are still 

significant. Research on prediction of fatalities is important to improve understanding of 

crashworthiness of different types of vehicles adding to improvement in crash compatibility [5].  

 

Figure 1.1 LTV Sales and Registrations [5] 

 By 2020 traffic injuries would take place 3rd ranking in global burden of disease. 

Vehicle interactions in frontal and side impact crashes are the main injury risks for car 

occupants. Prevention of these injury risks is very important for global health importance [3]. 

 Good geometrical interaction is the main priority for fundamental compatibility in 

frontal and side impact collisions. Better structural interaction reduces the injury criteria by 

absorbing the loads from occupant load path to car structure, but in side impact collision more 

structural interaction leads to occupant injuries or death due to small crush distance. So structure 

on the side of a car should have a stiffness profile which is soft for initial crush and stiffer for the 

later [7]. 
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 Side impact crashes are ranking second highest probability of death and injury causing 

cases in traffic accidents [4].  

 As directed by U.S. Congress, NHTSA had initiated a research program on side impact 

requirements for international harmonization and submitted a report on plans for U.S and 

European side impact regulations which helps to achieve harmonization [8].   

 In regards with striking vehicle both FMVSS 214 and EU 96/27/EC regulations has to 

improve, although FMVSS 214 helps for better loading environment. EU test was more rounded 

with larger intrusion around B-Pillar and front door rear section but in rectangular shape 

intrusions are evenly distributed along the area of barrier to vehicle interaction for FMVSS 214. 

According to earlier research, when compared to vehicle to vehicle collisions, crush profile is 

more realistic in FMVSS 214 [8]. Striking and struck vehicles dynamic side impact regulations 

and requirements should be reassessed due to increase in number of LTV’s. Current and future 

vehicles should follow these regulations which lead to reduction in death and fatalities occurring 

due to the LTV’s striking on passenger cars during collision. This research helps to understand 

fatalities occurring to the passengers by calculating ratio between LTV’s and passenger cars 

intrusions in structure. LTV’s are more aggressive and more frequent as striking vehicle, so these 

vehicles are considered as striking vehicles and passenger cars as struck vehicles. LTV’s are 

considered into fatally injured group which are mostly involved as striking object in vehicle 

crashes and passenger vehicle are treated as seriously injured group. Second ranking crashes are 

side impact crashes while the first ranking goes to frontal collisions in vehicle accidents [9]. Side 

impact injuries are more serious than frontal and rear impacts due to the occupant direct 

interaction with different heights of the vehicle front bumper structure, as shown in Figure 1.2 

[10]. 
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Figure 1.2 LTV’s Bumper Design [10] 

 In 2000, due to the side struck vehicles more than 9000 occupants were fatally injured. 

Out of these fatalities, car occupants were 7200 and light trucks and vans (LTV’S) were 2300, as 

shown in Figure 1.3.  

 

Figure 1.3 U.S Side Impact Fatalities 1991-2000 [21] 
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Figure 1.4 Fatalities in Vehicle to Vehicle Collisions [22] 

 When two vehicles involved in collision, compatibility of vehicles can be defined by 

crashworthiness and aggressivity. Driver Fatalities in vehicle collision helps to understand 

aggressivity and crashworthiness. As shown in Figure 1.4, by the year 2000 occupant fatalities in 

LTV-LTV crashes increased, in car-car collision occupant fatalities reduced significantly and in  

LTV-car crashes occupant fatalities increased drastically when compared to 1980 which shows 

the increase in usage of LTV’s, as shown in Figure 1.4 [22]. LTV to Reduction in aggressivity 

leads to decrease the causalities of other vehicle occupant in impact which is also referred as 

partner protection. Incompatibility can be between car-car, car-LTV, LTV-LTV, LTV-car 

collisions etc. in which LTV-car is the most dangerous impact. LTV registrations increased from 

20-35% from 1980 to 1997. According to FARS analysis, in 1997 LTV-LTV crashes led to 1306 

fatalities. Car-car crashes result 3961 deaths whereas in LTV-car crashes 5373 fatalities are 

registered which is significantly more. 2536 or 57% deaths are registered in side impact 

collisions in which LTV’s are acting as striking vehicle and car was struck vehicle [1].  
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6 categories of LTV vehicles which were aggregated according to their aggressivity ranking 

are[1]: 

 Full sized pickups 

 Small pickups 

 Large sports utility 

 Small sports utility 

 Minivans and  

 Full sized vans 

There are five types of cars which are aggregated [1] 

 Large 

 Mid-size 

 Compact 

 Sub- compact 

 Mini car 

1.2 Driver Fatality Ratio for Side Impact Accidents 

According to FARS 1992 to 1996 statistical data which was taken by the highway 

accidents, statistical driver fatality ratio is calculated by fatalities occurred in different 

combination of vehicles which are involved in side impact collision. 

In any type of collision, fatalities of the occupant will occur due to the intrusions and 

accelerations in vehicles which are participated in collision. Ratio of these fatalities is called as 

Driver Fatality Ratio. In other words ratio of driver fatalities in the subject vehicle to driver 

fatalities in its collision partner [1]. 
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Figure 1.5 FARS Statistical Driver Fatality Ratio of Side Impact (1992-1996) [1] 

As shown in Figure 1.5, it was observed that when a full size van hit a sedan car on its 

side, fatalities occurring to the occupant in car is 23 times more than the van occupant. When a 

utility vehicle striking car in side impact collision 20 occupants will be fatally injured in car for 

every occupant in LTV. When a sedan car impacted with minivan and small pickup truck shows 

the fatalities in sedan car occupants is 16 and 11 times more than the fatalities of the occupants in 

LTV’s with respectively [1]. 



 

8 
 

1.3 Car crash safety regulations 

In recent years, according to statistics accidents are playing major role in financial and 

human loss. Particularly highways are taking a prominent role in increasing death rate due to 

accidents so highway safety act established. National Highway Traffic Safety Administration in 

1970 to improve the safety of the vehicle occupants in accidents. This organization initiated a 

research on automobile accidents on highways by taking the real time scenario accidents in to 

consideration and defined some laws and regulations which help to improve the occupant safety.  

NHTSA commenced crash test procedures which are  

1. FMVSS (Federal Motor Vehicle Safety Standard ) 

2. IIHS (Insurance Institute for Highway Safety) 

3. NCAP (New Car Assessment Program) 

4. EEVC (European Experimental Vehicle Committee) 

 

FMVSS: Laws and Regulations for testing and certification of vehicles which are introduced by 

FMVSS are  

 FMVSS 201 – Occupant Protection in Interior Impact 

 FMVSS 203 – Impact protect from steering control to the Occupant 

 FMVSS 205 – Glazing Materials 

 FMVSS 208 – Occupant Crash Protection 

 FMVSS 209 – Seat Belt Assemblies  

 FMVSS 212 – Windshield Mounting 

 FMVSS 213 – Child Restraint System 

 FMVSS 214 – Side Impact Protection 



 

9 
 

 FMVSS 216 – Roof Crush Resistance 

 FMVSS 219 – Windshield Zone Intrusion 

This research deals with side impact protection of vehicles so FMVSS 214 and USNCAP are 

chosen to simulate and to calculate Driver Fatalities by intrusions and accelerations of the car. 

 

FMVSS 214: This rule enhances a dynamic or oblique pole test in which vehicle should be 

proved for head and chest protection in side impact collisions. This test helps to show when the 

vehicle is impacted to tree or pole how it help to protect the occupant in collision. Vehicles will 

be tested with 2 new dummies which are ES-2re which represent the mid size male adult 

occupant and SID-IIs represent the 5th percentile female adult occupant size.  

 Oblique pole side impact test rule is conducted by impacting 254mm diameter rigid 

pole laterally to the vehicle front driver side door with a velocity of 32 km/h at an angle of 750, 

as shown in Figure 1.6.  

 

Figure 1.6 FMVSS 214 Oblique Pole Test [24] 

 Another test method incorporated in this regulation is side impact test with a movable 

deformable barrier (MDB). This MDB test will be tested by placing 50th percentile male adult 
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dummy in front seat and 5th percentile female adult SID-IIs dummy in the rear seat of the testing 

vehicle. This test shows the reaction of the testing vehicle when it is impacted on side by 

different size vehicles and the dummies show the injuries occurring in head, thorax, neck, chest 

pelvic etc. These tests help to reduce the fatalities and death rate of the occupants. Automobile 

companies have to get thru tests and should be approved by NHTSA then the vehicle is allowed 

for production. MGA is one of the research centers which utilize these kinds of dummies for 

tests. 

 MDB test can be conducted by impacting rigid barrier to the testing vehicle with a 

velocity of 54km/h which is travelling at an angle of 270 towards testing vehicle and impacting 

with an angle of 900 impact, as shown in Figure 1.7 [23].  

 

Wheelbase 

 

Figure 1.7 FMVSS 214 MDB Test [23] 
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USNCAP: NHTSA started testing and rating vehicles for side impact protection in 1997 MY 

then they increased striking vehicle speed by 8km/h, as shown in Figure 1.8.  In 2001 MY, 

NHTSA began using NCAP to rate vehicles based on vehicle’s track width and Center of 

Gravity height which are static measurements for rollover resistance. Based on vehicle static 

measurements and dynamic test results agency began to rate vehicle’s rollover resistance from 

2004 MY.  

NHTSA announced a lot major changes in 2008 June which is activated from 2011 MY which 

are:  

 Changes in frontal impact ratings 

 Introduced pole impact test  

 Combining the star ratings from the front, side and rollover programs, new overall 

vehicle safety score 

 Three crash avoidance technologies like Electronic Stability Control, Forward 

Collision Warning and Lane Departure Warning are added to star rating [25]. 

 

Figure 1.8 US NCAP MDB Test [26] 
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IIHS introduced a method to understand the accident severity by evaluating the intrusions 

occurring into the seat by B-pillar. Severity of the occupant is differentiated, as shown in Figure 

1.9 [31] 

 Good: The point of intrusion in B-pillar should be ≥ 12.5cm from the seat center 

line (green). 

 Acceptable: If the point of intrusion in B-pillar lies between 5.0 to 12.5 cm from 

the seat centerline (yellow). 

 Marginal: If the point of intrusion in B-pillar lies between 0.0 to 4.9 cm from the 

seat centerline (orange). 

 Poor: If the point of intrusion in B-pillar is ≤ 0.0cm from the seat centerline (red). 

 

Figure 1.9 Shown Severity from IIHS Side Impact Guide [31] 

1.4 Motivation 

 In day to day life, increase in population or usage of automobile vehicles are causing 

traffic related issues. Mechanical failures in automobiles, careless driving by drivers, heavy 
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traffic etc. are the main causes of increase in car accidents. Accidents are unpredictable which 

invokes car occupant safety and this remained most important issue in modern society. So 

NHTSA commenced research on crashworthiness and occupant safety to improve the occupant 

factor of safety. Previously, lot of research was conducted and also still going on these days to 

make occupant much safer in automobile accidents. Safety measures like energy absorbing 

steering column, airbags, sensors, side door beams, bumpers etc. are outcome of these 

researches. Drastic improvements in research lead to control in death rate and occupant injuries, 

although occupant fatalities are still occurring.  

 In recent years, LTV’s are best-selling vehicles which are incompatible and more 

aggressive when compared to cars because of the features like heavy, high ground clearance and 

obtaining high structural integrity. According to crash statistics of United States, car accidents 

between LTV’s and cars are registered as 50% and fatalities occurred to the car occupants in 

these accidents are more i.e. 81% [1].     

 In traffic accidents, two leading causes of death and injuries are frontal and side impact 

collisions in which side on crashes took second place in the world. Especially, side impact 

crashes are more dangerous due to the short distance between occupant and car structure. In 

vehicle accidents, pillars on both sides of the car structure will take a prominent role in structural 

intrusions and driver fatalities because of thin structure design when compared to other parts of 

the car. Particularly, driver will have more impact when the vehicle is subjected to frontal or side 

impact collision.  

 Based on statistical data collected by FARS and GES, aggressivity metric and DFR 

helps to measure the aggressiveness of LTV’s on cars and incompatibility between different 

types of vehicle categories respectively. Since these are based on statistical data, determination 
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of DFR for new vehicle categories will be difficult. So calculating DFR in LTV- cars side impact 

collisions using FEA analysis helps us to develop preventive equipment for occupant safety 

which motivated to do the current research. 
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2 LITERATURE REVIEW 

 A survey of literature shows a number of sources devoted to the computational 

modeling of side impact accidents. A sample of these related to this thesis has been reviewed 

here. 

 Kral [11] proposed that coupling technique was proved viable and unfailing for IIHS 

side impact testing. The main reason for using this model is the robust and consistent nature of 

multi-body dummy models. As shown in figure 2.1, LS-DYNA/MADYMO coupling lets the 

user fuse the sub-system, occupant and airbag models with respect to the full vehicle structure 

model. The coupling software has been improving to a large extent and hence it is necessary to 

develop support system for FE structures in MADYMO and LS-DYNA 

 

Figure 2.1 Barrier bumper to rocker overlap [11] 

 In order to improve the quality of crash testing, Massimiliano and Delcroix [12] have 

fully devoted themselves towards virtual testing. The problem that was affecting the results of 

the quality of crash is the scatter sources. Thus to evaluate the effect of scatter on crash response, 

the authors used a series of models as shown in figure 2.2. The testing can be conducted using 

generic car models and they are called virtual vehicles based on the geometry, layout and 

characteristics according to EuroNCAP.  
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Figure 2.2 Crash test according to EURO NCAP for deformable barrier [12] 

 Studies here shows that there is a higher fatality risk for occupants in smaller and 

lighter vehicles when it collides with a heavy one. This is true especially when there struck 

vehicle is a passenger and striking vehicle is an LTV or SUV. In a front to side impact, a finite 

element analysis was conducted to evaluate the effects of striking vehicle design and dummy 

responses as shown in figure 2.3. The parameters that influence the crash test are vehicle 

stiffness, geometric interaction, and vehicle mass, thoracic trauma index and pelvis acceleration. 

From the analysis, lower front end structure in front to side collision has the greatest effect in 

reducing TTI than other variables. In contrast the pelvic acceleration results tend to increase 

when there is lower front structure height. The mass had no effect on pelvis acceleration [13].  
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Figure 2.3 Deformation of struck vehicle in SUV [13] 

 
 There have been many improvements made in the frontal impact and hence the author 

Gopal et al has conducted research to improve side impact based on rollover passive safety 

systems. The study involves side impact causation, vehicle kinematics and occupant restraints to 

quantify and evaluate potential benefits. According to FARS standards, top 10 crash conditions 

were studied to understand vehicle kinematics and accident reconstruction tools in a better way. 

As shown in figure 2.4, analysis was conducted to compare standard crash sensing method with 

conventional passive systems to observe significant injury reductions [14].  
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Figure 2.4 Cars and LTV’s involved in crash according to FARS and GES Statistics 2005 

[14] 

 There have been consistent improvements and techniques to test dynamic side impact 

from 1990 till today. In 1990 NHTSA implemented impact test and the velocity of striking 

vehicle moving into struck vehicle is 53.6kmph. In USNCAP side impact test, striking vehicle 

moves into struck vehicle at 8kmph as shown in figure 2.5. In USNCAP side impact test, 

accelerometers were installed at the door and at the frame of the door of struck vehicle. These 

accelerometers can help to investigate crash event in side impact of dummy. From the test, the 

extent of crush in interior door of occupant and the thoracic trauma Index was examined.  In 

addition, data was collected to determine the maximum amount of pelvis loading before loading 

torso [15]. 



 

19 
 

 

Figure 2.5 US-NCAP Test setup [15] 

 Road safety is an important factor in road transportation and thus it is necessary to 

install certain devices on the road that help to restrain vehicles and pedestrians from going into 

dangerous areas. According to European standards EN1317, road safety barriers were designed 

and vehicle containment was provided to guide vehicles and pedestrians back to the road [16].   

 Vesenjak [16] has conducted computational analysis to design safety barrier according 

to EN1317. Explicit dynamic nonlinear analysis was conducted to determine the impact severity 

and stiffness of safety barrier. In addition experimental analysis was conducted using full scale 

crash test and these results were compared to computational analysis as shown in figure 2.6. As 

the results were in a good agreement, computational analysis can be used for further 

development of road safety barriers.  
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Figure 2.6 Barrier deformation in computational and experimental analysis [16] 

 Similarly, based on European New Car Assessment Program (Euro NCAP), vehicle 

crash simulation was conducted to investigate energy absorption during the crash tests. During 

the crash test, frontal and side impact testing was conducted with three public vehicles. To 

estimate the safety level of passenger energy absorption will be a critical factor. Hence 

computational analysis was conducted using LS-DYNA with three FE- models of public vehicles 

(Ford Taurus, Chrysler Neon and Geo Metro) as shown in figure 2.7. From the analysis, it is 

understood that the car models has significant effect on energy absorption and intrusion of cell of 

occupant [17].  
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Figure 2.7 Frontal characteristics of Ford Taurus, Chrysler Neon, Geo Metro [17] 

 Finite Element Analysis plays a major role in the applications of crashworthiness. The 

main reason to apply this crash testing is to observe the car behavior in frontal and sideways 

collision. Frontal collision impact testing was conducted to determine the resultant deformation 

and stresses in chassis frame which is shown in figure 2.8. This frame is a backbone for heavy 

vehicles and its work is to carry maximum load under any operating conditions. Frame has to 

withstand static, dynamic loads and also it has to support chassis components. This analysis can 

help to improve design of current frame there by reducing cost of destructive testing program 

[18].  
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Figure 2.8 Car front model [18] 

 Similarly impact analysis was conducted on Electric vehicle chassis frame to develop 

analytical model simulations to make more predictions. As shown in figure 2.9, a comparative 

analysis was conducted using steel body frame and aluminum body frame for the upper body of 

the EV. There was no variation in power transfer due to the existence of passenger compartment. 

The study suggests design modifications for EV chassis frame model. The present model is 

based on frame model, static, dynamic and impact analysis. In terms of content, energy 

absorption and passenger safety has made good results. Optimum design specifications can be 

provided for the upper body and sub frames using FMVSS 208 crash regulations [19]. 

 

Figure 2.9 Deformation of front frame before and after crash using FMVSS 208 [19] 
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 Energy absorbing nature in sandwich beams under static loading is the base for 

designing crashworthiness in auto applications. Composite material has little or no plastic 

deformation when compared to other materials. From the previous studies sandwich beam has 

higher energy absorption levels than low carbon/high carbon steel. So the author has mainly 

focused on developing a structural component that can give better energy absorption than the 

existing car frontal bumper. Most accidents occur in frontal direction and the car front bumper 

suffers major crash events. Hence a finite element analysis was conducted using LS-DYNA to 

compare sandwich models with steel to observe vehicle displacements, energy displacements and 

deceleration levels as shown in figure 2.10 [20].  

 

Figure 2.10 Sandwich material application in different parts of car [20] 

 In a previous study, Setpally [2, 32] performed a computational analysis to estimate or 

predict the driver fatality ratio (DFR) for any vehicle under frontal collision as shown in figure 

2.11. The measurement parameters include ratios of maximum intrusion, peak acceleration and 

weights of vehicles under head on collisions. In addition, the proposed method was validated for 
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LTV vehicles that collide with passenger cars. The study indicated that the ratio of intrusions 

between the target and bullet vehicles produce a reasonable estimate for the DFR.  

 

Figure 2.11 Frontal Impact [2] 

 In another recent study conducted by Papa [27], the estimation of aggressivity and 

driver fatality ratio for side impact crashes were made using computational modeling analysis. 

The main objective was to study the fatality ratios in target car and also to observe intrusions in 

bullet car. There were 6 different cases in which bullet cars kept varying while the target car was 

dodge neon. From the analysis the author concluded that with an  increase in weight and size of 

car the impact effect on passengers decreases. 
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Figure 2.12  Side Impact [27] 

It would of interest to learn how the different target cars at different intrusion locations 

of bullet and target cars and different ways of combining accelerations and intrusions can affect 

the results on the prediction of DFR in side impact accidents. In the design stage of a car, the 

DFR estimate from computational FE models can be used to make changes on the structures for 

improvement in DFR. By reconstructing side impact crash using computational nonlinear finite 

element models of bullet and target cars, estimates of DFR for a fleet of car accident can be 

made. 
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3 METHODOLOGY 

3.1 Objectives 

 The purpose of this study is to determine the driver fatality ratio and accident severity 

in side impact accidents using FMVSS 214 and US-NCAP test conditions. To achieve this goal, 

the following objectives have been identified for this study.  

 To develop a computational methodology and correlate against the FARS statistical 

data of real time world accidents by application of these following side impact test 

procedures 

 To develop computational modeling by using US Side Impact Test Methods 

 FMVSS 214 

 US-NCAP 

 To study aggressivity and crashworthiness of Target cars and Bullet cars during side 

impact collision by estimating DFR. 

 To study the dynamic response of target cars include Dodge Neon, Geo Metro and 

Toyota Yaris when impacted on the driver side by LTV’s like Dodge Caravan, Ford 

Econoline, Ford Explorer and Chevrolet S10 

 To predict the severity of side impact accidents in terms of intrusions in the seat  

3.2 Intrusion Measurements 

There are three sections from which the intrusions are collected from target car B-Pillar and 

bullet vehicle A-pillar. These locations are shown in figures 3.1 and 3.2.  
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Figure 3.1 Target Vehicle B-pillar Intrusion Points 

When a target vehicle is struck on side by a bullet vehicle, maximum fatalities will 

occur to the occupant in target vehicle due to the very less crush distance. In this research, 

fatalities of the occupant are estimating by structural intrusions and accelerations along the 

direction of the impact. B-pillar is one of the major component which helps to reduce the 

fatalities of the occupant in side impact collisions. So B-pillar is taken into consideration to 

calculate the structural intrusions, in which three particular positions are examined at which 

occupant will have major fatalities they are 

1. Intrusions at Head Center of Gravity Level (TOP) 

2. Intrusion at Belt Reference point (Middle) 

3. Intrusion at Seat Reference point (Bottom) 

Intrusions and Accelerations in target vehicle will be more in lateral direction due to the 

side impact. So peak acceleration of the driver in lateral direction and peak intrusions at three 

positions in lateral direction are considered to estimate Driver Fatality Ratio as shown in figure 

3.1. 

Intrusion at Head 
CG Level (Top) 

Intrusion at Seat 
Reference point 
(Bottom) 

Intrusion at Belt 
Reference point 
(Middle) 
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Figure 3.2 Bullet Vehicle A-pillar Intrusion Points  

 Similarly intrusions are calculated in A-pillar because A-pillar plays a major role in 

protecting occupant at head injury criteria. Hence 3 positions are taken into consideration in 

bullet vehicle they are  

1. Top of the A-pillar 

2. Middle position of the A-pillar 

3. Bottom of the A-pillar 

 Bullet vehicle has accelerations and maximum intrusions are more in longitudinal 

direction. Therefore driver fatality ratio is estimated by calculating accelerations and intrusions 

in longitudinal direction. Specifically intrusions are considered at 3 positions in A-pillar as 

shown in figure 3.2. 

3.3 Assumptions  

Assumptions considered working on this research mainly focused in the following factors.  

1. Bullet and Target Vehicles: To estimate the Driver Fatality Ratio, two major factors are 

taken in to consideration which are intrusions and accelerations. These play a major role 

in fatalities to the occupants. Intrusions and accelerations due to the collision with the 

Top 

Bottom 

Middle 



 

29 
 

partner vehicles make the occupant injure externally and internally like wounds, 

fractures, neck injuries, thorax injury, pelvic injury etc.  Particularly in side impact 

collision if LTV is acting as bullet and sedan as target car then the intrusions and 

accelerations will be more in target vehicle. So in this research it is assumed that LTV’s 

as striking or bullet vehicles as shown in table 3.2  and sedan or hatchback as struck or 

target vehicles as shown in table 3.1.  

 NCAC of George Washington University developed Finite Element Models 

which represent the production vehicles and validated by USNCAP results. These models 

were created to get better understanding of accidents and its effects by simulating in 

analysis software’s like LS-DYNA, MADYMO, HYPERCRASH, ABAQUS, ANSYS, 

ANSA etc. 

Table 3.1Target Vehicles 

MODEL CATEGORY YEAR 

Dodge Neon Sedan 1996 

Geo Metro Sedan/ Hatchback 1997 

Toyota Yaris Sedan 2010 

 

              a.1) Dodge Neon                                     a.2) FE Model of Dodge Neon 



 

30 
 

     

                b.1) Geo Metro                                          b.2) FE Model of Geo Metro 

    

               c.1) Toyota Yaris                                     c.2) FE Model of Toyota Yaris 

 
Table 3.2 Bullet Vehicles 

MODEL CATEGORY YEAR 

Chevy S10 Compact Pickup 1998 

Dodge Caravan Mini Van 1997 

Ford Econoline Full Size Van 1998 

Ford Explorer Sports Utility Vehicle 2003 
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           a.1) Ford Econoline                                     a.2) FE Model of Ford Econoline 

 

          b.1) Ford Explorer                                          b.2) FE Model of Ford Explorer 

 

         c.1) Dodge Caravan                                      c.2) FE Model of Dodge Caravan 

 

           d.1) Chevy S10                                                d.2) FE Model of Chevy S10 
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2. Statistical Driver Fatality Ratio: Statistical DFR of LTV to car side impact used in this 

research is 1992-1996 side impact research data provided by FARS. But the vehicles used 

in this research are newer models except dodge neon when compared to the cars which 

are examined in calculating the statistical DFR.  

3. Components Considered for Intrusions and Accelerations : In bullet vehicle which 

under goes a frontal impact in collision will have intrusions on the front side of the car. 

Considering driver cabin, impact may occur in Firewall, A-pillar, Foot well, steering 

assembly etc. But in this research A-pillar is taken to calculate intrusions in bullet vehicle 

which plays a major role in protecting driver from head injuries in frontal impacts. A-

pillar may come into contact to occupant head at the time of collision so 3 different 

positions are assumed from the A-pillar which are top, middle and bottom points. Since 

dummies are not using in these simulations to predict driver acceleration longitudinally 

with respect to vehicle during collision it is assumed that acceleration acting on the driver 

is transforming from the vehicle through seat center point on the foot well of the vehicle.   

Whereas in target vehicle which undergoes a side impact in collision will have a 

maximum intrusions in parts like side door, side door beam, door sill, foot well, B-pillar 

etc. But B-pillar will come to priority in occupant protection from head to Seat reference 

point because of the rigidity in construction which is in built in vehicle frame. So B-pillar 

is considered to calculate the intrusions.  So 3 positions are assumed in B-pillar to 

calculate the intrusions which are Head C.G Level (Top), Belt Reference point (Middle) 

and Seat reference point (Bottom). For target car also it is assumed that lateral 

acceleration acting on the driver is transforming from vehicle through driver seat center 

location. 
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4. Difference in mass from production vehicle to FE model: FE models are developed by 

NCAC and assumed these models are similar to the production models. Some parts are 

missing in the FE models like steering assembly, airbags etc. which are not required to 

predict DFR because dummies are not using in this research to find intrusions and 

accelerations. This research deals with vehicles structures particularly A-pillar for bullet 

vehicle and B-pillar for target vehicle. So structure for bullet vehicle on front end and 

side for target vehicle should be similar. When compared to production models these 

factors are similar so it is assumed that FE models are similar to production models but 

these vehicles are not similar in mass.  

5. Car Interior Safety: The assumptions involve several other safety features inside the 

car. Seat belts, air bags, design of the seating system also affect the driver fatality ratio 

and they all assumed to remain the same in all the target and bullet cars. Hence the 

current analysis is based on normalization assumption that all cars considered have 

similar interior safety features. 

6. DFR Data: The existing DFR data is rather old and the present study is mainly focused 

on newer models 

3.4 Method of Approach 

 An overview of the method of approach is presented in the Figure 3.4 below. Three 

categories of target vehicles are selected for the present study and they include Dodge Neon 

which is a sedan, Geo-Metro which is a hatch back and Toyota Yaris which is a latest Sedan. 

Four different types of bullet vehicles were selected and they include Dodge Caravan (Mini 

Van), Ford Econoline (Full size van, Ford Explorer (Utility Vehicle), Chevrolet S10 (Small size 

pick up). The three target cars were struck by all four bullet vehicles under two test conditions 



 

34 
 

(FMVSS 214 and US-NCAP). A computational analysis is conducted using the FE models and 

the obtained results are used to determine the driver fatality ratio of any vehicle.  

The test conditions mentioned in the flow chart below is shown in the following three tables 3.3, 

3.4 and 3.5. 

Table 3.3 Test Conditions # 1 

Case Bullet Car Target Car 

Case-I Dodge Caravan Dodge Neon 

Case-II Ford Econoline Dodge Neon 

Case-III Ford Explorer Dodge Neon 

Case-IV Chevy S-10 Dodge Neon 

 

Table 3.4 Test Conditions # 2 

Case Bullet Car Target Car 

Case-I Dodge Caravan Geo Metro 

Case-II Ford Econoline Geo Metro 

Case-III Ford Explorer Geo Metro 

Case-IV Chevy S-10 Geo Metro 
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Table 3.5 Test Conditions # 3 

Case Bullet Car Target Car 

Case-I Dodge Caravan Toyota Yaris 

Case-II Ford Econoline Toyota Yaris 

Case-III Ford Explorer Toyota Yaris 

Case-IV Chevy S-10 Toyota Yaris 

 

 

Figure 3.3 Vehicle classification 

Figure 3.3 shows the side impact test combination of different vehicles and their category. 

Vehicles considered into bullet vehicles and target vehicles are classified.  
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Figure 3.4 Flow Chart 

 Figure 3.4 shows the methodology of the research in the form of flow chart, initially 

test conditions 1 are considered in which  Dodge Neon is acting as target car and LTV’s as bullet 

car. By simulating these tests in CAE using LS-DYNA intrusions are estimated at B-pillar and 

A-pillar in Target vehicle and bullet vehicle respectively. Accelrations are also examined in both 

the vehicles and finding the ratio of intrusions and ratio of accelerations helps to predict the DFR 

of the vehicles which are compared to the statistical values provided by FARS [1992- 1996] 

because dodge neon is related to the year of 1996. These values showed almost similar pattern 

and values are varied with in 10%. Acceident severity is also estimated by finding the maximum 

intrusion in the Driver seat. So this method is also applied to the target vehicles Geo Metro 

(Hatchback) and Toyota Yaris (Latest 2010 Sedan) by impacting with the same bullet vehicles. 
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By this DFR and Accident severity between different target vehicles and different bullet vehicles 

are estimated, when they are participated in side impact collision. 

3.5 Proposed Method for DFR Estimation 

 The current approach uses several parameters to evaluate the DFR of any vehicle in the 

present study.  The ratio of maximum intrusions in bullet car to the maximum intrusions in target 

car is called as intrusion ratio of both vehicles [2]. Maximum accelerations in bullet car over the 

target car will result in ratio of accelerations [2].  

CarTarget in Intrusion 
CarBullet in Intrusion RatioIntrusion =  

CarTarget in on Accelerati
CarBullet in on AcceleratiRatioon Accelerati =  

 Whereas, the present study uses the following approach to determine the DFR in both 

the vehicles. Intrusion effect on upper location of A-pillar in bullet vehicle and B-pillar in target 

vehicle is similar in behavior, same conditions is applicable to the middle and lower locations 

also. Average of these 3 locations intrusion ratio’s are calculated to estimate the intrusion ratio of 

the both vehicles. Acceleration ratio is calculated based on the direction of the maximum 

accelerations exerted by drivers in both vehicles during impact.  
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3.6 Computational Tools 

Computational methods helps to reduced the time and effort of researchers to develop more 

productive outcomes. There are several advantages of using these methods and they are: 

 Computational Methods use numerical methods as part of their programming 

language to solve the problem in less time  

 When there is complex geomtery involved it is very easy to use computaional 

methods to obtain more accurate results 

 More parameters can be varied during research study and outcome can be obtained 

with minimal errors 

 Cost applied with computational methods is lower than the experimental analysis 

 The efficiency of the product can be improved in less time and money 

 Human errors can be reduced and the qaulity of the product can be improved  

 After selecting the optimum design, they can be sent to manufacturing followed by 

inspection of errors 

 Considering these advantages, the present study is restricted to computational analysis.  

Several tools are used in this process of obtaining unique and discrete products. The present 

study has utilized three tools in the process of attaining the objective.  

 HYPERMESH 

 LS-PREPOST 

 LS-DYNA 

 Standard Finite Element(FE) Car Models are used to run the crash analysis in the 

present work. To develop crash testing and to reduce the time and manual effort, the Federal 

Highway Adminstration(FHWA) and NHTSA has developed FE Models through National crash 
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analysis center(NCAC). They can be used for validation, crash testing, improve interior design, 

improve exterior design, improve occupant safety and so on.  

3.6.1 Pre/Post Processors 

HYPERMESH: 

 It is a finite element preprocessor developed by Altair to improve and prepare large 

models by importing them from CAD, CATIA etc geometry. They enable high solid mesh 

densities with maximum accuracy in less time. Their mesh capabilities include automatic and 

semi automatic shell, tetra and hexa meshing. It simplifies the modeling methods for any 

complex geometry in less time. It has special features like batch mesher technology that 

eliminates the use of geometry cleanup manually. To assemble rapid models, automated methods 

are provided by this software. Special tools like morphing allows to modify the meshes and their 

densities from time to time[28].  In the present study hypermesh is used to improve mesh 

densities, contact errors and remove element errors.  

LS-PREPOST:  

 It is a post and preprocessing unit that can be used to manage FE models to solve LS-

Dyna Models. It has the ability to import and export data in different formats that we use 

regularly.  Different FE car models are considered and car to car contact is given using this 

technique. Input parameters like velocities, angles, positioning are defined using this technique 

[29].  
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3.6.2 Solver 

LS-DYNA:  

 It is a finite element program that is capable of simulating real world applications. It 

deals with nonlinear and transient dynamic FE analysis. Nonlinear study involves changing 

boundary conditions like contact between parts that keeps changing with time. Transient 

dynamic study involves high speed events where an external force is required to evolve this 

speed. There are several applications for the transient dynamic category and they include 

 Automotive Crash 

 Explosions  

 Manufacturing  

 There are many fields that use this pre/post processor and this processor has many 

features that can combine with other models to improve physical events on large scale [30].  As 

it’s a pre and post processing technique, both input and output parameters are defined using this 

technique.  

3.6.3 Crash Simulations 

There are three test conditions and each test condition has four different cases. After 

defining the boundary conditions in pre/post processor the two vehicles are in full width 

interaction. Vehicles are positioned very close to each other to reduce the time taken to compute 

the analysis. According to FMVSS 214, moving deformable barrier hits the stationary car with 

54km/hr. The face width of the barrier is 1676mm and a gorund clearance of about 279mm. The 

test conditions according to US-NCAP have similar test conditions except the speed of the bullet 

car is 62km/hr. 
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4 RESULTS AND DISCUSSIONS 

4.1 Details of simulation 

Finite element models of different target and bullet vehicles which were used in this 

research are downloaded from the National Crash Analysis Center (NCAC) website. These finite 

element models had some element, contact and mesh errors due to the software incompatibility, 

so these FE models are fixed in Hypermesh software which is pre-processor. By selecting one of 

the target vehicles and one of the bullet vehicles then these models are taken in to LS-PREPOST 

software to create a key file which helps to run the simulation in LS-DYNA solver. Based on 

FMVSS 214 and USNCAP test methods to simulate a side impact test by applying nonlinear 

finite element analysis, the following conditions were used to create a key file 

1. Velocity of the bullet vehicle 

2. Angular impact travel of bullet vehicle 

3. Direction of the bullet vehicle 

4. Contact between vehicle  

5.  Contact between vehicles and ground 

6. Termination time 

7. Location of the bullet vehicle 

8. Options for output etc.  

If the target vehicle is moving from its stationary position that shows the maximum 

intrusion occurred in target vehicles due to the impact of the bullet vehicles, so according to the 

maximum intrusion occurring in target vehicles termination time was given to the key file to 

reduce the simulation time for the solver. After the successful simulation by using the d3plot 

files and other output files extract the values of maximum intrusions and accelerations at desired 
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locations. Hence DFR and Accident severity is estimated in all combinations of vehicles during 

side impacts. 

4.2 Intrusions and Accelerations 

Intrusions and Accelerations are calculated from the computational finite element non linear 

analysis by using the test conditions FMVSS 214 and USNCAP.  Intrusions and accelerations are 

calculated to find the Driver fatality ratio of the vehicles for different combinations which are 

participated in side impact collision. Due to the vehicles displacement from their stationary 

positions in collision, intrusions are calculated by using Center of gravity of the vehicles as 

reference point. Intrusions are calculated by measuring difference between displacements of the 

selected locations and Center of gravity of respective vehicles. Accelerations of the driver are 

measured at peak values during collision. Intrusion ratio is calculated at top of the A-pillar in 

bullet vehicle to the top of the B-pillar in target vehicle. Middle and bottom locations are also 

calculated in the same way and average of three ratios is considered as intrusion ratio 

Acceleration ratio is also calculated between driver acceleration of the target vehicle to the driver 

acceleration of the bullet vehicle. Driver fatality ratio is also calculated by considering average 

of the intrusion ratio and acceleration ratio because intrusions and accelerations play a major role 

in driver fatalities. Accident Severity is also measured by percentage of intrusion in target 

vehicle by different vehicles and this percentage is calculated by maximum intrusion occurred in 

total width of the car. By using IIHS side impact guidelines maximum intrusion of B-pillar in the 

seat helps to understand the occupant safety by differentiating the intrusion are from seat 

centerline as good, acceptable, marginal and poor regions.  
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4.2.1 Dodge Caravan - Dodge Neon (FMVSS 214) 

 

(a) Before Impact 

 

(b) After Impact 

Figure 4.1 Dodge Caravan Side Impact on Dodge Neon (FMVSS 214)  
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 (a) Before Impact       (b) After Impact 

Figure 4.2 Dodge Neon B-pillar 

                     

(a) Before Impact     (b) After Impact 

Figure 4.3 Dodge Caravan A-pillar   
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Figure 4.4 Dodge Caravan - Dodge Neon (FMVSS 214) 

 Crash analysis is conducted between dodge caravan and dodge neon in which former 

car is the bullet car and dodge neon is the target car. From the figures 4.1, 4.2, 4.3, 4.4, 

maximum intrusions are observed in target vehicle is 578mm in dodge neon which shows that 

maximum intrusion occurred at bottom location in B-pillar of the target car. This test condition is 

based on FMVSS 214 and the velocity with which the bullet car hit the target car is 54km/hr.   
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4.2.2 Dodge Caravan - Dodge Neon (USNCAP) 

 

 

(a) Pre test 

 

 

 

(b) After Impact 

Figure 4.5 Dodge Caravan Side Impact on Dodge Neon (USNCAP)  
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(a) Before Impact    (b) After Impact 

Figure 4.6 Dodge Neon B-pillar 

                      

(a) Before Impact     (b) After Impact 

Figure 4.7 Dodge Caravan A-pillar   
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Figure 4.8 Dodge Caravan – Dodge Neon (USNCAP) 

 Similarly, by using same bullet and target vehicles which are mention above, another 

test condition (US-NCAP) was conducted. From the figures 4.5, 4.6, 4.7, 4.8, maximum 

intrusions are higher than the FMVSS test condition as the velocity with which the bullet vehicle 

hits target vehicle is 62km/hr which is more than the FMVSS 214 test condition. The maximum 

intrusion is observed at the bottom of the B- pillar and it values to 691mm which is 40% of 

intrusion in target car. This shows that occupant is at high risk at higher velocities. 

  



 

49 
 

4.2.3 Ford Econoline - Dodge Neon (FMVSS 214) 

 

(a) Before Impact 

 

(b) After Impact 

Figure 4.9 Ford Econoline Side Impact on Dodge Neon (FMVSS 214)  
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(a) Before Impact     (b) After Impact 

Figure 4.10 Dodge Neon B-pillar 

          

(a) Before Impact    (b) After Impact 

Figure 4.11 Ford Econoline A-pillar   
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Figure 4.12 Ford Econoline - Dodge Neon (FMVSS 214) 

 The results observed in the above figures 4.9, 4.10, 4.11, 4.12, were obtained from the 

crash analysis of Ford Econoline and Dodge Neon. This analysis is conducted according to 

FMVSS 214 with a velocity of 54km/hr. Maximum intrusions are observed in the target car with 

intrusions of about 659mm which is also higher than the dodge caravan test condition. 

Aggressivity of the Econoline is more which shows more intrusions than other bullet vehicles. 
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4.2.4 Ford Econoline - Dodge Neon (USNCAP) 

 

 

(a) Pre test 

 

 

(b) After Impact 

Figure 4.13 Ford Econoline Side Impact on Dodge Neon (USNCAP)  
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(a) Before Impact     (b) After Impact 

Figure 4.14 Dodge Neon B-pillar 

                          

(a) Before Impact     (b) After Impact 

Figure 4.15 Ford Econoline A-pillar   
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Figure 4.16 Ford Econoline - Dodge Neon (USNCAP) 

 Crash analysis is conducted with ford Econoline and Dodge Neon under US-NCAP test 

condition. From the figures 4.13, 4.14, 4.15, 4.16, there is an increase in the intrusions when 

compared to the previous figure and it is because the bullet vehicle is a full size vehicle. The 

intrusions are observed in the middle of the B-pillar and the maximum intrusion is 766mm.  

Comparatively other bullet vehicles this shows lot aggressivity on the target vehicle.  
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4.2.5 Ford Explorer - Dodge Neon (FMVSS 214) 

 

 

(a) Before Impact 

 

 

 

(b) After Impact 

Figure 4.17 Ford Explorer Side Impact on Dodge Neon (FMVSS 214)  
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(a) Before Impact     (b) After Impact 

Figure 4.18 Dodge Neon B-pillar 

                        

(a) Before Impact     (b) After Impact 

Figure 4.19 Ford Explorer A-pillar  
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Figure 4.20  Ford Explorer - Dodge Neon (FMVSS 214) 

 In test condition 1, case 3 crash analysis is conducted where ford explorer hits dodge 

neon with 54km/hr. The speed indicates this test is based on FMVSS 214. From the figures 4.17, 

4.18, 4.19, 4.20, maximum intrusions in the target vehicle are about 671mm. There is a 

consistent increase observed in the intrusions from the previous cases and the main reason for 

this is the bullet vehicles are minivan, full size van and utility vehicle. There is no much 

difference in aggressivity of Econoline and explorer in FMVSS 214 test condition due to the 1% 

variation in maximum intrusion occurred in neon.  



 

58 
 

4.2.6 Ford Explorer - Dodge Neon (USNCAP) 

 

(a) Pre test 

 

(b) After Impact 

Figure 4.21 Ford Explorer Side Impact on Dodge Neon (USNCAP)  
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(a) Before Impact     (b) After Impact 

Figure 4.22 Dodge Neon B-pillar 

                            

(a) Before Impact     (b) After Impact 

Figure 4.23 Ford Explorer A-pillar   
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Figure 4.24 Ford Explorer - Dodge Neon (USNCAP) 

 Under US-NCAP test condition, a sedan car (dodge neon) was hit by a utility vehicle 

(ford explorer) with a speed of 62km/hr. From the figures 4.21, 4.22, 4.23, 4.24, Intrusions are 

higher than the intrusions in full size van and they are observed at middle of the B-pillar. The 

node at which the intrusions are high is near to the belt reference point of the occupant. This test 

also proved that behavior of the Econoline and explorer on neon is similar like FMVSS 214 with 

less variation in maximum intrusion.  
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4.2.7 Chevy S10 - Dodge Neon (FMVSS 214) 

 

  

(a) Before Impact 

  

(b) After Impact 

Figure 4.25 Chevy S10 Side Impact on Dodge Neon (FMVSS 214)  
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(a) Before Impact     (b) After Impact 

Figure 4.26 Dodge Neon B-pillar 

                          

(a) Before Impact     (b) After Impact 

Figure 4.27 Chevy S10 A-pillar  
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Figure 4.28 S10 - Dodge Neon (FMVSS 214) 

 In contrast to the previous case, small size pick-up truck (Chevy S10) hits a sedan car 

(Dodge Neon) under FMVSS 214 test condition. Thus maximum intrusions are observed to be 

491mm and they are low compared to other cases in test condition 1. The main reason to this 

decrement in values is because the bullet vehicle is a small size pick-up truck. In addition, 

position at which the maximum intrusions occur is also a major factor and in this case it 

observed in the middle of the pillar (Belt reference point) as shown in figures 4.25, 4.26, 4.27, 

4.28.    
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4.2.8 Chevy S10 - Dodge Neon (USNCAP) 

  

(a) Pre test 

  

(b) After Impact 

Figure 4.29 Chevy S10 Side Impact on Dodge Neon (USNCAP)  
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(a) Before Impact     (b) After Impact 

Figure 4.30 Dodge Neon B-pillar 

                       

(a) Before Impact     (b) After Impact 

Figure 4.31 Chevy S10 A-pillar   
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Figure 4.32 S10 - Dodge Neon (USNCAP) 

 The results obtained from the figures 4.29, 4.30, 4.31, 4.32; indicate that the maximum 

intrusions in the target vehicle are 555mm. This is lower than the other bullet cars impact even 

though it is tested under US-NCAP. The effect of intrusions in the target vehicle is low because 

the bullet vehicle is a small size pick up vehicle. In FMVSS 214 test condition S10 has 

acceptable intrusions in neon but in USNCAP test condition due to the higher velocities 

maximum intrusions are in marginal region but still occupant will have less fatalities when 

compared to other bullet vehicles.  
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4.2.9 Dodge Caravan - Geo Metro (FMVSS 214) 

 

  

(a) Before Impact 

 

  

(b) After Impact 

Figure 4.33 Dodge Caravan Side Impact on Geo Metro (FMVSS 214)  
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(a) Before Impact     (b) After Impact 

Figure 4.34 Geo Metro B-pillar 

                          

(a) Before Impact     (b) After Impact 

Figure 4.35 Dodge Caravan A-pillar   
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Figure 4.36 Dodge Caravan - Geo Metro (FMVSS 214) 

 The second test condition is a change in the target vehicle which is Geo Metro and it 

comes under the category of hatchback vehicle. This is also a later 1996 model car and the 

maximum intrusions in the target car are lower than the dodge neon as shown in the figures 4.33, 

4.34, 4.35, 4.36,. The crash analysis is conducted according to FMVSS 214. The obtained results 

can be used to determine the driver fatality ratio. This impact shows the safety measures 

improvement in 1996 later model vehicles. 
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4.2.10 Dodge Caravan - Geo Metro (USNCAP) 

 

(a) Before Impact 

 

 (b) After Impact 

Figure 4.37 Dodge Caravan Side Impact on Geo Metro (USNCAP)  
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(a) Before Impact     (b) After Impact 

Figure 4.38 Geo Metro B-pillar 

                          

(a) Before Impact     (b) After Impact 

Figure 4.39 Dodge Caravan A-pillar   
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Figure 4.40 Dodge Caravan - Geo Metro (USNCAP) 

 Similar to the previous analysis, crash test is conducted with dodge caravan and geo-

metro under US-NCAP test condition. The velocity is higher than the previous test case and thus 

the intrusions are higher than the previous study. From the figures 4.37, 4.38, 4.39, 4.40, 

maximum intrusions are about 471mm and they are lower than dodge neon as a target vehicle. 

Hence later 1996 models can be used to a large extent in our day to life for better occupant 

safety.  
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4.2.11 Dodge Caravan - Toyota Yaris (FMVSS 214) 

 

  

(a) Before Impact 

 

  

(b) After Impact 

Figure 4.41 Dodge Caravan Side Impact on Toyota Yaris (FMVSS 214)  
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(a) Before Impact     (b) After Impact 

Figure 4.42 Toyota Yaris B-pillar 

                        

(a) Before Impact     (b) After Impact 

Figure 4.43 Dodge Caravan A-pillar   
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Figure 4.44 Dodge Caravan – Toyota Yaris (FMVSS 214) 

 The third test condition includes a change in the target vehicle and it is a latest sedan 

which is Toyota Yaris car, 2010 model. Although the bullet vehicles remained the same and the 

crash analysis is conducted using FMVSS 214 test condition. Percentage of intrusions in Yaris is 

lower than the neon and metro when they are impacting by bullet vehicles. From the figures 

4.41, 4.42, 4.43, 4.44, maximum intrusions are observed at the bottom of B-pillar and they value 

to about 475mm in this case which is 29% and this is considered to be acceptable region.   



 

76 
 

4.2.12 Dodge Caravan - Toyota Yaris (USNCAP) 

  

(a) Pre test 

  

(b) After Impact 

Figure 4.45 Dodge Caravan Side Impact on Toyota Yaris (USNCAP)  
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(a) Before Impact    (b) After Impact 

Figure 4.46 Toyota Yaris B-pillar 

                         

(a) Before Impact     (b) After Impact 

Figure 4.47 Dodge Caravan A-pillar  
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Figure 4.48 Dodge Caravan - Toyota Yaris (USNCAP) 

  

 Similar to test conditions 1 and 2, test condition 3 is also analyzed for Dodge caravan 

impacting Toyota Yaris with US-NCAP method and as this method has high velocity the 

intrusions are higher when compared to FMVSS 214.  From the figures 4.45, 4.46, 4.47, 4.48, 

maximum intrusions are observed at the bottom of the B-pillar at about 537mm which is seat 

reference point of the occupant. These values are also quite higher than the Geo metro 

(Hatchback).  
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4.3 Intrusion, Acceleration and Driver Fatality Ratios 

Table 4.1 represents the estimated Driver fatality ratios, Intrusion ratio and 

Acceleration ratio under all three different test conditions. The estimated DFR values are 

determined using the intrusion ratio and acceleration ratio and this DFR is compared to the 

statistical DFR. The statistical DFR varies with the estimated DFR as the present analysis is 

conducted using 1996 and later year models. In contrast, the statistical DFR values are provided 

by FARS between the years 1992-1996. However, the estimated DFR and statistical DFR in 

Neon showing a similar pattern under FMVSS 214 test condition. Under the same test condition, 

the estimated DFR is highest for Dodge Neon and Toyota Yaris target cars when the bullet 

vehicle is Econoline. Neon (old sedan) has more acceleration with S10 (small size pickup truck). 

Geo metro (Hatch back) has more acceleration with caravan (minivan). Whereas Latest sedan 

Toyota Yaris has more accelerations with Explorer (Utility vehicle) Econoline ( Full size Van) 

has major effect in DFR and intrusion ratio in all three target vehicles. 

Table 4.1 Estimated DFR for side impact accidents based on FMVSS 214 test condition 
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Similarly, Table 4.2 shows that DFR, intrusion ratios and acceleration ratios are 

determined using the US-NCAP test condition. The variation in the estimated and statistical DFR 

has a similar reason to the previous test condition.  According to this test condition, the estimated 

DFR is highest for Dodge Neon target car when the bullet vehicle is Econoline. In both FMVSS 

214 and USNCAP, Geo-Metro target car has low DFR with other bullet cars. However, using 

US-NCAP test condition, Toyota Yaris target car has low driver fatality ratios with other bullet 

cars. Dodge Neon (Sedan) and Geo Metro (Hatch back) has more accelerations when they are in 

collision with Ford Explorer (Utility Vehicle) Caravan (minivan) also has similar effect on 

acceleration in Geo metro as FMVSS214. Toyota Yaris (Latest Sedan) has more acceleration 

with S10 (small pickup truck). Econoline (Full size Van) has major effect in intrusion ratio in all 

three target vehicles as FMVSS 214. DFR is more in Dodge neon when compared to other target 

vehicles. Econoline has similar effect on Dodge neon and Toyota Yaris but Geo metro has more 

DFR with Explorer in USNCAP test condition. When compared to FMVSS 214 ratios USNCAP 

has less value of DFR ratios which shows that the fatalities in bullet vehicles are increasing more 

due to the high velocities.  

Table 4.2 Estimated DFR for side impact accidents based on US-NCAP test condition  
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4.4 Severity Ratio 

  Table 4.3 indicates the severity ratios of the target car, the location at which the 

maximum intrusion occurs. When dodge caravan is the bullet car, the maximum intrusions are 

located at the bottom of the B-pillar which is the seat reference point to the occupant in dodge 

neon.  Whereas other bullet vehicles has maximum intrusion at middle of the B-pillar which is 

the belt reference point of the occupant. Height of the bumper from the ground level of the bullet 

vehicles shows major impact in location of the intrusion to the occupant. The percentage of 

intrusion is low in neon (old sedan) for Chevy S10 as a bullet car as it is a small size pick up 

vehicle and it is the only vehicle which remains the intrusions of dodge neon in acceptable range 

[31]. Ford explorer has 39% intrusion and this occurs in the middle of the pillar which shows the 

higher risk to the occupant.  

Table 4.3 Severity Ratio in side impact accidents for Neon based on FMVSS 214 test 

condition 
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 Similarly, for the similar bullet cars and target vehicle the test condition is modified to 

US-NCAP and the obtained results can be used to determine the severity ratios in the target 

vehicles as shown in table 4.4. Caravan has very less bumper height from the ground level, so 

impact is showing at seat reference point and for other bullet vehicles maximum intrusions are 

showing at belt reference point. High percentage of intrusions in target vehicle proves that 

occupant is in danger when Econoline (full size van) , Explorer (utility vehicle) and Caravan 

(minivan) collided with neon (old sedan) in side impact collision with high velocities as 

described in USNCAP test condition. Maximum intrusions in target vehicle by all other LTV’s is 

showing seat reference point which shows that occupants are at high risk. Even in USNCAP test 

conditions intrusions in neon by S10 are in marginal range [31] which shows the similar 

behavior as FMVSS 214 test condition.  

Table 4.4 Severity Ratio in side impact accidents for Neon based on US-NCAP test 

condition 
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 Under FMVSS 214 test condition, the severity ratios are determined for the target 

vehicle geo-metro as shown in table 4.5.  The target vehicle being the later model, it has several 

features that can improve the occupant safety level. Ford Econoline (full size van) has caused 

high percentage of intrusions in geo metro which are considered to be marginal region [31].  

Intrusions occurred in Geo metro (hatchback) by caravan (minivan), Explorer (Utility Vehicle) 

and S10 ( small size pickup)  are in the acceptable region [31] and the lowest percentage of 

intrusions occurred by Econoline at bottom location of the B-pillar which proves again the height 

of the bumper of the bullet vehicle plays a major role in impact. 

Table 4.5 Severity Ratio in side impact accidents for Metro based on FMVSS 214 test 

condition 
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 Similar bullet and target cars are used for analysis using the USNCAP test condition as 

in table 4.6. As the bullet vehicle speed is high the percentage of intrusions are very high for all 

the bullet vehicles except dodge caravan case. Ford Econoline, Explorer, S10 has caused high 

intrusions in the target vehicle at the middle of the B-pillar which shows the severity of the 

impact on the occupant at belt reference point. The results in both the cases are varying in the 

same pattern, but except caravan all other bullet vehicles creating maximum intrusions in target 

vehicle which are considered to be poor [31].   

Table 4.6 Severity Ratio in side impact accidents for Metro based on US-NACP test 

condition 
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 Tavle 4.7 shows maximum intrusion in target vehicle by all other LTV’s showing at 

seat reference point,  which shows that occupant are at Low risk. Occupant is safe in Yaris 

(2010) when comparatively other target vehicles due to the impact at the bottom of the B-pillar. 

This is due to a better safety measures taken in the recent years. The main advantage of using 

newer models has shown that estimated DFR shows better results for newer models. Particularly 

bullet vehicles like minivan, utility vehicle, full size van and small size pick up has different 

height bumpers and this bumper height showed a lot impact in the previous target vehicles test. 

But in this percentage of intrusion is less and all the maximum intrusions shown at bottom 

proves that latest vehicles has a drastic improvements while considering to the occupant safety. 

S10 impact on latest sedan showing very less intrusions which are considered to be good 

according to IIHS severity [31].  

Table 4.7 Severity Ratio in side impact accidents for Yaris based on FMVSS 214 test 

condition 
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 Table 4.8 shows that under USNCAP test condition, target vehicle and bullet vehicle 

remained the same. Chevy S10 has low percentage intrusion when compared to other vehicles. 

There are two reasons for this  

 The bullet vehicle is a small size pick up vehicle 

 The target vehicle is a newer model with better seating system.  

In this test also it followed the same pattern like FMVSS 214 but impact of the Dodge Caravan 

(minivan) , Ford Econoline ( full size van) and Ford Explorer (utility vehicle) has a major impact 

in the percentage of intrusion and which are considered to be poor. But still the maximum 

intrusions occurred at the seat reference point this shows that latest sedan like Toyota Yaris is 

safer for maximum intrusion occurring location. 

Table 4.8 Severity Ratio in side impact accidents for Yaris based on US-NCAP test 

condition 
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5 CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

 A computational method utilizing nonlinear finite element modeling of side impact 

crashes based on FMVSS 214 and US-NCAP test conditions on several bullet vehicles and target 

vehicles were conducted in this study. An estimation of Driver Fatality Ratio was evaluated for 

each case based on the ratio of intrusions between target and bullet cars at specific locations as 

well as acceleration ratio of the occupants in both the vehicles is also examined when vehicles 

are collided in a road accident. Dynamic Response of the vehicles are studied by predicting the 

driver fatality ration between different types of vehicles. Overall, it was shown that the DFR 

estimate has close correlations compared to the accident statistics based DFR data (within 10%). 

 The DFR estimate for the different target cars, namely Dodge Neon, Geo Metro and 

Yaris are not significant in comparison, but as these are 1996 and later model cars, they are all 

smaller than the statistics based data which are collected from the older model car accidents. 

Estimated DFR show that B-pillar will take a major role in Driver fatalities for target vehicles. 

By this estimated DFR in Dodge Neon, it is shown that Crush profile is more realistic in FMVSS 

214 due to the similarity in the DFR between statistical and predicted from FE analysis.   

 FMVSS 214 and US-NCAP DFR values varied due to the higher velocities. When 

compared to other target vehicles Yaris shows good protection improvements when it is struck 

by small size pickup trucks, utility vehicles, Full size van. This can be shown by difference in 

severity ratio by 3 to 17% in both the test conditions. Caravan has less bumper height when 

comparative to other LTV’s which helps to reduce the driver fatalities. The presented 

methodology can be utilized in the design phase of a vehicle to improve its structural 

crashworthiness and occupant protection capability. Less intrusion values in Toyota Yaris at 
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USNCAP conditions shows that good protection and structural improvements like side door 

beam when comparatively other target vehicles (Neon and Metro). This computational method 

can be utilized to rank the structural impact and occupant protection capacity of different existing 

vehicles. Results show that intrusions and accelerations play a major role in predicting DFR and 

accident severity.   

5.2 Future Recommendations 

 The present analysis is based on computational analysis and thus a crash testing can be 

conducted to verify using newer models and correlate the data. Several other methods can be 

used to estimate DFR and it includes considering target vehicles components like side door, door 

sill, foot well etc. in finite element nonlinear analysis. Dummies can be placed inside the vehicle 

and they can be compared with experimental crash analysis or accidents data. An optimum side 

door or side door beam or B-pillar design can be proposed to reduce the driver fatality ratio and 

DFR can be verified by using this computational analysis. During collisions, LTV bumper plays 

a major role and thus LTV bumper design can be modified to improve occupant safety hence by 

changing the bumper design and height DFR can be examined. Car safety lies in the ability to 

withstand crash between cars; therefore a suitable material can be opted in side door, B-pillar and 

side door beam to improve the ability of car to withstand crash. Weight of the LTV is another 

parameter that can help to improve DFR and other design abilities. Intrusions, accelerations and 

mass ratio combinations can be used for the similar analysis. Considering this computational 

nonlinear FE analysis method to analyze newer vehicles which are available, to understand the 

safety measures and to improve the occupant protection. 
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