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ABSTRACT 

Crash tests play a vital role in the design and development of new vehicles to ensure customer 

safety. The results obtained from the test programs such as the ones from the National Highway 

Traffic Safety Administration (NHTSA) are useful for further development of vehicles pertaining 

to consumer safety. The new and latest oblique offset and small overlap crash tests represent more 

realistic configurations of the frontal car impact accidents compared to earlier version of standards. 

In this study, finite element (FE) models of a family sedan car impact surroundings are utilized to 

reconstruct the tests. The objective of this study is to utilize computational modeling and analysis 

techniques to assess the performance of a typical sedan car per new small overlap frontal crash test 

and oblique offset tests, and to compare the results with the original rigid barrier impact crash test 

in terms of physical intrusion of the vehicle body parts and examining the corresponding potential 

injuries to occupants. The validation of the models are performed to ensure model accuracy and to 

check for any abnormalities in the FE models. In this research, the vehicle-to-barrier and vice versa 

models are simulated using the LS-DYNA nonlinear code. The full frontal impact crash tests are 

simulated according to the NCAP protocol. The oblique offset and small offset frontal impact tests 

are then investigated as they represent real-world scenarios better. The data obtained from the 

intrusions on the vehicle’s A- and B- pillars, firewall, toe pan, knee bolster and steering column 

are analyzed. The results from different scenarios obtained are then compared in terms of intrusion 

and acceleration inside the car and the analysis of intrusion and occupant injury. It is observed that 

the small offset crash test adds more challenge not only to the structure of the vehicle but also to 

the design of seat belts and airbags. This study indicates that the compliance with the offset oblique 

and small offset frontal impact tests provide the best occupant protection where the occupant 

sustains maximum G- force especially in terms of head impact protection to the car’s A-pillar.  
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CHAPTER 1 

Chapter 1                                              INTRODUCTION 

1.1 Background 

Every year numerous people suffer injuries and death due to motor vehicle accidents. 

According to the CDC report, nearly 200,000 individuals were admitted to emergency department 

(ED) out of 2.5 million hospitalizations for crash related injuries in 2012 [1]. As it is said, 

“prevention is better than cure”, it is best to avoid accidents at all cost to keep oneself safe on roads 

but should there occur any accidents, today’s automobile engineering  technologies help prevent 

several severe injuries.  

The study and advancement of vehicle crashworthiness is vital to manufacture safer 

vehicles. Vehicle crashworthiness is the ability of a structure to protect its occupants during 

accident [4]. There are different procedures and criteria for different types of crashes, which 

depends on the impact angle, offset, impact speed and most of all the part of vehicle studied. There 

are various organizations around the world working on setting the crashworthiness standards. 

ANCAP, ARCAP, C-NCAP, Euro NCAP, ADAC, JNCAP, NHTSA and IIHS are the major 

contributors for the vehicle crash testing and data collection. In USA, NHTSA and IIHS are the 

major organizations performing vehicle crash test to improve the vehicle design for the sake of 

occupant safety under various crash conditions. 

According to NHTSA's Traffic Safety Facts 2012: A Compilation of Motor Vehicle Crash 

Data from Fatality Analysis Reporting System (FARS) and the National Automotive Sampling 

System General Estimates System (NASS-GES), there were 30,800 police-reported motor vehicle 

crash fatalities including 1,634,000 injuries. FARS established in 1975 records the data on the 

severe (fatal) traffic crashes whereas GES established in 1988 contains police-reported crash data 
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of all severity types, including those that result in death, injury or property damage. NHTSA's 

National Center for Statistics and Analysis (NCSA) designed and developed FARs and NASS-

GES. The data obtained from these sources help to check if the highway safety is in order and to 

address any problems and its solutions as well as to provide an insight of the effectiveness of motor 

vehicle safety standards and highway safety initiatives [2]. 

NHTSA is a U.S government agency, a part of Department of Transportation (DOT) is 

responsible to write and enforce Federal Motor Vehicle Safety Standards (FMVSS). Ever since its 

inception, NHTSA has been actively working on making the automobiles better conducting 

various crash tests under different protocols over the years and installing safety technologies to 

further make the occupant compartments safer during crash. In 1960, when a small group of people 

started using simple lap belts, 115 lives were saved. Further, in 2012, after the seat belts were 

enforced the number grew to 27,621; i.e., the fatality rate per vehicle mile of travel dropped by 81 

percent [3]. Figure 1.1 shows how safer the vehicles has become today compared to the vehicles 

on the road in 1955. 

The vehicular fatality-risk index dropped to 44 by 2012 indicating a decrement of 56 

percent in the fatality risk in the average car or LTV on the road under the same conditions of 

exposure, drivers and roadways as shown in Figure 1.1. There are various criteria that need to be 

met in the crash testing procedure. NHTSA enforced such protocols under FMVSS. Among the 

regulations enlisted by NHTSA, FMVSS 208 deals with the occupant protection reduction number 

of fatalities and the severity of injuries involved in frontal crashes [6].  

There are different procedures and criteria for different types of crashes, which depends on 

the impact angle, offset, impact speed and most of all the part of vehicle studied. There are various 
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Figure 1.1 Fatality-Risk indices by calendar year (1960 = 100) for car and LTV occupants [5] 

organizations around the world working on setting the crashworthiness standards. ANCAP, 

ARCAP, ANCAP, ARCAP, C-NCAP, Euro NCAP, ADAC, JNCAP, NHTSA and IIHS are the 

major contributors for the vehicle crash testing and data collection. In USA, NHTSA and IIHS are 

major organizations performing vehicle crash test to improve the vehicle design for the sake of 

occupant safety under various crash conditions. 

The New Car Assessment Program (NCAP) test results provide crucial information about 

the safety ratings of the new vehicles to the general public. NCAP is a safety rating program carried 

out by US DOT’s NHTSA mandated under Title II of the Motor Vehicle Information and Cost 

Savings Act of 1973 (15 U.S.C. § 1942 et. Seq). It is no surprise that the annual fatality rate in the 
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US is low during the recent years has dropped, 50,000 to about 40,000 in the past two decades. 

NCAP educates the potential buyers and help them make good decision on the new car they are 

about to buy or think of buying which in-turns project the vehicle manufacturer to build safer 

vehicles. US NCAP has become a major source for the vehicle safety due to its rating criteria 

following various safety measures, from seat belts and air bags to crash avoidance technologies 

[7].  NHTSA began analyzing the crashworthiness of new cars in 1978 by performing vehicle into 

a rigid barrier at a high speed. LTVs from the MY 1983 were included in the tests. It is not until 

1997 that NHTSA changed it reporting methods from analytical and numerical values into a simple 

to understand start ratings, where 1 star implied that the new vehicle had structural problems during 

crash scenarios compromising occupant health and lives and in the other hand 5 start implied safe 

vehicle. In this way NHTSA came up with the crash tests depicting most common scenarios – front 

and side impacts. NHTSA announced its Static Stability Factor (SSF) ratings program for rollover 

(resistant) events.  

Today NCAP uses Hybrid III 50th percentile adult male dummies as a principal driver and 

5th percentile female front passenger for the full frontal impact crash test. Figure 1.2 shows the full 

frontal rigid barrier setup. During NHTSA’s initial phase in the period between 1979 and 1990, 

Hybrid II dummies were used [7]. Hybrid III dummies provide more precise occupant injury 

related data for the manufacturers and researchers. The use of Hybrid III dummies eliminated the 

performance variability since NCAP tests were conducted with the vehicle manufacturer 

recommended since MY 1990. NHTSA performs the following frontal impact tests [6]:  

• Unbelted 50th male dummy driver and passenger ((32 to 40 kmph) (S5.1.2(b)) 

• Belted 5th female dummy driver ((0 to 56 kmph) (S16.1(a)(2))  

• Belted 5th female dummy passenger ((0 to 56 kmph) (S16.1(a)(2)) 
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• Belted 50th male dummy driver ((0 to 56 kmph) (S5.1.1(b)(2))  

• Belted 50th male dummy passenger ((0 to 56 kmph) (S5.1.1(b)(2))   

• Unbelted 5th female dummy driver ((32 to 40 kmph) (S16.1(b)) 

• Unbelted 5th female dummy passenger ((32 to 40 kmph) (S16.1(b)) 

• Unbelted 50th male dummy driver ((32 to 40 kmph) (S5.1.2(b)) 

• Unbelted 50th male dummy passenger ((32 to 40 kmph) (S5.1.2(b))    

• 40% Offset Frontal 0°: 

• Belted 5th female dummy driver and passenger (0 to 40 kmph) (S18.1) 

Following are the major changes in NHTSA’s frontal crash test ratings after 2010 [8]: 

• NHTSA introduced vehicle safety score (VSS), a single overall safety score that 

combines the results from front, side, and rollover tests where front-crash results have 

the highest influence in the overall score (42%). 

• The full-frontal crash tests are performed at a velocity of 35 mph on a small adult female 

that corresponds to 5th-percentile dummy instead of a male that corresponds to 50th-

percentile dummy, on the passenger side. 

• The front-crash score also comprised of measures for chest deflection, femur injury, foot 

injury, head injury (HIC15) and neck extension. 

 

Figure 1.2 Full Frontal Rigid Barrier Impact Test Setup 
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Frontal Offset Impact test is another form of frontal impact test performed by NHTSA. 

According to the electronic code of federal regulations, Title 49: Transportation, PART 571-

FEDERAL MOTOR VEHICLE SAFETY STANDARDS Subpart B-Federal Motor Vehicle 

Safety Standards, §571.208 Standard No. 208; Occupant crash protection, S16-S18, during frontal 

offset impact test the vehicle at 40 km/h (25 mph) traveling longitudinally forward into a fixed 

offset deformable barrier, impacts only the left side of the vehicle following general test conditions 

specified in S16.2 and S16.3 which include the loaded devices and instrumentation on the vehicle, 

steering wheel adjustments, driver and passenger seat setup etc. The vehicle with the tolerance of  

±5 degrees impacts perpendicularly to the barrier face. The test vehicle is aligned so that the 

vehicle strikes the barrier with 40 percent overlap on the left side of the vehicle, with the vehicle's 

front engaging the barrier face such that the vehicle's longitudinal centerline is offset outboard of 

the edge of the barrier face by 10 percent of the vehicle's width. The vehicle width is defined as 

the maximum dimension measured across the widest part of the vehicle, including bumpers and 

molding but excluding such components as exterior mirrors, flexible mud flaps, marker lamps and 

dual rear wheel configurations [24].  The 40% offset barrier uses a deformable aluminum 

honeycomb face. Vehicle manufacturers began meeting the 40% offset crash test on Sep. 1, 2003 

along with the advanced air bag requirements. According to Lawrence Q. Valvo, a Safety 

Compliance Engineer at US Department of Transportation, NHTSA, the frontal impact test was 

phased in from Sep. 1, 2003 through Sep. 1, 2006. There are two other types of frontal impact 

crash tests that are mostly widely used to design structurally fine vehicles, they are moderate offset 

impact test and small offset impact tests. Both tests are performed by NHTSA and IIHS but under 

different testing protocols.  
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1.1.1 Oblique Offset Impact Test: 

This type of test is devised to realize the real-time scenario of two vehicles colliding with 

only some portion of the frontal structure. In this test, the barrier (RMDB in case of NHTSA) 

impacts the stationary vehicle as shown in Figure 1.3. In this type of test equal amount of impact 

force as in full frontal impact test, is absorbed by the fraction of the structure of the vehicle. This 

type of test is performed in USA by IIHS and NHTSA under oblique test. IIHS uses offset-

deformable barrier (ODB) whereas NHTSA uses research moving deformable barrier (RMDB) 

naming it an oblique impact test with completely different criteria. Other organizations undergoing 

offset testing are EuroNCAP, ANCAP and ASEAN NCAP.NHTSA termed this test as oblique 

impact test whereas IIHS refer to it as simply moderate offset frontal impact test. According to 

NHTSA criteria, a stationary vehicle is struck by the moving deformable barrier (MDB) at 56 mph 

at 15 degree angle with 35% overlap.  

 

Figure 1.3 NHSTA Moderate/Oblique Offset Impact Test Setup 
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1.1.2 Small Offset Impact Test: 

Small overlap frontal crash test is very demanding to the structure of the vehicle. It presents 

difficult engineering challenges since its introduction by IIHS in 2012. In this crash test only a 

small portion of the vehicle, 15-25% of this entire width is collided against a barrier or a pole 

depicting a real life scenario where a car hits a pole or another car while trying to avoid collision 

and only a little portion of the frontal width of the vehicle, for instance the impact location is at 

the centerline of the headlight, collides taking all the impact forces. The setup for the small offset 

impact test is shown in Figure 1.4 (NHTSA version). It results in the intrusion of a very high 

magnitude into the occupant compartment putting the life in danger. In USA IIHS performs small 

offset test whereas NHTSA calls it SOI and use RMDB. Small offset test is often referred to as 

SOI in NHTSA, where a stationary vehicle is struck by RMBD at 56 mph with an offset of 25% 

of the vehicle width at an angle of 7 degrees. It is the most rigorous form of frontal impact since 

the impact misses all of the frontal safety structure. This type of test is performed to check the 

quality of the engineering done on the vehicle’s fender, door and airbags to protect the occupants.  

 

Figure 1.4 NHSTA Small Offset Impact (SOI) Test Setup [17] 

NHTSA updated their protocols throughout the course of 32 years to provide better output 

with new full frontal impact and offset tests. The full frontal impact test does not necessarily 

measure the structural integrity of the vehicle, rather it measures the quality of occupant restraint 
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inside the occupant compartment; whereas offset tests focuses more on the structural entity of the 

vehicle. The New NCAP VSS is promoting the awareness of vehicle crashworthiness and directing 

vehicle manufacturers to engineer safer and better vehicles. Full frontal impact tests are useful to 

validate the Finite Element (FE) models of the vehicle, occupant and the barrier during the 

simulation setup. 

1.2 Literature Review 

The full frontal barrier crash test represents real world vehicle-to-vehicle full frontal impact 

crash with each vehicle moving at the same initial velocity [5]. NHTSA/US-NCAP enforced full 

frontal impact tests during late 1970s with the occupant protection as their main objective, where 

the vehicles including passenger cars, trucks and busses is crashed into a rigid barrier with a 

velocity of 56.3 km/h [13] and must meet Federal Motor Vehicle Safety Standard (FMVSS) No. 

208, Occupant Crash Protection [14]. FMVSS standards serve as the basis for the New Car 

Assessment Program (NCAP). Vehicle manufacturers are mandatory required to pass the FMVSS 

standards to commercially distribute the vehicles in the United States whereas NCAP provides the 

information on the safety features on the vehicles. The NCAP consumer information program 

criteria differs from the FMVSS regulations since it needs to be more demanding to test the vehicle 

safety and other aspects. According to FMVSS No 208 standard the impact velocity of the vehicle 

to the rigid wall is 48 kilometers per hour (kmph) whereas NCAP uses 56 kmph velocity with 

belted occupants [5].   Full frontal impact crash tests are originally designed to test how the vehicles 

would react during collision in the longitudinal direction in real world setting. It helped engineer 

better and safer vehicles by improving the vehicle design as per the crash test suggested. Full 

frontal impact test is beneficial in preventing head, femur and chest injuries and fatalities where as 

it does not give much information on the lower limb and neck injuries. NHTSA is the only 
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organization that still does full frontal crash test today under its NCAP criteria. Since 1989, 

NHTSA has had an advance frontal crash protection research program underway to develop 

supplemental procedures, develop improved injury criteria and evaluate the injuries associated 

with occupant size. This effort has led to the introduction of moving deformable barrier (MDB) in 

the frontal offset crash test protocol which have higher potential to address additional fatalities and 

serious injuries [16]. 

 More tests are done with the moderate offset and small offset impacts since they are found 

to be more reliable to depict the real world scenarios since the data suggested that majority of the 

crash that occur are offset crashes. Small offset frontal impact reflects the real life scenario, such 

as when the driver tries to steer away from the oncoming traffic and impacts small portion of the 

frontal structure or when a vehicle hits the tree or pole on its very end of the front bumper. Hill et 

al stated that the fatality corresponding to the small overlap impact is difficult to classify when the 

degree of impact and the involvement of the longitudinal structure is unknown [18]. Small offset 

frontal Impact is proven quite deadly since during an impact there is no involvement of any solid 

structure to withhold the impact energy due to which the fender along with the tire, suspension 

system and the firewall is pushed back into the occupant causing massive intrusion and most 

possibly fatality or severe injury. A research on investigation of 91 fatal frontal crashes in Sweden 

done by Lindquist et al [2004] involving belted occupant in the front row shows that 48% of the 

fatalities occurred are due to small overlap impact occurring 60% on the left side of the vehicle 

[19].  Small offset frontal crash test for vehicle is introduced by IIHS in 2012 to improve the 

vehicle structural design during frontal crash. 24% of the frontal crashes that IIHS reviewed in the 

NASS study were small overlap crashes. During the frontal crash the vehicle’s longitudinal 

structure members are missed entirely, resulting in insufficient interaction with the front structure 
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to absorb the energy of the impact. As a result, the struck object or the other vehicle, peels away 

the front fender of the vehicle and then impacts the firewall area, producing major intrusion [9]. In 

the report by James David Bean et al, out of 29 fatalities in the frontal crash, 12 are due to small 

offset impact, 13 are due to oblique and 4 of them were oblique corner impacts. Small overlap is 

a dangerous crash in the overall scheme of frontal crashes [12]. Furthermore, the crash angle is the 

main cause of injury severity producing the highest number of AIS 3+ injuries [13]. “Rim locking 

effect” and the lack of energy absorbing longitudinal beam structure could crush the safety 

compartment endangering the lives of the occupant in the vehicle [14].  Overall, in any test 

configuration the impact loading affects the wheel, suspension system and hinge pillars, resulting 

in substantial lateral movement during crash causing significant occupant compartment intrusion. 

NHTSA and IIHS not only study the occupant injuries during crash but also analyze the structure 

integrity of the vehicle as well as the dummy positioning and movement including ejection [20]. 

Lankarani et. al study showed that the intrusion and acceleration ratios-based approaches are in 

good agreement with the statistical driver fatality ratio(DFR) [15]. Setpally concluded that the 

ratio of intrusions produces a better estimate of the DFR and can be utilized in predicting fatality 

ratios for head-on collisions [11]. Moradi pointed out that the vehicle intrusion according to the 

IIHS guideline and the rapid deceleration, Gs, experienced by the occupant are the major cause 

of occupant fatality [25]. 

The National Traffic and Motor Vehicle safety Act was enforced in the US in 1966, which 

empowered the federal government to set and administer new safety standards for motor vehicles 

and road traffic safety in order to reduce the increasing number of vehicles and related casualties 

and injuries on the road, called NHTSA (then National Highway Safety Bureau)[10]. Ever-since 

its establishment, NHTSA has been regulating the vehicle manufacturers to comply with the 
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federal motor vehicle safety standards (FMVSS). According to the regulations, “NHTSA has a 

legislative mandate under Title 49 of the United State Code, Chapter 301, Motor Vehicle Safety, 

to issue FMVSS and Regulations to which manufacturers of motor vehicle and equipment items 

must conform and certify compliance “[9]. 

Out of all the FMVSS regulations, Occupant Crash Protection during the frontal Impact 

falls under FMVSS 208 [12]. NHTSA developed full frontal impact test into the barrier at 35 mph 

under NCAP protocol.  

1.3 Motivation 

Each year lots of people lost their lives in vehicular accidents. Although, some of the 

fatality could not be survived but by better engineering of the vehicles at least some of the lives 

can be saved. This research primarily focuses on NHTSA’s frontal impact tests. However, there 

have been a number of changes since its inception in the late 1970s. It would be beneficial to know 

what kind of effort the government is making to educate and provide general consumer with better 

and safer vehicles.  

Government cannot test every real life accident configuration.  Thus various standards were 

introduced to replicate the real life crash scenarios. NHTSA’s FMVSS 208 is one of the major 

standards for those tests. FMVSS 208 frontal impact crash tests include rigid full width frontal 

impact, oblique offset tests and the new small offset configuration with 20 percent offset. It would 

be beneficial to see the results and effectiveness of a small offset impact crash test of a passenger 

sedan car and compare the structural crashworthiness of the car as well as the surrounding of the 

reaction. 
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CHAPTER 2 

Chapter 2                               OBJECTIVES AND METHODOLOGY 
2.1 Objectives 

The main objectives of this research paper is to study the new FMVSS 208 protocol for the 

frontal impact tests  and provide possible basis for the future research to enhance the frontal impact 

protection of the vehicle. The full frontal rigid barrier crash test provides the baseline for NHTSA’s 

new oblique offset frontal impact and small overlap impact crash tests, which are the main focus 

of this study. Analysis of the intrusions is studied along with the corresponding possible frontal 

occupant injury and the magnitude of G-force experienced; primarily the driver in this research.  

2.2 Methodology 

The majority of the research is carried out using LS-PREPOST and LS-DYNA. FE model 

of Ford Taurus, a mid-size sedan is used as the vehicle for the research from NCAC. The full 

frontal impact test is done to validate the model to advance the study as accurately as possible. 

Accelerations and velocities of the accelerometers placed on the left seat, right seat, engine top 

and engine bottom of the FE model is compared to the original test data from the physical full 

scale run. For additional validation, total wall force and global displacement of the FE model of 

the vehicle is compared with the data for the full frontal rigid wall impact which is extracted from 

the NCAC report. 

Once the model is validated, the vehicle FE model is subjected to frontal offset, oblique 

offset and small offset impact tests. Intrusions from various parts including steering column, toe 

pan, firewall, knee bolster, A-pillar and B-pillar are obtained for analysis. These data are compared 

to observe the difference in the state of the crashworthiness of the vehicle and the occupant injuries. 

These tests are performed to show how the results differ with the variation in offset values and 
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impact angles. In the oblique offset and small overlap impact tests, the vehicles are stationary 

whereas the RMDB barrier is subjected to motion. Furthermore, in case of full frontal rigid wall 

impact and frontal offset crash, the barrier is stationary and the vehicle is in motion. Also, these 

tests mentioned above are performed in accordance with NCAP’s protocol. The overall 

methodology is shown in the flowchart in Figure 2.1. 

 
Figure 2.1 Methodology Flowchart 
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Figure 2.2 Flowchart: Model validation 

 

 

Figure 2.2 shows a flowchart for the model validation process. First the vehicle model is 

selected and imported. Unit Consistency is checked between the vehicle and the barrier. If the 

units are not consistent then the units of either the vehicle or the barrier is transformed to match 

the other. Simulation parameters are entered according to the NHTSA’s NCAP protocol for full 
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frontal impact test with the initial velocity of 35 mph instead of FMVSS 208 standard 30 mph 

applied to the vehicle striking the rigid wall. Results obtained from the run is compared to the 

original result of the full scale run. Small deviation from the actual full scale run is ignored since 

there are various factors such as temperature and humidity that could affect small fraction of data 

which is not considered during computer modeling. If any abnormal data is observed, whole 

simulation is repeated to tweak the parameters to make it as accurate as the actual run performed. 

Model is validate when the graph plotted matches exactly or close to the graph results from the 

actual test. 
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CHAPTER 3 

Chapter 3                                      COMPUTATIONAL TOOLS 

 Computational tools save time and money in the research field. Instead of doing full scale 

run for each crash test, computer simulations drive the expenses down eliminating manpower, 

machinery and material costs. More accurate results with less or no human errors can be achieved 

with the use of computational tools and the best part is that the parameters can be tweaked as per 

the requirement. 

 In this research, three computational tools are utilized to achieve the objective: 

i. LS-PREPOST 

ii. LS-DYNA 

Standard FE car models are used for crash analysis obtained through National Crash Analysis 

Center (NCAC) developed under Federal Highway Administration (FHWA) and NHTSA. These 

FE models is used for crash testing, validation, improvement of occupant safety etc. 

3.1 Pre/Post Processors 

 LS-PREPOST: 

  LS-PREPOST is the pre and post processing tool to work on the FE models. Its 

post-processing capabilities include states result animation, fringe component plotting, and XY 

history plotting. It is capable of importing and exporting data in various formats which is shown 

in Figure 3.1. 

 In addition, for the pre-processing LS-PREPOST is useful to assign the properties 

to various parameters such as contacts, velocity, accelerations, angle and positioning etc. 
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Figure 3.1 LS-PREPOST I/O Operations [22] 

 3.2 Solver 

  LS-DYNA: 

   LS-DYNA is a FE program capable of simulating complex real world 

conditions. It performs explicit time integrations for transient dynamic finite element analysis. 

Nonlinear problems involves changing boundary conditions such as contacts between parts, large 

deformations like the crumpling of sheet metal part and nonlinear materials that do not exhibit 

ideally elastic behavior such as the thermoplastic polymers. Transient dynamic refers to the 

analysis of high speed, short duration events where inertial forces are important such as in 

automotive crashes, explosions and in manufacturing. LS-DYNA has wide range of applications 

and can be combined to model a wide range of physical events. 

 

 

18 
 



CHAPTER 4 

Chapter 4                         MODEL DEVELOPMENT AND VALIDATION 

4.1 Simulation Environment 

The boundary conditions and constraints are defined on the vehicle and the barrier. The 

vehicle and barrier distance is made very close to reduce the time taken to complete the analysis. 

FE vehicle model impact the rigid barrier at 35 mph according to NCAP’s protocol for the full 

frontal rigid wall impact test. RMDB collides against the vehicle at 7° angle with 20% frontal 

overlap at 56 mph (in case of NHTSA) for Small overlap impact setup and at 15° angle with 35% 

frontal offset at 56mph for oblique offset frontal impact. 

4.1.1 Car Model 

 The FE model for the Ford Taurus is obtained from NCAC website [21] and the barrier 

model is imported from LSTC website [22]. Figure 4.1 shows the side view of the test vehicle and 

Figure 4.4 shows the validation setup for the FE model of the vehicle.  

The FE model of vehicle consists of 778 parts, 936,258 nods, 805,505 shells, 4 beams, 

99,486 solids and total of 1,057,113 elements. 

 

 

s 

Figure 4.1 Ford Taurus Side View [21] 
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Figure 4.2 shows the location of the accelerometers as well as its node ID. Accelerometers 

are useful to analyze the acceleration and velocity of the nodes which helps to validate the model 

using the data obtained and comparing it with the original data from NCAC. 

 

Figure 4.2 Details of the FE Model of Ford Taurus with accelerometer nodes location [21] 

 

Table 4.1 is the summary of the full frontal crash test performed according to NCAP 

protocol. It also includes the details of the environment surrounding the full scale NCAP full 

frontal rigid wall impact test, i.e., Test 3248. It was performed by MGA RESEARCH, test 

configuration includes running vehicle into the barrier with the closing speed of 56.6 kph. Vehicle 

crashworthiness and occupant restraint performance data analysis were the main objective to 

perform this test in excess of 48 kph (30 kph) as per standard FMVSS 208/212/219/301-75 

requirements. Test was performed on the dry surface in 22 degree Celsius temperature. 
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Table 4.1 NCAP Test Summary Table [21] 

 

Figure 4.3 is the NCAP 30 load cell wall, a rigid barrier by MGA for full frontal crash 

test. It shows the detail dimensions as well as the material used in the barrier. Figure 4.5 is the 

isometric view of the FE setup of the full frontal crash test for analysis and validation. General 

test and vehicle parameter data are shown in the appendix A. 

 

Figure 4.3 NCAP 30 load cell wall @ MGA [21] 
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Figure 4.4 Ford Taurus Full Frontal Impact Setup: Isometric View  

4.1.2 Research Moving Deformable Barrier (RMDB) Model 

 RMDB model is imported from LSTC website for the purpose of the test under 

NHTSA’s frontal offset crash. Figure 4.5 shows top and side view of the barrier with the 

standard dimension. 

  

 
Figure 4.5 Barrier Block Cart Dimensions [22] 

22 
 



Research Moving Deformable Barrier (RMDB) is used by NHTSA for crash testing. In 

this research, it is used for oblique impact and small offset impact. RMDB is proven to show 

similar occupant kinematics for Vehicle-to-Vehicle tests.  The barrier has wide face plate to 

protect the wheels of the barriers. The face plate was lowered to prevent override, and raised as 

high as the window sill for most vehicles. 

4.2 Model Validation Results 

The FE model of Ford Taurus and the crash simulation is verified by comparing the 

graphs obtained by plotting the acceleration (in terms of G), velocity and displacement with 

respect to time and the graphs obtained from the actual full frontal impact run (Test 3248). 

NCAP Test 3248 is the full frontal impact run performed in accordance with NCAP’s protocol. 

In the Figure 4.6, the graph shows the average acceleration finite element analysis of seat cross 

member against the Test 3248 graph. The analysis graph is close enough to prove that the graph 

is valid. The locus of G with respect to time in the graph increases and decreases 

correspondingly as the locus of Test 3248.  

 
Figure 4.6 Validation Graphs: Seat Cross Member, Average Acceleration [21] 
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In a similar fashion, the results from FE simulations are plotted against the actual NCAP 

test 3248 in terms of the average velocity of the seat cross member against time. The results seen 

in Figure 4.7 depict that those two graphs show a similar behavior. Thus it can be concurred that 

the FE simulations predict close results to the actual test and therefore validating the FE model 

and simulation methodology. 

 

Figure 4.7 Validation Graphs: Seat Cross Member, Average Velocity [21] 

 

 The FE simulation results were also obtained for the acceleration (G) of the engine top and 

bottom and compared with the results from NCAP test 3248. The results of comparison can be 

seen in Figure 4.8 and 4.9.  Given that the disturbance in the simulation is higher than that of actual 

test, factors like data acquisition rate and test initiation time (phase difference) can be said to affect 

the results. Yet still, the graphs can be said to be in close proximity of each other and thus validating 

the model and simulation procedure. 
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Figure 4.8 Validation Graphs: Engine Bottom, Acceleration [21] 

 

 

Figure 4.9 Validation Graphs: Engine Top, Acceleration [21] 
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CHAPTER 5 

Chapter 5                 SIMULATIONS OF THE CAR MODEL  

According to the NHTSA’s NCAP regulation, as stated above, the frontal oblique offset 

impact test is performed using a RMDB crashing into a stationary vehicle at an angle of 15° with 

56 mph velocity. With the occupant (driver) safety in concern, vehicle parts located in close 

proximity are analyzed including A-pillar (inner left), B-pillar (inner left), firewall, toe pan, 

steering column and knee bolster. The intrusions are obtained for the purpose of this research 

which are discussed accordingly along with its corresponding data. The parts to be analyzed are 

shown distinctly in a skeleton vehicle as shown in Figure 5.1. 

 

Figure 5.1 Ford Taurus Skeleton indicating analyzed parts [21] 
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5.1 Full Frontal Rigid Barrier Impact 

The full frontal rigid barrier impact test simulation is performed using LS-PREPOST/LS-

DYNA. As discussed earlier, in this test, the vehicle is subjected to motion and run against a 

rigid barrier at 35 mph in accordance to NCAP’s protocol.  Figure 5.2 is an illustration of this 

test procedure.  

 

Figure 5.2 Full Frontal Rigid Barrier Impact Test Setup 

 The simulation is run for 150 milliseconds. This timeframe begins with the first contact 

between the bodies. As seen in the simulation, the vehicle crashes head on, but given that the 

barrier is rigid and at 35 mph velocity, the vehicle undergoes some deformation and then recoils 

back. The vehicle condition post-crash and test duration of 150 milliseconds is shown in Figure 

5.3.   

 

Figure 5.3 Full Frontal Rigid Barrier Impact Test Post-crash vehicle image 
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A-, B- and C- pillars are the supporting structures of the vehicle connecting the vehicle 

roof with the frame of the vehicle. The main function it serve is by providing stable support to 

the passenger compartment. It resists and absorbs the impact energy in case of frontal or side 

impact to protect the vehicle occupants.  

5.1.1. A-Pillar 

 Three distinct nodes are taken from the top, middle and lower part of the A-pillar for 

intrusion analysis.  In Figure 5.4, A-pillar, along with the three nodes that are analyzed as per the 

model obtained from NCAC (National Crash Analysis Center) can be seen.   

 

Figure 5.4  A-Pillar indicating analyzed nodes 

During the full frontal impact, lower A-pillar intrudes the most into the occupant cabin 

than its upper or middle part. This is due to the fact that the vehicle hits the barrier mostly on its 

lower part, i.e, the main engagement happens below the window line where maximum 

deformation and intrusion of the parts of the vehicle occurs. The graph in Figure 5.5 shows the 

intrusion of the A-pillar into the passenger compartment as the vehicle hits the barrier. 
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Figure 5.5 Full Frontal Impact: A-Pillar Intrusion 

It is to be duly noted that, the vehicle recoils back after maximum deformation. As a 

result, beyond the peak time, i.e., 75milliseconds in case of A-pillar, the intrusion banks 

outwards, i.e., positive ordinates. The images of the A-pillar can be seen in Figure 5.6, which 

points out the three phases, i.e., pre-crash, maximum intrusion point and post-crash. Given that, 

the intrusions are measured in millimeters, the changes in dimensions are very minute.  

 

Figure 5.6 Intrusion of the A-Pillar in a Full Frontal Impact test at variable time period 
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5.1.2. B-Pillar 

B-Pillar is located to the rear side of the occupant, just beside the doors. The intrusion is 

therefore fatal only if  it pertrudes in the negative y-direction, i.e. perpendicular to that of the A-

pillar. In Figure 5.7 we can see the B-pillar showing the three nodes to be taken for intrusion 

analysis.  

 

Figure 5.7 B-Pillar indicating the nodes  

During the crash, the top and the mid part of the B-pillar underwent more deformation and 

intrusion in negative y-direction direction, i.e., towards the occupant as shown by the graph in 

Figure 5.8. Due to the force exerted in the lower part of the vehicle, lateral expansion of the vehicle 

occurs during the crash. This results in the extrusion of the lower part and thus higher intrusion of 

the upper part. 

 

Figure 5.8 Full Frontal Impact: B-Pillar Intrusion 
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As it could be seen in the post-crash image, maximum damage occurs at the frontal part 

of the vehicle and thus, the mid-section, i.e., location in the proximity of the B-Pillar undergoes 

least deformation. It can be seen in Figure 5.9. Also, unlike A-pillar, the point of maximum 

intrusion occurs at 125 milliseconds. Given that the B-Pillar is least affected by any deformation 

in this crash test method, the maximum intrusion, which is not seen to be of serious threat to the 

occupant, is 16 millimeters, which is a negligible number to as compared to other intrusions. 

 

Figure 5.9 Intrusion of the B-Pillar in a Full Frontal Impact test at variable time period 

5.1.3 Firewall 

Firewall prevents the collapse of elements in the vehicle during impact. It is a vital 

defense element to protect the occupants. It helps reduce the impact energy on the occupant 

Figure 5.10 Firewall indicating the nodes [21] 

A B C D E 
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compartment. The diagram of the firewall with the nodes used in this research are shown in 

Figure 5.10. 

 Five different distinct nodes are taken from left to right corresponding the driver door 

(Location A), driver compartment (Location B), center of the car (Location C), passenger 

compartment (Location D) and passenger door (Location E). As can be seen in the graph in Figure 

5.11, the firewall is intruded maximum at the center (Location C). Location B and D have identical 

intrusions. Location A, at the driver-side has the least intrusion due to the presence of more impact 

absorbing parts on that side. 

 

Figure 5.11 Full Frontal Impact: Firewall Intrusion 

 

As said earlier, the vehicle recoils back after maximum deformation. As a result, beyond 

the peak time, i.e., 80 milliseconds in case of firewall, the intrusion banks inwards, i.e., negative 

ordinates. The images of the firewall can be seen in Figure 5.12, which points out the three 

phases, i.e., pre-crash, maximum intrusion point and post-crash. Even though, the deformations 

are measured in millimeters, the deformation can cause severe injury in the lower extremities.  
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Figure 5.12 Intrusion of the Firewall in a Full Frontal Impact test at variable time period 

5.1.4. Toe pan 

Toe pan is another major safety part in the vehicle’s occupant compartment that helps to 

protect the lower extremities of the occupants during frontal impact crashes. The toe pan with the 

nodes analyzed for the research is given in Figure 5.13. Here, only driver side of the toe pan is 

considered for the analysis.  

 

Figure 5.13 Toe pan indication analyzed nodes 
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The graph on Figure 5.14 shows that the right-side of the toe pan undergoes maximum 

deformation into the occupant cabin causing more intrusion than the other two points. This result 

can be related to the intrusion of the firewall since they are almost at the same place, overlapping 

each other. 

 

Figure 5.14 Full Frontal Impact: Toe pan Intrusion 

As it could be seen in the post-crash image, maximum damage occurs at the frontal part 

of the vehicle. It can be seen in Figure 5.15. Also, similar to firewall, the point of maximum 

intrusion occurs at 80 milliseconds. Even though the maximum intrusion decreases as we move 

from right of the driver towards left, at these figures of intrusion, the safety provided by the toe-

pan is still acceptable as per IIHS safety guidelines. 
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Figure 5.15 Intrusion of the Toe pan in a Full Frontal Impact test at variable time period 

 

5.1.5. Knee Bolster 

Knee bolster helps to restrain the motion of the occupant body to slide any further during 

crash so as to have the head positioned in front of the airbag properly. Yet still, extreme intrusion 

of the knee bolster can cause severe injury to the occupant’s lower extremities (knee proximity). 

The Figure 5.16 shows the knee bolster analyzed with the displayed nodes in this research.  

 

Figure 5.16  Knee bolster with analyzed nodes 

As seen on the graph, Figure 5.17, the right side of the knee bolster (towards the center) 

experiences the most deformation. It undergoes maximum extrusion until 0.08 seconds after 
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which it rapidly intrudes into the occupant compartment. Given that this part directly affects the 

occupant, there are reinforcements around it that helps to restrain it from further deformation. As 

a result the knee bolster protrudes back and forth. 

  

Figure 5.17 Full Frontal Impact: Knee Bolster Intrusion 

From the graph in Figure 5.17, we see that the intrusion is at a maximum of 38 millimeters, 

which is very small and thus not capable to cause any injury to the body parts in proximity of the 

knees. Furthermore, given that the intrusions are minute, deformations can hardly be seen in Figure 

5.18 which show the three phases of the knee bolster during the test. 

 

Figure 5.18 Intrusion of the Knee bolster in a Full Frontal Impact test at variable time period 
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5.1.6. Steering Column 

Steering column is a rigid body in the vehicle responsible for maneuvering the vehicle. 

However, during the frontal crash it could cause severe or fatal injury to the occupant (driver) 

due to the intrusion of column. The steering column with the analyzed node which is actually 

around the center of the column face is shown in Figure 5.19. The intrusion of the steering 

column are analyzed in x, y and z directions since it is installed at an angle. The intrusions in 

negative x and positive z direction during the impact causes occupant injury during the crash.  

 

 

Figure 5.19 Steering Column with analyzed node 

During the FE analysis, the steering column intrudes in x- direction into the occupant 

compartment by only 0.01021 mm which is really a small value and cannot be observed in the 

comparative bar chart in Figure 5.50. The graph in Figure 5.20 shows that the steering column is 

pushed in the direction in between the space between the driver and the passenger. There is a 

small steering column intrusion into the z-direction into the driver which could create some 

injuries if the driver seating position is too close to the steering wheel.   
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Figure 5.20 Full Frontal Impact: Steering Column Intrusion 

The intrusions of the steering column seem a bit higher in the y-direction which is irrelevant with 

the driver safety. Further, the positive z-direction intrusion is of very minimal values, thus does 

not have any chances of creating any physical harm to the driver.  Figure 5.21 shows the three 

stages of the steering column throughout the test simulation.  

 

 

Figure 5.21 Intrusion of the Steering Column in a Full Frontal Impact test at variable time period 
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5.2 Oblique Offset Impact  

The oblique offset impact test simulation is performed using LS-PREPOST/LS-DYNA. 

As discussed earlier, in this test, the RMDB is subjected to motion and strike against a stationary 

vehicle at 56 mph in accordance to NCAP’s protocol.  Figure 5.22 is an illustration of this test 

procedure.  

 

Figure 5.22 NHSTA Moderate/Oblique Offset Impact Test Setup 

 The simulation is run for 150 milliseconds. The vehicle condition post-crash and test 

duration of 150 milliseconds is shown in Figure 5.23.   

 

Figure 5.23 Frontal Oblique Offset Impact Test Post-crash vehicle image 
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5.2.1 A-Pillar 

During the oblique offset impact, lower A-pillar intrudes the most into the occupant cabin 

than its middle part whereas the top part of the A-pillar extrudes outwards. This is due to the fact 

that the RMDB impacts the vehicles mostly on its lower part at an angle of 15°, i.e., the main 

engagement happens below the window line where maximum deformation and intrusion of the 

parts of the vehicle occurs.  The graph in Figure 5.24 shows the intrusion of the A-pillar into the 

passenger compartment as the vehicle hits the barrier. 

 

Figure 5.24 Oblique: A-Pillar Intrusion 

It is to be duly noted that, the vehicle recoils back after maximum deformation. As a 

result, beyond the peak time, i.e., 75milliseconds in case of A-pillar, the intrusion sets toward the 

positive ordinates. The images of the A-pillar can be seen in Figure 5.25, which points out the 

three phases, i.e., pre-crash, maximum intrusion point and post-crash. The intrusions are 

measured in millimeters, with the maximum intrusion of 91.74 millimeter.  
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Figure 5.25 Intrusion of the A-Pillar in an Oblique Offset Impact test at variable time period 

5.2.2 B-Pillar 

During the crash, the mid and the bottom part of the B-pillar underwent more 

deformation and intrusion in negative y-direction direction, i.e., towards the occupant as shown 

by the graph in Figure 5.26. Due to the force exerted in the lower part of the vehicle, lateral 

expansion of the vehicle occurs during the crash. This results in the intrusion of the lower part 

and thus higher extrusion of the upper part. As it could be seen in the post-crash image, 

maximum damage occurs at the frontal part of the vehicle and thus, the mid-section, i.e., location 

in the proximity of the B-Pillar undergoes lesser deformation than bottom part. It can be seen in 

Figure 5.27. Also, unlike A-pillar, the point of maximum intrusion occurs at 125 milliseconds. 

Given that the B-Pillar is least affected by any deformation in this crash test method, the 

maximum intrusion 122 mm, is not seen to be of serious threat to the occupant with the standard 

seating pattern. Even though, the intrusion of B-pillar itself is not as fatal during crash, it could 

cause some serious damage to the vehicle’s structural integrity causing severe occupant injuries.  
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Figure 5.26 Oblique: B-Pillar Intrusion 

 

 

Figure 5.27 Intrusion of the B-Pillar in an Oblique Offset Impact test at variable time period 
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5.2.3 Firewall 

During the oblique impact the highest intrusion is experienced at location B shown in the 

Figure 5.28, which is the driver compartment. Compared to the driver compartment, the firewall 

on the passenger’s compartment side intrudes far too less.  

 

Figure 5.28 Oblique: Firewall Intrusion 

As said earlier, the vehicle recoils back after maximum deformation. As a result, beyond 

the peak time, i.e., 75 milliseconds in case of firewall, the intrusion banks inwards, i.e., negative 

ordinates. The images of the firewall can be seen in Figure 5.29, which points out the three 

phases, i.e., pre-crash, maximum intrusion point and post-crash. Even though, the deformations 

are measured in millimeters, the deformation can cause severe injury in the lower extremities. 

The maximum intrusion reached 256 mm at location B of the firewall in the computer modeling 

of the oblique offset test. 
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 Figure 5.29 Intrusion of the Firewall in an Oblique Offset Impact test at variable time period 

5.2.4 Toe pan 

The graph on Figure 5.30 shows that the center of the toe pan undergoes maximum 

deformation into the occupant cabin causing more intrusion than the other two points. This result 

can be related to the intrusion of the firewall since they are almost at the same place, overlapping 

each other. 

As it could be seen in the post-crash image, maximum damage occurs at the frontal part 

of the vehicle. It can be seen in Figure 5.31. Also, similar to firewall, the point of maximum 

intrusion occurs at 75 milliseconds. Even though the maximum intrusion decreases as we move 

from right of the driver towards left, at these figures of intrusion, the safety provided by the toe- 

pan is considered marginal as per IIHS safety guidelines. 
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Figure 5.30 Oblique: Toe pan Intrusion 

 

Figure 5.31 Intrusion of the Toe pan in an Oblique Offset Impact test at variable time period 

5.2.5 Knee Bolster 

The left side of the knee bolster experiences the most deformation closely followed by 

the center part as seen on the graph, Figure 5.32. The RMDB strikes the vehicle at the driver side 

(left side) of the vehicle which causes extreme intrusion on the parts of that region. It undergoes 
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maximum extrusion until 0.08 seconds after which it rapidly intrudes into the occupant 

compartment. Given that this part directly affects the occupant, there are reinforcements around 

it that helps to restrain it from further deformation. As a result the knee bolster protrudes back 

and forth. 

 

Figure 5.32 Oblique: Knee Bolster Intrusion 

The deformations can be seen in Figure 5.33 which show the three phases of the knee 

bolster during the test. 

 

Figure 5.33 Intrusion of the Knee Bolster in an Oblique Offset Impact test at variable time period 
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5.2.6 Steering Column 

During the FE analysis, the steering column intrudes in x- direction into the occupant 

compartment by only 375 mm. The graph in Figure 5.34 shows that the steering column is 

pushed in the direction in between the space between the driver and the passenger. The intrusion 

in the z-direction into the driver could create some injuries if the driver seating position is too 

close to the steering wheel.   

 

Figure 5.34 Oblique: Steering Column Intrusion 

 

The positive z-direction intrusion is found to be 110 mm according to the computer 

modeling analysis. There is the presence of intrusions in x- and y- directions as well. Even 

though the deformation that shows the three stages of the steering column throughout the test 

simulation cannot be readily seen in the Figure 5.35, these intrusions that are caused due to the 

overall displacement of the frontal parts of the vehicle could cause some serious injuries to the 

occupant’s upper body. 
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Figure 5.35 Intrusion of the Steering Column in an Oblique Offset Impact test at variable time 

period 

 

5.3 Small Offset Impact 

The small offset impact test simulation is performed using LS-PREPOST/LS-DYNA. As 

discussed earlier, in this test, the RMDB is subjected to motion and strike against a stationary 

vehicle at 56 mph at an angle of 7 degrees, in accordance to NCAP’s protocol.  Figure 5.36 is an 

illustration of this test procedure.  

 

Figure 5.36 NHSTA Small Offset Impact Test Setup 

 The simulation is run for 150 milliseconds. The vehicle condition post-crash and test 

duration of 150 milliseconds is shown in Figure 5.37.   
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Figure 5.37 Frontal Small Offset Impact Test Post-crash vehicle image 

 

5.3.1. A-Pillar 

During the small offset impact, lower A-pillar intrudes the most into the occupant cabin 

than its middle part whereas the top part of the A-pillar extrudes outwards. This is due to the fact 

that the RMDB impacts the vehicles mostly on its lower part at an angle of 7°, i.e., the main 

engagement happens below the window line where maximum deformation and intrusion of the 

parts of the vehicle occurs.  The graph in Figure 5.38 shows the intrusion of the A-pillar into the 

passenger compartment as the vehicle hits the barrier. 
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Figure 5.38 Small Offset Impact: A-Pillar Intrusion 

It is to be duly noted that, the vehicle recoils back after maximum deformation. As a 

result, beyond the peak time, i.e., 105milliseconds in case of A-pillar, the intrusion sets toward 

the positive ordinates. The images of the A-pillar can be seen in Figure 5.39, which points out 

the three phases, i.e., pre-crash, maximum intrusion point and post-crash. The intrusions are 

measured in millimeters, with the maximum intrusion of 145 millimeter.  

 

Figure 5.39 Intrusion of the A-Pillar in a Small Offset Impact test at variable time period 
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5.3.2 B-Pillar 

During the crash, the mid and the bottom part of the B-pillar underwent more deformation 

and intrusion in negative y-direction direction, i.e., towards the occupant as shown by the graph in 

Figure 5.40. Due to the force exerted in the lower part of the vehicle, lateral expansion of the 

vehicle occurs during the crash. This results in the intrusion of the lower part and thus higher 

extrusion of the upper part. 

 

Figure 5.40 Small Offset Impact: B-Pillar Intrusion 

As it could be seen in the post-crash image, maximum damage occurs at the frontal part 

of the vehicle and thus, the mid-section, i.e., location in the proximity of the B-Pillar undergoes 

lesser deformation than the bottom part. It can be seen in Figure 5.41. Also, unlike A-pillar, the 

point of maximum intrusion occurs at 140 milliseconds. Given that the B-Pillar is least affected 

by any deformation in this crash test method, the maximum intrusion 181 mm, is not seen to be 

of serious threat to the occupant with the standard seating pattern. Even though, the intrusion of 
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B-pillar itself is not as fatal during crash, it could cause some serious damage to the vehicle’s 

structural integrity causing severe occupant injuries.  

 

Figure 5.41 Intrusion of the B-Pillar in a Small Offset Impact test at variable time period 

5.3.3 Firewall 

During the small offset impact, the highest intrusion is experienced at location A shown in 

the Figure 5.42, which is the left most side of the driver compartment. Compared to the driver side 

compartment, the firewall on the passenger’s compartment side intrudes far too less. As said 

earlier, the vehicle recoils back after maximum deformation. As a result, beyond the peak time, 

i.e., 100 milliseconds in case of firewall, the intrusion banks inwards, i.e., negative ordinates. The 

images of the firewall can be seen in Figure 5.43, which points out the three phases, i.e., pre-crash, 

maximum intrusion point and post-crash. Even though, the deformations are measured in 

millimeters, the deformation can cause severe injury in the lower extremities. The maximum 

intrusion reached 181 mm at location A of the firewall in the computer modeling of the oblique 

offset test. 
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Figure 5.42  Small Offset Impact: Firewall Intrusion 

 

Figure 5.43 Intrusion of the Firewall in a Small Offset Impact test at variable time period 

5.3.4. Toe pan  

The graph on Figure 5.44 shows that the left-side of the toe pan undergoes maximum 

deformation into the occupant cabin causing more intrusion than the other two points. This result 

can be related to the intrusion of the firewall since they are almost at the same place, overlapping 

each other. 
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As it could be seen in the post-crash image, maximum damage occurs at the frontal part 

of the vehicle. It can be seen in Figure 5.45. Also, similar to firewall, the point of maximum 

intrusion occurs at 100 milliseconds. Even though the maximum intrusion decreases as we move 

from right of the driver towards left, at these figures of intrusion, the safety provided by the toe- 

pan is considered good as per IIHS safety guidelines. 

 

Figure 5.44 Small Offset Impact: Toe pan Intrusion 

 

Figure 5.45 Intrusion of the Toe pan in a Small Offset Impact test at variable time period 
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5.3.5 Knee Bolster 

The left side of the knee bolster experiences the most deformation closely followed by 

the center part as seen on the graph, Figure 5.46. The RMDB strikes the vehicle at the driver side 

(left side) of the vehicle which causes extreme intrusion on the parts of that region. It undergoes 

maximum extrusion until 0.08 seconds after which it rapidly intrudes into the occupant 

compartment. Given that this part directly affects the occupant, there are reinforcements around 

it that helps to restrain it from further deformation. As a result the knee bolster protrudes back 

and forth. 

The deformations can be seen in Figure 5.47 which show the three phases of the knee 

bolster during the test. 

 

 
Figure 5.46 Small Offset Impact: Knee Bolster Intrusion 
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Figure 5.47 Intrusion of the Knee Bolster in a Small Offset Impact test at variable time period 

5.3.6 Steering Column 

During the FE analysis, the steering column intrudes in x- direction into the occupant 

compartment by only 375 mm. The graph in Figure 5.48 shows that the steering column is 

pushed in the direction in between the space between the driver and the passenger. The intrusion 

in the z-direction into the driver could create some injuries if the driver seating position is too 

close to the steering wheel.  The positive z-direction intrusion is found to be 110 mm according 

to the computer modeling analysis. There is the presence of intrusions in x- and y- directions as 

well. Even though the deformation that shows the three stages of the steering column throughout 

the test simulation cannot be readily seen in the Figure 5.49, these intrusions that are caused due 

to the overall displacement of the frontal parts of the vehicle could cause some serious injuries to 

the occupant’s upper body. 
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Figure. 5.48 Small Offset Impact: Steering Column Intrusion 

 

 

Figure 5.489 Intrusion of the Steering Column in a Small Offset Impact test at variable time 
period 

 

Figure 5.49 shows the comparative maximum intrusion values between the full frontal 

impact, oblique impact and small offset impact based on these results. The oblique impact 

intrusion seems to be more severe in the firewall, toe pan, knee bolster and steering column in x 

and z direction whereas small offset impact intrusion is severe in A- and B- pillar intrusions. 

This could be the result of the difference in the angle and the offset at the point of impact. There 

are engagement of more elements during oblique impact hence less intrusion since A-pillar in 

this case has to withstand less impact energy compared to the small offset impact. 
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5.4 Comparison of Results 

 

Figure 5.49  Intrusions: Full Frontal Impact vs Oblique vs Small Offset Impact 

At higher impact angles the x-intrusion decreases as the load transfer increases towards y-

direction in the impact vicinity. In case of small offset impact, the highest intrusion is detected to 

be on the driver’s door side and it decreases towards the passenger’s door side of the firewall. This 

is due to the offset location of impact where the barrier hits the vehicle inside the longitudinal 

member missing the driver’s door side whereas during small offset impact, the barrier completely 

misses the longitudinal member that is supposed to absorb impact energy, and hits the driver’s 

door side firewall part causing it to crash severely into the safety cage. 

Even though oblique crashes have more intrusions compared to small offset impact crashes, 

the severity of small offset impact is equally dangerous since the vehicle is hit at a mere 20% offset 
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where there is a very high possibility for the driver to completely miss the airbags or any safety 

features and hit the head on the pillars or the door at high speed. 

5.5 IIHS Intrusion Guidelines Comparison 

 In order to evaluate the safety of the occupant in a car, Insurance Institute of Highway 

Safety (IIHS) devised a graph in accordance to the intrusion to distinguish the severity of the crash 

in terms of potential injuries to the occupants in frontal crashes. Figure 5.50 is an IIHS guideline 

that show the safety ratings of the vehicle crash for the occupant as per the intrusion of parts such 

as toe pan, Firewall and A-pillar. 

 This IIHS guideline shows that, for the toe pan, the full frontal impact and oblique 

offset impact test are acceptable, yet small offset impact tests show complete safety of the 

occupant. In case of Firewall, in all three tests, the occupant is prone to serious injury. Furthermore, 

In case of injury from A-pillar, the occupant safety is marginal in case of small offset impact and 

is harmless in case of full frontal impact test. The summary for the IIHS intrusion guideline can 

be seen in Figure 5.51 along with the maximum intrusion value. The threshold of firewall intrusion 

is around 175 mm, but in our case it exceeded that numerical value, hence, it is marked as POOR 

in all three types of frontal crash tests. The toe pan for this vehicle model held ACCEPTABLE 

and GOOD ratings. The A-pillar on the other hand rated GOOD on full frontal rigid barrier impact, 

ACCEPTABLE in oblique offset impact and MARGINAL in small offset frontal impact crash test. 

This demonstrates that the compliance with the new standards, especially provide the small offset 

test standard, better occupant protection compared to the earlier rigid barrier impact especially in 

terms of head impact protection of the occupants to the A-pillar. 
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Figure 5.50 IIHS Intrusion Guidelines (mm) [24] 

 

Table 5.1 Summary of IIHS Intrusion Guidelines and Results for Different Simulations and 

Ratings for each 
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5.6 Acceleration Experienced by Driver 

 

 

 

 

Figure 5.51 Acceleration (g's) of Full Frontal Rigid Barrier Impact Test 
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Figure 5.52 Acceleration (g's) of Oblique Offset Frontal Impact Test 
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Figure 5.53 Acceleration (g's) of Small Offset Frontal Impact Test 
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Table 5.2 Comparison of Acceleration of the Driver Seat 

 

Figure 5.51 shows the acceleration in G’s experienced by the occupant, driver in this case, during 

the full frontal rigid wall impact test in x-, y- and z- direction and the resultant g vs time. It is observed 

that the maximum acceleration in G occurred at 80 ms (approximately) timeline with the maximum value 

of 53 G. Similarly, Figure 5.52 and Figure 5.53 shows the acceleration in G’s experienced by the 

occupant, driver in this case, during the oblique offset and small offset frontal impact tests, respectively, 

in x-, y- and z- direction and the resultant g vs time. It is observed that the maximum g is occurred at 100 

ms (approximately) timeline with the maximum value of 57 g in case of oblique offset frontal impact tests 

whereas it is 50 g for small offset frontal impact test at 100 ms (approximately).  

Table 5.2 shows a summary of the peak accelerations experienced by the occupant, 

particularly the driver, in this study. The full frontal crash test has the highest deceleration crash 

pulse observed in the x-direction but overall, the small offset frontal impact has the highest peak 

acceleration magnitude. This is due to the severe offset angled point of impact where the RMDB 

strikes the stationary vehicle. The acceleration experienced by the driver is larger for both 

oblique offset and small offset and in this case, the complaints with the oblique offset that 

standards provide is better protection to the occupants in frontal crashes. 
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CHAPTER 6 

Chapter 6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

In this study, the existing full frontal rigid barrier impact test as well as the new frontal 

oblique impact and the small offset impact tests were investigated using computational modeling 

and analysis methodology. The different tests configurations were modeled and simulated in a 

non-linear finite element modeling environment as per NHTSA’s new FMVSS 208 standards. 

Intrusions for the major components of the A-pillar, B-pillar, toe pan, firewall, knee bolster and 

steering column were analyzed. Validation of the utilized models were performed to check for 

their accuracy. Successful multiple standards for frontal crash tests led to the findings of this study.  

This research provides measures to enlighten the differences between the original and existing full-

width rigid barrier impact compared to the new oblique offset and small offset impact tests in terms 

of intrusions on the parts of the vehicle close to the occupant, which could cause severe or fatal 

injury during crashes. 

  It was found that the oblique impact crashes result in the largest amount of  intrusion in 

the steering column (x and z directions), knee bolster, Toepan and firewall of the vehicle; 

whereas the small offset impact causes maximum intrusion in A and B pillars as well as steering 

column (y-direction). The difference in the offset location and the angle of impact defined the 

outcome of these results in terms of intrusions in this study. During the small offset impact 

crashes, occupants on the impact side usually misses the airbag hitting the head on the A- and/or 

B-pillar. Better design of the pillars, doors and air bags are required to solve the issue. The result 

obtained from this research also indicated a similar pattern, where the A- and B- pillars might 

cause severe injuries. Steering column might cause more bodily injury in oblique than in small 
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offset impact crashes as during oblique crashes, there is some interaction of the oncoming 

barrier/vehicle and the stationary vehicle and the occupants tend to lean forward rather than 

sideways. Furthermore, most severe upper body injury are caused in case of small offset impact 

due to A and B pillars in terms of the intrusion as the driver lean more sideways in case of small 

offset impact. Overall, the small overlap tests provided most amount of intrusion to the car in the 

A-pillar region. The oblique offset provided largest peak transmitted to the driver. Hence, based 

on the results from the study, the complaints with the new oblique offset and small offset test 

standards provide an improved measure to ensure occupant safety in frontal crashes. These crash 

tests thus prove to be vital for the improvement of the crashworthiness of the vehicles as it 

demands sheer engineering power to tackle problems to manufacture safer vehicles.  

6.2 Recommendations 

 This study can be further extended by incorporating the use of dummy models, seat belt 

and airbags. There is a possibility of designing new components on the lateral and frontal side of 

the vehicle to reduce the intrusions of such offset crashes. Future work can include vehicles of 

different sizes, models and categories can be used. Varying angles of impact and offset distances 

are encouraged to visualize the extent of intrusions and its corresponding acceleration experienced 

by the occupants. Seat belts with different materials can be applied to deduce better safety and 

comfort for the occupants. Location of the steering wheel, dummy position and the seat settings 

can be varied to see the effects on smaller and larger size dummy models during crash. Given that 

the size of the model varies the seat location, a broad range of data can be thus obtained from these 

variations. Similar tests according to IIHS protocol for frontal impact configuration needs to be 

performed to observe the differences and the effectiveness of the crash ratings. Not only frontal 
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occupant but also the reaction on the rear seat passenger can be analyzed including the child 

booster seats. 
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APPENDIX A 
NCAP DATA SHEETS 

 

Figure A.1 NCAP Test Vehicle Data I [21] 
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Figure A.2 NCAP Test Vehicle Data II [21] 
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