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Abstract 

 

Improving Crash Safety of Jet Dragsters 

Through Modeling and Analysis 

by 

Paige Leigh Sanchez  

Major Advisor: Matthew Jensen, Ph.D. 

 

 

The objective of this thesis was to analyze how additional foam implementation in a jet 

dragster driver’s compartment can improve driver safety in the case of an accident. This 

analysis was divided into two sections: a crash simulation analysis and a base excitation 

mass-spring-damper model analyzing foam behavior. The jet dragster crash simulation 

modeled, reflected a Larsen Motorsports jet dragster accident in 2011, where a dragster 

hit the wall at 270 mph between a 43 to 60 degree angle. A static structural simulation, 

using the dragster chassis, was modeled in ANSYS and several dynamic simulations at 

varying impact angles were modeled in LS-DYNA. To improve the accuracy of the model, 

weight and slip angle were added to the simulations. The deformation of the chassis in 

these simulations was compared to the remains of the wrecked LMS dragster for 

validation since no other crash data were available. Acceleration data were collected from 

the driver’s compartment of the models that most resembled the actual wrecked 

dragster. Quasi-static and dynamic testing were conducted to characterize the mechanical 

properties of newly created Florida Tech flame-retardant foams being used in the 

dragster. The force-displacement curves collected from the tests were incorporated into 

the mass-spring-damper model, as well as the LS-DYNA acceleration data, to show how 

the implementation of foam would reduce the accelerations experienced by the driver. 

Modifications to the force-displacement curves showed that the ideal foam curve had a 

higher plateau region and an extended plateau region, resembling an ideal energy 

absorber.  
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Chapter 1  
Introduction 

 

Background 
 

Jet Dragster Racing 
 

Jet racing has its origins in the early 1950’s, with Walt and Art Arfons pioneering the 

industry as they were the first to build a series of jet powered cars, called the Green 

Monster. These dragsters were built to break records – the Green Monster 6 was the 

first dragster to break 150 mph in the quarter-mile. Green Monster 11 reached a 

speed of 191 mph, breaking the previous record set by Don Garlits (Wapling).  

 

 

Figure 1-1: The first jet-powered dragster, the Green Monster (Tatroe, 2012) 

 

As jet racing grew in popularity, stakes became higher, dragsters reached higher 

speeds, and drivers were pushing personal and mechanical thresholds. Increasing 

danger quickly became a concern, as many drivers were involved in life threatening 

accidents. In the 1970’s, the sanctioning bodies banned jet dragsters from 
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competitive racing, permitting only exhibition racing. This would prevent drivers from 

competing for points, and remove the incentive to push their dragsters to extreme 

limits. Today, advancements in safety and technology have resulted in quicker and 

significantly safer jet dragsters. However, even the safest jet dragsters in the industry 

have been involved in severe accidents on the drag strip.   

 

Larsen Motorsports Jet Dragsters 
 

Larsen Motorsports (LMS) is a professional multi-team exhibition jet racing company 

that races in the United States and Canada, and is the largest jet powered racing team 

on wheels in the world. LMS is owned and operated by Chris and Elaine Larsen, who 

started the company in 1994. Larsen Motorsports has a unique affiliation with Florida 

Institute of Technology, creating a partnership with the university that allows 

students to participate in hands-on internships, participate in research opportunities, 

and work with industry experts.  The LMS jet shop is located in Palm Bay, Florida and 

is home to the world’s largest collection of General Electric J-85 and Pratt & Whitney 

J-60 engines. The LMS shop consists of its own fabrication lab, Matrix System 

composites lab, two engine labs, a final assembly area, a special projects lab, a media 

and vinyl room, crew offices, and the LMS race rigs. Almost everything is done in-

house at the race shop, excluding paint work. Four jet teams typically travel and race 

during the racing season, and a total of six jet cars are expected to be built at the jet 

shop by the end of 2017.  

 

 

                    Figure 1-2: Larsen Motorsports jet dragsters (Larsen, 2017) 
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A LMS jet dragster typically reaches speeds of 270-280 mph in the quarter mile in 

approximately 5.6 seconds. A jet dragster has an extremely high power-to-weight 

ratio, producing about 5000 pounds of thrust (~ 5000 horsepower), with the engine 

and afterburner, and only weighing approximately 1400 pounds total. The dragster 

accelerates at 3 g’s from the starting line and -5 g’s when the chutes deploy at the end 

of the track. A jet dragster accelerates from 0-60 mph in just over a second and 0-275 

mph in 5.6 seconds. It uses about one gallon of fuel per second, and a total of 17 

gallons during the smoke and fire show and a full quarter-mile pass.  

 

Jet dragster racing is truly a one of a kind motorsport. With the g-force these cars are 

capable of and the speeds these dragsters reach, jet dragster racing is especially 

dangerous. Throughout Elaine Larsen’s fifteen year jet racing career, she has suffered 

from a subdural hematoma, shattered kneecaps, shattered teeth, and cracked ribs, to 

name a few of her more serious injuries.  

 

Jet racing accidents tend to be more serious than typical stock car accidents due to 

the high speeds involved. Drivers’ compartments in the racing industry are typically 

custom built for the drivers, utilizing custom seats and custom foam inserts to reduce 

driver injury in an accident. Although Larsen Motorsports drivers’ compartments are 

typically custom built, they do not utilize many foam inserts and only use those 

required by the SFI Foundation, an organization that administers standards in the 

motorsports industry and establishes testing criteria for racing equipment, specifically 

in the roll cage.  

 

The Accident 
 

In 2011, in Columbus Ohio, Elaine Larsen was racing in the left lane of the drag strip 

when she hit a piece of debris going down the track. Reaching full speed, Elaine’s car 

took a turn to the right, crossing through the right lane, and hit the wall at 
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approximately 270-280 mph. Eyewitnesses say that Elaine hit the wall at an angle 

between 45 to 60 degrees. After the front end of Elaine’s dragster hit the wall, the 

back end of the dragster swung around for a second impact and burst into flames. 

After the second impact, Elaine’s dragster fell on its side, with the roll cage scraping 

along the wall until the car passed the finished lane and came to a stop. This major 

incident is the motivation behind the jet dragster crash simulation research 

conducted for this thesis. The crash analyzed throughout the scope of the research 

was modeled to resemble Elaine’s accident in Ohio. It was this accident where Elaine 

suffered life-threatening injuries that jeopardized her racing career and compromised 

her way of life. 

 

Objective 
 

The objective of this thesis was to analyze how additional foam implementation in a 

jet dragster driver’s compartment can improve driver safety in the case of an 

accident. Because of the affiliation between Florida Tech and Larsen Motorsports, a 

new flame-retardant polyurethane foam, created by Florida Tech faculty and 

students, was used in the research of this thesis and will be implemented in the 

driver’s compartment of a Larsen Motorsports Generation Six jet dragster. A range of 

foam properties was used in the analysis to show how different foam characteristics 

can affect the accelerations experienced by the driver during an impact, and to 

determine if any of the previously tested Florida Tech foams are sufficient for driver 

protection. This research gave insight to dragster performance in high-speed impact 

scenarios, the mechanical property characterization of this new polyurethane foam, 

model complexities and challenges of the finite element modeling process, and the 

next steps required to build and develop a more accurate crash model. 

 

To achieve this objective, the mechanical properties of the Florida Tech foams are 

characterized using compression and impact testing to see how the foams compared 
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to each other and to collect data that could be used in further analysis of a high-speed 

impact. Simplified static and dynamic simulations of the dragster in a crash scenario 

are modeled to understand the accelerations that the driver experiences in an impact. 

And lastly, a spring-mass-damper system is constructed to analyze how different foam 

properties affect the impact of the accelerations experienced by the driver. 

 

Applications 
 

The jet dragster industry is fueled by mechanics and drivers who build and improve on 

the design of their racecars through decades of experience. They use their experience 

at the race track to guide their new designs, as opposed to the traditional engineering 

approach – defining the problem, conducting research, specifying requirements, 

designing a potential solution, performing analysis, evaluating the performance, and 

iterating the design process. As a result, there is typically no 3-D modeling or 

thorough documentation completed as new designs are made, or as previous designs 

are improved. Modeling dragster components, and especially the modeling of a jet 

dragster crash simulation, are new ventures in this industry. The models built in this 

research are baseline models that can continue to be improved on to support and 

record the design process of the dragster and to collect an estimated set of crash 

data. The analysis conducted using these models can be used to complement and 

enhance the current methods used for the design and safety of jet dragsters by 

providing data that have not previously been made available. Simulations are 

especially needed in the jet racing industry due to the infeasibility of conducting crash 

testing with jet-powered vehicles.  

 

The first step in improving the safety of jet dragsters is understanding how they 

perform in high-speed impacts and knowing what type of accelerations the driver is 

experiencing in the driver’s compartment. The collected acceleration data from crash 

simulations, along with the foam performance analysis, can be used to educate race 
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teams about what type of crash protection is needed to optimally improve the safety 

of their drivers without compromising the performance of their race cars. As the jet 

dragster crash simulations continue to be improved upon in future research, these 

models can be used to gain additional insight on the crashworthiness of these vehicles 

so that further safety recommendations can be made.  
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Chapter 2  
Literature Review 

 

 

Crashworthiness Approach 
 

Accidents in the motorsports and automotive industry cannot be completely 

prevented, resulting in a need for the improvement of safety in transportation 

systems and in high performance vehicles. To understand the components and 

objectives needed in a jet dragster crash analysis, the crashworthiness approach must 

be defined. Crashworthiness can be defined as: “The ability of a vehicle to protect the 

occupants from injury in the event of a crash (Fleming, 2016)”. The proper 

crashworthiness approach to the problem at hand is as follows (Fleming, 2016): 

1. Acknowledge that crashes do exist. 

2. Define a range of crash conditions for which occupant protection is to be 

achieved. 

3. Develop engineering solutions to ensure that occupant protection is achieved 

within the survivability envelope. 

In order to ensure that occupant protection is achieved, a driver’s compartment must 

be designed to ensure survivability during crash scenarios. A survivable accident is 

defined as “an accident in which the forces transmitted to the occupant do not 

exceed the limits of human tolerance and in which the structure in the occupant’s 

immediate environment remains substantially intact (Zimmermann & Merritt, 1989).” 
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There are two main areas where crashworthiness of a vehicle can be improved 

(Fleming, 2016): 

1. Occupant Protection (Interior Padding, Restraints, etc.) 

2. Structural Crashworthiness (energy-absorbing structures, design of rigid 

occupiable area) 

And additionally: 

3. Post-crash survival (egress, fire prevention/suppression) 

 

In order to improve the crashworthiness of a jet dragster, occupant protection will be 

the focus of this research. Simulations will allow for an initial approximation of the 

crash conditions, leading to the study and implementation of a new fire retardant, 

energy-absorbing foam for occupant protection in a jet dragster.   

 

Review Objectives 
 

To incorporate all aspects of the crashworthiness approach in the crashworthiness 

research of a jet dragster, there were four main objectives in the thesis research. 

First, to characterize the mechanical properties of polyurethane foam, through 

compression and impact testing. Second, to understand the feasibility and challenges 

in implementing foam in a finite element crash model. Third, to understand how to 

model and simulate the jet dragster in LS-DYNA and to learn of any other model 

considerations. And fourth, to incorporate biomechanics research so that the 

tolerances of the human body are understood and defined in the analysis of the crash 

model.   

 

Implicit vs. Explicit Analysis 

There are two types of integration methods used in finite element simulations: 

implicit integration and explicit integration. Both methods will be used for the 

dragster crash simulations, and each will serve a different purpose. 
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Implicit 

 

The implicit integration method calculates the response at a current time using 

previous and current values, requiring an iterative process, implying an expensive 

runtime for a time step (Lee, 2015). This method allows relatively large time steps and 

is suitable for most transient simulations, excluding highly nonlinear problems, which 

often fail due to convergence issues, and high-speed impact problems, which have an 

expensive computing time because of the small integration time steps required for 

these simulations (Lee, 2015). Implicit methods use convergence criteria to control 

the solution accuracy due to the equilibrium iterations in this method (Lee, 2015). 

Equilibrium iterations imply that force balance must be satisfied. Implicit methods are 

used in softwares such as ANSYS, ABAQUS, and NASTRAN. A preliminary linear elastic 

analysis will be conducted on the chassis using implicit integration in ANSYS to obtain 

baseline results that will help in the development of the dynamic simulation and in 

the selection of foam for the driver’s compartment.  

 

Explicit 

 

The explicit integration method calculates the response at a current time using 

previous values only. This method does not require an iterative process, implying an 

efficient runtime. Time steps must be small in this method in order to capture 

resolution and achieve stable solutions (Fleming, 2016). A large time step causes the 

solution to blow up. This method is suitable for highly non-linear or high-speed impact 

situations. Because of the efficiency of each time step, this method allows a large 

number of time steps to be calculated in a reasonable time (Fleming, 2016). To ensure 

that a time step is small enough for a stable and accurate solution, the following 

equation is used to monitor time steps: 
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∆𝑡 < (
𝑙𝑐

𝑐
)𝑚𝑖𝑛 

 

where lc is the characteristic length of the wave and c is the wave speed (Fleming, 

2016). The critical time step is determined by the shortest length of time it takes a 

stress wave to cross any element in the model (Fleming, 2016). To ensure that a few 

small elements do not control the time step, a uniform mesh size is typically desired.  

 

Because an iterative process is not used, solution accuracy is controlled using the 

principle of conservation of energy. The overall energy of each cycle is calculated and 

monitored. If the energy reaches a certain threshold, the solution is regarded as 

unstable and stops (Fleming, 2016). Explicit methods are typically used in softwares 

such as ANSYS, ABAQUS, NASTRAN, LS-DYNA and PAM-CRASH. To model the non-

linearity of a jet dragster crash, simulations were also conducted in LS-DYNA, which 

utilizes explicit integration methods and small time steps to capture the resolution of 

a high-speed impact. Although LS-DYNA is capable of performing both implicit and 

explicit simulations, ANSYS was selected to perform the implicit analysis because it is 

more commonly used in industry for static analysis. 

 

Review of Foam  
 

Foam Testing Methods 
 

To characterize the mechanical properties of the Florida Tech polyurethane foam, 

impact and compression testing needed to be conducted. Before foam testing was 

conducted, several foam testing methods used in other foam applications were 

researched to determine the best approach for testing at the Florida Tech lab. The 

machines at Florida Tech have not previously been used for foam testing, and as a 
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result, foam procedures needed to be established. Below is a summary of multiple 

foam testing procedures from a variety of applications: 

 

Table 2-1: Foam test methods for modeling the occupant and seat dynamic interaction 
(Vemulakonda et al., 2007) 

Quasi-Static Testing Dynamic Testing 

 Tinius-Olsen Machine  

 Ram Speed: 50.8 mm/min 

 Sample Size: 50mm x 50mm x 
25mm (recommended by ASTM 
Standard D3574) 

 Six samples 

 90% Compression 

 Engineering stress vs. Engineering 
strain curves plotted 

 Monterey dynamic impactor 

 Tested at 5mph and 10mph 
-  4.2 kg flat-plate impactor 

 Sample Size: 100mm x 100mm x 
50mm 

 Six Samples 

 Dynamic compression measured 
from impactor travel data 

 Dynamic stress-strain curves 
plotted, along with median 
responses 

 

 

 

 

 

Table 2-2: Test methods for automotive seat foams (Campbell, Cronin, & Salisbury, 2007) 

Quasi-Static Testing Dynamic Testing 

 Hydraulic compression machine 
Strain Rate: 0.01 s-1 

 Sample Size: Cylinders 54mm 
length and diameter  

 Five samples – 3 tests per 
sample 

 95% Compression 

 Stress-strain curves plotted  

 Polymeric Split Hopkinson Bar 
Strain Rate: 0.01 s-1 and 1600 s-1 

 Sample Size: Cylinders 25 mm 
length and diameter 

 Two samples (low and high end 
stiffness) 

 Samples pre-compressed to 80% 

 Plotted combined quasi-static 
and high rate stress-strain curves 
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Table 2-3: Quasi-static test method for 
polyurethane light foams (Witkiewicz & Zielinski, 2006) 

 

 

 

 

 

 

 

 

 

Table 2-4: Quasi-static test method for rigid PU 
 foam (Seo et al., 2004) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Quasi-Static Testing 

 MTS 810.12 No. 1012 Machine 

 Ram Speed: 5 mm/min 

 Sample Size: 100mm x 100mm x 
50mm  

 Two samples – low and high end 
densities 

 Carried out to standard ISO844 

 Force vs. deformation curves 
plotted  

Quasi-Static Testing 

 Hounsfield, H25K-ST 

 Ram Speed: 5 mm/min 

 Sample Size: 30mm x 30mm x 
30mm  

 17 samples with densities 
ranging 58.85 kg/m3 to 
525.43 kg/m3 

 Referred to standard ASTM D 
1621-00 

 Force vs. deformation curves 
plotted and converted to 
engineering stress-strain 

 True stress-strain data 
calculated to apply elastic-
plastic analysis 
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Table 2-5: Dynamic test method for flexible polyurethane 
 foam (Jankowski & Kotelko, 2010) 

 

 

 

 

 

 

 

 

 

 

Table 2-6: Foam test method for PU foam characterization 
 for LS-DYNA models (Croop & Lobo, 2009) 

 

 

 

 

 

 

 

Reviewing these test methods revealed several important factors, that were 

commonly accounted for in a variety of tests, and that also needed to be considered 

for foam testing at Florida Tech: the strain rates, the ram-speed of the machine for 

compression testing, the speed of the impact head for dynamic testing, the types of 

samples tested, the number of samples tested, the differences in the quasi-static and 

dynamic testing procedures, the machines used for each type of testing, foam 

compression percentages, the data collected from the tests, and how the data was 

analyzed and plotted. Using the compiled research, test procedures were constructed 

for foam testing using the Florida Tech test machines. The test procedures of the 

Dynamic Testing 

 Impact test rig – impactor falls 
at certain height and hits 
specimen 

 Tested at 4 velocities in the 
range 1-5 m/s 

 Deceleration of impactor 
during foam deformation 
measured 

 Acceleration vs. time plotted 
and converted to stress-strain   

PU Foam Characterization 

 BOSE Enduratec ELF 3200 

 Tested at a broad strain rate 
range of 0.01 to 100s-1 

 Sample Size: Right cylinders 
12.5 mm diameter and 12.5 
mm thick 

 Stress-strain curves plotted   
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quasi-static and dynamic testing are covered in detail in Chapter 3. Additionally, 

understanding how foam testing was conducted for other areas of research showed 

what type of limitations were present in the test machines at Florida Tech and how 

these limitations would affect the rest of the analysis.  

 

Foam Behavior 
 

The data collected during the quasi-static compression testing will be used to plot 

stress-strain curves for the foam samples. A typical stress-strain curve for a 

polyurethane foam has three regions: linear elasticity, plateau, and densification, 

shown in Figure 2-1. The first region represents the initial linear elastic phase, with 

the slope equal to the Young’s modulus of the foam (Avalle, Belingardi, & Montanini, 

2001). The second region represents elastic buckling of the foam walls, progressing at 

an approximately constant load, resulting in a plateau (Avalle et al., 2001). Lastly, in 

the third region of the stress-strain curve, the foam walls densify. During 

densification, the opposing walls in the cells start to touch, causing a sharp increase in 

the stress (Avalle et al., 2001). The plotted stress-strain curves will give an 

understanding of the stiffness or softness of each foam, and how the foam will 

behave in an impact scenario.  

 

 

 

 

 

 

 

 

 

 

Figure 2-1: Typical foam stress-strain curve for quasi-
static testin (Avalle et al., 2001) 
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Additionally, characterization of the foams’ mechanical properties is necessary to 

determine the energy absorption abilities of the foam samples.  The main goal of 

utilizing the foam in a jet dragster driver’s compartment is to absorb the kinetic 

energy of a driver impacting the foam in the case of an accident, while keeping the 

forces and accelerations experienced by the driver below a certain limit, in order to 

prevent driver injury.  To determine how much energy each foam sample is able to 

absorb, the stress-strain curves can be used to produce energy absorption diagrams, 

which plot absorbed energy versus stress. The absorbed energy is the area under the 

stress-strain curve and is calculated using the following formula (Mkrtchyan, Maier, 

& Huber, 2008): 

 

Energy absorption can be plotted for foams on each end of the stress-strain curve 

spectrum to compare the minimum and maximum energy absorptions. Crash 

simulations of a jet dragster performed in LS-DYNA can be used to provide the crash 

conditions and critical areas of the driver’s compartment to determine where and 

how much energy needs to be absorbed by the foam. The energy-absorption plots are 

useful in determining which foam is capable of absorbing enough kinetic energy, 

while keeping the maximum force below a certain limit. 

 

Foam Modeling 
 

Research on material models, (“cards”), and foam simulations in LS-DYNA was 

collected for the modeling of foam in a dynamic, non-linear analysis. This research 

gives insight to the feasibility of implementing foam in the jet dragster crash model. 

The factors considered are the required time, model validation, data needed for 

input, and its contribution to the overall project.  
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The LS-DYNA library contains several material cards for the modeling of foam. The 

three cards that are most commonly used for foam modeling in the industry are 

*MAT_057 (low density foam), *MAT_083 (the Fu-Chang Foam Model), and 

*MAT_CRUSHABLE_FOAM. Because *MAT_CRUSHABLE_FOAM is used to model 

brittle foams, this material type was not considered. The following is a summary of 

each material model. 

 

*MAT_057 (low density foam) 

 

Material Type 57 is used for modeling highly compressible low density foams. It is 

typically used for seat cushions and padding (LS-DYNA keyword user's manual2007). In 

order to use this card, the following parameters are inputted (Sambamoorthy & 

Halder, 2001): 

1. Young’s modulus 

2. Density 

3. Nominal Stress-Strain curve 

4. Tensile cut-off stress (optional) 

5. Hysteretic and Shape factor (optional) 

 

This particular model can handle the loading and unloading behavior of a foam (Croop 

& Lobo, 2009). The unloading behavior is characterized using a hysteretic factor and 

shape factor. The unloading behavior will not be considered in the dragster crash 

model since its primary focus is the initial impact. Material Type 57 also has an initial 

foam reference geometry card which can account for the initial stress in the foam 

from precompression from a driver or dummy sitting on it (Vemulakonda et al., 2007). 

A limitation to this model is that it does not account for strain rate effects, which is 

needed for the characterization of the foam in a high-speed impact in a jet dragster. 

Therefore, this model is not suited for the present analysis. This model is typically 

recommended for soft, open cell, polyurethane foams that are reversible and 
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hysteric, and for energy absorbing polyurethane foams that are reversible with slow 

recovery and damping, have possible permanent deformation, and crush strength 

that is not related to density (Sambamoorthy & Halder, 2001).  

 

*MAT_083 (Fu-Chang Foam Model) 

 

Material Type 83 is used for modeling low and medium density foams with rate 

effects (LS-DYNA keyword user's manual2007). This material model is used for a wide 

variety of foams because of rate-dependent stress-strain data can easily be inputted 

(Croop & Lobo, 2009). In order to use this card, the following parameters are inputted 

(Sambamoorthy & Halder, 2001): 

1. Young’s modulus 

2. Density 

3. Nominal Stress-Strain curve (as a function of time)  

4. Tensile cut-off stress (optional)  

 

Different strain rates are accounted for by inputting different curves for each strain-

rate. LS-DYNA interpolates linearly between the different strain-rate curves to 

calculate the stress-strain values for a variety of strain-rates. However, for a strain-

rate above the highest inputted strain-rate, LS-DYNA does not extrapolate and instead 

takes the stress-strain values of the highest strain-rate (Croop & Lobo, 2009). A 

limitation of Material Type 83 is that it does not allow for unloading curves to be 

inputted. To simulate an unloading situation, the lowest strain-rate curve is used, 

which results in stiffer behavior (Serifi, Hirth, Matthaei, & Mullerschon, 2003). 

However, for the simulation of foam used in a jet dragster, the loading of the foam 

will be the primary focus of the analysis, so this limitation will not affect this 

simulation. This material type is typically recommended for soft, polyurethane foams 

that are reversible and hysteric, for comfort polyurethane foams that are reversible 

with slow recovery, high damping, high rate effects, and high thermal sensitivity, and 
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for expanded particle foams (Sambamoorthy & Halder, 2001). Because this material 

card can easily account for rate-dependent effects, it is the best choice for the use of 

future foam modeling in a jet dragster crash simulation. Although the use of a 

material card is the primary focus of modeling foam in a simulation, other critical 

factors in foam modeling were discovered. 

 

Simulation vs. Testing 

 

Throughout the process of modeling foam in a finite element simulation, the model 

needs to be validated by comparing its behavior to the results of dynamic testing. This 

can be done by comparing the force versus deflection curves, with multiple still shots 

from the simulation and the impact testing (Bielenberg & Reid, 2004). The simulated 

foam needs to be crushed in the same manner as the foam crushed in the dynamic 

testing to ensure that the results are comparable. This comparison will show if the 

model is accurately portraying the actual loading and physical deformation of the 

foam (Bielenberg & Reid, 2004). This type of validation was used in the development 

of the SAFER Racetrack Barrier. The results of the comparison shown in Figure 2-2 and 

Figure 2-3 showed that the model was able to accurately capture the loading behavior 

of the foam, but not the unloading behavior. As the development of the barrier 

progressed, multiple foam shapes were tested, compared, and verified until the 

optimal results were achieved.  
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Figure 2-2: Dynamic testing vs. LS-DYNA model (Bielenberg & Reid, 2004)  

 

 

Figure 2-3: Force vs. deflection curve results (Bielenberg & Reid, 2004) 

 

Before modeling the foam in the dragster, the foam would need to be modeled 

similar to the foam block shown in Figure 2-4. This model closely resembles the foam 

impactor in the Florida Tech lab where the foam was tested. If the experimental 

results do not match with the LS-DYNA results, the stress-strain curve would need to 

be modified until the FEM accurately portrays the dynamic testing. 
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Figure 2-4: LS-DYNA impact test model (Srivastava & Srivastava, 2014) 

 

Driver’s Seat Considerations 

 

Another major consideration of modeling foam in the driver’s compartment of a jet 

dragster is the dynamic interaction between the seat, the occupant, and the other 

foam placed in the vehicle. To accurately portray this interaction, the components 

required in the model are the occupant, the seat, the seatbelts, other driver 

restraints, the foam in the seat, the foam lined in the compartment, and other 

possible impacted components such as the dash. Factors affecting how the occupant 

interacts with the driver’s compartment include: the seat back angle, the position of 

the chin and arm restraints, the location and tension of the seatbelts, the initial 

position of the occupant, and the initial loading of the seat foam when the occupant is 

in position (Vemulakonda et al., 2007). If foam is to be modeled in the LS-DYNA crash 

simulation, these are all important factors that need to be considered which could 

affect the quality of the simulation.  As these factors are added into the model, the 

model’s complexity significantly increases, resulting in the need for a higher attention 

to detail to ensure that the model’s accuracy is not hindered. A simpler approach to 

understanding the impact of foam implementation in a jet dragster driver’s 

compartment may need to be considered to stay within the scope of this project.  
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Dragster Modeling 
 
Crash Mechanics 
 

Understanding the basic concepts of crash mechanics builds the foundation upon 

which both crash models will be developed. To describe an automotive crash 

scenario, an impulse model is used. The impulse focuses on the impact event – the 

time interval over which the force is applied during an accident.  There are various 

phases in the case of an accident. First, there is prior to the collision (t < t1) and then, 

there is after the collision (t > t2). The details happening during the impact (t1 < t < t2) 

are typically most important in understanding the structural crashworthiness and 

occupant injury aspects, and is usually less than 100 ms (Huang, 2002). During this 

time frame the forces on the car are extremely large and act as an impulse. When 

considering the impulse of a crash event, the external forces, such as friction with the 

ground, can be neglected because they are small compared to the collision forces 

(Huang, 2002). As a result, momentum is conserved but energy is not. Because it is a 

high-speed nonlinear impact event, inelastic behavior will occur and energy will not 

be conserved (Huang, 2002). 

 

Static Modeling 
 

Static analysis in ANSYS is used as a preliminary analysis and should complement the 

results produced in the dynamic simulation in LS-DYNA. A frontal crash scenario is a 

basic simulation that can be initiated, prior to the angled impact scenarios, to produce 

baseline results. These results will be evaluated to see if they fit in the magnitude of 

expected results. Total deformation and maximum stress are two values that should 

be monitored throughout the simulation to evaluate impact severity. To set-up the 

vehicle to accurately simulate a frontal impact, the bottom back end of the frame 

should be fixed and should be constrained so that it does not deflect horizontally 
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(Shahabi, 2012). The impact force should be applied to the front of the vehicle 

(Shahabi, 2012). In the case of an angled impact, the impact force should be 

distributed into components accordingly. The magnitude of the impact force used in 

the static analysis can be estimated using the principle of linear impulse and 

momentum, mentioned previously. Impulse is the integral of force over some period 

of time, and is also known as the change in momentum. Using this principle, the 

average impact force during the collision can be calculated for the simulation and the 

calculations are as follows (Shahabi, 2012):  

 

F = ma = m
∆𝑣

∆𝑡
=

∆𝑝

∆𝑡
 

where p = mv 

 

where F is the magnitude of the impact force, m is the mass of the vehicle, v is the 

velocity of the vehicle at impact, and t is the small time interval of the force impact. 

 

Dynamic Modeling  
 

Viscoplasticity  

 

In a high-speed impact, a jet dragster will undergo plastic deformation, which is an 

irreversible and unrecoverable reorganization of the internal structure of the metal 

(Fleming, 2016). Because steel also deforms differently under different strain rates, 

both plasticity and strain-rate effects must be accounted for when modeling 

Chromoly in a crash simulation (Shahabi, 2012). 4130 Normalized Chromoly is the 

material used to build a jet dragster chassis, and will be modeled in the dragster 

simulation. Viscoplasticity is the theory used to describe this rate-dependent and 

inelastic behavior seen in metals. The material model most commonly used to model 

automotive impacts that can account for viscoplasticity is Material Type 24, 
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*MAT_PIECEWISE_LINEAR_PLASTICITY. This material type can be defined with an 

arbitrary stress-strain curve and an arbitrary strain-rate dependency (LS-DYNA 

keyword user's manual2007). To produce an accurate stress distribution, the rate-

dependent effects must be accounted for in the stress-strain curve inputted into LS-

DYNA. To account for strain-rate dependency, the Cowper-Symonds model is used 

(Shahabi, 2012). 

 

Contacts and Friction 

 

A major issue in LS-DYNA large deformation problems is contact treatment. 

Accurately modeling the contact between interfaces is crucial in determining how the 

dragster will perform in a finite element crash simulation (Bala, 2001). There are a 

variety of contact types in the LS-DYNA library, some for specific situations and others 

for general use. According to LS-DYNA support, in LS-DYNA, a contact is defined by 

identifying (via parts, part sets, segment sets, and/or node sets) what locations are to 

be checked for potential penetration of a slave node through a master segment (Bala, 

2001). There are five contact regions typically defined for a vehicle-to-barrier crash 

model: contact between the vehicle components, contact between the barrier 

components, contact between the vehicle and the barrier, contact between the tire 

and the ground, and contact between the tire and the wall (Consolazio, Chung, & 

Gurley, 2003). Because the jet dragster crash model will be a simplified impact, five 

contact region definitions will not be necessary for the analysis. Realistically, the 

contact between the vehicle components and contact between the vehicle and the 

wall will be the only two contacts defined. 

 

Frictional forces between the contact surfaces are critical in a crash simulation 

because they can change the vehicle’s behavior and response during impact 

(Consolazio et al., 2003). The frictional coefficient, μ, is defined in the contact card 

and can be defined as a fixed constant value or it can be defined as a function of 
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velocity of the surfaces (Consolazio et al., 2003). To maintain simplicity throughout 

the dragster simulation, a fixed constant value is used. Because only two types of 

contact will be defined in the dragster model, friction should be defined for each 

contact: steel-to-steel contact and steel-to-concrete contact. Several barrier impact 

simulations used steel-to-concrete coefficient of frictions of at least 0.2 (Nelson & 

Hong, 2004).   

 

Barrier Modeling 

 

A typical barrier used at a dragstrip is a rigid, three-foot concrete barrier. In the event 

of an accident, a concrete barrier minimally deforms and typically experiences little 

damage (Li, 2014). When modeling the barrier, the lower surface of the barrier should 

be fixed to ensure that it does not experience any movement or deformation during 

impact (Marzougui, Kan, & Opiela, 2014). Because the barrier is a simple rigid fixture, 

the barrier can be modeled using solid elements.  

 

Inertial Effects 

 

Vehicle inertial properties could play a role in the accuracy of the dragster crash 

simulation. Research conducted by Altair Engineering to improve motorsports safety 

was done by developing finite element models in LS-DYNA of NASCAR vehicles 

crashing into curved racetrack barriers. The model used in the simulation did not 

include several vehicle components that do not affect the overall crashworthiness of 

the vehicle (Nelson & Hong, 2004). Therefore, the weight of these components was 

accounted for by placing additional weight near the CG of the car. After comparing 

the longitudinal pulse curves for the LS-DYNA simulation and the full-scale crash 

testing, there were discrepancies between the two curves. The vehicle rotational 

inertia for the NASCAR vehicle and LS-DYNA model differed significantly. It was 
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concluded that although this difference was significant, it was not the primary factor 

contributing to the discrepancies in the curves (Nelson & Hong, 2004). However, this 

difference could be enough to contribute to the accuracy of the crash model. Because 

the dragster used in the model will also be a simplified version, the rotational inertia 

of the dragster will not match the rotational inertia of the actual dragster. Therefore, 

the addition of mass blocks in place of vehicle components will be a consideration in 

the model to improve its accuracy.  

 

Simulation vs. Testing 

 

Three critical elements played a key role in the NASCAR crashworthiness research 

conducted by Altair Engineering. First, crash simulations using finite element models 

in LS-DYNA. Second, on-track data acquisition. And third, large and small scale crash 

testing (Nelson & Hong, 2004). Crash testing was used to validate the finite element 

model and to confirm any assumptions that were made during the build-up of the 

model (Nelson & Hong, 2004). Comparing the simulation to actual crash data and 

crash testing exposed the variables in the simulation that had a significant effect on 

the accuracy of the model. Figure 2-5 shows the comparison between the crash 

testing and the LS-DYNA crash model.  

 

 

Figure 2-5: NASCAR barrier impact testing vs. simulation (Nelson & Hong, 2004) 
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Biomechanics 
 

Looking at Step 2 in the crashworthiness approach, a range of impact conditions that 

remain in the limits of human tolerance must be established. These limits will serve as 

a goal for the design of the foam to achieve during crash conditions. This range of 

limits can be defined by studying the most common types of automotive accident 

injuries. Although high performance vehicle crashes typically have a different nature 

than passenger vehicle accidents, the same human injury thresholds can be studied. 

The four most serious injury types are: head, thorax, neck/spine, and abdomen.  

 

Head Injury 
 

Head injuries result in skull and/or brain injury. The head will show different 

responses if it experiences direct contact or inertial loading.  For injuries caused by 

linear accelerations, the injury can be characterized by the Head Injury Criterion (HIC). 

The HIC value can be calculated using the following equation (Schmitt, Niederer, 

Muser, & Walz, 2009): 
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where t1 and t2 are arbitrary time constants (in seconds) chosen such that the 

function is maximized and a(t) is the crash pulse in g’s (Schmitt et al., 2009). A HIC 

value greater than 1000 is typically considered to correspond to severe injury. HIC 

does not characterize injuries caused by rotational accelerations because it was 

developed using linear acceleration impacts on cadavers (Fleming, 2016). For 

rotational accelerations, the human thresholds are shown in Table 2-7. 
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Table 2-7: Tolerance thresholds for rotational accelerations and 
 velocity of the brain (Schmitt et al., 2009) 

 

Injuries caused by rotational acceleration are typically more severe than injuries 

caused by linear accelerations. The effects of rotational inertia causes the brain to 

move back and forth in the skull, which could damage nerve fibers, resulting in the 

disruption of signals and communication to the rest of the body, or it could result in 

the tearing of bridging veins which can lead to bleeding in the brain (Fleming, 2016). 

Understanding the thresholds for brain injury could lead to a better understanding of 

the simulation results and the severity of the brain injury that a driver may experience 

during an impact.  

 

Thoracic Injury  
 

Thoracic injury is typically a result of three different mechanisms. First, crushing 

injury, which is a strength-based failure of the ribs followed by injury to internal 

organs (Fleming, 2016). Second, viscous injury, which is a result of high accelerations 

to the thorax where soft tissues are subject to viscoelastic material behavior (Fleming, 

2016). These accelerations may produce injury at deformation levels that would not 

normally cause injury at lower loading rates. And lastly, blast injury, where shock 
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wave effects become significant at extreme rates of loading. Testing shows that 

compressions of the chest cavity provides better correlation with injury than forces 

and accelerations (Viano & King, 2000). Table 2-8 shows typical impact tolerances of 

the thorax that must not be exceeded.  

 

Table 2-8: Frontal impact tolerances of the thorax (Schmitt et al., 2009) 

 
 

 

Neck/Spine Injury 
 

Neck and spinal injury modes are usually strongly influenced by contact with interior 

vehicle structures (windshield, control panels, dashboard, sidewalls, etc) (Fleming, 

2016). Neck and spinal injuries are a result of combined loading (flexion, extension, 

lateral bending, rotation) (Schmitt et al., 2009). A properly padded interior can help to 

reduce these injuries. Table 2-9 shows typical human tolerance limits for these types 

of injuries. 
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Table 2-9: Tolerance of the cervical spine to injury (Schmitt et al., 2009) 

 

 

Abdomen and Other Injuries 
 

Injury rates vary for abdomen impacts according to the side of impact. Typically, 

abdomen injuries result from improper use of restraints – instead of the restraint 

engaging the pelvic bone, the abdomen is engaged (Zimmermann & Merritt, 1989). 

Table 2-10 summarizes the injury thresholds for the abdomen in addition to the chest. 

Injuries to extremities are also frequent but are rarely fatal unless they prevent or 

delay egress in the event of a post-crash fire (Schmitt et al., 2009). Although not 

usually fatal, injuries to extremities will be looked at closely by considering different 

foam implementations around the leg area in the driver’s compartment.  
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Table 2-10: Human Tolerance for Chest and Abdomen Impact (Viano & King, 2000) 

 

 

As foam is implemented into the driver’s compartment, the injury thresholds should 

be referenced to see if the addition of foam would have any significance in reducing 

injury severity. These injury thresholds set the standards that must be met by the 

foam to prevent driver injury. The foam that absorbs enough energy to prevent the 

driver from exceeding these thresholds in an accident is considered sufficient for 

driver protection. However, with dragster speeds reaching 280 mph, it is not 

guaranteed that the addition of foam would prevent all injury.  

 

Mass-Spring-Damper Modeling 
 

Due to the complexity of modeling foam in LS-DYNA, a second approach was 

researched in order to incorporate the mechanical analysis of the foam with the crash 

analysis of the dragster. In general, the modeling of car crash performance is 

extensive, time-consuming, and requires significant attention to detail to produce 

reliable results. In addition to FEM (finite element method), lumped parameter 

modeling (LPM) has become one of the most popular tools used to model impact 
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scenarios (Pawlus, Robbersmyr, & Karimi, 2011). Typically, a LPM model is done 

before a FEM model to obtain an initial estimate of the results before moving on to a 

more detailed analysis. A lumped parameter model uses a combination of masses, 

springs, and dampers to represent a vehicle impacting a structure. This method allows 

for a simpler approach to the model that requires less computational resources 

(Pawlus et al., 2011). A common model used to represent a vehicular impact is the 

Kelvin Model, which uses a spring and damper in parallel, shown in Figure 2-6.  

 

 

Figure 2-6: Kelvin Model (Pawlus et al., 2011) 

 

In the model above, k is the spring stiffness, c is the damping coefficient, m is the 

mass of the vehicle, and vo is the initial impact velocity. This model can also be 

represented as a standard spring-mass-damper model, shown in Figure 2-7. This 

model has an external force, F, applied to the system, which will be changing with 

time. The variable y represents the changing displacement of the mass.  

 

 

Figure 2-7: Spring-mass-damper Model (Pawlus et al., 2011) 
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Another form of a mass-spring-damper model that is commonly used is a base-

excitation model, shown in Figure 2-8.  

 

 

Figure 2-8: Base-excitation model of a mass-spring-damper system (Bower, 2017)  

 

In this model, the excitation is at the base, and not the mass, and the excitation is 

given in terms of displacement and not force. Another view of this model is shown in 

Figure 2-9. 

 

Figure 2-9: Second representation of the base-excitation model (Vance, Zeidan, & 
Murphy, 2010) 

 

In this model, y(t) is the displacement input function and x(t) is the displacement 

response of the mass. In the Kelvin model, shown previously, the force is applied to 

the occupant which then impacts the foam. In the base excitation model, the base of 

the model represents the movement of the chassis during impact and the mass 

represents the response of the occupant impacting the foam in the driver’s 

compartment. A base-excitation model was selected for the foam analysis because it 
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is more representative of the foam and occupant interaction in the driver’s 

compartment. 

 

In order to use this system to model the foam and occupant interaction, an input 

displacement is needed. The input displacement was found by integrating the 

measured acceleration data in the driver’s compartment from the LS-DYNA model. 

The mass of the system is the mass of the driver, or the mass of the particular part of 

the driver that is being modeled. The spring and the damper represent the 

mechanical properties of the foam. This spring-mass-damper model simplifies the 

analysis of the addition of foam to the driver’s compartment by eliminating the array 

of factors that must be considered in finite element analysis. The data collected from 

foam impacting testing can be used to find the parameters needed for the model. And 

lastly, the spring-mass-damper model can show the role that energy-absorbing foams 

play in the safety of the driver during a high-speed impact.  
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Chapter 3  
Foam Characterization 

 

 

Florida Tech Foam 
 
The unique partnership between Florida Tech and Larsen Motorsports gave way to an 

opportunity to use a newly created Florida Tech fire-retardant foam in a Larsen 

Motorsports jet dragster for energy-absorption and safety improvements. Students 

and faculty in the Chemistry and Chemical Engineering departments at Florida Tech 

have partnered to create an open-cell polyurethane foam that has a non-migrating 

flame retardant built into its molecular structure. This built-in flame retardant has 

never been done before and has the potential to positively impact and change the 

foam industry. Incorporating this newly created foam will accomplish two major 

milestones in the development of this foam research. First, successfully implementing 

the foam in an LMS jet dragster will provide a platform for the commercialization of 

this foam in a highly visible real-world application. And second, in order to implement 

this foam, the mechanical properties of the foam needed to be characterized in order 

to gain understanding of its performance, specifically in impact scenarios. As a result, 

additional foam in the LMS jet dragster’s driver’s compartment can improve driver 

safety by absorbing kinetic energy in high-speed impacts. To characterize the 

mechanical properties of the foam, quasi-static and dynamic testing were conducted 

at the Florida Tech test labs. 
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Foam Testing  
 
Quasi-static Testing 
 

Fourteen foam samples with varying stiffnesses were tested. The density of the foams 

tested ranged from 32 – 80 kg/m3. The foam samples were precut to a size of 127 mm 

x 127 mm x 76.2 mm (5 in x 5 in x 3 in) and remained this size for testing. This sample 

size is considerably larger than any of the researched foam testing methods, 

described in the Literature Review. However, the difference in size would only affect 

the strain rate at which it was tested. Although every effort was made to make the 

samples consistent in size, some variability was present. The experiments were 

conducted using the Baldwin BTE 60,000 lb. tester with a displacement of 52 

mm/min, correlating to a strain-rate of approximately 0.01s-1, and up to 83% 

compression. These values were selected to test the foam at the lowest end of the 

strain-rate range, recommended by previous researchers. Multiple tests for each 

foam sample were not conducted because the foam showed too much damage for 

repeat tests. For future foam impact testing, multiple tests for each type of foam 

sample would be ideal in order to verify the test results.        Figure 3-1 and Figure 3-2 

show a foam sample during a compression test.  
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       Figure 3-1: Test set-up on the BaldwinBTE 60,000 lb tester 

 

 

Figure 3-2: Sample LM238 during a compression test 

 

 

The data acquisition system collects test data and outputs load-displacement curves 

for each foam. Figure 3-3 and Figure 3-4 show the program output for foams LM236 

and bun8. 
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Figure 3-3: Compression test data for LM236 

 

 

Figure 3-4: Compression test data for bun 8 

 

The collected data were then used to plot stress-strain curves for the fourteen 

different foam samples. Figure 3-5 summarizes the results of the compression testing 

for all fourteen samples conducted under the same test conditions. The stress-strain 

curves shown in this figure give an overview of the range of foam stiffness for the 
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fourteen foams. Samples LM290 and LM236 were on the upper end of the hardness 

spectrum while the LM238 and bun 8 samples were on the lower end.  

 

 

Figure 3-5: Quasi-static test data for fourteen foam samples 

 

Figure 3-6 shows a close-up of the same quasi-static test data. 

 

 

Figure 3-6: Quasi-static test data, close up 
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The plotted stress-strain curves were compared to other quasi-static test data for 

polyurethane foams to see if they matched the trends in industry research. Figure 3-7, 

Figure 3-9, and Figure 3-9 show compression test data for several polyurethane 

foams. The densities of the foams tested in Figure 3-7 range from 58.85 to 70.26 

kg/m3. These particular polyurethane foams were used in small transportation 

packages.  

 

 

      Figure 3-7: Compression stress-strain curves of low-density soft polyurethane foam 
 (Seo et al., 2004) 

 

The test data for high-density polyurethane foams were also used for comparison. 

Figure 3-8 shows the stress-strain curves for foams ranging from 466 to 525 kg/m3.  

The Florida Tech foams had similar shaped stress-strain curves, particularly the linear 

and plateau regions, as the foams in Figure 3-7. The initial linear region of the curves 

was either very small, or not evident in the data. The plateau regions had the same 

general shape, however, the slope of these curves started to increase earlier than the 

packaging foams. The densification regions of the Florida Tech foams occurred at a 

higher strain, between 0.75 and 0.82, as opposed to 0.50 to 0.55 in Figure 3-7. Lastly, 

the Florida Tech foams reached peak stresses at a magnitude lower than the other 

foams.  



40 
 

 
 

The denser polyurethane foams in Figure 3-8 show different trends than the low-

density foams. The high density foams’ stress-strain curves show steep, extended 

linear regions, and densification regions that do not show sharp increases in stress. 

Additionally, the stress-strain curves reach peak stresses that are significantly higher 

than the low-density polyurethane foams.    

 

 

Figure 3-8: Compression stress-strain curves for high-density hard polyurethane foams 
(Seo et al., 2004) 

 

Lastly, the Florida Tech foam quasi-static data was compared to low-density 

polyurethane foams that were sampled from a rear four-passenger bench seat. The 

densities of the foams tested in Figure 3-9 ranged from 35 to 42 kg/m3. The Florida 

Tech foams matched the shape of these curves more closely than the packaging 

foams, and the peak stresses were within the same magnitude. The linear regions of 

the Florida Tech foams were shorter than the data in Figure 3-9, however, the length 

of the plateau regions and the location of the densification regions were similar. 

Therefore, the Florida Tech foams could be suitable for a similar application, 

passenger vehicle seating.  
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  Figure 3-9: Compression stress-strain curves for polyurethane foam 
 samples from rear car seat (Vemulakonda et al., 2007) 

 

Dynamic Testing 
 

To support use of the foam in dynamic and high-speed applications, such as in a jet 

dragster driver’s compartment, testing was conducted under dynamic loading 

conditions in order to characterize the strain-rate sensitivity properties of the 

material. The Dynatup 8250, a falling weight impact machine, was used for dynamic 

testing. The velocity of the impactor is controlled by changing the height at which the 

impactor falls. All of the impact tests were conducted with a combined plate, tup, and 

impactor mass of 5.9 kg.  

 

Figure 3-10 and            Figure 3-11 show a foam sample during a dynamic test. 

Typically, foams tested dynamically are tested in a wide strain rate range of 0.01 to 

100s-1, in order to fully characterize the rate dependency properties of the foam. 

However, due to the limitations of the Dynatup 8250, the range of strain rates tested 

was 30 to    51s-1, corresponding to an impact velocity range of approximately 2.27 

m/s to 3.92 m/s. Because the Dynatup is a falling weight impact machine, dynamic 

testing did not occur at a controlled strain-rate. The strain-rates reported are the 
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initial strain-rates of the test. All of the foam samples tested were the same size as 

the samples tested in the quasi-static testing, 127 mm x 127 mm x 76.2 mm.  

 

                          

           Figure 3-10: Dynatup test set-up                           Figure 3-11: Foam sample during an  
                                                                                                                   impact test 

 

Figure 3-12 shows the test results for the lower end of the test range at 2.27 m/s and 

Figure 3-13 shows the test results for the upper end at 3.92 m/s. Plotting all fourteen 

foams on the same graph showed the differences in foam performance at the same 

impact speed. The test data collected reveals that the current test conditions did not 

take all of the foams into the densification region. Most of the foam samples do not 

reach a strain of at least 0.7, and do not show a sudden increase in slope at a higher 

strain, which is characteristic of the densification region. Therefore, these tests limit 

the characterization of the mechanical properties of these foam samples.  
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Figure 3-12: Dynamic stress-strain data for 2.27 m/s impact for fourteen foam samples 

 

 

Figure 3-13: Dynamic stress-strain data for 3.92 m/s impact for fourteen foam samples 

 

Comparing the curves in Figure 3-13 to Figure 3-5, dynamic testing versus quasi-static 

testing, the curves showed that the dynamic stress level is higher than the quasi-static 

stress level for the same amount of strain. Looking at sample LM236, the compressive 
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strength at 50% compression is approximately 53 KPa as opposed to 26 KPa in the 

quasi-static test. The other foam samples showed similar trends.  

 

The stress-strain curves for quasi-static and dynamic testing were then plotted for 

each foam to compare the material responses at different loading conditions and to 

compare these responses to industry research. Figure 3-14 shows the foam sample 

bun 8, which is on the lower end of the hardness spectrum, and Figure 3-15 shows 

LM236 which is on the upper end of the hardness spectrum. These graphs were later 

compared to graphs from outside foam research for validation.  

 

 

Figure 3-14: Quasi-static and dynamic stress-strain curves for bun 8 
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Figure 3-15: Quasi-static and dynamic stress-strain curves for LM236 

 

Both the softer and harder Florida Tech foams showed the same trend as the outside 

data: the quasi-static curve lying at the bottom of the plot and the dynamic curves 

lying at the top of the plot. However, for the harder foams, this trend was not always 

obvious because these foams did not fully reach the densification regions due to the 

limited testing conditions. Further testing with a larger impact mass or a foam sample 

with a decreased height, increasing the strain-rate, would allow the foam to reach the 

densification region and produce better results for the harder foams, which would 

provide more complete characterization of the mechanical properties of these foams. 

As a result, additional impact testing was conducted on a select sample of foams at a 

higher impact mass of 12.6 kg, resulting in an impact velocity of 3.81 m/s. The stress-

strain curves are shown in Figure 3-16 and a closer view in Figure 3-17. The data 

showed that most of the foam curves reached the densification region, which was the 

focus of the second round of testing.  
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Figure 3-16: Stress-strain curve for second round of impact testing at 3.81 m/s 

 

 

Figure 3-17: Impact test data, close up 

 

The dynamic stress-strain curves for polyurethane foam from outside research are 

shown in Figure 3-18 and Figure 3-19. Both of these plots show the same trend: an 

increasing velocity or strain rate results in stiffer behavior of the foam. This results in 

a higher stress level at the same strain level. Therefore, more energy is absorbed by 

the foam when loaded dynamically. The foams tested in Figure 3-18 are the same 

foams tested in Figure 3-9, sampled from the rear car seat. The foam tested in Figure 
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3-19 is a commercial polyurethane foam, typically used for cushioning or packaging, 

with a density of 27 kg/m3. 

 

 

Figure 3-18: Combined PU foam test data for foam in rear bench seat of a car 
(Vemulakonda et al., 2007) 

 

 

Figure 3-19: Polyurethane foam rate-dependent data (Croop & Lobo, 2009) 

 

The close up view of the data in Figure 3-17 shows a significant amount of noise in the 

initial region of the curve. The expected linear region of the curve, shown in the 

curves in Figure 3-18 and Figure 3-19, is not present in the data due to this noise. 
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Therefore, the Young’s Modulus could not be estimated for each foam. The shape and 

slope of the plateau and densification regions were both similar to the other foams. 

The magnitude of the stresses of the Florida Tech foams were similar to the rear car 

seat foams, but less than the packaging and cushioning foams.  

 

The plot in Figure 3-20 shows all of the stress-strain curves for the second round of 

testing done on LM235. The behavior of the stress-strain curves of this foam was 

similar to the other foams, and as a result, is representative of the other foams 

tested. This figure shows the range of velocities that the foam was tested at, and how 

the foam responded to each impact velocity. Although strain-rate effects are evident 

by the variances in the stress-strain curves, a closer look at the graph in Figure 3-21 

shows that there were not significant differences between the curves. 

 

 

Figure 3-20: LM235 stress-strain curves for the second round of impact testing 
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Figure 3-21: LM235 stress-strain curves magnified 

 

A higher variance between the curves would be expected if the foam was tested at a 

wider range of velocities. However, due to the limitations of the impactor machine, 

the foam could not be tested at a velocity greater than 3.81 m/s. Although strain-rate 

effects are an important material property of foam, the test data showed that the 

differences in the stress-strain curves are not significant enough to include each curve 

in further analysis of the foam. As a result, the stress-strain curve for the highest 

impact velocity will be used for each foam in the remainder of the analysis.  

 

Although the Florida Tech foam did not show three clearly defined regions in the 

dynamic stress-strain curves, this was not much of an issue for the analysis of the 

foams because the force-displacement curves could still be plotted and used in this 

research.  

 

Force-Displacement Curves 
 

The force-displacement curves, for the highest velocity tested at, were plotted for the 

nine hardest foams. Plotting the foam data in this manner made it useable for the 
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mass-spring-damper model that was constructed later in the research process. The 

force-displacement curves in Figure 3-22 were used to model the nonlinear spring in 

the mass-spring-damper analysis, which accounted for the nonlinear behavior of 

foam. 

 

 

Figure 3-22: Force-displacement curves for the nine stiffest foams tested 
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Chapter 4  
Dragster Modeling 

 

 

LMS Jet Dragster 
 

The Larsen Motorsports new Generation 6 jet dragster was modeled for the crash 

analysis. The front half of the Generation 6 car was designed and fabricated in-house 

at Larsen Motorsports and was modeled in Solidworks and ANSYS using 

measurements taken from the developed chassis. The only component modeled for 

the finite element simulations was the chassis, as opposed to the entire vehicle, to 

reduce the complexity and computation time of the high-speed crash model. A simple 

simulation reduces the number of factors that need to be fine-tuned to produce 

realistic results. Once an accurate baseline model is established, additional complexity 

can be added to the model for future research. Because the back half of the chassis 

was not yet built at the time of modeling, the back half of another Larsen Motorsports 

jet dragster, closely resembling the design of the Generation 6 concept, was modeled 

and modified to fit the new front half. A similar representation of the back half of the 

chassis is acceptable for the crash model since the focus of the model is the behavior 

of the driver’s compartment.    
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Methodology  
 

The chassis was modeled using the 3-D sketch tool in Solidworks, sketching a series of 

nodes and lines for the frame. The Weldment tool was used to apply the appropriate 

cross-section tube profiles to the sketched chassis. The Weldment tool was also used 

to trim the tubes at joints where multiple tubes are welded together. Figure 4-1 

shows the dragster chassis fully modeled in Solidworks.  

 

 

Figure 4-1: Jet dragster Solidworks model 

 

Initially, the solid geometry was imported from Solidworks and meshed in ANSYS 

using solid elements, however, the first mesh generation took a considerable amount 

of time and resulted in errors due to the complex geometry. For accurate analysis, the 

mesh would need refinement and the geometry would need to be modified in order 

to create a usable model. Using a solid model and performing these refinements 

would be computationally expensive in the long run because of the inefficient run 

time. As a result, the chassis was remodeled in ANSYS using beam elements instead of 

solid elements. This will result in a smaller number of elements than a solid model, 

and reduce the solve time, requiring less computational resources. Because beam 

models are simpler, they are also ideal for the analysis of a larger assembly, such as a 

jet dragster chassis. Although beam elements capture less detail at the joints of the 
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structure, this was not a concern in the jet dragster analysis since the primary focus of 

this analysis is stresses along the chassis tubes, which are comparable in both solid 

and beam models.  

 

To recreate the chassis model in ANSYS, the nodal coordinates of the Solidworks 

model were inputted and connected using lines, creating the same frame that was 

previously modeled. Figure 4-2 shows the chassis modeled with lines and points in 

ANSYS DesignModeler. Tubular cross sections were applied to each line according to 

the size of the tubes. The tubes ranged in size from 0.75 inch diameter to 1.625 inch 

diameter with a 0.095 inch wall thickness for the roll cage and 0.058 wall thickness 

inch wall thickness for the rest of the chassis.  

 

 

Figure 4-2: ANSYS jet dragster frame model 

 

The chassis built at LMS are built with splice joints used in crush zones. Spliced tubes 

are typically used in a chassis to strengthen the chassis structurally in critical areas in 

order to create crush zones designed to deform and absorb energy in the event of a 

crash. Tubes with a nominal wall thickness of 0.058 inch are used for telescoping 

members because this thickness creates clearance between the tubes. Figure 4-3 is an 

illustration of telescoping tubes in a jet dragster chassis. This particular use of a 

telescoping tube creates a crush zone in the chassis, forward of the driver’s 

compartment, as the tube diameter is continually decreased in the lower frame rails 
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of the chassis. Angled cuts at these crush zones increases the weld area and distribute 

the load across the transition in tube size.  

  

 

Figure 4-3: Telescoping tubes creating a crush zone on a jet dragster 

 

To reduce the model’s complexity and address the contact issues in ANSYS, the 

telescoping tubes were simplified in the ANSYS model of the chassis. The telescoping 

tubes were treated as a single tube with a larger wall thickness, shown in Figure 4-4. 

 

                            

Figure 4-4: Telescoping tube cross-section (left) and simplified telescoping tube cross-
section (right) 

                                         

The resulting mesh consisted of 5538 nodes and 2820 beam elements, and is shown 

in Figure 4-5. 
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Figure 4-5: Chassis meshed with beam elements 

 

Static Structural Simulation 
 

Impact Force 
 

A high-speed jet dragster crash impact is a non-linear dynamic event. However, a 

preliminary linear elastic analysis was conducted on the chassis. Although a frontal 

impact is not a likely crash scenario for a jet dragster, a frontal impact was simulated 

for the initial crash analysis. A frontal impact crash is the simplest case that can be 

used as a baseline. This baseline model was used to get the contacts right, to prepare 

the model to be exported for future analysis in LS-DYNA, and to get an understanding 

of the magnitude of the stresses and deformations it produced.  

 

The magnitude of the impact force used in the static analysis was estimated using the 

principle of linear impulse and momentum. Impulse and momentum are both 

conserved during an impact. It was assumed that the initial velocity of the dragster is 

270 mph (or 123 m/s) because this is a typical quarter-mile speed of a jet dragster. 

The mass of the chassis, constructed of chromoly 4130, and the entire vehicle with 

the driver is approximately 1455 lb or 660 kg. However, because only the chassis is 

used in the simulation, the mass of the chassis was used in the force calculation.  
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The mass of the chassis is approximately 227 lb or 103 kg and the impact time of the 

crash was assumed to be 0.1 seconds. The average impact force was calculated using 

the equation below: 

F = ma = m
∆𝑣

∆𝑡
=

∆𝑝

∆𝑡
 

where p = mv 

 

The calculated impact force using the equations above is F = 126,690 N. 

 

Chassis Material Properties 
 

The jet dragster chassis is made of 4130 Normalized Chromoly. Table 4-1 summarizes 

the structural properties of Chromoly, inputted for the static simulation in ANSYS.  

 

Table 4-1: Material properties for 4130 Normalized Chromoly (AISI 4130 steel, 
normalized.) 

4130 Normalized Chromoly 

 Metric English 
Young’s Modulus 205 GPa 29700 ksi 

Poisson’s Ratio 0.29 0.29 

Density 7850 kg/m3 0.284 lb/in3 

Yield Strength 435.1 MPa 63100 psi 

 

Boundary Conditions 
 

To perform a static structural simulation for a frontal crash on a jet dragster, a force 

was applied to the front of the car, directed toward the rear. A fixed support was 

applied to the chassis, at the lowest, most rear part of the chassis, and gravity was 

applied to the model. Because LS-DYNA does not recognize any connections or joints 

defined in ANSYS, the intersection of welded tubes was accounted for by adding a 

node merge to the mesh, which combines overlapping nodes into a single node. 
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Figure 4-6 shows the set up of an initial static simulation performed to obtain 

preliminary analysis on the dragster. 

 

 

Figure 4-6: Static structural analysis set-up 

 

Parameters that were monitored in the simulation are, total deformation, directional 

deformation, and combined stress. Additionally, this preliminary simulation allowed 

for the dragster to be set up correctly by eliminating contact issues in the model.  

 

Dynamic Simulation 
 

ANSYS Set-up 
 

All dynamic simulations were solved in LS-DYNA, using an exported ANSYS file that 

was modified in LS-PrePost to accurately reflect the boundary condition of the 

dynamic analysis. The final exported keyword file from ANSYS was created using the 

Explicit Dynamics – LS-DYNA export feature. The model setup included a node merge 

group added to the mesh, gravity applied to the dragster, an initial dragster velocity 

of 270 mph (123 m/s), and an angled wall added to the geometry and meshed using 

solid elements. Because the wall is rigid and no deformation is expected, an arbitrary 

thickness of 4 inches was defined for the wall.  
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An additional model was exported from ANSYS for a frontal impact with the goal of 

testing the change of material cards from *MAT_ELASTIC to 

*MAT_PIECEWISE_LINEAR_PLASTICITY before testing the vehicle in a more complex 

angled impact model. The same conditions were applied in ANSYS, with the exception 

of the angled wall geometry.  

 

LS-DYNA Set-up 
 

LS-PrePost was used to edit the remaining portion of the boundary conditions that 

could not be defined in ANSYS. A rigid wall was setup for the ground plane and a rigid 

wall was set up for the frontal impact test, instead of a solid barrier. Figure 4-7 shows 

the model set-up for the frontal impact with both rigid walls defined.  

 

 

 

Figure 4-7: Frontal impact set-up with two rigid walls 

 

 To account for viscoplasticity in a high-speed jet dragster impact, Material Type 24, 

*MAT_PIECEWISE_LINEAR_PLASTICITY, was used to define the material properties for 

4130 Normalized Chromoly. The stress-strain curve used for the dynamic simulation 

of 4130 Chromoly is shown below.  
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Figure 4-8: 4130 Chromoly plastic behavior inputted in LS-DYNA (Shahabi, 2012) 

 

The material data for 4130 Chromoly was taken from research conducted on this 

material type for the crash analysis of a mini-baja vehicle. Table 4-2 shows the data 

points used to define the chromoly curve. 

 

Table 4-2: Stress-strain data for 4130 Chromoly (Shahabi, 2012) 

Strain Stress (Mpa) 

0.002 435.059 

0.097 539.728 

0.147 582.288 

0.197 615.591 

0.297 662.275 

0.496 717.723 

0.796 795.389 

0.976 826.605 

 

To define the concrete material properties for the barrier, the *MAT_RIGID material 

card was used. Table 4-3: Concrete material properties shows the properties that 

were input into the LS-DYNA. The barrier was constrained in all directions to prevent 

it from moving during impact.  
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Table 4-3: Concrete material properties (Concrete - properties.) 

Portland Cement Concrete 

 Metric English 

Young’s Modulus 1.4 x 109 Pa 203 ksi 

Poisson’s Ratio 0.20 0.20 

Density 2240 kg/m3 0.081 lb/in3 

 

 

Two types of contact were defined in the model for the angled impact: vehicle-to-

barrier contact and vehicle-to-vehicle contact. Other contact types were not defined 

in the model because the tires were not included on the dragster. As a result, the tire-

to-ground and tire-to-barrier contacts were not needed. The 

*AUTOMATIC_SINGLE_SURFACE card was used for the dragster’s internal contact and 

the static coefficient of friction for steel-to-steel was defined as 0.74 (Coefficient for 

static friction of steel.). The *CONTACT_AUTOMATIC_BEAM_TO_SURFACE card was 

used for the vehicle-to-barrier contact and the static coefficient of friction for steel-

to-concrete was defined as 0.35 (Atahan, 2006). The simulation was setup for four 

different angled walls: 15, 30, 45, and 60 degrees, shown in Figure 4-9.  

 

Figure 4-9: 15 degree impact (top left), 30 degree impact (top right), 45 degree impact 
(bottom left), 60 degree impact (bottom right) 
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Simulating the dragster impact at a variety of angles will show how angle affects 

impact severity. Additionally, the results can give insight as to which impact angle 

Elaine Larsen hit the wall during her accident in 2011. It is estimated from eye-

witnesses that Elaine hit the wall at an angle in the range of 45 to 60 degrees. 

However, the model was tested at a wider range to get an initial understanding of the 

model’s accuracy. The LS-DYNA model set-up is for a left side angled impact, while 

Elaine’s crash was a right side angled impact. However, due to vehicle and dragstrip 

symmetry, the LS-DYNA crash results are comparable. Because this chassis is a 

Generation Six chassis, this new design has never been tested on a race track and 

does not have any collected performance data. Additionally, previous jet dragster 

accident data has not been recorded or documented, and as a result, there is no 

baseline to compare these results to. However, the information in this model can be 

compared to the remaining front half of the wrecked car to see if the data is 

producing deformation and stresses in the correct magnitude to what was observed 

from the previous crash. The remains of this vehicle are currently the only method for 

validation of the simulation crash results. Once the deformation in the LS-DYNA 

model closely resembles the actual wrecked dragster, the accelerations of the vehicle 

can be extracted from the model and used for further analysis in the selection of a 

foam for the driver’s compartment.  
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Chapter 5   
Initial Results 

 

 

ANSYS Static Structural Model 
 

The results for the initial static structural analysis simulating a frontal impact are 

shown below. Figure 5-1 shows the total deformation of the dragster and Figure 5-2 

shows the maximum combined stress of the dragster.  

 

 

Figure 5-1: Total deformation of the static structural simulation 

 

According to the ANSYS results, the dragster experienced most of its deformation in 

the Z-direction, which can be expected in the static analysis since the rear of the 

dragster is fixed. Additionally, the dragster did not experience much yielding in this 

simulation. The majority of the yielding that the dragster did experience was at the 
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very front where the force was applied. The dragster is strongest in the axial direction 

because of the telescoping tubes incorporated into the chassis design. Therefore, it is 

expected that the dragster will experience more deformation and higher stresses at 

an angled impact than at a frontal impact.  

 

 

Figure 5-2: Maximum combined stress of the static structural simulation 

 

There is currently no method available to validate the results of the frontal impact 

static simulation due to the lack of crash data available for jet dragsters. However, the 

primary purpose of this ANSYS model was to get a working model that can be used for 

an angled impact static analysis, and that can be imported into LS-DYNA for a dynamic 

simulation. The set-up of this model allowed for the geometry of the chassis to be 

modeled in ANSYS, fine-tuning that removed pivot errors at the nodes, and keyword 

files to be created for the LS-DYNA analysis.  

 

LS-DYNA Crash Model 
 

Frontal Impact Model 
 

The frontal impact models in LS-DYNA were set-up to test the material properties of 

the dragster. Figure 5-3 shows the dragster with elastic material properties and Figure 
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5-4 shows the dragster with viscoplastic material properties. Simpler versions of the 

model previously tested had contact penetrations and unrealistic deformations. 

Therefore, these material properties were tested closely before increasing complexity 

in the model to ensure that the deformation of the dragster was realistic and to 

ensure that there were no initial contact issues. The two models show a distinct 

difference between the two material cards and are expected results for each type of 

model. The dragster with the viscoplastic material properties shows plastic 

deformation and severe crushing because of the strain-rate effects that are taken into 

account, unlike the elastic model. 

 

Figure 5-3: Dragster frontal impact with elastic material properties 

 

Figure 5-4: Dragster frontal impact with viscoplastic material properties 

 

Oblique Impact Model 
 

The variations in impact severity for the different angled walls were apparent in all 

four simulations. Impact angles ranging from 15 to 60 degrees were tested. Although 

this angle range is outside the 45 to 60 degree range mentioned previously, the 
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simulation needed to be tested at a wider scope to understand its accuracy. As the 

angle of impact increased, the dragster experienced substantially more damage, as 

expected, and is shown from Figure 5-5 to Figure 5-12.  

 

Figure 5-5: 15 degree impact 

 

The 15 degree impact angle was not enough to cause any severe damage to the 

dragster. As the front of the dragster impacted the wall, there was slight bending in 

the front frame rails which resulted in a small amount of bending to the rear frame 

rails.  After the initial impact, the dragster continued to slide along and brush the wall, 

leaving the dragster completely intact.  

 

The 30 degree impact is shown in Figure 5-6, Figure 5-7, and Figure 5-8. 
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Figure 5-6: 30 degree impact - early overhead view 

 

 

Figure 5-7: 30 degree impact - later overhead view 

 

The behavior of the dragster in the 30 degree impact was similar to the behavior of 

the dragster in the 15 degree impact, but at a much higher deformation. Immediately 

after the initial impact, the dragster began to collapse horizontally. As the dragster 

continued to slide along the wall, the chassis continued to collapse as it took the 

shape of the wall, shown in the overhead views in Figure 5-6 and Figure 5-7. The 

entire length of the dragster experienced severe deformation, collapsing as a result of 

the impact. The final deformation is shown in Figure 5-8.  
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Figure 5-8: 30 degree impact - final deformation 

 

The 45 degree impact is shown in Figure 5-9 and Figure 5-10. 

 

 

Figure 5-9: 45 degree impact – final deformation 

 

Again, the 45 degree impact showed similar behavior to the 15 and 30 degree 

impacts, especially the 30 degree impact, but at a much higher severity. The dragster 

impacted the wall, began collapsing, and continued to collapse down the entire length 

of the dragster as it moved along the wall. After the entire impact, the dragster was 
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left with no width in the front of the dragster and very little width in the rear of the 

dragster. The overhead view of the final deformation of the 45 degree impact is 

shown in Figure 5-10.  

 

 

Figure 5-10: 45 degree impact - overhead view of final deformation 

 

The 60 degree impact is shown in Figure 5-11 and Figure 5-12.  

 

 

Figure 5-11: 60 degree impact - overhead view early in simulation 
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Figure 5-12: 60 degree impact - final deformation 

 

The 60 degree simulation was the only simulation that showed the dragster crushing 

in on itself, as opposed from collapsing from side-to-side. The initial impact of the 

dragster resulted in front to rear crushing, absorbing most of the impact energy, 

preventing the dragster from sliding down the wall after the initial impact. The 

overhead view in Figure 5-11 shows the difference in how the dragster crushed during 

this simulation.  

 

The manner in which the chassis crushed in these simulations does not match the 

crash in 2011. During the 2011 accident, the back half of Elaine’s dragster rotated 

towards the wall for a second impact after the initial impact with the wall. This type of 

motion did not characterize any of the results of the LS-DYNA simulations. Instead, 

the dragsters in these simulations impacted the wall and continued to deform along 

the wall as the dragster slid along it.  

 

Actual Deformation vs. Model Deformation 

 

Additionally, the results of the angled impacts were compared to the deformation of 

the front half of the wrecked dragster to see if any of the LS-DYNA models showed 
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similar deformation. Visual assessment was the first mode of comparison and 

evaluation since numerical crash data is not available. The accuracy of the 

deformation of the vehicle can be an indication of the accuracy of the crash data. 

Pictures of the wrecked dragster are shown in Figure 5-13, Figure 5-15, Figure 5-16, 

and Figure 5-17. 

 

 

Figure 5-13: Front half of wrecked dragster 

 

 

 

Figure 5-14: Front view of LMS dragster 
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Figure 5-15: View from under the dragster 

 

Figure 5-16: Driver’s compartment 
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Figure 5-17: Bottom view – nose of dragster 

 

The pictures of the wrecked dragster show that severe deformation and yielding did 

not occur during the actual incident. The front half of the dragster remained mostly 

intact, with bending at multiple points at the bottom frame rails of the dragster. 

Additionally, the damage to the right front wheel assembly and the bend in the 

chassis at this point reveals that this part of the dragster was most likely the first part 

of the dragster to impact the wall as the dragster moved from the left lane of the 

dragstrip to the right wall. The only crash simulation that showed mild deformation, 

similar to the actual wrecked vehicle, was the 15 degree impact. All other angled 

impacts resulted in severe damage, and collapsing of the dragster from side-to-side. 

Therefore, the results of the LS-DYNA crash model are not realistic and cannot be 

used to extract accurate crash data, as a 15 degree impact angle is not plausible. As 

expected, additional factors needed to be taken into consideration to improve the 

reliability of the model.   
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Model Evaluation 
 

Although the current dynamic simulation gives some insight to the behavior of a jet 

dragster in a high-speed impact, its inaccuracy requires a closer look at factors that 

are affecting its reliability. 

 

Critical Vehicle Components 

 

Several key components on a jet dragster affect its behavior during an impact and 

were not included in the model thus far. The tires absorb energy when they impact 

the wall, and the friction between the tires and pavement and the tires and the 

barrier can significantly change the car’s response. The analysis of the wrecked 

dragster showed that the front tire was one of the first parts of the dragster to impact 

the wall, however, this is not accounted for in the LS-DYNA model. Additionally, the 

fuel tanks on the sides of the vehicle are designed to be energy absorbing structures 

in the case of an impact. The front wing and nose are also one of the first components 

to hit the barrier, and are also designed to absorb energy. In the driver’s 

compartment, the dash, the driver’s seat, and the pedal assembly are all components 

that add structural rigidity to the front half. The engine and the afterburner are both 

structures that add significant structural rigidity to the back half of the vehicle. 

Because of the complexity of these dragster components, it is not realistic to add 

them to the current crash model. However, these are factors that need to be 

considered in future research of jet dragster crash simulations.  

 

Weight Distribution 

 

The current simulation uses the bare jet dragster chassis for analysis. Research 

conducted by Altair Engineering on NASCAR vehicles crashing into a curved barrier 

has shown that vehicle inertia could play a role in the accuracy of a crash simulation.   
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To get a more complete model, mass blocks were added to the chassis to represent 

the different parts of the car that are omitted. Adding additional weight to the vehicle 

in the appropriate areas allowed for the weight distribution and center of gravity of 

the vehicle to more accurately portray the real jet dragster. This would produce 

results closer to an actual crash scenario because the rotational inertia is accounted 

for. Various weights of crucial parts of the vehicle were collected and modeled in the 

dragster.  

 

Model Validation 

 

After conducting a substantial amount of research on crash LS-DYNA crash 

simulations, significant emphasis was placed on developing crash models alongside 

full-scale crash test results to ensure model validity and accuracy. There are a variety 

of factors and variable that needs to be fine-tuned when building a crash simulation 

that can only be accomplished by comparing simulation results to real test results. 

Because this simulation is a new venture in the jet dragster industry, there is no 

previous test data, pictures of the crash, or videos available to assist in the 

development of the model. As previously mentioned, the only type of model 

validation that can be accomplished is through the use of pictures of the front half of 

the wrecked vehicle and through eyewitness accounts of people present during the 

accident. As a result, the data produced in the crash simulation should be viewed as 

baseline data until the model can continually be developed and compared to real 

world situations.   
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Chapter 6  
Model Revisions and Final Results 

 

 

ANSYS Static Structural Model 
 

After reviewing the results from the LS-DYNA simulations, additional factors needed 

to be considered in the next round of simulations. The static structural model of the 

jet dragster was adjusted to represent the dragster in an angled impact in order to 

represent a more realistic scenario.  Not only would an angled force be added to the 

simulation, but the weight of other components in the dragster would also be 

considered. This model was initially created to determine the ideal mechanical 

properties of foam to be implemented in the driver’s compartment. The previous LS-

DYNA simulations were not producing representative results, and therefore could not 

be used to determine ideal foam properties. Therefore, the focus of the revised static 

simulation is to analyze the deformation and stresses on the dragster.  

 

The first adjustment made to the static structural model was the application of an 

angled force to the front of the dragster. The dragster was simulated at a 45 degree 

impact, hitting the wall at 270 mph (123 m/s). The range of impact angles tested in LS-

DYNA were 15 to 60 degrees, in 15 degree increments. A 45 degree impact angle in 

both the static structural and dynamic simulations was determined to be a reasonable 

mid-range angle that had the possibility of producing realistic results since the 
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estimated angle range of the jet dragster accident in 2011 was between 45 to 60 

degrees. 

 

To simulate an angled impact, the impact force at the wall was split up into 

components, as shown in Figure 6-1. The impact force at the wall has both a normal 

force and frictional force. The frictional force, in this case, will be neglected since the 

normal force is significantly larger. As a result, the normal force can be split up into 

two components and be applied in the x and y-directions in ANSYS.   

 

 

Figure 6-1: Components of angled impact force 

 

In addition to the angled impact force, remote forces were applied in the z-direction 

throughout the dragster to represent the effects of the larger weighted components 

on the dragster. The remote forces included in this simulation represent the front and 

rear wheel assemblies, the driver and seat, the engine, the afterburner, the fuel tanks, 

the parachutes, and the parachute cans. The remote forces included in this simulation 

will not account for the rotational acceleration that the weight of these components 

could cause because it is a static simulation. However, the addition of the remote 

forces will affect the deformation and stresses on the vehicle. The set-up of the 

simulation is shown in Figure 6-2. 
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Figure 6-2: Static structural simulation set-up for 45 degree impact 

 
Results 

 

The total deformation and maximum combined stress were monitored in this 

simulation. Multiple views of the deformation of the dragster are shown in Figure 6-3, 

Figure 6-4, and Figure 6-5.  

 

 

Figure 6-3: Total deformation – front/side view 
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Figure 6-4: Total deformation - front view 

 

 

Figure 6-5: Total deformation - bottom view 

 

The maximum deformation in the static structural analysis was approximately 11.7 

inches. Although the deformation was high and the dragster showed excessive 

torsional bending, the shape of the deformation of the lower frame rails closely 

resembled the deformation of the actual wrecked vehicle. Figure 6-5 shows the 

bending of the lower frame rails at the front tip of the dragster. This is the type of 

bending shown on the wrecked dragster in Figure 6-6.  
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Figure 6-6: Bottom view of the wrecked LMS jet dragster 

 

The maximum combined stress is shown in Figure 6-7. The yield stress of 4130 

Normalized Chromoly is 63,100 psi. The stress analysis showed that most of the 

dragster exceeded the yield stress, resulting in permanent deformation of these 

tubes. However, the actual wrecked dragster showed that yielding did not occur as a 

result of the impact. Although additional weight made the simulation more realistic, 

there are other factors not considered in this simple static structural model. The only 

factors included in this simulation are the chassis geometry, the weight of critical 

components, and the angled force. Tires, friction, excluded vehicle components, and 

other factors discussed later in the chapter contribute to the reliability of the results.  

Therefore, the ANSYS deformation and stress analysis showed that the static 

structural simulation produced values that are greater than the 2011 crash. However, 

the shape of the bending that occurred in the ANSYS simulation showed that progress 

of the model was heading in the right direction.  
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Figure 6-7: Maximum combined stress of the dragster in ANSYS 45 degree angled impact 

 

The addition of weight in the static structural analysis did not result in a model that is 

accurate enough to extract crash data from. The static structural model is a preview 

of what is to be expected in the LS-DYNA model – the addition of weight resulting in 

significant deformation and yielding of the chassis.  

 

LS-DYNA Crash Model 
 

Additional Weight 
 

The ANSYS model with the afterburner added to the dragster was imported into LS-

DYNA to simulate the vehicle with the addition of weight in a dynamic simulation. 

Remote forces were used in ANSYS to simulate the weight of vehicle components, 

while in LS-DYNA, weight is simulated by applying mass elements to node sets.  The 

main vehicle components were added as mass elements on the dragster, such as, the 

seat and driver, the front and rear wheel assemblies, the engine, the parachutes and 

parachute cans, the fuel tanks, and the afterburner. Every other factor in the 

simulation remained the same as the previous LS-DYNA simulations, so that both 

models, with and without weight, could be compared.  
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Results 

 

The dragster with the addition of weight was tested at 45, 48, 52, and 60 degree 

impact angles, since these angles are in the range given from the 2011 accident. The 

deformation results are shown in Figure 6-8 to Figure 6-11. The addition of weight to 

the dragster drastically affected the results of the simulation, as expected. The 

additional weight of the dragster significantly increased the amount of deformation in 

the vehicle. Although adding additional weight to represent components omitted in 

the model creates a more realistic representation of the jet dragster, the results were 

not any closer to the remains of the wrecked dragster. As the dragster impacted the 

wall, the entire structure of the chassis crushed fairly close to its point of impact, and 

did not slide along the wall like the dragster in the previous simulations without the 

addition of weight. Even the lower angled impacts at 45 and 48 degrees destroyed the 

entire structure of the chassis. The actual jet dragster chassis remained intact with 

bending along the frame rails. As a result, other factors needed to be considered in 

this analysis.  

 

 

Figure 6-8: Jet dragster 45 degree impact with weight added as mass elements 

 

 



82 
 

 
 

 

Figure 6-9: Jet dragster 48 degree impact with weight added as mass elements 

 

 

 

Figure 6-10: Jet dragster 52 degree impact with weight added as mass elements 
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Figure 6-11: Jet dragster 60 degree impact with weight added as mass elements 

 

Slip Angle 
 

A factor that was not previously considered in the build-up of the jet dragster 

simulation is the slip angle of the vehicle.  The current model assumes that the entire 

velocity of the vehicle at 270 mph is headed in the x-direction, as shown in Figure 

6-12.  

 

 

Figure 6-12: Dragster velocity vectors in the x-direction during an angled impact 

 

However, as the dragster travels from the left to the right side of the dragstrip at a 

high speed, it is reasonable to assume that the dragster developed a slip angle which 

would play a role in this impact scenario. The slip angle is the difference between the 

angle that the vehicle is pointing, and the angle that the vehicle is heading (Milliken & 
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Milliken, 1995). Therefore, the slip angle was calculated using the information 

estimated from the actual accident.  

 

The width of the dragstrip, including both lanes, is approximately 60 feet. The 

estimated time that it took the dragster to cross from the left lane to the right wall is 

approximately one second. A diagram of a 45 degree angled impact on the dragstrip is 

shown below in Figure 6-13. 

 

 

 

Figure 6-13: Diagram of projected dragster motion during an angled impact. The purple 
arrow is the direction the vehicle is pointed and the red arrow is the actual direction the 

vehicle is traveling. 

 

The angles considered during the slip angle calculations are shown in Figure 6-14. 
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Figure 6-14: Angle diagram including the vehicle heading and slip angle 

 

The angle (theta) is the heading of the vehicle, the angle (alpha) is the slip angle, and 

the angle (phi) is the angle of the vehicle’s velocity. Using a 45 degree impact angle, 

d2, the distance that the dragster traveled to hit the right wall was calculated. Using 

this distance and a travel time of one second, the horizontal velocity of the vehicle 

was calculated as 44 mph.  

 

Figure 6-15: Phi angle diagram 

 

Using a dragster speed of 270 mph, the angle phi was calculated as 80.6 degrees. To 

find the slip angle, the vehicle’s heading, theta, is subtracted from phi. The calculated 

slip angle is approximately 35.6 degrees. Equation 1 was used to calculate phi and 

Equation 2 was used to calculate the final slip angle. 
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cosΦ =
𝑉𝑥

𝑉
      (3) 

 

𝛼 =  Φ −  θ     (4) 

 

In Figure 6-16, the impact angle is still 45 degrees, however, the components of the 

velocity change because of the newly accounted for slip angle.  

 

 

Figure 6-16: Slip angle diagram 

 

Using the slip angle, the new x and y velocity components of the dragster were 

calculated. The velocity in the x-direction is approximately 220 mph and the velocity 

in the y-direction is approximately 157 mph.  

 

This simulation was conducted for a variety of impact angles until the model closely 

resembled the deformation of the actual wrecked vehicle. The following simulations 

were conducted and compared in LS-DYNA: 

 Slip angle without additional weight on the dragster 

 Slip angle with additional weight on the dragster 

 

Results 

 

The impact simulations with slip angle and both with and without weight, were 

compared to the original LS-DYNA simulations without slip angle to determine the 
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effect of slip angle. The slip angle simulations were then compared to each other to 

determine the effect of the additional weight.  

 

The 45 degree impacts are shown in Figure 6-17 and Figure 6-18.  The addition of the 

slip angle in this analysis, for both the weighted and unweighted dragster, eliminated 

the excessive deformation that was seen in previous simulations. The deformation of 

the dragsters, in the simulations with slip angle, more closely resembled the 

deformation seen in the wrecked Larsen Motorsports jet dragster. Although there 

was bending along the frame rails of the chassis in both simulations, the entire 

structure of the chassis remained intact. Another major difference between the slip 

angle simulations and the previous simulations without slip angle is the movement of 

the dragster after impact. The dragster without slip angle impacted the wall and 

continued to crush near the initial point of contact with the wall. The dragsters with 

slip angle impacted the wall, and continued to slide along the wall as the dragster 

deformed.  

 

 

Figure 6-17: 45 degree – unweighted dragster – mid-simulation impact 
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Figure 6-18: 45 degree – weighted dragster – mid-simulation impact  

 

Figure 6-19 and Figure 6-20 show the dragsters’ points of contact with the wall. Both 

dragsters impacted the wall at the same point of contact. However, at the initial 

impact, the weighted dragster resulted in more deformation, which is also apparent 

in Figure 6-17 and Figure 6-18. The increased deformation for the weighted dragster 

shifted the contact point of the dragster and the wall to the first curved tubes as the 

dragster slid along the wall and continued to deform. The contact point of the 

unweighted dragster remained the same throughout the simulation, and resulted in 

less bending of the dragster’s frame rails, as the dragster slid along the wall.  

 

 

Figure 6-19: 45 degree impact - unweighted dragster - point of contact 
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Figure 6-20: 45 degree - weighted dragster - point of contact 

 

The weighted dragster remained in contact with the wall for a longer amount of time 

than the unweighted dragster, as they both slid along the wall. As the weighted 

dragster remained in contact with the wall, the front frame rails continued to deform. 

The unweighted dragster lost contact with the wall during the first third of the 

simulation, while the weighted dragster lost contact during the last quarter of the 

simulation. After losing contact with the wall, the back half of both dragsters rotated 

towards the wall for a second impact. As the front half of the unweighted dragster 

lost contact with the wall and the back half started rotating, the dragster became 

parallel with the wall before the second impact and remained about two feet away 

from the wall in its parallel position. On the other hand, the weighted dragster 

remained about a foot and a quarter away from the wall in its parallel position. The 

timing of this second impact was not affected by the weight in theses simulations – 

both dragsters impacted the wall in, approximately, the last quarter of the simulation. 

The addition of weight in the dragster resulted in a harder hit and more deformation 

to its back half. The final deformation for both dragsters are shown in Figure 6-21 and 

Figure 6-22. 
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Figure 6-21: 45 degree - unweighted dragster – final deformation 

 

 

 

Figure 6-22: 45 degree - weighted dragster – final deformation 

 

 

The 48 degree impact simulations are shown in Figure 6-23 and Figure 6-24.  
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Figure 6-23: 48 degree – unweighted dragster – mid-simulation impact 

 

 

Figure 6-24: 48 degree – weighted dragster – mid-simulation impact 

 

The unweighted dragster at a 48 degree impact showed deformation that was very 

similar to the LMS dragster. Although the dragster in this simulation showed slightly 

more deformation than the actual vehicle, the modeled dragster showed bending 

along the frame rails in the same locations. After the initial impact with the wall, the 

unweighted dragster did not show a lot of additional deformation as it continued to 

move. The dragster kept the same contact point (near the area of the left front tire) 

as it moved along the wall. As a result, the dragster experienced mild deformation 

throughout the simulation.  
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The weighted dragster at a 48 degree impact showed more deformation during the 

crash scenario, as expected. The frame rails in the front half of the weighted dragster 

started to collapse inward, shortly after the initial impact with the wall. This collapsing 

was the result of the side of the dragster continuing to contact the wall, as it slid 

along it, until the start of the driver’s compartment. Contact with the wall stopped at 

the onset of the driver’s compartment, and the dragster continued to slide along the 

wall at this contact point. The deformation and contact differences can also be seen in 

the mid-simulation overhead views of the dragsters in Figure 6-25 and Figure 6-26.  

 

 

Figure 6-25: 48 degree – unweighted dragster – overhead view 
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Figure 6-26: 48 degree - weighted dragster - overhead view 

 

The unweighted 48 degree dragster remained in contact with the wall longer than the 

unweighted 45 degree simulation, but still less than the weighted 48 degree 

simulation. The back end of the unweighted dragster rotated toward the wall for 

impact much quicker than the 45 degree simulations. The final impact of the back half 

of the dragster was a more severe impact than the 45 degree simulation, and resulted 

in slightly more deformation. The final deformation is shown in Figure 6-27.  

 

 

Figure 6-27: 48 degree - unweighted dragster - final deformation 
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The weighted dragster at a 48 degree impact remained in contact with the wall for 

approximately the same amount of time as the weighted dragster at a 45 degree 

impact. Additionally, the back half of the dragster impacted the wall quicker than the 

45 degree simulation and at a higher severity, resulting in a significant amount of 

collapsing. Like the 45 degree simulations, the weighted dragster was closer than the 

unweighted dragster to the wall before the second impact, which resulted in more 

deformation.  Overall, the 48 degree impact with added weight resulted in significant 

amount of deformation on the dragster, and is shown in Figure 6-28.  

 

 

Figure 6-28: 48 degree - weighted dragster - final deformation 

 

The 52 degree simulations are shown in Figure 6-29 and Figure 6-30.  
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Figure 6-29: 52 degree - unweighted dragster - mid-simulation impact 

 

The unweighted dragster at a 52 degree impact behaved similarly to the weighted 48 

degree simulation. After the initial impact, the dragster continued to deform as the 

front of the dragster moved along the wall. The driver’s compartment remained intact 

as all of the significant deformation remained in front of it.   

 

 

Figure 6-30: 52 degree - weighted - mid-simulation impact 
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The weighted dragster at a 52 degree impact crushed quicker and began to show 

damage to the driver’s compartment. In this simulation, the entire driver’s 

compartment eventually came into contact with the wall as the contact point shifted 

on the dragster as it slid down the wall. The overhead views of the dragsters during 

impact in Figure  6-31 and Figure 6-32 show how much of each dragster came into 

contact with the wall before the back end of the dragster rotated around for the 

second impact.  

 

The weighted dragster at 52 degrees was the first simulation to show the dragster 

remaining in contact with the wall, as it continued to slide, for the entire duration 

leading up to the second impact. Other simulations showed the dragster releasing 

contact from the wall for a short interval before the back half impacting the wall. 

Because of the extended contact with the wall, the front half of the dragster showed 

bending in the shape of an arc. The back ends of the dragsters in both 52 degree 

simulations, rotated and impacted quicker than in the previous simulations, resulting 

in harder hits and more deformation. 

 

 

Figure  6-31: 52 degree - unweighted – overhead view 



97 
 

 
 

 

 

Figure 6-32: 52 degree - weighted – overhead view 

 

Additionally, these views show that both dragsters experienced bending in similar 

locations, with the weighted dragster showing a greater severity at these bending 

points. The final deformation for both dragsters are shown in Figure 6-33 and Figure 

6-34. 

 

 

Figure 6-33: 52 degree - unweighted - final deformation 
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Figure 6-34: 52 degree - weighted - final deformation 

 

Lastly, the 60 degree simulations are shown in Figure 6-35 and Figure 6-36. These 

simulations did not behave similarly to any of the previous simulations. The 

unweighted 60 degree simulation is the first unweighted simulation to show a total 

collapse of the front half of the dragster. Additionally, the dragster began to show 

damage to the driver’s compartment because of its contact with the wall due to the 

immediate collapse of the front half. This contact is shown in the overhead view 

shown in Figure 6-37. Although the dragster showed increased deformation at impact, 

the dragster did not remain in contact with the wall throughout the entire simulation. 

The dragster lost contact with the wall approximately halfway through the simulation, 

before the backend rotated around for the second impact.  
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Figure 6-35: 60 degree - unweighted - mid-simulation 

 

The weighted 60 degree simulation was the first simulation to show that dragster 

crushing in on itself. Other simulations showed the dragster deforming as the left 

frame rail slid along the wall. However, this simulation showed the dragster crumpling 

and not retaining any of its initial shape. After the crushing of the front of the 

dragster, the dragster began to rotate and the driver’s compartment also collapsed as 

it came in contact with the wall, which can also be seen in the overhead view in Figure 

6-38.   

 

 

Figure 6-36: 60 degree - weighted - mid-simulation 
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Figure 6-37: 60 degree - unweighted - overhead view 

 

After the collapsing of the driver’s compartment, the back half of the dragster began 

to show severe bending. The dragster did not lose contact with the wall at any point 

in this simulation, which resulted in this extreme deformation. Because half of the 

dragster’s rear was damaged before its second impact, there was not much of the 

dragster intact to swing around for a substantial impact. Much of the momentum and 

energy went into the continual crushing of the dragster. As a result, the back end of 

the dragster remained intact after the final impact. The final deformation for the 60 

degree, weighted and unweighted, simulations is shown in Figure 6-39 and Figure 

6-40.   

 



101 
 

 
 

 

Figure 6-38: 60 degree - weighted - overhead view 

 

 

Figure 6-39: 60 degree - unweighted - final deformation 
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Figure 6-40: 60 degree - weighted - final deformation 

 

Overall, introducing slip angle into the simulations resulted in chassis deformation 

that more closely resembled the actual deformation of the LMS dragster. The trends 

in these simulations showed that a higher impact angle resulted in the back half of the 

dragster rotating around for a second impact quicker than a lower impact angle, 

resulting in a harder impact and more deformation to the dragster, with the 

exception of the 60 degree weighted dragster. Additionally, a higher impact angle 

resulted in the dragster crushing in on itself at the initial impact, as opposed to the 

dragster deforming as it slides along the wall. 

 

The addition of weight to the dragster resulted in the front half of the dragster staying 

in contact with the wall for a longer period of time before the back half rotated 

around for a second impact. Additionally, the added weight kept the dragster closer 

to the wall when it lost contact as it was rotating, which also resulted in a harder 

impact from the back half. Increasing both the weight and impact angle caused a 

larger section of the dragster to come into contact with the wall as it slid along the 

wall after the initial impact, resulting in significantly more deformation. 
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After determining the trends of simulations with the addition of slip angle and the 

change in weight and impact angle, the deformation of the dragsters was analyzed 

closely to determine the impact angle of the 2011 LMS accident. Out of the four 

impact angles simulated, the simulation that most closely resembled the wrecked 

LMS dragster was the weighted 45 degree impact. However, because the deformation 

in this simulation still exceeded the deformation of the LMS dragster, the weighted 

dragster was tested at lower impact angles until the deformations matched more 

closely. Figure 6-41 and Figure 6-42 show figures of the dragster at the next impact 

angle simulated, 44 degrees. 

 

 

Figure 6-41: 44 degree - weighted - overhead view 

 

The overhead view of the dragster in Figure 6-41 shows the bending of the front 

frame rails during impact. This bending is characteristic of the bending shown in the 

ANSYS simulation, as well as the bending of the frame rails of the LMS dragster. 

However, after looking at the final deformation of the dragster, shown in Figure 6-42, 

the deformation of the front half of the dragster still exceeded the actual dragster. 

This excessive bending was due to the continual contact of the front half of the 

dragster with the wall throughout the simulation.  
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Figure 6-42: 44 degree - weighted - final deformation 

 

As a result, the dragster was simulated at a 43 degree impact, shown in Figure 6-43 

Figure 6-46, and Figure 6-45.  

 

 

Figure 6-43: 43 degree - weighted - overhead view 
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Figure 6-44: 43 degree - weighted - final deformation 

 

 

Figure 6-45: 43 degree - weighted – final bottom view 

 

These figures both show bending that resembled the LMS dragster. The frame rails of 

the dragster in this simulation showed mild bending at both the initial impact and 

after the final impact. The back half of the dragster did not show any clearly visible 

deformation, due to a weakened second impact, which did not match the eyewitness 

accounts of the accident. Any impact angle lower than 43 degrees would result in a 

second impact that is not representative of the LMS accident. However, because this 

is the first simulation that showed bending of the simulated dragster’s front half that 
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resembled the LMS dragster’s front half, this impact angle can be concluded as the 

lower bound of the range of impact angles for the 2011 LMS accident.  

 

The simulations selected for the acceleration analysis were the 45 and 48 degree 

impacts. Although the dragsters in these analyses showed more deformation than the 

actual vehicle, these simulations are expected to be more representative of the actual 

accident. Several additional factors were not accounted for in the LS-DYNA 

simulations that changed the behavior of the dragster during impact. Figure 6-46 

shows a front view of the LMS dragster involved in the high-speed crash in 2011.  

 

 

Figure 6-46: Front view of the wrecked LMS jet dragster 

 

The damage and deformation in this picture reveals that the right front tire absorbed 

a significant amount of damage during the initial impact with the wall. As the vehicle 

impacted the wall, the right-front tire came off of the rim and caused deformation to 

the wheel assembly. (As previously mentioned, the LS-DYNA simulation modeled a 

left side impact, while the actual vehicle experienced a right side impact. These 

simulations are comparable because of the dragster’s symmetry.) The LS-DYNA 

simulations showed that the initial point of contact with the wall in all of the 

simulations was near where the left-front tire would be on the vehicle. It can be 

inferred that if a left-front tire was present in the vehicle’s model, it would reduce the 
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damage caused from the initial impact and it would reduce the damage to the frame 

rails that resulted when the dragster continued to slide down the wall.  

Although there is no dragster back half to compare the simulations to, it can be 

inferred that the presence of the engine, afterburner, and tires in the vehicle’s model 

would reduce the deformation seen in the rear of the dragster because of their 

structural rigidity. Eyewitnesses of the accident in 2011 said that when the back end 

of the dragster rotated for the second impact, the rear tire and wheel assembly 

detached itself from the vehicle and flew over the dragster because of the high 

impact forces. This shows that the rear tire assembly took a large part of the impact, 

absorbing energy, and reducing the deformation of the chassis. Additionally, the 

structural rigidity of the engine and the afterburner would prevent the collapsing of 

the rear frame rails during impact. Therefore, selecting the 45 and 48 degree impacts 

for further analysis would account for the more severe accelerations experienced 

during the 2011 accident.  

 

Acceleration Analysis 
 

In order to extract the acceleration curves from the LS-DYNA simulations, a set of 

nodes in the driver’s compartment were monitored throughout the simulation. The 

nodes that were selected represent an area on the chassis where the driver’s knees 

are likely to come into contact with during an accident. This is the area where foam 

can be placed to help protect the driver. The acceleration data was collected from the 

weighted 45 and 48 degree simulations. The acceleration data was found by 

differentiating the resultant velocity curves for the selected nodes in LS-DYNA. The 

unfiltered acceleration data is shown in Figure 6-47 and Figure 6-48.  
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Figure 6-47: Unfiltered acceleration (m/s2 vs. sec) data for 45 degree simulation 

 

 

Figure 6-48: Unfiltered acceleration (m/s2 vs. sec) data for 48 degree simulation 

 

The acceleration data was filtered, using a Butterworth filter in LS-DYNA, to get the 

data into a usable form for the mass-spring-damper model. The filtered acceleration 

data is shown in Figure 6-49 and Figure 6-50. 
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Figure 6-49: Filtered acceleration (m/s2 vs. sec) data for 45 degree simulation 

 

 

Figure 6-50: Filtered acceleration (m/s2 vs. sec) data for 48 degree simulation 

 

Both acceleration curves showed similar behavior throughout the simulation, with the 

48 degree simulation showing higher acceleration values, as expected. The largest 

spike in acceleration occurred when the back end swung around and impacted the 

wall. This occurred at approximately 0.2 seconds for the 45 degree simulation, and 

0.17 seconds for the 48 degree simulation. Because this is the most severe part of the 

accident and the acceleration curve shows a distinct peak in acceleration, this part of 

curve was isolated for analysis in the mass-spring-damper model.  
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The acceleration curves were also plotted in g’s in order to compare it to crash data 

available in other forms of racing. These curves are shown in Figure 6-51 and Figure 

6-52. 

 

 

Figure 6-51: Acceleration data, in g’s, for 45 degree simulation 

 

 

Figure 6-52: Acceleration data, in g’s, for 48 degree simulation 
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Figure 6-51 shows that the peak acceleration for the 45 degree impact is 

approximately 46 g’s and Figure 6-52 shows the peak acceleration for the 48 degree 

impact is approximately 63 g’s. This data was compared to acceleration data collected 

for crash tests conducted on NASCAR stock cars for the evaluation of the SAFER 

barrier. Crash data is typically not readily available in motorsports, however, this data 

was made available to show how the installation of the SAFER barrier at a large 

number of race tracks has reduced impact severity and driver injury. Figure 6-53 

shows the accident data for high severity, frontal, oblique impacts into concrete outer 

walls. 

 

 

Figure 6-53: Crash data for stock cars during a frontal, oblique impact (Bielenberg et al., 
2004) 

 

Driver G impacted the wall, leaving turn one on a ¾ mile short track, with the right 

front corner of his stock car (Bielenberg et al., 2004). Driver H impacted the wall, 

between turns 3 and 4 on a 1.5 mile tri-oval track, also with the right front corner of 

his car (Bielenberg et al., 2004). The peak resultant acceleration experienced by Driver 

G was 75.6 g’s and 76.0 g’s for Driver H. Although this data is taken from another form 



112 
 

 
 

of racing, the data shows that the acceleration data collected from LS-DYNA is well 

within the range of actual crash data. Other acceleration data collected from different 

types of stock car accidents showed the drivers experiencing accelerations of over 120 

g’s. As a result, it can be concluded that the LS-DYNA acceleration data is reasonable 

and can be used for further analysis in the mass-spring-damper model.  
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Chapter 7  
Mass-Spring-Damper Model 

 

 

Simulink Modeling 
 

The mass-spring-damper system modeled for the analysis of foam in the dragster’s 

driver’s compartment is shown in Figure 7-1. Lumped parameter models have been 

used frequently to model car crash performance in industry, and was selected for this 

particular analysis because of its simplicity and reliability in the modeling of impact 

scenarios. This model was used to determine how the implementation of Florida Tech 

foams in a jet dragster’s driver’s compartment will affect the accelerations 

experienced by the driver. Additionally, this model was used to determine the ideal 

foam for driver protection in an angled jet dragster impact scenario.  

 

 

Figure 7-1: Base-excitation mass-spring-damper model 
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The equation of motion modeled in Simulink for this system is: 

mẍ + cẋ + kx = cẏ + ky     (5) 

where m is the mass of the driver’s lower legs, c is the damping coefficient of the 

foam, k represents the nonlinear spring, and y is the displacement of the chassis 

during impact. The initial Simulink model is shown in Figure 7-2. 

 

 

Figure 7-2: Mass-spring-damper Simulink model 

 

Parameters  
 

The first parameter needed for this model, m, was found by estimating the mass of 

the lower legs of the driver. This mass was used for the analysis since the area of the 

driver’s compartment that was monitored was the area where the driver’s knees will 

likely come into contact with the chassis. The next parameter, y, was found using the 

data collected in LS-DYNA. Because the acceleration curves were collected during the 

LS-DYNA simulation, this data was integrated twice in order to get y, the displacement 
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of the chassis during impact. The acceleration curve that was used for the mass-

spring-damper analysis was taken from the weighted 45 degree impact simulation, 

previously discussed in Chapter 6. This curve is shown again in Figure 7-3. 

 

 

Figure 7-3: Acceleration curve from the LS-DYNA weighted 45 degree impact 

 

The most severe crash pulse occurred between 0.19 seconds and 0.205 seconds, 

when the back end of the dragster rotated and impacted the wall. The part of the 

acceleration curve selected for input into the model was from time 0.15 seconds to 

0.23 seconds in order to capture this crash pulse, and the accelerations before and 

after it.  Additionally, the highest peak acceleration was selected so that a worse case 

scenario could be analyzed, and the foam could be designed for the most critical part 

of the accident.      Figure 7-4 shows the magnitude of the final acceleration curve 

inputted into the Simulink model for integration. 
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     Figure 7-4: Selected range of accelerations used for the mass-spring-damper analysis 

 

Next, the nonlinear spring for each foam was accounted for by using the force-

displacement curves collected during impact testing. Using the force-displacement 

curves in the mass-spring-damper analysis allowed for the nonlinear behavior of the 

foam to drive the results of the simulation. The force-displacement curves for the 

nine foams tested in the analysis are shown in Chapter 3, Figure 3-19. By using the 

force-displacement curves from the impact testing, the assumption was made that 

the impact area is the same in all three simulations. Additionally, the curves are 

specific to the thickness that the foams were tested at, 76.2 mm (3 inches). Therefore, 

the foam recommended for the driver’s compartment was for the use of a 76.2 mm 

thick piece of foam. 

 

The last parameter needed for the model is the damping coefficient. The data 

collected during the impact testing was not designed to measure damping and could 

not be used to estimate damping coefficients. After reviewing outside literature, 

estimates of damping coefficients for low-density polyurethane foams could not be 

found. As a result, damping was not included in the simulation.  
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Results: Florida Tech Foams 
 

The foam deflection, the time that the foam bottomed out, and the peak acceleration 

experienced by the driver during impact are shown for each foam in Table 7-1. As 

previously mentioned, the foams used had a thickness of 76.2 mm (3 inches).  

Polyurethane foams typically compress up to 80% before they begin to bottom out, 

and as a result, the foams were determined to bottom out if they compressed greater 

than approximately 60.96 mm (Schueneman). The maximum acceleration that the 

chassis experienced was 450.48 m/s2. Therefore, when the foams bottomed out 

during the simulations, the acceleration transmitted to the driver was 450.48 m/s2.  

 

Table 7-1: Simulink data for the nine Florida Tech foams  

 

* Foam did not bottom out but rebounded at this time 

 

The foams at the top of Table 7-1 are the softer foams and the foams at the bottom of 

the table are the harder foams. As the hardness of the foam increased, the deflection 

of the occupant impacting the foam decreased. The deflection of the foam ranged 

from 51.56 mm to 69.64 mm, (2.03 in to 2.74 in). According to these deflection 

values, all of the foams bottomed out except the last three foams, LM236, LM271, 

and LM290. However, the acceleration data showed that these foams still exhibited 
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behavior as if the foams bottomed out at 0.054, 0.055, and 0.059 seconds, due to the 

foam rebounding. At these times, the driver experienced a significant spike in 

acceleration, resulting in the foam failing to protect the driver for the remainder of 

the impact event. As the hardness of the Florida Tech foams increased, the foam 

reduced the accelerations of the impact for a longer portion of the impact. However, 

even the hardest Florida Tech foams could not reduce accelerations for the entire 

0.075 seconds of the impact. Although this analysis showed that the three hardest 

foams did not perform well the entire impact, the rebounding of these foams may not 

be a concern due to the lack of damping in the model. If the damping coefficient, c, 

did not equal zero, the rebounding of the foams may not have been an issue due to 

the effect that damping has on the foams’ behavior. However, according to the 

model’s results, it was still concluded that none of the Florida Tech foams provided 

sufficient driver protection for the entire duration of the impact.  

 

The Simulink output curves for acceleration and position using foams bun8, the 

softest Florida Tech foam, and LM290, the hardest Florida Tech foam, are shown in 

Figure 7-5, Figure 7-6, Figure 7-7, and Figure 7-8.  

 

 

Figure 7-5: Accelerations of the chassis and the driver using foam bun8 
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The accelerations in Figure 7-5 show that bun8 reduced the accelerations experienced 

by the driver until approximately 0.50 seconds, two-thirds of the impact event. As 

previously mentioned, the foam bottomed out at this point, causing a spike in 

acceleration and producing data that is not interpretable after this instance. Figure 

7-6 shows the deflection of bun8 during the impact. The foam bottomed out at 

approximately 0.050 seconds, when the deflection reached 15.24 mm.  

 

 

Figure 7-6: Deflection of the foam, bun8 

 

The accelerations in Figure 7-7 show that LM290 produced higher accelerations 

earlier in the impact than bun8 due to the harder nature of the foam. A harder foam 

results in less deflection of the foam, causing higher accelerations to be transmitted 

to the driver. However, because LM290 is harder than bun8, it protected the driver 

for a longer duration of the impact. Because LM290 started to rebound after 0.059 

seconds, it was still not ideal for driver protection.   
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Figure 7-7: Accelerations of the chassis and the driver using foam LM290 

 

Figure 7-8 shows the deflection of LM290 during the impact. The foam reached a 

deflection of 51.56 mm, which means that theoretically the foam did not bottom out. 

However, the foam still began to show rebound after 0.060 seconds, resulting in a 

spike in acceleration.  

 

 

Figure 7-8: Deflection of the foam, LM290 
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All of the foams between bun8, the lower bound, and LM290, the upper bound, 

resulted in acceleration and deflection curves between the bounds of these two 

foams. The trends of the curves of the other foams were similar to the trends shown 

in bun8 and LM290, but at varying magnitudes.  

 

The Ideal Energy Absorber 
 

Because none of the Florida tech foams were sufficient for driver protection for the 

impact scenario tested, the force-displacement curves of the foams were modified to 

create the ideal energy absorbing foam. An ideal energy absorber is defined as “one 

which maintains the maximum allowable retarding force throughout the stroke, apart 

from elastic loading and unloading effects (Jones, 2012). In other words, when 

protecting a driver in an impact scenario, the decelerating force should be limited to a 

particular value in order to prevent the driver from experiencing transmitted forces 

that could result in injuries (Zimmermann, Warrick, & Lane, 1989). The ideal energy 

absorbing system is the one that requires the smallest displacement. Therefore, a 

constant-force system is considered the ideal energy absorber, and is shown in Figure 

7-9. 

 

 

Figure 7-9: Ideal energy absorber force-displacement plot (Zimmermann et al., 1989) 
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The Florida Tech foams were modified to resemble an ideal energy absorber. The 

slope of the initial linear regions were increased and the plateau regions were 

increased and extended, as well, in order to model a constant force-displacement 

curve.  

 

Results: Theoretical Foams 
 

Ideal Foam – 76.2 mm (3 inches) 

 

To improve the performance of the foam in the driver’s compartment, several 

modified foams were tested. The force-displacement curves of these foams are 

shown in Figure 7-10 and were compared to a couple of the softer Florida Tech foams 

and harder Florida Tech foams, also shown on the plot.   

 

 

Figure 7-10: Force-deflection curves for theoretical foams  

 

Figure 7-11 is the same force-deflection plot closer up, showing the differences in the 

plateau regions of the foams tested.  
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Figure 7-11: Force-displacement curves for theoretical foams, close up 

 

The results for the four theoretical foams, plotted in Figure 7-10, are shown in Table 

7-2. The table shows the maximum force used for the plateau region, the total 

deflection of the foam, and the peak acceleration that the driver experienced. The 

maximum force was adjusted until the lowest peak acceleration was achieved before 

bottoming out the foam. The foam bottomed out once it reached a deflection value of 

approximately 60.96 mm. The ideal energy absorbing foam was ideal9. This foam 

reached the lowest possible acceleration with a deflection approaching the bottom 

out value. The acceleration and deflection plots of this foam are shown in Figure 7-12 

and Figure 7-13.  

 

Table 7-2: Results of theoretical foams 
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Figure 7-12: Acceleration of the driver and chassis using foam ideal9 

 

The acceleration plot shows that the ideal foam prevented the driver from 

experiencing any acceleration above 105 m/s2, and it sustained this acceleration 

throughout the duration of the accident. The deflection plot shows that the foam was 

deflected from 76.2 mm to 17.33 mm, the maximum possible deflection before the 

foam would start to bottom out.  

 

 

Figure 7-13: Deflection of the foam, ideal9 
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Although foams ideal1 and ideal5 also prevented the driver from experiencing high 

accelerations, the acceleration data resulting from these foams showed fluctuations. 

Figure 7-14 shows the acceleration data from ideal5. 

 

 

Figure 7-14: Acceleration of the driver and chassis using foam ideal5 

 

The acceleration fluctuations for the foam ideal1 were similar to the fluctuations for 

the foam ideal5, but at a higher magnitude. A foam that results in minimal drastic 

changes in acceleration, like ideal9, provides better protection for the occupant 

during an impact.  

 

Figure 7-15 shows the foam ideal9 plotted with the two softest Florida Tech foams 

and the two hardest Florida Tech foams to show how the ideal foam compares. It was 

concluded that this was the ideal foam, at a 76.2 mm thickness, for an angled jet 

dragster impact.  
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Figure 7-15: The ideal foam, ideal9, compared to other Florida Tech foams 

 

Ideal Foam – 25.4 mm (1 inch) 

 

Because the force-displacement curves were tested at a 76.2 mm thickness, the ideal 

foam recommendation, ideal9, is specifically for a 76.2 mm thick piece of foam in the 

driver’s compartment. A more realistic piece of foam in a jet dragster’s driver’s 

compartment would measure about 25.4 mm thick, due to space limitations. 

Therefore, the same base excitation model and process was used to determine an 

ideal foam with a thickness of 25.4 mm. Figure 7-16 shows the ideal foam, ideal4, for 

this particular thickness. Foam ideal4 was plotted with ideal9 to show how these 

force-displacement curves compare since no force-displacement curves are available 

for 25.4 mm pieces of foam. A performance summary of the foam, ideal4, is shown in 

Table 7-3. 
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Table 7-3: Results for foam ideal4 

 

 

The maximum force used for the plateau region of the force-displacement curve was 

2450 N. This force was almost three times higher than the force used for ideal9, which 

was expected. As the thickness of the foam decreases, the plateau region is expected 

to increase since there is a smaller stroke, or displacement, length to absorb energy. 

The bottom out deflection for foam with a 25.4 mm thickness is 20.3 mm. The foam 

ideal1 is just short of bottoming out, and is the single foam that produced the lowest 

peak acceleration at the greatest deflection value.  

 

 

Figure 7-16: Ideal4 and ideal9 force-displacement curves 

 

The acceleration and deflection curves from the analysis using the foam ideal4 are 

shown in Figure 7-17 and Figure 7-18. 
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Figure 7-17: Accelerations of the driver and chassis using foam ideal4 

 

The acceleration plot shows that although ideal4 is the ideal energy absorber for this 

particular impact, the driver still experienced high accelerations in the driver’s 

compartment. Using this foam will make a difference in the accelerations that are 

transmitted to the driver, however, an ideal 25.4 mm thick foam will still not provide 

ideal driver protection due to the severity of the impact and the small stroke length of 

the foam. To improve the performance of the foam in the driver’s compartment, a 

thicker foam would need to be implemented.  

 

Figure 7-18 shows the deflection of the foam during the analysis. The foam reached a 

thickness of 5.31 mm before the foam began to rebound. All of the force-

displacement curves tested resulted in rebound of the foam towards the end of the 

impact scenario. This particular foam resulted in the foam protecting the driver for 

the longest duration of the impact by delaying the rebound of the foam.  
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Figure 7-18: Deflection of the foam, ideal4 

 

It was concluded that the foam ideal9 performed well, at a 76.2 mm thickness, by 

significantly reducing the accelerations transmitted to the driver. Most of the Florida 

Tech foams that had longer plateau regions were well below the maximum plateau 

force used for this ideal foam. The Florida foams that did have higher plateau regions 

comparable to the ideal foam had shorter plateau regions, causing them to fall short 

in performance.  

 

For a 25.4 mm thick foam, the foam ideal4 was the best performing foam that did not 

bottom out during impact. Although this foam did reduce transmitted accelerations to 

the driver, a foam with a small thickness was not capable of making a significant 

difference in reducing accelerations during the impact. If possible, a thicker foam 

should be used in the more critical areas of the driver’s compartment to better 

protect the driver.  
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Chapter 8  
Conclusions and Future Work 

 

 

Discussions and Conclusions 
 

In this thesis, the modeling and analysis of an oblique, high-speed jet dragster impact 

was discussed. Additionally, the implementation of energy-absorbing foam in the 

dragster’s driver’s compartment was simulated to analyze how it could improve driver 

safety during a crash. The jet dragster crash simulation modeled was a reflection of 

the Larsen Motorsports accident in 2011, where the jet dragster hit the wall at 280 

mph between a 45 to 60 degree angle. The purpose of this research was to 

understand the accelerations experienced by the driver and how to reduce these 

accelerations using a newly created energy-absorbing foam. Because jet racing is a 

very small industry, jet dragster crash simulations have not previously been modeled, 

and crash data is not readily available for this type of racing. Therefore, the 

simulations modeled after the 2011 LMS accident are a new venture into the jet 

racing industry. Additionally, increased padding and protection in the driver’s 

compartment of a high-performance vehicle is standard in most forms of racing. 

However, jet dragsters typically only include the safety protection that is required by 

the sanctioning bodies, and nothing more. As a result, the analysis of the crash 

simulations can help jet racing teams understand the importance of increased driver 
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protection, what the ideal foam is for a high-speed impact in a jet dragster, and how it 

is capable of reducing accelerations in the driver’s compartment.  

 

The jet dragster and foam analysis were divided into two separate models due to the 

added complexity of modeling foam, a driver, and restraints into a dragster’s chassis 

in LS-DYNA for a high-speed impact. The jet dragster analysis was conducted primarily 

in LS-DYNA using a modeled Larsen Motorsports Generation Six chassis. A new 

energy-absorbing flame retardant foam, produced by Florida Tech students and 

faculty, needed to be mechanically characterized to understand how it would perform 

in real-world applications.  Therefore, the foam analysis was conducted using impact 

testing, and a Simulink mass-spring-damper model was used to analyze its 

performance.  

 

In Chapter 3, the mechanical properties of a newly created fire-retardant foam were 

characterized by using two types of testing: quasi-static testing and dynamic impact 

testing. These types of tests were conducted in order to characterize the strain-rate 

sensitivity properties of the fourteen tested foams. The stress-strain curve for each 

foam was plotted and compared to understand the mechanical differences between 

the softer and the stiffer foams, as well as the affect that the strain-rate properties on 

the plotted curves.  

 

In Chapter 4, the setup of the Larsen Motorsports jet dragster crash simulations, 

modeled in ANSYS and LS-DYNA, were discussed. A static structural frontal impact was 

set-up in ANSYS in order to begin the crash analysis with the simplest case. This model 

allowed for the fine-tuning of the simulation by eliminating contact and mesh issues, 

and preparing a dragster model to be exported into LS-DYNA. A dynamic, frontal 

impact was also set-up in LS-DYNA to ensure that the viscoplastic material properties 

behaved correctly. Additionally, angled impacts of 15, 30, 45, and 60 degrees were 



132 
 

 
 

set-up to show how impact angle affects crash severity and to test the accuracy of the 

model by comparing it to the remains of the wrecked Larsen Motorsports jet dragster.  

 

In Chapter 5, the results of the ANSYS and LS-DYNA simulations were presented. The 

ANSYS frontal impact confirmed that the dragster is strongest in the axial direction 

because of the telescoping tubes incorporated into the chassis design. The frontal 

impact in LS-DYNA confirmed that the viscoplastic material properties of the dragster 

behaved as expected. And lastly, the angled impacts showed that increasing the angle 

of impact significantly increased the deformation of the dragster. All impacts greater 

than 15 degrees resulted in extreme deformation to the dragster, collapsing from side 

to side and crumpling the entire front half of the dragster. Comparing these 

simulations to the LMS jet dragster showed that the LS-DYNA models were not 

producing accurate results and additional factors needed to be considered.  

 

In Chapter 6, the revisions made to the static structural and dynamic models were 

discussed and the results were presented. Additional weight was added to both the 

ANSYS and LS-DYNA simulations.  The static structural simulation tested a 45 degree 

impact angle and the LS-DYNA simulations tested at a 43, 44, 45, 48, 52, and 60 

degree impact angles. The addition of weight resulted in higher deformation and 

stress values, and models that were not producing reliable data. As a result, slip angle 

was factored into the crash simulations to produce a more realistic model. The results 

showed that the combination of slip angle and weight produced results similar to the 

2011 accident. A set of nodes in the driver’s compartment near the driver’s knee was 

monitored so that acceleration data could be collected. This area was chosen because 

it is likely to come into contact with the driver during an impact and cause injury due 

to its lack of padding. The acceleration curves were then used for the foam analysis in 

Chapter 7.  
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In Chapter 7, a base excitation mass-spring-damper model used to analyze the effect 

of energy-absorbing foam in the driver’s compartment was discussed. This model tied 

the data collected from the foam impact testing to the acceleration data collected in 

LS-DYNA. This system was modeled in Simulink to show how the Florida Tech foams 

performed in high-speed impact crash scenarios. Theoretical, ideal foams were also 

tested in this model to determine the optimal foam for driver protection.  

 

Based on the results presented in Chapters 6, it was concluded that the angle of 

impact of the LMS jet dragster in the 2011 accident was between 43 and 48 degrees. 

These results confirmed the eyewitness accounts of the accident, who recorded an 

impact angle between 45 and 60 degrees. The deformation results and rotation of the 

dragster were the main indicators of the accuracy of the impact models. The initial 

point of contact with the wall was the front tire, in both the simulation and the actual 

accident. The area where the front tire would be on the modeled dragster showed the 

same type of bending as the LMS dragster, but at a slightly higher severity due to the 

omission of the actual tire. Additionally, once weight was added to the dragster, the 

dragster began to show the same type of rotation as the dragster in the 2011 

accident. After the front of the dragster impacted the wall, the back end rotated 

around for a second impact.  

 

Producing results that matched the wrecked LMS jet dragster and eyewitness 

accounts of the accident were necessary in producing useful acceleration data that 

was representative of the actual accident. The first step in improving driver safety is 

understanding the crash conditions and the magnitude of the accelerations in the 

driver’s compartment. Understanding the severity of the impact on the driver will 

determine what type of crash protection is needed, how much is needed, and where 

it needs to be implemented.  Furthermore, producing a reliable model at one angled 

impact scenario could result in a model that is able to reliably predict the crash 

conditions for other angled impact scenarios, which is useful in determining the 
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worst-case scenarios for jet dragster accidents. Understanding how the vehicle 

performs in worst-case scenarios could produce chassis design recommendations that 

would further protect the driver and improve the safety of the dragster. 

 

Due to the lack of jet dragster crash data, the acceleration curves collected in LS-

DYNA were compared to other crash data available for testing done on NASCAR stock 

cars. This comparison showed that the accelerations in the jet dragster’s driver’s 

compartment were well within the range of actual motorsports crash data and could 

be an initial representation of the accelerations experienced in the 2011 accident.  

 

The limitations of the LS-DYNA simulations included the omission of key vehicle 

dragster components, such as the tires, the engine, the afterburner, the fuel tanks, 

and the parachute cans, which all add structural rigidity to the vehicle and add 

energy-absorbing elements to the car. These components play a significant role in the 

vehicle’s behavior during an impact. Because these parts were excluded from the jet 

dragster model, the behavior of the dragster at impact is altered. However, adding 

these components to the vehicle would add a significant amount of complexity to the 

simulation, including additional contacts, connections, friction, material properties, 

and inertia, which all are very time-consuming to fine tune. Additionally, adding a 

driver, seat, restraint system, and foam was another limitation of the LS-DYNA model. 

If fully modeled in the simulation, these additional components could visibly show the 

interaction of the driver with the foam during an impact. However, adding these 

components to the simulation would require the consideration of additional factors 

such as seat back angle, seat belt location, seat belt tension, chin and arm restraints, 

and occupant position. Adding additional complexity to the vehicle would make it 

more difficult to produce a reliable model without actual test or crash data to 

compare it to during the fine-tuning process.  
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Another limitation of the LS-DYNA simulation is that the chassis modeled for the 

simulation is the brand new Generation Six chassis, which has never been run on a 

dragstrip yet. The wrecked LMS dragster used for comparison is a Generation Four 

chassis. Although the Generation Six chassis is similar enough to the Generation Four 

chassis to produce similar results, the slight changes in the chassis could also result in 

slightly different results. Therefore, the LS-DYNA crash simulation may never be an 

exact match with the wrecked LMS vehicle. However, because of the similarities, the 

simulation would still be a good indicator of the type of accelerations that the driver is 

experiencing.  

 

Despite the limitations of the LS-DYNA model, this model was an important step taken 

in the jet racing industry for improving the safety of jet dragsters. Other forms of 

racing, such as NASCAR and IndyCar, have used data from LS-DYNA crash simulations 

to help improve the safety of their high-performance vehicles. Additionally, LS-DYNA 

simulations are commonly used to model passenger vehicle impacts, as well. Because 

crash testing jet dragsters is not as realistic as crash testing stock cars or passenger 

vehicles, a jet dragster crash simulation is even more necessary in understanding how 

a jet car performs in impact scenarios. The data extracted from the simulation can be 

used to analyzed what parts of the vehicle need reinforcement, where energy-

absorbing materials would protect the driver, and what the worst case scenarios 

would look like in a jet car.  

 

Based on the results in Chapter 7, none of the Florida Tech foams that were tested 

were able to provide sufficient protection for the driver for the entire duration of the 

impact. Although these foams were not ideal for the particular impact analyzed, these 

foams were still moderately effective in reducing the accelerations for a less severe 

impact. This shows that the newly produced Florida Tech foams are capable of 

performing, not only as an effective flame-retardant, but as energy absorbers. In the 

process of finding an ideal foam for the dragster’s driver’s compartment, it was 



136 
 

 
 

discovered that the newly constructed foams have mechanical properties that could 

make them useful in crash scenarios.   

 

Because the ideal foam was not any of the Florida Tech foams tested, the force-

displacement curves were modified in the mass-spring-damper model to resemble an 

ideal energy absorber with a constant force-displacement curve in order to find a 

foam that had better mechanical properties. The results in Chapter 7 showed that 

increasing the force used for the plateau region and extending the length of the 

plateau region on the force-displacement curve resulted in reduced occupant 

accelerations for the entire impact scenario. A foam with these type of properties is 

likely to perform well in a jet dragster high-speed impact because it prevents the 

driver from experiencing large spikes in acceleration, which is what typically causes 

driver injury. 

 

A foam with a much higher plateau region is needed to protect the driver if the 

thickness of the foam is decreased. A higher plateau region corresponds to a harder 

foam. The foam ideal9 was recommended for a 76.2 mm thick piece of foam since the 

test data was specific for this thickness. Therefore, a much harder foam will be 

needed for the LMS driver’s compartment since there is not enough room to 

implement a foam of this size. An ideal foam curve was determined for a 25.4 mm 

thick foam, which is closer to the size of foam needed for the dragster. Since there is 

not test data available for this foam thickness to compare to the ideal curve, the 

stiffest available Florida Tech was implemented in the driver’s compartment.  

 

Because the production of Florida Tech foams is still relatively new, there was very 

little knowledge and data about the mechanical properties of the foams, and they 

were analyzed based on how they physically felt. This ideal foam curve is now a new 

standard that can be aimed for as newer foams are produced in the Florida Tech labs. 

As foams continue to be mechanically tested, there will now be a greater 
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understanding of how the foams will perform as the force-displacement curves are 

collected.  

 

The initial approach for the foam analysis was to include a modeled block of foam in 

the driver’s compartment in the LS-DYNA simulation. If foam was modeled in the 

driver’s compartment, additional factors would need to be considered to produce a 

useful model. Due to the complexity of modeling foam and these other components, 

as well as the limited time frame of the project, a different approach was taken. A 

mass-spring-damper model was used for the analysis because of its simplicity and 

reliability. Although this type of model is reliable and commonly used, this was a 

limitation in the analysis of the performance of the foam. If the driver’s compartment 

was fully modeled, accurately and precisely, with all of the components previously 

mentioned, the simulation would physically show how the occupant would interact 

with the foam in the case of an impact. The model would also show which parts of the 

occupant are more likely to come into contact with the vehicle, and where foam is 

most needed. However, because this was not included in the model, a small portion 

of the driver’s compartment near the driver’s knees, an area where contact is likely, 

was selected for analysis. The accelerations were analyzed with and without the 

foam, and were compared to determine the foam’s performance. Because a small 

section of the driver’s compartment was selected, the accelerations in other parts of 

the compartment were not documented and analyzed with and without foam.  

 

Additionally, the biomechanics research previously collected could not be utilized to 

understand the impact severity on the driver with and without foam because a full-

scale dummy was not included and used to collect measurements. Despite this 

limitation, the simulations still resulted in an initial understanding of the effects of 

foam in the driver’s compartment.  
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Another limitation of the foam analysis were the force-displacement curves that were 

collected. As previously mentioned, these curves were specific to the thickness of the 

foams used in impact testing, 76.2 mm (3 in). Therefore, the results produced in the 

mass-spring-damper model were specific to a 76.2 mm thick piece of foam in the 

driver’s compartment. A standard piece of foam in a dragster may range from 25.4 

mm to 38.1 mm (1 in to 1.5 in). Although the analysis of the mass-spring-damper 

model allowed for an ideal foam to be determined for varying thicknesses, there was 

a lack of test data to compare to the Simulink results.  

 

Lastly, the impact testing was sufficient to obtain stress-strain curves at lower strain-

rates, but there was little control over the Dynatup to conduct testing at a larger 

range of strain-rates. The Dynatup machine had a maximum drop height that allowed 

the maximum velocity tested at to be 3.81 m/s. Therefore, the differences in 

velocities tested at was not enough to make a large difference in the stress-strain 

curves. Due to these limitations, the curves at the highest velocity tested at were used 

for the foam analysis. As a result, the strain-rate effects could not fully be accounted 

for and the stress-strain curves at higher impact velocities are not known. 

 

Based on all of the results presented, it can be concluded that the LS-DYNA jet 

dragster crash model produced a simulation that was representative of the 2011 LMS 

jet dragster accident. As a result, an initial estimation of the accelerations 

experienced during the dragster’s impact was made for the first time in jet dragster 

history. These accelerations were confirmed by deformation comparisons to the LMS 

dragster and acceleration comparisons to the limited crash data available in other 

forms of racing. The foam analysis showed that the Florida Tech foams were not able 

reduce the accelerations experienced by the driver throughout the entire impact, and 

therefore, were not sufficient enough to provide driver protection for the jet dragster 

impact simulated, but are capable of performing well in less severe impacts. As a 

result, ideal force-displacement curves were recommended for a foam that would 
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perform well in this type of impact. There are several opportunities for future 

research that can address the issues and limitations that arose throughout the course 

of this research, and are discussed in the following section.   

 

Future Work 
 

Foam Testing and Analysis 
 

In this thesis, limitations of the impact tester prevented the mechanical properties of 

the foams from being fully characterized at larger strain-rates. There was little control 

over the strain rates that could be tested at, and therefore, the resulting stress-strain 

curves were all very similar. A modification that can be made for future foam testing 

is a change in the test machine. A Polymeric Split Hopkinson Bar or a drop tower 

impactor with a larger drop height have been commonly used to test foams. Using 

these types of impact machines would allow for higher impact velocities to be tested 

at which would provide a larger range of foam data. A greater drop height is 

especially needed if thicker foams are to be tested. Obtaining this data would provide 

insight to the foam’s changing mechanical behavior at varying strain-rates, and would 

fine-tune the results of the foam modeling analysis. Additionally, a test machine that 

measures the damping of the foam would allow for damping to be considered in the 

foam analysis model. A model that includes the damping of the foam would more 

reliably predict the performance of the foam in impact scenarios.  

 

Another consideration that can made for future work, is the effect of foam thickness 

on its performance in impact scenarios. The foams tested throughout the course of 

this research were tested at a precut sample size of 76.2 mm (3 in). Testing at varying 

thicknesses for future research would provide data that shows how much the stress-

strain curves vary with each change in thickness. This information would show how 

the change in foam thickness affects the amount that the acceleration is reduced 
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during an impact by using it in the Simulink analysis. This data would allow race teams 

to weigh the pros and cons of including thicker foams in their driver’s compartments, 

at the expense of weight. Most race teams are hesitant to include more material in 

their race cars because extra weight means less speed. However, having clearly 

defined data available would allow teams to make decisions that will maximize their 

driver’s safety without compromising the vehicle’s performance.  

 

Layering several types of foams is fairly common in the motorsports industry, and in 

the foam industry in general. For crash protection foam, it is common to see a rigid 

foam on the bottom layer, and two softer foams layered on top as “comfort” foams. 

These comfort foams provide additional protection for the driver while also providing 

an initial softer impact before impacting the rigid foam at the bottom. Further 

research can be conducted to see how layering foams in the jet dragster’s driver’s 

compartment would affect the driver during an impact. This research can be done in 

multiple ways. First, different combinations of layered foams can be tested, both 

quasi-statically and dynamically, to obtain the custom stress-strain curves for each 

foam combination. Each curve can then be inputted into the mass-spring-damper 

foam model for performance analysis. Secondly, the foams can be tested individually 

to obtain their stress-strain curves, and the mass-spring-damper model can be 

modified to include the layering of multiple foams, allowing for multiple curves to be 

inputted into the model. Lastly, the layering of foams can be modeled in the LS-DYNA 

crash simulation if more time is available to build upon the complexity of this model.  

 

As Florida Tech foams continue to be produced, these foams should continue to be 

dynamically and quasi-statically tested to understand their mechanical properties. In 

future research, the chemical and mechanical engineers can work hand-in-hand to 

document how changes to the chemical composition of the foam affect the shape of 

the stress-strain curves. Stiffer Florida Tech foams can continue to be created and 
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mechanically tested to see if any of these foams are capable of reaching the ideal 

foam standard. 

 

Applying the foams to a jet dragster’s driver’s compartment has been the first impact 

application of the new Florida Tech foams researched in depth. The performance 

results of the foams collected during this research are specific to a crash pulse 

obtained from an angled jet dragster impact. Because this research has proven that 

these foams are capable of performing well in this type of impact scenario, other 

applications can be researched in future work to analyze foam performance in a 

variety of scenarios. This may include packaging foam, low-speed impacts, passenger 

vehicles, military applications, and aviation applications. Foam research conducted in 

these applications would provide a broader understanding of how this newly created 

foam performs in different industries, and in which industry the foam may perform 

optimally.   

 

Simulation Improvements 
 

Several modifications can be made to the LS-DYNA simulations to improve their 

reliability and complexity. Additional dragster components should be included in the 

model, as solid structures versus the mass elements previously used, to more 

accurately represent the dragster during an impact. The components that are a 

priority in this model and that should be included before all other components are the 

tires, the engine, the afterburner, and the fuel tanks. The dragster’s tires were the 

first part of the vehicle to impact the wall, for both the first and second impact, and 

play a huge role in the vehicle’s impact behavior. The engine and afterburner provide 

significant structural rigidity to the rear of the dragster, preventing it from collapsing 

during an impact. And lastly, the fuel tanks are designed to be energy-absorbing 

structures, also protecting the vehicle during an impact. A significant amount of 

research and analysis will need to be conducted throughout the modeling and 
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simulation of the fuel tanks because of their dual roles as energy-absorbing features 

and fuel containment structures.  

 

After these components of the dragster are included in the model, other components 

of the dragster can be incorporated, such as the parachute cans, the fuel system, the 

electrical system, the seat, the seat restraints, the driver, and other components in 

the driver’s compartment. As all of these parts are incorporated, the contacts and the 

friction will need to be fine-tuned to ensure that the model is representative of real-

world behavior. After correctly modeling the rest of the dragster, the inertia of the 

vehicle will more closely resemble the inertia of the actual LMS dragsters, and the 

crush of the vehicle during an impact will be more characteristic of an actual jet 

dragster accident.  

 

Because the accelerations of the dragster were only recorded for a small section of 

the driver’s compartment during this research, future work can include monitoring 

the accelerations for other parts of the dragster. Accelerations can be monitored 

around different parts of the driver’s body to see which area is more likely to 

encounter higher accelerations. Varying accelerations throughout the driver’s 

compartment may result in custom foam recommendations for different areas of the 

driver’s compartment. Understanding the overall behavior of the driver’s 

compartment during an impact will allow for a detailed and customized approach for 

improving safety that will better suit the driver and the vehicle.  

 

Finally, to produce the most realistic jet dragster crash model, future research can be 

done to produce a more detailed model of the driver’s compartment, in addition to 

foam modeling in LS-DYNA. To accurately portray the behavior of the occupant during 

an accident, several components of the driver’s compartment must be included. 

Research must be conducted on the seat position, seat angle, and seat mounting 

before including it in the model. The tension in the seat belts, when a driver is fully 
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strapped in the dragster, must also be tested and recorded for modeling purposes. 

The custom foam inserts used in the seat for each driver, the additional chin, arm, and 

helmet restraints, and the position and fit of the helmet in the vehicle must be 

analyzed and also carefully modeled. The components around the driver, such as the 

dash, the pedals, and the levers, must also be incorporated to show how the driver 

interacts with these components during an accident. 

 

In order to include foam protection in the driver’s compartment in the LS-DYNA 

model, each type of foam must be individually modeled before incorporating it into 

the vehicle. A simulated impact test must be conducted for each foam in LS-DYNA and 

compared to the impact test conducted in the lab. Adjustments will need to be made 

to the material card of each foam in LS-DYNA in order to match the results of the 

simulated foam to the results of the foam tested in the lab. After ensuring that the 

foam is modeled accurately, the foam can be incorporated into the driver’s 

compartment for analysis. This model would need additional verification, such as 

crash videos, pictures, and data to ensure its reliability with the added complexity. As 

a result, the next step in improving jet dragster crash simulations is to obtain jet 

dragster crash and performance data on the race track. Until this data can be 

collected, similar data collected for other high-speed dragsters should be researched 

and utilized for model verification.  
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