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ABSTRACT 

A detailed accident reconstruction of the No. 3 car crash at the Daytona 500 on February 18, 
2001 is presented.  The reconstruction included a detailed site survey, photogrammetric 
reconstruction of the video scenes, analysis of on board GPS data, a full-scale crash test to verify 
preliminary findings, and a detailed computer model of the impact.  This analysis identified the 
vehicle kinematics of both the No.=s 3 and 36 cars throughout the accident event.  The impulse 
imparted to the No. 3 car during its impact with the outside barrier was also estimated.  Results of 
this investigation provide insight into this accident as well as important data to be used in future 
efforts to develop energy absorbing barrier systems, improved energy management in race vehicles, 
and improved occupant restraint systems inside the cars. 

I.  INTRODUCTION 

Highway engineers have been studying accidents for decades in an effort to make roadways 
and vehicles safer for the motoring public.  Most of these studies incorporate statistical analyses of 
thousands of police level accident reports in an effort to determine the causes of accidents and 
injuries.  However, the most successful efforts generally involve detailed investigation of serious 
accidents.  Detailed accident reconstructions of selected accidents is really the only method for 
determining vehicle kinematics associated with serious injury and fatal accidents.  Any effort to 
develop an improved barrier system, design a more crashworthy vehicle, or develop better driver 
restraint systems must begin with a definition of vehicle kinematics associated with accidents that 
cause driver injury or fatality.  The reconstruction described herein was undertaken to develop a 
better understanding of the vehicle kinematics associated with the No. 3 car crash at the Daytona 500 
on February 18, 2001. 

The objectives of this study included:  

! Identify vehicle kinematics of the No.’s 3 and 36 cars prior to and during the barrier 
impact. 

! Determine impact conditions and velocity changes associated with the collision 
between the No.’s 3 and 36 cars.   

! Identify impulse imparted to the No. 3 vehicle during the barrier impact. 

! Build a computer simulation model of a Winston Cup car that could aid the 
reconstruction effort and provide a tool for improving the crashworthiness of these 
vehicles.  

A significant amount of evidence regarding the accident was available at the scene, including 
tire marks and pavement and barrier gouges.  Further, damage to the accident vehicle is another 
important source of evidence regarding accident conditions.  Unlike most accidents, the No. 3 car 
crash was actually caught on video tape by 8 different cameras and the vehicle carried on board 
instrumentation which provided Global Positioning System (GPS) based estimates of the location of 
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the crash vehicle every 200 ms.  Analysis of available crash evidence is commonly used to develop a 
preliminary estimate of vehicle kinematics which can then be further verified through full-scale crash 
testing and/or computer simulation of the impact events.  As summarized in the following four 
sections, the available evidence on the crash was carefully analyzed to provide a preliminary estimate 
of the crash conditions.  Thereafter, both full-scale crash testing and a computer simulation of the 
accident were conducted in an attempt to verify and further refine the accident analysis.   

II.  SITE INVESTIGATION 

The first phase of the reconstruction effort involved conducting an investigation of the 
accident scene.  The accident occurred approximately half way through turn 4 of the Daytona 
Speedway and there was sufficient evidence at the scene to identify the exact location of the 
accident.  At the time of the investigation, tire marks were clearly visible on the pavement, but the 
barrier wall had been repainted.  Photos of the scene taken on February 19th, 2001 clearly 
demonstrated that all of the marks visible immediately after the accident were still present on the day 
of the investigation.  Reviews of video tapes of the accident clearly indicate that the No. 3 car first 
went out of control when the rear of the vehicle struck the front of the No. 40 car.  The No. 3 car 
moved toward the inside of the track and crossed the yellow line marking the start of the curve=s 
superelevation.  The No. 3 car then corrected back to the race track where it collided with the No. 36 
car.  After the collision, the two cars remained in contact and traveled along a relatively straight path 
until striking the outside containment wall.  Evidence collected at the scene that documents the two 
vehicles’ motions during the accident is summarized below.  

As shown in Figure 1, a single tire mark was found at the point where the No. 3 car first ran 
off of the inside of the track.  The mark, labeled A in the figure, clearly indicates that the vehicle was 
cornering to the right near its maximum limit.  The mark disappeared after re-entering the track, 
indicating that the driver was no longer correcting to the right.  Although it was impossible to 
document photographically, there appeared to be another single mark indicating that the vehicle later 
began to steer left. 
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Figure 1. No. 3 Car Tire Mark Inside of Track 
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Seven tire marks and one pair of closely spaced scrapes were found leading to the point 
where the two vehicles struck the wall.  These marks, shown in Figure 2, were surveyed and mapped 
onto a drawing of the track to determine their orientation relative to the barrier.  By referring to the 
video tape scenes of the accident, it was possible to determine that the No. 3 car lost its right rear 
wheel shortly after impact with the No. 36 vehicle.  It was therefore concluded that the scrapes, 
shown in Figure 3, must have come from the right rear suspension on the No. 3 car.  Further reviews 
of the video helped to identify that tire marks B and C, shown in Figure 4, were deposited by the left 
front and left rear tires of the No. 3 car respectively.  The faint tire mark, labeled with a D in this 
photograph, was attributed to the right front tire and the scrape mark was made by suspension 
elements from the right rear of the No. 3 car.  Note that the No. 3 car was shown to have a high 
degree of side slip to the left and the No. 36 car was in contact and lifting up the right front fender, it 
is not surprising that the right front tire would not leave a dark mark.  Similarly, as shown in Figure 
5, tire marks E, F, G, and H were identified as being laid down by the right front, left front, right 
rear, and left rear tires of the No. 36 car respectively.  It should be noted that rear tire marks are often 
made after front tire marks are no longer being made. 

 

 
Figure 2. Tire Marks at Scene of Collision 
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Figure 3. Scrapes on Pavement 

 

 
 Figure 4. Marks Attributed to No. 3 Car 

 



 
 6

 
Figure 5. Tire Marks Attributed to No. 36 Car 

 
 

If a vehicle is not tracking, i.e. the rear tires are not following the same track as the front tires, 
the movement of the vehicle=s center of gravity will be along a path that has a different angle than the 
vehicle=s heading angle.  The direction and speed of the vehicle=s center of gravity is referred to as 
the vehicle=s velocity vector.  Identifying both the vehicle heading angle and the angle between the 
vehicle=s velocity vector and the barrier, henceforth described as the trajectory angle, are important 
components of the reconstruction of the barrier impact.  The heading angle and trajectory angles for a 
vehicle striking a barrier are shown in Figure 6.   
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Figure 6. Vehicle Trajectory Definitions 

 
While the vehicle heading angle controls which vehicle components strike the barrier first 

and the load path for barrier forces applied to the vehicle, the velocity vector controls the severity 
of the impact.  Impact Severity (IS) has been shown to be an excellent measure of the magnitude 
of a barrier impact. 

      )sin(
2
1

ϑVmIS =  

where    

IS = Impact Severity  
m = vehicle mass 
V = velocity of impacting vehicle 
? = angle between velocity vector and barrier face (trajectory angle). 

Hence both heading angle and the angle of the velocity vector relative to the barrier are very 
important when reconstructing a barrier accident.   

As shown in the prior figures, all of the tire marks and the pavement scrape were found to be 
relatively straight.  However, the marks associated with different tires on the same vehicle were 
found to be at a significantly different angles relative to the barrier.  For example, mark B, believed 
to be from the left front tire of the No. 3 car, was found to have an angle of approximately 15 degrees 
relative to the barrier while the angles measured from mark C and the scrape were found to be less 
than 12 degrees.  The difference between these angles indicates that the vehicle was undergoing a 
yaw rotation, a rotation about a vertical axis that changes the vehicle=s heading angle.  A clockwise 
yaw rotation brings the front of the vehicle closer to the barrier while it moves the rear of the vehicle 
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farther from the wall.  Hence, a clockwise yaw rotation makes the front tires appear to have a higher 
angle and the rear tires appear to have a lower angle of approach to the barrier.  Based on this 
evaluation it can be concluded that the angle of the velocity vector relative to the barrier face for the 
No. 3 car was somewhere between 12 and 15 degrees.  A similar evaluation of the tracks for the No. 
36 car indicated that its impact angle was between 10 and 12 degrees.  

An attempt was made to measure the vehicle heading angles using a template for a Winston 
Cup race car.  As shown in Figure 7, this effort involved placing the template over the pavement 
markings in an attempt to determine vehicle heading angles.  This analysis indicated that the No. 3 
vehicle heading angle was approximately 48 degrees and the No. 36 car heading angle was near 40 
degrees.  Note that the side slip of both vehicles would have a tendency to cause the rear suspensions 
to displace laterally during the period leading up to barrier impact.  Lateral displacement of the rear 
suspension could produce significant error in the heading angles estimated with the vehicle template. 

 

 
 

Figure 7. Vehicle Template 
 

A detailed track survey was also conducted.  This survey included measurement of the 
location and height of the posts supporting the containment fence as well as size and locations of the 
luminaire supports.  The positions of all video cameras that captured the accident were also surveyed 
in order to establish the camera locations for use in completing a photogrammetric reconstruction of 
the video scenes.  
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III.  Vehicle Inspection 

Vehicle inspection is another important source of evidence for use in an accident 
reconstruction.  The inspection can focus on vehicle defects that could have caused the accident, 
evidence of occupant contact with vehicle interior to better understand injury causation, or structural 
damage to the vehicle arising from the accident.  Video tapes of the pre-crash motions of the No. 3 
and No. 36 cars clearly indicate that the accident was not caused by a vehicle defect. Further, 
investigation of the driver motions inside the vehicle was undertaken by biomechanics experts from 
Biodynamic Research Corporation.  Therefore, the primary goal of the vehicle inspection reported 
herein was to document structural damage to the vehicle.  Documenting the damage to the vehicle 
can be used to determine the primary load path of forces applied to the vehicle and to better 
understand the magnitude of both the barrier crash and the impact between the No. 3 and No. 36 
vehicles. 

Both vehicles involved in the accident were inspected several times during this investigation. 
 With the exception of some damage to the roof caused by the emergency rescue team, the No. 3 car 
was intact throughout the investigation process.  Unfortunately, the front structure of the No. 36 car 
had been cut apart prior to the first inspection.  Even though the structural components were welded 
back together prior to the final inspection on July 2, 2001, the dismemberment of the No. 36 car 
limited the evidence available from this crashed vehicle to some degree. 

The primary goal of the vehicle inspection was to identify the component damage in an effort 
to better understand the load path for barrier forces applied to the No. 3 car and to better understand 
the magnitude of the impact between the No. 3 and No. 36 vehicles.  As shown in Figure 8, the 
Principal Direction of Force (PDOF) appeared to be at an angle of approximately 30 degrees from 
the centerline of the vehicle or from the 1 O=clock direction with respect to the driver.  Significant 
damage was observed to the right front frame horn and all associated support tubes as shown in 
Figure 9.  However, as shown in Figure 10, the tubes supporting the right frame rail, just behind the 
suspension mounts were not damaged greatly.  Figure 11 shows the undamaged tubes on the left side 
of the vehicle. 
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Figure 8. Damage to No. 3 Car 

 

 
Figure 9.  Right Front Damage on No. 3 
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Figure 10. Structural Supports for Right Front Frame Rail. 

 

 
Figure 11. Structural Supports for Left Front Frame Rail 
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 Although it is not readily apparent from the photographs, the engine appeared to have 
moved rearward approximately 3 in.  As shown in Figure 12, the engine motion caused the 
transmission to move backward by about the same amount.  The rearward motion of the 
transmission caused the drive shaft to be pushed into and deform the transmission housing as 
shown in Figure 13.  Although it was difficult to document photographically, the rear axle 
housing was bent rearward as well.  These deformations indicate that there was a significant 
force delivered to the front of the engine that caused plastic deformations of stiff structural 
components all the way to the rear axle of the car.  Plastic deformations of this sort indicate that 
the impact with the barrier was relatively severe when compared to most barrier wall crashes on 
race tracks.  Further documentation of damage to the No. 3 car is reported in Section VI below.  

 

 
Figure 12. Rearward Movement of Transmission on No. 3 Car 
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Figure 13. Deformation of Transmission Housing 

 
In addition to a detailed photographic documentation, deformation of major structural 

components was measured.  The detailed measurements showed that there was almost no 
deformation at the firewall.  Although the engine was estimated to have been displaced 
approximately 3 inches rearward, it apparently did not contact the firewall with sufficient force to 
cause any permanent deformations. The remaining deformation measurements were conducted in 
order to provide additional evidence for correlating with the computer simulation model.  

The right rear wheel of the No. 3 car had been broken off.  As shown in Figure 14, the rear 
axle housing fractured at the edge of a U-clamp at the rear shock absorber mount.  The fracture 
surface appeared to be relatively ductile with the fracture beginning at the rear of the housing and 
extending around to the leading surface.  This type of fracture would indicate that the wheel had been 
struck on the leading edge of the rim which loaded the rear of the axle housing in sufficient tension 
to produce a crack which then propagated around the tubular element.  Surprisingly, there was very 
little other damage to the right rear of the vehicle, as shown in Figure 15.  Although there was some 
minor deformation of the sheet metal and the right side truck arm, shown in Figure 16, there was no 
discernable damage to any of the cars structural components.  The right rear tire was still intact with 
no apparent loss of air pressure.  As shown in Figure 17, there was very little deformation to the rim 
caused by the impact that broke the axle.  All of this evidence indicates that the impact between the 
No. 3 and No. 36 cars was a relatively low energy event.  Although modest impacts of this nature 
seldom cause occupant injuries, the impact between the No. 3 and No. 36 car could have aggravated 
the severity of the barrier impact by moving the driver out of the normal seating position, thereby 
degrading the effectiveness of the occupant restraint system. 
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Figure 14. Fractured Rear Axle Housing on No. 3 Car 

 

 
Figure 15. Right Rear of No. 3 Car 
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Figure 16. Rear Truck Arm on No. 3 Car 
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Figure 17. Right Rear Wheel From No.3 Car.  
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The purpose of inspecting the No. 36 car was to help verify preliminary findings regarding 

the magnitude of the impact between the two cars and to establish the PDOF arising from the barrier 
impact.  As shown in Figure 18, the vehicle was stripped and all structural components forward of 
the firewall were removed from the vehicle.  Removal of these components eliminated any 
possibility of identifying damage to the No. 36 car arising from the impact between the two cars.  
However, by reassembling severed components of the vehicle structure, it was possible to identify 
the general magnitude of the barrier impact.  As shown in Figure 19, damage to the right front frame 
horn and associated support tubes had a similar pattern as that found on the No. 3 car.  However, the 
extent of the structural deformations appeared to be significantly less than that observed on the other 
vehicle. 

 

 
Figure 18. No. 36 Car 
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Figure 19. Reassembled Structure of No. 36 Car 

 
 

IV.  Global Positioning Data 

All of the cars in the race contained a NovAtel OEM4 L1/L2 RT2 mode GPS receiver that 
was used to record the positions of the cars 5 times each second.  Speed measurements were 
determined by calculating the distance that the receiver moved between each measurement and 
dividing by the difference in time between the two measurements (0.2 sec).   The direction of travel 
between each time step is determined in a similar manner.  

At the time of the accident, the GPS receivers were operating in RT20 mode.  The standard 
deviation of position error for this mode is 1 meter (3 ft-4 in.).  However, experience has indicated 
that much of that error is in the altitude, which is not important to speed and location measurements 
for race cars since they are almost always on the track surface.  Experience with this type of GPS 
system indicates that horizontal position measurements are almost always within 1 ft. 6 in.  
Assuming that horizontal positions are accurate to within 1.5 ft., the theoretical maximum error in 
speed would occur if the maximum position error occurred in opposite directions from one 
measurement time to the next.  In this scenario, the distance between the one position measurement 
and the next would be in error by 3 ft.  Note that a position error of 3 ft. corresponds to a speed error 
of approximately 15 ft. sec. or 10 mph.  In practice, this maximum error seldom occurs because 
horizontal position errors are infrequently at the maximum limit and even less frequently is there 
maximum error in the opposite direction from one time step to the next.  Never-the-less, it is possible 
that speed measurement errors could occasionally be as high as 10 mph.   
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Unfortunately, the GPS system data becomes corrupted when acceleration is greater than 12 
g=s.  Hence, GPS data cannot be used to determine vehicle velocity changes after impact with the 
barrier.  Further, because there is only one GPS on each vehicle, the system can only estimate 
position and velocity of the vehicle without any indication of vehicle heading angle.  As mentioned 
previously, heading angle is important for calculating direction of velocity change relative to the 
driver and it controls which structural components are loaded during the barrier crash.   

The GPS data indicated that both vehicles were traveling approximately 155-161 mph at the 
time they struck the barrier.  At impact, the angle of the velocity vectors between the No. 3 and No. 
36 cars and the barrier was shown to be 12-15 degrees and 10-12 degrees respectively.  Further, at 
the time of the collision between the two vehicles, the GPS data showed that the No. 3 car was 
traveling approximately 161-164 mph with a trajectory angle between 16 and 18 degrees relative to 
the barrier.  At the same time the No. 36 car was traveling approximately 168-170 mph at a trajectory 
angle between 8 and 10 degrees.    

The GPS data indicated a total velocity change of +5.3 mph for the No. 3 car and -5.0 mph 
for the No. 36 car as a result of the impact between the two vehicles.  Note that these numbers may 
be somewhat high since the duration of the impact was much shorter than the interval between data 
sampling points on the two cars.  However, changes in the velocity vector estimated from GPS data 
for the both cars appeared to be in error.  The No. 3 car was estimated to have a -25 mph change in 
velocity perpendicular to the barrier wall and the No. 36 car was estimated to have no change in 
lateral velocity.  These two findings are obviously incompatible.  Further, the lateral velocity of the 
No. 3 car was shown to increase by 14 mph during the next time step.  Hence, the change in direction 
of the velocity vectors estimated from the GPS data during the impact between the two cars must be 
considered unreliable.   

Reviews of the video tape of the collision between the two cars indicate that the line of action 
of the impact forces was not quite aligned with the center of gravity of both cars, meaning that the 
impact was not quite a central impact where maximum velocity transfer takes place between the two 
vehicles.  Further, the two vehicles remained in contact after the impact, indicating that the crash 
could be modeled as a plastic collision without any rebound.  In an effort to estimate the change in 
velocity vector during this collision, a Conservation of Momentum analysis was applied to the 
accident assuming a plastic collision with a central impact.  This analysis indicated that the No. 3 car 
would speed up approximately 3.5 mph and the No. 36 car would slow by approximately 4 mph.  
Further, the velocity changes in the directions parallel and perpendicular to the barrier would be:  

 Velocity Change         Velocity Change 
Vehicle Parallel to Barrier  Perpendicular to Barrier Resultant 
No. 3         +5.9 mph    -8.0 mph   10.0 mph  

 No. 36          -5.9 mph    +8.0 mph   10.0 mph 
 

Note that if the initial impact speeds are correct, the speed changes shown in the table above should 
be considered an upper bound estimate, because the accident did not quite qualify as a central 
impact.  Velocity changes for a non-central impact would be less than for a central impact.  Finally, 
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the GPS data cannot be used to estimate the velocity changes in vehicle coordinates because it does 
not give an indication of vehicle orientation. 

In summary, the GPS data indicated that at the time of the barrier collision, the No. 3 car was 
traveling approximately 155-161 mph with an trajectory angle of approximately 12-15 degrees while 
the No. 36 car was traveling at about the same speed with an trajectory angle of approximately 10-12 
degrees. Further, the GPS data provides an estimate of the change in the velocity during the collision 
between the two cars of approximately 9-11 mph. 

V.  Photogrammetry 

Photogrammetry involves reconstruction of still photos to determine the location of important 
objects within the photograph.  This process involves developing a detailed three dimensional 
drawing of all of available background information.  A camera view is then drawn from the location 
of the camera taking the photograph.  For high power, variable zoom lenses, such as those used on 
video cameras, lens properties are varied until a camera view is drawn that replicates all of the 
background information on the photograph.  The objects of interest can then be placed on the 
drawing to overlay the photograph.  In the case of a video or film of an accident, the purpose would 
be to reconstruct individual frames to identify the vehicle locations throughout the event.  By 
determining vehicle locations from one frame to the next, it is possible to determine the velocity of 
the vehicles in the frames.  Accuracy of this process is dependent on the amount and quality of 
background information available and the size of the objects in the photograph.  Close-up shots have 
little background information and the error associated with reconstructing the original drawing is 
greater.  Conversely, as the shot widens out to include more background information, the size of the 
vehicles are reduced and the error associated with placement in the drawing is increased.   

When utilizing photogrammetry to reconstruct video tapes, it is important to isolate clear 
images of each frame.  Conventional video cameras, such as those used to broadcast the Daytona 
500, record 29.967 interlaced frames per second.  Essentially every frame is an interlaced composite 
of two frames which gives a blurry image of moving objects when extracted directly from the tape.  
Unfortunately, eliminating the interlacing reduces the resolution of the video by 50 percent.  
Although newer cameras now utilize progressive scan technology that eliminates interlaced frames 
and doubles the effective resolution, this technology is not yet widely used in broadcast media.   

Eight views of the No. 3 car accident were captured on video tape.  One view was unusable 
because it did not capture either of the two impact events.  Two other views involved cameras 
zoomed in tight that were panning rapidly to keep the vehicles in the view.  Background information 
from these two views was very blurred due to the high panning rate.  Therefore these two views 
could not be used without some additional enhancement.  In an effort to further refine the analysis 
one of these two views was enhanced to sharpen the images of the background information 
incorporated in the analysis.   A total of six views could then be used to determine vehicle kinematics 
associated with the two vehicles involved in the accident.  Figure 20 shows a typical 
photogrammetric reconstruction of one of the accident scenes.  In an attempt to estimate the degree 
of error associated with this analysis, the drawings were adjusted slightly until the background and 
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the vehicles were detectably in error.  After examining a series of these photographs that had 
detectable error and comparing vehicle positions with the best reconstruction of the frame, it was 
concluded that, for the best available views, the location of each vehicle could be determined to 
within about 12 in.  Since video cameras shoot 29.967 frames per second, the error in speed 
calculation arising from a 24 in. error (12 in. in each direction) is approximately 40 mph.  However, 
as this error is spread over several frames, the error is reduced.  For example, the maximum error 
between every other frame would be 20 mph and the maximum error between every third frame 
would be 10 mph, etc.  This error can be further reduced by averaging results of several different 
views.  As a point of comparison, there are about 6 video frames for each GPS data point. 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Typical Photogrammetric Reconstruction. 

Results of the photogrammetric analyses are shown in Table 1.  Note that the analysis 
compared very favorably to the GPS data for both barrier impact conditions and for the predicted 
magnitude of the collision between the No. 3 and No. 36 cars.  This analysis predicted an impact 
speed of approximately 157-160 mph for both vehicles and the estimated trajectory angle for the two 
vehicles was approximately 13-14E and 10.5-11.5E for the No. 3 and No. 36 cars respectively.  
Recall that the GPS analysis indicated similar velocities.  IS values calculated from the middle of the 
speed and trajectory angle ranges for the two vehicles were found to be 705 and 576 kip-ft for the 
No. 3 and 36 cars respectively.  The 22 percent increase in IS value from the No. 36 car to the No. 3 
car represents a significantly more severe impact. 
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Table 1.  Average of Findings From Photogrammetric Analysis. 

 

No. 3 Car 
 

No. 36 Car  
 
 

Time  
(ms) 

 
 
 
 

Event Description 

Velocity 
(mph) 

Trajectory 
Angle 
(deg.) 

Heading 
Angle 
(deg.) 

Velocity 
(mph) 

Trajectory 
Angle 
(deg.) 

Heading 
Angle 
(deg.) 

-734 No. 3 Re-entering Track 165 17.4 28.0 170.9 11.8 11.4 

-667 No. 3 Entirely Above Warning Line 164 17.6 29.1 170.8 10.6 10.8 

-601 No. 3 In Front of No. 2 Car 164 17.9 28.2  170.5 10.5 10.2 

-534 No. 3 Enters Path of No. 36  164 17.9 27.0 169.8 9.9 9.5 

-467 Impact Between No. 3 & No. 36 163 17.6 25.6 168.9 9.4 9.4 

-400 Near End of Impact 165 13.7 28.5 165.7 11.4 15.6 

-334 Cars Moving Together Toward Wall 164 13.7 33.7 164.4 11.1 21.8 

-267 Cars Moving Together Toward Wall 163 13.6 38.5 163.7 10.7 24.2 

-200 Cars Reach White Line Near Wall 162 13.7 43.2 162.6 11.0 28.0 

-134 Front Tires on White Line Near Wall 161 13.7 47.9 161.2 11.2 33.0 

-67 No. 3 Within 3' of Barrier 160 13.6 52.5 159.8 11.0 38.7 

0 No. 3 Impacts Barrier 158 13.6 57.1 158.5 10.9 43 
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Heading angles for the No. 3 and No. 36 cars were initially estimated to be 53-55E and 41-
45E respectively as shown in Figure 21.  Note that, as shown in this figure, both vehicles were not 
tracking when they struck the barrier because the heading angles and the velocity vectors were not 
coincident.  Both vehicles were turned into the barrier so that the impact forces were more frontal 
than would otherwise be the case.  Again the increase in heading angle from the 36 to the 3 car 
represents a significant difference in the direction of the load applied to the two cars. 

 

157- 160 mph

13- 14°
53- 55°

10.5- 11.5°
41- 45°

No. 3 No. 36

157- 160 mph

 
 

Figure 21. Vehicle Trajectories 
 

Based on the photogrammetric analysis the total speed changes of the No. 3 and No. 36 
vehicles during their impact were 2.0 and -3.2 mph respectively.  Recall that the Conservation of 
Momentum analysis of impact speeds from GPS data indicated speed changes of  +3.5 and -4.0 mph 
respectively for these vehicles.  Just as in the GPS analysis, both vehicles were speeding up in one 
direction and slowing in another such that the velocity change was greater than the speed change 
because the direction of the speed was altered.  The best estimate of the velocity changes are shown 
below: 
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 Velocity Change         Velocity Change 
Vehicle Parallel to Barrier  Perpendicular to Barrier Resultant 
 
  No. 3        +4.8 mph    -10.0 mph   11.1 mph 
 No. 36         -4.7 mph    +8.2 mph     9.5 mph 
 
 
Again, these findings compare relatively well with the COM analysis from the GPS data. Because 
the photogrammetric analysis indicates vehicle heading angles as well as the trajectory, these 
velocity changes can be converted to vehicle coordinates. When these components are resolved into 
vehicle coordinates, the estimated velocity changes become: 

  Longitudinal          Lateral  
Vehicle Velocity Change  Velocity Change   Resultant 
 
  No. 3        +0.9 mph       -11.1 mph      11.1 mph 
 No. 36               -2.9 mph        +9.0 mph        9.5 mph 
 

These findings indicate that the impact between the two vehicles created a much greater lateral 
velocity change for both vehicles than their respective longitudinal velocity changes.  Note that the 
figures shown above may imply much greater precision than is appropriate for this analysis.   
Generally, all velocity changes are estimated to be within a 2 mph range. 

Overall, there appeared to be excellent agreement between the GPS data and the 
photogrammetric reconstructions.  This level of correlation between two entirely separate analyses 
lends a high degree of confidence to the overall reconstruction.  

VI.  Full-Scale Crash Test 

In order to further verify the estimated barrier impact conditions for the No. 3 car and to 
begin to quantify the type of impulse that was imparted onto the vehicle during the accident, it was 
decided to conduct a full-scale crash test.  However conducting a full-scale crash test under identical 
conditions as the No. 3 car would be very difficult.  As shown in Figure 21 above, the vehicle was 
traveling at approximately 157-160 mph in a non-tracking configuration, i.e., the rear wheels do not 
follow behind the front.  In addition to the fact that no full-scale crash testing has ever involved such 
a high impact speed, all high speed testing is currently conducted with tracking vehicles.  Therefore, 
an exact replication of the accident was deemed to be impractical under the current study.   

Two primary forces are applied to a vehicle during a barrier impact, a normal force 
perpendicular to the barrier and a friction force acting along the barrier.  The normal force is 
generated by the crushing of the vehicle structure against the barrier while the friction force is merely 
the effect of sliding friction acting on the contact surface between the vehicle and the barrier.  If the 
crushing forces can be estimated, the frictional forces that are generated therefrom become 
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quantifiable.   

Careful review of video tapes of the crash indicated that the No. 3 car did not rotate 
significantly after it struck the barrier.  It was not known whether this failure to rotate during the 
impact was due to the effect of the No. 36 car or not.  It was believed to be possible that the No. 3 car 
would have spun out with the vehicle continuing to rotate in a clockwise direction if the No. 36 car 
had not prevented it by pushing the front of the 3 car down the barrier.  Similarly, it is possible that 
the No. 3 car would have rotated counter clockwise to become parallel with the barrier if the No. 36 
car had not been there to prevent the vehicle from rotating about the point of contact with the wall.  It 
should be noted that either result, spin out or redirection, reduces the lateral velocity change on the 
vehicle during the primary impact.  If the vehicle rotates after impacting the barrier, the car=s center 
of gravity will still have some lateral velocity to carry the side of the car up against the barrier after 
the primary impact is over.   A secondary impact then occurs when the side of the vehicle slaps the 
barrier.  However, by separating the impulse into two events, the peak decelerations are reduced 
significantly.   

Never-the-less, in this accident, the vehicle moved into the barrier at a heading angle of 
approximately 53-55 degrees and it remained near that angle until the vehicle=s velocity 
perpendicular to the barrier was stopped.  With regard to vehicle crush, this crash should not be 
much different than a vehicle striking the barrier with the same perpendicular velocity as was 
estimated for the No. 3 car, provided no rotation took place after impact.  Therefore, a full scale 
crash test was conducted at Autoliv to attempt to replicate the vehicle crush observed in the No. 3 car 
and provide a tool for estimating the lateral impulse imparted to the vehicle during the actual crash.  
At the time that the crash test was conducted, the best estimate of impact conditions were 158.5 mph 
with a trajectory angle of 13.6 degrees and a heading angle of 54 degrees.  Note that an automobile 
traveling 158.5 mph and impacting a barrier at an angle of 13.6 degrees would have a speed of 154.5 
mph along the barrier and 37.3 mph perpendicular to it.  In order to assure that the vehicle crush 
during the test was at least as great as that observed in the actual crash, a 39.5 mph impact speed 
perpendicular to the barrier was selected for the test.   

This test involved mounting a vehicle on skid plates so that it could be dragged at a 54 degree 
angle into the wall.  The vehicle was propelled by a chain attached to the frame rails under the 
engine.  The chain was attached to a slide mechanism that was connected to a high powered winch 
for towing the vehicle.  The slide mechanism was designed to become detached from the vehicle just 
before impact with the wall.  When the front of the car impacts the wall at a 54 degree angle, the 
vehicle would normally rotate in a counter-clockwise direction.  In order to prevent the rotation a 
restraining bar was attached to the rear of the frame rail on the left side.  The restraint system was 
mounted in a longitudinal track so that it would offer little resistance to sliding into the barrier, but 
could prevent movement along the face of the barrier.  Figure 22 shows the configuration for this 
test.   
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Figure 22. Test Setup for Full-Scale Crash. 
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Note that the vehicle was instrumented with 36 accelerometers and two displacement 
transducers to provide data for calibrating the computer simulation model as well as identifying the 
magnitude of the forces that may have been applied to the No. 3 car during its crash.  The test also 
incorporated an instrumented wall with 36 impact zones, each with load cells in the x and y 
directions, that provided a measure of the magnitudes and locations of forces applied to the barrier.  
Figure 23 shows the configuration of the load cells in the instrumented wall. 

 
 

Figure 23. Instrumented Barrier Wall. 
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As shown in the sequential photos in Figure 24, the vehicle impacted the barrier at an angle 
of approximately 54 degrees.  As intended, the lateral restraint system prevented rotation of the 
vehicle until the very end of the impact event when the welds on the lateral strut broke and some 
rotation was allowed.  Figure 25 shows the vehicle accelerations normal to the barrier face measured 
at the center of gravity of the car.  As shown in this figure, when the accelerometer data was filtered 
through a SAE J211 - CFC Class 60 filter, the peak deceleration measured at the vehicle c.g. was 
approximately 68 g=s.  Since an occupant restraint system often cannot respond to accelerations in the 
60-100 Hz range, it is sometimes useful to examine the same data when filtered at 30 Hz as shown in 
Figure 26.  When filtered at 30 Hz the peak magnitude is reduced to 48 g=s.  Integrating the 
accelerometer data produced a total velocity change of 45.4 mph.  The duration of this impact event 
was found to be approximately 80 ms.  If the damage to the two vehicles was found to be similar, 
there is no reason to believe that the duration of the two events would not be similar.   

Note that the total velocity change is greater than the initial speed due to rebound caused by 
the restitution of elastic strain energy in the vehicle structure after motion into the wall is brought to 
a stop.  In this case, the 5.9 mph observed rebound velocity would indicate a coefficient of restitution 
of 0.02 which is within the normal range for an impact of this magnitude.  
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Figure 24. Sequential Photos from Full-Scale Crash Test 
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Figure 25. Vehicle Accelerations from Test – 60 Hz 
 

 
 

Figure 26. Vehicle Accelerations from test – 30 Hz Filter 
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In order to verify that the impact conditions utilized in the full-scale crash test reasonably 
replicated the crash conditions, damage to the two vehicles was carefully compared.  Figures 27 and 
28 show that the overall crush pattern of the two vehicles was quite similar.  The most notable 
difference shown in these photos is that the extent of crush on the test vehicle is greater than that 
observed on the No. 3 car.  Recall that the test vehicle crash was conducted at a higher speed to 
assure that the vehicle crush was at least as great as that observed in the No. 3 car.  Hence, it can be 
concluded that the actual estimated crash speed and the angle of the velocity vector relative to the 
barrier of 158.5 mph and 13.6 degrees was probably very accurate.  Figures 27 and 28 also show that 
the angle of crush for the test vehicle may have been 3-6 degrees lower than the crashed car.  
Therefore, the vehicle orientation relative to the wall may have been closer to 55-59 degrees rather 
than the 54 deg. impact angle utilized in the crash test.   

Both vehicles had significant displacement of the engine and drive train.  Although the 
dynamic displacement of the engine on the test vehicle was much higher, as shown in Figure 24, the 
best estimate of permanent set was 3 in. which is the same as that for the No. 3 car.  Figure 29 shows 
the rearward displacements of both transmissions during the impact.  Note that in both vehicles, the 
transmission first moved to the back of the slots on the mounting plate and then deformed the 
mounting plate itself.  As shown in this photo, the extent of rearward displacement was very nearly 
the same.  Figure 30 shows that the rear of both transmission housings were broken off when they 
were driven into the first U-joint.  Again the extent of displacement and overall damage appeared to 
be very similar.  Although it was difficult to document visually, both rear housings were bent as well. 
 Many local vehicle deformations, such as those shown in Figure 31 and 32 showed similar damage 
patterns  and  magnitudes  as  well.   The  figures shown above clearly demonstrate that the overall 
damage patterns for these vehicles is very similar.  Further, both engines and drive trains were 
displaced rearward in a similar manner and with similar magnitude.  Finally, there were many 
similarities in local deformations as well.  All of this evidence demonstrates that, although the speed 
may have been a little high and the vehicle heading angle may have been a little low, the impact 
conditions used in the full-scale crash test replicated the actual crash very well. 
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No. 3 Car 

 
Test Vehicle 

Figure 27. Overview of Vehicle Crush 
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No. 3 Car 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Test Vehicle 
Test Vehicle 

Figure 27. Overview of Vehicle Crush (Continued) 
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No. 3 Car 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Test Vehicle 
Figure 28.  Underside View of Frontal Damage 
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No. 3 Car 

 

Test Vehicle 
Figure 29.  Rearward Displacement of Transmission.  
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No. 3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 

Test Vehicle 
Figure 30. Damage to Rear of Transmission Housing. 
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No. 3 Car 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Test Vehicle  
Figure 31. Damage to Left Frame Horn End 
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No. 3 Car 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Test Vehicle 
Figure 32.  Damage to Vehicle Headers. 
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One area of significant difference in the damage of the two vehicles was in the structural  
tubes supporting the right frame horn or front clip.  As shown in Figure 33, the structural support 
tubes on the two vehicles had somewhat different configurations.  Notice the truss configuration used 
to connect several of the support tubes used in the No. 3 car compared to the individual tubes 
employed with the test vehicle.  The truss configuration would be believed to be significantly stiffer 
initially than the separate tube construction.  As shown in Figure 34, the truss arrangement in the No. 
3 car exhibited little damage during the impact, while several of the tubes on the test vehicle were 
either ruptured or severely damaged.  Structural differences in the two vehicles would be expected to 
cause some differences in the impulse applied to the two vehicles during the crash.  These 
differences would not be expected result in more than a 10-20 percent change in the peak 
decelerations filtered at 60 Hz.  The expected magnitude of the differences between the impulse 
would be reduced significantly for lower frequency filters.  Further, since the vehicle used in the full-
scale crash test is representative of many vehicles currently running on the Winston Cup circuit, the 
crash pulse data from this test would be appropriate for use in further efforts to design better 
occupant restraint systems, more crashworthy vehicles, and energy absorbing barriers.  Finally, this 
crash test and all of the data collected contributed greatly to the validation of the computer model 
described in the next section. 



 
 40

No. 3 Car 

 
Test Vehicle 

Figure 33.  Damage to Vehicle Headers. 
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No. 3 Car 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Test Vehicle 
Figure 34. Frame Horn Support Tubes 
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Based on the great similarity in damage between the test vehicle and the No. 3 car and the 
fact that the damage to the test vehicle was slightly greater, it was concluded that the original 
estimated impact conditions were very accurate.  Using the 0.02 coefficient of restitution found in 
the full scale crash test, the resulting velocity change perpendicular to the barrier would be 
approximately 41-43 mph.  The photogrammetric analysis was used to estimate the velocity change 
parallel to the barrier to be between 7 and 10 mph.  When the two velocities were added together, the 
total velocity change of the No. 3 car was estimated to be approximately 42-44 mph. 

VII.  Computer Modeling 

A validated computer model is one of the best tools available for reconstructing accidents.  In 
many cases, including this one, computer simulation is the only method currently available for 
reproducing the actual impact conditions.  Further, an accurate vehicle model is the foundation of 
any effort to improve vehicle crashworthiness or develop energy absorbing barrier systems.  
Therefore, an effort was undertaken to develop a reasonably well validated computer model that 
could be used to aid in the reconstruction of the No. 3 car crash and support development of more 
crashworthy cars and barriers in the future.   

Modern computer modeling involves utilizing finite element analysis (FEA) programs to 
predict vehicle deformations and loadings during a crash event.  FEA modeling of an automobile 
involves breaking the entire vehicle into thousands of small elements (finite elements).  The load 
displacement characteristics of these elements are then characterized individually.  In that way the 
behavior of extremely complex structures can be reduced to analyzing the load deformation 
properties of very simple elements, many thousands of times.  Crash modeling utilizes a non-linear, 
explicit analysis FEA methods first developed by the national laboratories for defense purposes.  
This type of analysis has been shown to be capable accurately predicting vehicle deformations and 
loadings during high speed crash events.   

LS-Dyna3D represents the state of the art in explicit finite element analysis software for crash 
simulation.  It is used by all domestic and a wide assortment of foreign automobile manufacturers for 
all of their crashworthiness design work. Further, almost all roadside safety developers (barrier 
designers) utilize this program to design safety hardware.  Based on its wide acceptance in the 
crashworthiness field, LS-Dyna3D was identified as the analysis tool of choice for the computer 
modeling effort. 

The modeling effort involved contracting with Altair Engineering to develop an initial Ls-
Dyna3D model of a NASCAR Winston Cup vehicle.  Figure 35 shows the structural frame and the 
associated computer model generated by Altair Engineering.  Initial validation was undertaken by the 
authors of this report at a very early stage in the model development process in order to expedite 
completion of the reconstruction.  The model was then completed through a series of steps by adding 
additional structural and non-structural components that were found to contribute to the vehicle crush 
behavior.  Ultimately, Altair supplied the model shown in Figure 36 for validation against the full-
scale crash test described above and replication of the actual No. 3 car accident.  This model 
incorporates approximately 87,000 elements to study the behavior of the NASCAR Winston Cup 



 
 43

race car.  Note that the model shown in this figure incorporates the structural support for the frame 
horn found in the vehicle used for the full-scale crash test.   

 

 
Figure 35  Frame of Initial Model. 
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Figure 36  Model of Test Car. 

Validation of a computer model can normally be segregated into three different stages.  The first 
stage involves replicating phenomological behavior of the crash which requires that overall structural 
deformations match pretty well.  In the first stage, the only evaluation criteria is that the nature and 
magnitude of predicted vehicle deformation should match the test results.  After achieving this goal, 
it then becomes important to compare the timing of impact with the various vehicle components 
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between the simulation and the test.  Only after the simulated deformations and impact timings 
compare favorably with the test does the modeler begin to consider evaluating whether the overall 
acceleration levels correlate.  Even in the final stage, velocity changes are generally considered a 
more reliable tool for evaluating model validity than is the acceleration trace.   

After some iterations involving modeling refinement, the NASCAR vehicle model was used 
to simulate the full-scale crash test described above.  As shown in Figure 37, the overall vehicle  
deformations from the computer model matched test results reasonably well.  Further, as shown in 
Figures 38-41, deformations of most important structural components matched test results reasonably 
well.  Further, as shown in Figure 42, sequential photos of the simulation and the full-scale test, 
timing of the component impacts with the wall appear to be fairly well correlated.  Finally, as shown 
in Figure 43, the velocity versus time curves from the test and the simulation are generally in 
agreement. Based on these findings, it was concluded that the computer simulation model was 
sufficiently accurate to begin studying the No. 3 car crash.   

Figure 44 shows sequential slides from the No. 3 car barrier crash simulation.  Recall that initially it 
was believed that the No. 3 car did not rotate when it struck the barrier due to the influence of the 
No. 36 car impact.  The computer simulation model indicates that this assumption is likely to be in 
error.  As shown in Figure 44, the model replicates the overall behavior of No. 3 car reasonably well, 
even though the No. 36 car was not included in the simulation.  This finding is very significant in 
that it indicates the No. 3 vehicle struck the barrier under a critical impact scenario wherein the 
resultant barrier forces act through the vehicle center of gravity so that vehicle does not rotate.  As 
mentioned previously, vehicle rotation upon impact with the barrier reduces the magnitude of the 
primary impact by separating the crash into two distinct events.  Impacts with barriers under critical 
impact conditions represent a worst case scenario from an occupant risk standpoint because the 
accelerations applied to the occupant compartment are maximized.   
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Figure 37.  Frontal Overhead Crush View 
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Figure 38.  Bottom View – Test vs. Simulation. 
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Figure 39.  Right Front Corner – Test vs. Simulation 
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Figure 40.  Right Front Side – Test vs. Simulation. 
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Figure 41.  Firewall – Test vs. Simulation. 
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Figure 42.  Sequentials – Test vs. Simulation. 
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Figure 42.  Sequentials – Test vs. Simulation (continued) 
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Figure 43.  C.G. Velocity – Test vs. Simulation. 
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Figure 44.  Sequentials – Simulation of No. 3 Impact. 
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Figure 44.  Sequentials – Simulation of No. 3 Impact (continued) 
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As shown in Figures 45-50 simulated vehicle damage compared reasonably well with the 
damage observed on the No. 3 car.  These figures demonstrate that the computer model has achieved 
the first stage of validation for the actual crash modeling, i.e. replication of the overall phenomenon 
observed during and after the crash.  The available data on the actual crash, including GPS and 
photogrammetry, do not provide detailed information regarding the timing of the impact or the 
impulse imparted on the vehicle.  As a result, it is not possible to evaluate the computer model=s 
validity on these levels.  Never-the-less, the acceleration impulse calculated from the simulation of 
the No. 3 crash was passed through an SAE J211-CFC Class 60 filter and presented in Figure 51.  As 
shown on this figure, the maximum deceleration was predicted to be 64 g=s during the barrier crash.   

Based on the correlation between the computer model, the full-scale crash test, and the No. 3 
car crash evidence, it can be concluded that the computer model has reached a sufficient level of 
validity to begin being used in crashworthiness studies.  The model has already begun to be used in 
efforts to design an energy absorbing barrier system and it will soon begin to be used to evaluate 
variations in crashworthiness of existing Winston Cup chassis designs.  Ultimately this model will 
become a valuable tool for improving the designs of occupant restraint systems, crash worthy 
chassis’s, and energy barrier systems. 
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Figure 45.  Model of No. 3 Car. 
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Figure 46.  Frontal Overhead Crush View – No. 3 vs. Simulation. 
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Figure 47.  Bottom View – No. 3 Car vs. Simulation. 
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Figure 48.  Driver Side Deformation – No. 3 Car vs. Simulation. 
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Figure 49.  Passenger Side Deformation – No. 3 Car vs. Simulation. 
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Figure 50.  Passenger Side Firewall – No. 3 Car vs. Simulation. 



 
 63

 
 

Figure 51.  Acceleration Trace of No. 3 Car Simulation. 
 

VIII.  Summary and Conclusions 

As summarized above, the No. 3 car crash was reconstructed sufficiently to determine the 
impact speed, heading angle, and the angle of the velocity vector throughout the event.  Upon impact 
with the barrier, the No. 3 car was traveling at a speed of approximately 157-160 mph and its 
trajectory had an angle relative to the barrier of approximately 13-14 degrees.  Further, the heading 
angle of the vehicle was approximately 55-59 degrees relative to the barrier at the time of impact.  
This heading and trajectory angle combination represent a critical impact condition in which the 
vehicle would not have rotated during the barrier impact, even if the No. 36 car had not been in 
contact with the No. 3 car.  This critical impact condition lead to a total velocity change during the 
primary barrier impact of 42-44 mph over a period of approximately 80 ms.   

 The collision between the No.’s 3 and 36 cars was found to have two major effects.  First, the 
impact caused the No. 3 car to have a total change in speed of approximately 2-4 mph which actually 
involved the vehicle speeding up parallel to the barrier and slowing down perpendicular to the 
barrier.  Each of the two components were actually greater than the speed change and when the 
components are added vectorially, it was estimated that the total velocity change for this vehicle was 
approximately 9-11 mph.  Although this level of velocity change would not be expected to cause 
occupant injuries, it could have an effect on occupant position upon impact with the barrier.  The 
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collision with the No. 36 car also caused both vehicles to rotate clockwise which lead to the high 
heading angle associated with the barrier impact.  The photogrammetric reconstructions indicated 
that the barrier impact occurred approximately 400 ms after the collision with the No. 36 car.   

 The estimated barrier impact conditions were originally determined from tire marks on the 
track, on board GPS data, and photogrammetric reconstructions of video tapes.  Confidence in the 
estimated impact conditions was greatly enhanced by findings from one full-scale crash test and a 
sophisticated computer model. 

The crash test results and computer simulation model developed during this investigation will 
provide tools for evaluating occupant restraint systems, improved chassis designs, and development 
of energy absorbing barrier systems.   
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ABSTRACT

An injury causation analysis is presented for the February 18, 2001 crash involving Dale
Earnhardt.  Findings and conclusions are presented which relate the accident vehicle dynamics to
the resulting occupant kinematics, biomechanics and clinical injuries.  Dale Earnhardt's death
was most likely caused by a blow to the back of the head not from one single cause but from a
combination of unusual  factors.  These included the uncommon severity and trajectory of the
car's impact with the wall, an immediately prior collision with another car that put him out of
position and a separation of the left lap belt under load that allowed greater motion within the
car.

I. Introduction

On 18 February 2001, Mr. Ralph Dale Earnhardt died of injuries sustained in a crash
during the last lap of the Daytona 500 Winston Cup automobile race.  Biodynamic
Research Corporation (BRC) has been retained by representatives of NASCAR, the
sanctioning body, to perform an injury causation analysis to assess how the injuries
occurred.  The work by BRC proceeded independently and parallel to the work of other
consultants in other areas such as accident reconstruction.  Data from these analyses were
utilized by BRC in the conduct of the injury causation analysis and form a portion of the
basis for some of the conclusions.

BRC is a professional services firm in San Antonio, Texas, engaged in the performance
of injury causation analyses relating most commonly to vehicular impacts.  The analysis
involves assessments in four separate but cause-and-effect related areas.  These areas are
outlined in Figure 1.  The first area, vehicle dynamics, involves an assessment of the
change in motion of the vehicle.  This area is typically analyzed by accident
reconstructionists.  When a vehicle undergoes a sudden change in its motion, the
occupant of that vehicle undergoes displacements with respect to the vehicle.  These
displacements are analyzed under the second heading of occupant kinematics.  Occupant
displacements result in contacts with restraints, vehicle structure, or other objects
resulting in stresses on the body which are analyzed under the area of biomechanics.
When those stresses exceed human tolerance for the occupant, clinical injury results.  An
injury causation analysis, therefore, employs medical and engineering analyses to
elucidate the sequential relationships in the four areas.  Some background on the general
approach is outlined, with some specific examples relating to aircraft crash issues, in the
two references by Raddin (1997).
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Principal consultants from BRC engaged in the present analysis are Dr. James V.
Benedict and Dr. James H. Raddin, Jr., with support from other members of the BRC
staff.

The data upon which the analysis is based will be described in the next section.  The
overall findings will then be reported with a description of the analytical basis for each.

II. Analysis Data Sources

A. Materials Reviewed

1. Vehicle Data

Various sources of data were available to assess the impact events for the
Three Car occupied by Mr. Earnhardt.  These sources of data include:

§ Film and/or video camera coverage of the crash from various angles;
§ GPS data recorded from the Three Car;
§ Crash scene marks observed and measurements performed by the crash

reconstruction analysis team (“The Nebraska Team”);
§ The actual wreckage of the Three Car;
§ Dismantled portions of wreckage from the Thirty-Six Car;
§ An exemplar vehicle for the Three Car;
§ Enhanced video of the crash from one angle;
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§ Photographs of the Three Car taken by the Medical Examiner’s office
and by NASCAR officials.

Vehicle data, for the most part, were quantitatively analyzed by Dr. Dean
Sicking and the Nebraska team.  However, helpful information for the injury
causation analysis was derived from review of crash footage and study of
the actual wreckage.  Output from the analysis of the reconstruction team
also formed a basis for the injury causation analysis.

2. Occupant Data

Sources of data to understand the occupant injuries include:

§ Video coverage of portions of the rescue and emergency care efforts;
§ Information from members of the emergency response team;
§ Autopsy report with diagram;
§ The actual crash–involved helmet
§ Report of injury causation conclusions by Dr. Barry Myers.

Photographs taken at the time of autopsy are under seal and not available for
examination.

B. Vehicle Inspection

After reviewing the basic crash footage, the available autopsy data, and the injury
causation analysis report by Dr. Myers, a vehicle inspection was performed on 29
May 2001 by Dr. Raddin. This inspection was performed in Hickory, North Carolina.
On the following day, discussions took place with various members of the Rescue and
Emergency Response Teams.  On 3 July 2001, an additional vehicle inspection was
performed by Drs. Benedict and Raddin.  During the vehicle inspections, photographs
were taken to document specific findings.  During the initial vehicle inspection, the
restraint system was available, analyzed, and photographed.

C. Helmet Examination

On 20 June 2001, the crash-involved helmet and two additional helmets were CT
scanned at North Carolina Baptist Hospital.  This was undertaken for the purpose of
assessing potential areas of crush to the impact-protective liner within the helmet.
The crash–involved helmet was physically examined by Dr. Raddin at a later date.

D. Testing Activities

The Nebraska team performed activities in the areas of modeling, crash
reconstruction analysis, and full-scale crash testing of an exemplar vehicle into a
barrier.  Data from these efforts were utilized to define parameters for a sled test
which was performed on July 20, 2001 at Autoliv in Auburn Hills, Michigan.  Testing
was also carried out at Autoliv to define force–deflection characteristics of exemplar
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steering wheels and separation characteristics of exemplar belts.  Information from
these activities were taken into account in the injury causation analysis.

III. Findings and Conclusions

A. Vehicle Dynamics

1. The impact with the wall was a severe crash.

The severity of a crash when a car hits a wall is determined not so much by
the speed of the car at wall contact but rather by the component of that speed
which is directed towards the wall.  If a car going at 150 miles an hour
simply brushes against a flat wall because its speed is primarily parallel to
the wall, the impact may be very modest.  If, on the other hand, a car going
150 miles an hour directly towards a flat wall makes contact with that wall,
the crash is vastly different.  To assess the severity of wall contact,
therefore, it is necessary to assess the velocity (speed with consideration of
its direction) and the component of that velocity that is perpendicular to the
wall.  In the crash of the Three Car, the speed was in excess of 150 miles an
hour, but the velocity was such that the component directed towards the wall
was approximately 37 to 38 miles per hour, based on the crash
reconstruction analysis.

The component of the velocity parallel to the wall at the impact point does
not have to be reduced all at once because the car can slide along the wall.
This reduces its speed as a result of friction against the wall in a relatively
gradual manner.  The component of velocity towards the wall, however,
must be reduced rapidly during the crash event.  That velocity component is
reduced not just to zero but actually continues to be reduced even more to
the point that the vehicle develops a velocity away from the wall on
rebound.  The total velocity change in the impact is a combination of the
component of velocity towards the wall prior to the impact plus the rebound
velocity.  An additional contribution to the total velocity change may also
occur on the basis of wall curvature towards the vehicle as the vehicle slides
along the wall during the crash.  This contribution is made proportionate to
the wall curvature throughout the time the vehicle is in contact with the
wall.  The total velocity change during the crash of the Three Car was
approximately 42 to 44 miles per hour.

This is a severe velocity change for a vehicular impact.  By comparison,
Federal Motor Vehicle Safety Standards governing performance of
protection systems in passenger vehicles mandate testing with barrier
impacts at 30 miles per hour.  These impacts produce velocity changes
typically in the range of 32 to 33 miles per hour.  This range is tested
routinely, but it is not a minor event.  It is equivalent to sitting in a parked
car which is struck head-on by a similar car traveling at 60 miles per hour.
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Even more strenuous tests are performed to assess protection performance at
higher limits.  These are generally conducted at 35 miles per hour into a
barrier, producing velocity changes in the neighborhood of 38 miles per
hour.  These differences and the difference between these levels and a
velocity change in the 42 to 44 miles per hour range are highly significant
since the work required to stop a vehicle and an occupant in a crash is
related to the energy of the crash rather than a simple linear relationship to
velocity change.  The energy associated with a 38 miles per hour velocity
change is approximately 37 percent higher than the energy associated with a
32.5 miles per hour velocity change.  The energy associated with a 43 miles
per hour velocity change is about 75 percent greater than that associated
with a 32.5 miles per hour velocity change.  The 43 miles per hour velocity
change is equivalent to the velocity developed in a fall from approximately
62 feet, neglecting air friction.  It compares to sitting in a parked car which
is struck head-on by a similar car traveling over 75 miles per hour.  Impacts
of this severity are extremely rare and are beyond the range of generally
expected protection using conventional passenger vehicle protection
techniques.  When assessing outcomes with conventional passenger car
restraints, a substantial portion of conventional passenger car occupants in
such a crash would be expected to experience fatalities or serious injuries.
In fact, the vast majority of fatal outcomes in motor vehicle traffic accidents
involving frontal collisions occur at velocity changes below 43 miles per
hour.  A comparison of the severity in terms of drop height equivalent is
shown in Figure 2.
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There is yet another aspect of the severity of this crash that must also be
considered.  That aspect is the acceleration level experienced during the
crash.  Typical passenger vehicle crashes occur over time periods of
approximately one tenth of a second.  The longer the time period that is
allowed for a crash, the lower the acceleration required to produce the
velocity change.  If several seconds were available to decelerate from 43
miles per hour, the task could be accomplished without producing injury.
However, several seconds would require a large distance in which to
accomplish the stopping.  That distance is not available in either passenger
cars or racecars.  Therefore in passenger cars, the velocity change occurs in
approximately one tenth of a second, and filtered peak accelerations would
be expected in the neighborhood of 40gs.  Racecars require stiffer structures
to provide greater control and handling as well as protection over a wide
range of crash types.  Therefore, crush distances are generally less and crash
durations are generally shorter resulting in higher peak accelerations.  The
effective crash pulse duration in the impact of the Three Car against the wall
was in the range of 70 to 80 milliseconds, likely resulting in extremely high
peak accelerations.  Even when the acceleration curve is filtered to assess
the accelerations of biomechanical significance to the occupant, the
smoothed acceleration levels were likely between 45 and 50g’s in the crash
of the Three Car.  Unfiltered peak accelerations would be much higher.  In
that regard, it is important to understand the applied filter when attempting
to compare these levels with those reported for other race car crashes.  If
less filtering is applied, peaks in this crash might be expected at levels ell
above 100g’s.  Similar filtering needs to be applied if different data sets
from different crashes are to be meaningfully compared.

Clearly occupant protection modalities were present in the Three Car which
would not be practical in conventional passenger vehicles.  Therefore, the
driver would be expected to receive some protection benefits at crashes of
significantly greater severity than those typically survived by occupants of
passenger vehicles.  However, the severity of the reconstructed crash of the
Three Car is one which provides challenges to the protection capabilities
even for racecar occupants.  Even the highest acceleration levels tolerated
by experimental subjects in early rocket sled experiments with elaborate
experimental restraint systems have been performed with some injury in the
range of approximately 45g’s.  Even these tests were conducted in a fashion
in which significant protection was afforded to the occupant as a result of
the mechanical characteristics of the equipment in which the impact was
produced (Raddin, 1982).  The conclusion is therefore clear that the crash of
the Three Car was an extremely severe impact as a result of an unusually
high component of velocity towards the wall in a relatively short, high
acceleration crash pulse.

It should be noted that the severity of the impact of the Thirty-Six Car with
the wall was substantially lower since the component of the Thirty-Six Car’s
velocity towards the wall was significantly less than that of the Three Car.
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2. The direction of the crash impact accelerations was
generally frontal and slightly from the right.

Assessment of vehicular crashes also requires knowledge of the direction of
action for the forces on the vehicle.  Examination of the crashed vehicle
shows crush damage typical of a crash in which the forces on the vehicle
come from the right front which would typically cause an occupant to move
both forward and to the right with respect to the racecar.  As the forces are
applied between the wall and the vehicle, the vehicle is pushed both leftward
and rearward relative to the occupant, and the occupant, in obedience to
Newton’s First Law, continues generally forward and rightward with respect
to the vehicle.  These are the directions that would have been expected had a
dummy occupant been present during the Nebraska Team’s full-scale crash
test into the wall.  However, this was not the crash direction experienced by
the Three Car, since the barrier crash test did not duplicate the component of
the velocity of the Three Car that was generally along a direction parallel to
the wall.  The down-track velocity resulted in friction losses which slowed
the velocity of the vehicle along the track and parallel to the wall.  This
slowing of the vehicle was a part of the overall velocity change to the Three
Car.  The slowing of the down-track velocity resulted in forces on the Three
Car which generally came from the left and slightly forward.  The occupant
on the basis of that component alone would have tended to move largely to
the left and only slightly forward.  The actual motion of the occupant of the
Three Car with respect to that car was a combination of the two responses.
Therefore, the component parallel to the wall tended to produce a leftward
component which negated some of what would otherwise have been a larger
rightward component resulting in a net motion that was more forward than
would be expected on the basis of the angle of the vehicle crush line.  The
actual net principal direction of force resulted in motion that was generally
forward and modestly to the right in a direction with respect to the car that
would parallel the hour hand of a clock when the clock is reading a time
between 12:40 and 12:45.  In other words, this would be a direction between
two thirds and three quarters of the way between the 12 o’clock position and
the 1 o’clock position of the hour hand, or about 20 to 22.5 degrees to the
right from straight ahead.

It should be noted that this direction would be different from that expected
for the driver of the Thirty-Six Car during his wall impact.  He likely tended
in a direction that was both forward and more significantly rightward with
respect to the vehicle.

3. There was a biodynamically significant impact to the Three
Car prior to its contact with the wall.

Just prior to wall impact, the Three Car moved rapidly into the path of the
Thirty-Six Car, which was located between the wall and another racecar.
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Prior to the first untoward event, the speeds of the Thirty-Six Car and the
Three Car were relatively similar.  As a result of the pre-impact maneuvers
of the Three Car, there was a loss of velocity compared to the Thirty-Six
Car.  In addition, the direction of the Three Car was substantially changed so
that the down-track component of the velocity of the Three Car was
significantly less than that of the Thirty-Six Car.   These circumstances
resulted in an impact between the Thirty-Six Car and the Three Car shortly
before wall impact.  Clear evidence of contact can be observed in the
various video coverages, including motion of the left rear wheel of the Three
Car in a direction strongly to the left with respect to the Three Car chassis as
a result of the contact to the right rear wheel of the Three Car by the
Thirty-Six Car.  The overall contact resulted in the Three Car being pushed
significantly to the left and somewhat forward.  The velocity change
associated with this contact was in the range from approximately 9 to 11
miles per hour, based on the reconstruction analysis.  This velocity change,
brought about during the short duration of a vehicle-to-vehicle impact, was
sufficient to result in significant displacement of the driver occupant of the
Three Car.

4. The time of the prior vehicle-to-vehicle impact was
significantly less than one half second prior to the time of
the Three Car impact with the wall.

Reference to the accident reconstruction analysis, the track video coverage,
and the in-car camera coverage with sound pick up from the Three Car all
provide basis to conclude that the two impacts were separated by a time
interval of approximately 400 milliseconds (less than twice the duration of
an eyeblink), but the vehicles continued in contact during this period.

B. Occupant Kinematics

5. The occupant of the Three Car was placed in an unusual
position at the time of wall impact as a result of the prior
vehicle-to-vehicle impact.

Dale Earnhardt’s driving position was customarily one with his head placed
significantly to the left relative to the midline of his seat.  Whether he
moved his head from this position in the early maneuvers is not known.  At
the time of the impact with the Thirty-Six Car, forces were placed upon the
Three Car sufficient to displace the occupant in a direction significantly to
the right with parts of the occupant’s body moving also somewhat rearward.
Impacts conducted with human volunteers in the past have demonstrated
significant response to impacts in the range of severity of that from the
collision with the Thirty-Six Car.  For example, Figure 3 shows the response
of a volunteer human subject in a rear-end impact at 6.4 miles per hour
velocity change.  This is in a different direction with a much lower velocity
change and a much lower acceleration level.  Figure 4 shows the response of
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a helmeted volunteer subject in a pre-tightened, modified five-point restraint
to a straight lateral impact with a significantly higher velocity change but a
more similar acceleration level.  The head response of the Three Car driver
was likely greater than that of the volunteer in Figure 4, but with similar
characteristics.
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Findings in the vehicle are also consistent with this motion.  Figure 5 shows
a view of the driver’s position in the Three Car.  Figures 6 and 7 are
close-up views of the upper wing of the seat which is conventionally to the
right of the right upper torso and under the right arm of the seated occupant.
This wing shows a scuffing of the vinyl surface in two directions with a
fabric pattern imposed into the vinyl and a bunching of the vinyl in a
direction to the right and somewhat rearward with respect to the seat.  There
is also some bending of the seat wing to the right.  The scuff also shows a
later forward component.  The rightward scuffing and bending of the seat
wing would not be expected unless the occupant was moved to the right
from the Thirty-Six Car impact.  The later vehicle motions should not have
taken the occupant toward this structure to the extent demonstrated in the
Three Car.
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The head of the occupant was displaced to the right as a result of the Thirty-
Six Car pushing the Three Car to the left and somewhat forward out from
under the occupant.  As the head continued its pre-impact motion, that
rightward displacement was arrested by forces through the occupant’s neck.
However, the occupant’s helmet would continue to the right and rearward in
obedience to Newton’s First Law, being arrested by forces through the
chinstrap and friction forces against the back of the head.  The resulting
motion would tend to rotate the helmet up and forward with respect to the
head with the helmet rotating somewhat about the chinstrap.  Somewhat
greater helmet rotation would be expected for Mr. Earnhardt than is shown
in Figure 4 since the volunteer’s helmet included a nape strap to minimize
forward rotation of the helmet.  The occupant of the Three Car would be
expected to be in the process of this response at the time of the wall impact
as a result of the short time interval between the two impacts.

By contrast, the driver of the Thirty-Six Car would respond to his impact
with the Three Car in a much more forward direction and somewhat to the
left.  Such a response would tend to load him into his restraint system and
produce forward and somewhat leftward neck flexion, constituting a
potentially beneficial dynamic preload for his subsequent wall impact which
was also different, both in direction and severity, from the wall impact of the
Three Car.
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6. Without a prior impact, the occupant’s response would be
expected to be generally forward and slightly to the right.

If the Thirty-Six Car impact had not occurred, the occupant’s head would be
expected to start from his customary position somewhat to the left with
respect to the center line of the seat resulting in relatively symmetrical loads
to the lap belt and shoulder harness portions of the restraint with the
potential for some contact between helmet or head with steering wheel in a
generally frontal fashion for a crash of this severity.  Contact with the
steering wheel, if it occurred, would be expected to be in a fashion such that
the wheel would be loaded generally out of plane in a forward direction.
That would be the preferential direction for loading to minimize head impact
injury potential.  The upper torso would load relatively symmetrically
against the restraints since the hips would tend to start out generally
centered in the seat, and the upper torso would be deviated somewhat to the
left based upon the driver’s customary positioning.  Therefore, the hip and
upper torso would transition from somewhat left, moving generally forward
and slightly right, in a reasonably symmetrical load against the restraints.

7. The initial response of the occupant was forward and
slightly rightward from a starting position that was
substantially deviated to the right resulting in an
asymmetric load and an unconventional response.

In the actual event, the occupant’s body had been prepositioned significantly
to the right as a result of the prior impact with the Thirty-Six Car.
Therefore, the occupant’s right leg moved forward and rightward from a
rightward position resulting in loading against the leg guard displacing it
forward and to the right as shown in Figure 8.  The hips transitioned forward
and slightly rightward from a position already displaced to the right leading
to an asymmetric load on the lap belt.  This asymmetry was likely
heightened somewhat by the driver’s customary habit of wrapping the
crotch strap around the front of the seat rather than through the slot in the
seat.  This configuration is demonstrated in Figure 9 showing an exemplar
vehicle and restraint.  The slot would have tended to provide a centering
force on the buckle which would not be present during the initial load with
the crotch strap around the front of the seat.  The net result would be to have
an altered angle of pull on the left seat belt anchor from that which would
normally be present.  In addition, the severity and nature of the impact as
previously described would result in a significantly higher tension being
initially applied to the left belt webbing.
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At the wall impact, the head began its motion forward and to the right from
a position displaced significantly to the right with the helmet already rotated
somewhat with respect to the head as a result of the response to the Thirty-
Six Car impact.  The initial forward motion of the head and helmet would
not provide further relative displacement between the two because their
initial motion forward and to the right with respect to the vehicle would be
based upon their joint obedience to Newton’s First Law.  It would simply be
a continuation of the pre-impact motion.  However, as that motion
continued, the torso would be expected to make earlier contact with the left
shoulder harness resulting in a tendency to restore the upper torso to a more
frontally aligned direction.  Furthermore, the head would then experience a
deviation from its forward and to the right travel as a result of forces
mediated through the neck derived from the fact that the torso would have
been substantially slowed and reoriented by the two shoulder harnesses.
This would cause the head to begin to swing back to the left with the left
side of the head leading.  This motion of the head as a result of forces placed
from the neck would now cause some further tendency to dislodge the
helmet from the head.  Therefore, it is likely that the head was not only
somewhat left leading but that the helmet was displaced somewhat forward
and to the right with respect to the head leaving portions of the left posterior
part of the head to be relatively uncovered.

8. The left lap belt webbing separated under load during the
impact of the Three Car with the wall.

At some point during the initial response of the occupant to the wall impact,
the left lap belt webbing separated.  This conclusion is based upon several
lines of evidence including the following:

§ Reports of the Emergency Response Team describe the lap belt buckle
as being displaced from its normal, generally centered position to a
position well over towards the right hip (Figure 10 shows an exemplar
belt system in an exemplar vehicle depicting the normally central buckle
placement);

§ A photograph taken by the Medical Examiner’s Office of the Three Car
at Daytona shows the separated lap belt.  (Figure 11);

§ Observations by NASCAR officials examining the car later revealed the
separated webbing with the adjustment length of webbing loose in the
adjuster.  The webbing attaching the adjuster to the left floor anchor was
significantly displaced towards the upper corner of the adjuster;

§ Physical evidence on the webbing;
§ Physical evidence in other portions of the Three Car;
§ Physical evidence in the form of occupant injuries.
§ Other studies including fiber analysis, DNA analysis and an

investigation with interviews of those in a position to observe or access
the belt.
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Considerable controversy has arisen regarding the issue of belt webbing
separation.  The issues relating to witness statements and other studies have
been analyzed elsewhere.  Our analysis addresses the physical evidence.

Three-inch belt webbing provides a larger area for force application during
severe impacts provided that the belt remains reasonably flat against the
loading surfaces both for anchors and for the occupant.  In practice, this
load-bearing surface area can be somewhat narrowed if the webbing folds so
that the load-bearing area against the occupant is narrowed.  Similarly, wide
webbing can provide a larger load-bearing area against restraint system
fittings such as adjusters used to tighten or loosen the webbing during use.
Particularly with asymmetric loads, the webbing may undergo “dumping”
within the fittings.  Dumping is illustrated in Figures 12 and 13 in which it is
depicted that a length of webbing on opposite sides of an adjuster may slide
to opposite ends of that adjuster under significant tension since such a
motion allows a parallelogramming in which the restraint can lengthen
under load somewhat by the adjuster changing its angle and pulling more
along a diagonal of a square or rectangle than along its sides.  The
lengthening occurs as a result of the diagonal being longer than the sides and
the load-bearing surfaces forming a ramp.  This tendency is particularly
increased when the webbing is not evenly placed in the adjuster to start with
or under the influence of asymmetric loads.
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Figure 14 is a photograph taken by NASCAR personnel who discovered the
torn webbing.  Figure 15 is a photograph taken of the involved adjuster
placed next to the NASCAR photograph showing the webbing dumped to
one side of the adjuster.  Figure 16 shows the restraint system from the
Three Car with greater detail of the webbing separation shown in Figures 17
through 23.
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It can be seen in Figure 21 that the surface of the webbing shows evidence
of substantial roughening as a result of moving against the checkered
surface of the adjuster’s lock bar under load.  This figure also shows that the
lap belt webbing was adjusted in a reasonably symmetrical way with the
lock bar placed adjacent and generally parallel to the edge of the tag at the
time it was loaded.  Figure 23 demonstrates that the right side lap belt was
similarly adjusted with marks from the adjuster lock bar just encroaching on
a portion of the tag.  The portion of the tag encroached upon indicates either
an asymmetry of initial adjustment opposite to the dumping direction
observed on the left side, or a slight tendency to dump in the opposite
direction from that observed on the left.  Since the webbing elongates to a
greater extent under load than the material of the tag, tags are often torn or
separated from their stitching when a belt is significantly loaded.  The left
lap belt tag is torn over part of its distance and separated from its stitching
over the remaining distance.  These physical findings along with the
roughening of the webbing surface by the checkered surface of the lock bar
indicates significant load having been placed on that webbing at the time
that the separation occurred.

Furthermore, the separation shows separated fibers of reasonably consistent
length on one edge of the separated webbing (Figure 22) and a progressively
longer group of fibers as one moves to the other edge, a characteristic
finding of a webbing separation that begins at the edge of the webbing
where the shorter fibers of consistent length are separated.  This is consistent
with the tear in the portion of webbing around the lock bar occurring at the
lower end of that lock bar.  That is the condition that would be expected if
the webbing on the lock bar side of the adjuster was dumped to the down
edge of the adjuster and the webbing towards the floor anchor was dumped
as observed towards the up edge of the back of the adjuster.  Separation,
therefore, occurred at the lower edge of the adjuster in the region near the
edge of the adjuster frame and the end of the lock bar.  As the separation
proceeded across the webbing, the last portions of webbing pulled further
through the frame of the adjuster leading to longer wisps of fibers at the
edge of the webbing where the separation ended.  This also pulled a
diagonal portion of the free end (adjustment tab) through the adjuster
leaving a characteristic diagonal mark placed there during the separation
process.  Figures 24 and 25 show details of the metal frame and lockbar at
the front of the lower edge.  A protrusion (raised area), was consistently
present in all the corners of the slots for the adjusters on both sides (Figure
26).



Page 25



Page 26

The available data related to the webbing consistently supports the
conclusion that the belt separated under load as a result of dumping with the
separation initiating on the lower edge of the adjuster at a point at the lower
end of the lock bar and the adjuster frame.  The findings would not be
present if an unloaded webbing was cut.  However, additional physical
evidence on the seat provides further confirmation.  Figures 27 through 29
show two areas of abraded and/or melted fibers on the surface of the seat
cover to the right side of the seat bottom surface.  The abrasions in the
larger, more aft area are directed forward and to the right.  Similar findings
are not observed on the left side of the seat surface.  These findings are
consistent with and provide evidence for the conclusion that the occupant
moved for a considerable distance against the seat bottom surface during
impact with loading directed preferentially to the right side of the seat
bottom.
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Observations at autopsy on the driver of the Three Car also demonstrated
evidence of soft tissue injury consistent with lap belt contact in the region of
the left side of the lap belt distribution.  This is in the form of a 10 by
2-centimeter area of superficial abrasion which is transversely oriented.  The
abrasion is in the distribution expected for contact evidence between the
occupant and the lap belt while loading the lap belt in a generally forward
and rightward response but having started from a position deviated to the
right and somewhat rotated in a clockwise direction as viewed from above
with respect to the seat.  There is, however, no matching symmetrical area
of abrasion on the right.  Instead, there is a 22 by 5-centimeter area of
abrasion that proceeds from the region of the right hip in a downward angle
roughly paralleling the inguinal ligament as indicated on the autopsy
diagram (Figure 30).  This is not a soft tissue injury finding that would be
expected for an intact lap belt in the collision of the Three Car.  Instead, it
would indicate early contact with the intact left lap belt and then, following
separation, subsequent contact after moving forward and to the right with
the angled soft tissue injury consistent with force applied through the loop
formed by the crotch strap and right lap belt after the occupant had moved
considerably further forward and to the right than would have been the case
had the left lap belt not separated.
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The physical evidence on the restraint system, the physical evidence in the
Three Car, and the physical evidence in the form of injuries on the occupant
together provide a clear and objective basis to conclude that the left lap belt
separated under load during the impact with the wall.  It was not cut after
the crash.  It is clear from the accident reconstruction analysis that
insufficient energy existed to expect the belt separation to have occurred at
the time of the impact with the Thirty-Six Car.  Instead, the wall impact
provides the only reasonable candidate for the energy needed to do the work
of separating the belt.

The cause of the dumping is not clear.  Webbing misadjustment by the
driver, however, does not appear to be a factor.  Physical evidence on the
webbing shows that the lock bar was applied evenly across the webbing and
not placed at a significant angle.  Nor is there any basis for suspecting
misalignment in this direction of the webbing in the right adjuster.  The right
belt showed evidence of loading with a slight misalignment in the opposite
sense from the way that the left belt dumped, either from a slight opposite
prepositioning or a slight dump the other way.

Dumping and belt separation can occur on the basis of a number of other
factors.  These include asymmetries in the direction of pull during an impact
event, characteristics of the adjuster, routing of the webbing, and simply
severity of the load.  In light of the complexity of the occupant kinematics in
this accident, it is not possible to determine the extent to which any one of
these factors contributed to the dumping and separation of the belt in this
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case.  There had not been a belt separation issue previously identified in
NASCAR events in which similar belts, fittings, and routings have been
used.  The present experience however, should heighten attention to the area
of restraints and provide impetus for the development of approaches to
minimize the likelihood of reoccurrence.

9. The timing of the separation during the wall impact cannot
be precisely defined.

Data do not exist to allow an assessment of the precise timing of the loss of
load carrying integrity of the lap belt webbing.  Sufficient data exist to
conclude that the webbing was intact at the time the load initiated and that
the webbing carried significant load during the early portion of the impact
before separating prior to the end of the occupant’s response.  However,
there is no objective means to reach a conclusion about the precise point in
the impact when the separation occurred.  This circumstance complicates
any attempt to apportion the role of belt separation in comparison to other
factors in the crash outcome.

10. The later kinematic response of the occupant following belt
separation was to move substantially further forward and
substantially further to the right in response to the wall
impact.

The initial occupant response has been described under Finding Number 7.
Following webbing separation, the lower torso was allowed to move
considerably further forward and to the right.  This resulted from the lack of
restraining force applied to the left lap belt and the occupant’s continued
motion forward and to the right until arrested by forces through the crotch
strap, right lap belt and shoulder harnesses.  As implemented by the driver
of the Three Car, the crotch strap was not routed through the slot provided
for the crotch strap in the forward portion of the seat bottom.  Instead, the
driver chose to route the crotch strap around the front of the seat (Figure 9).
This resulted in a decreased downward pull from the crotch strap on the
restraint buckle and, in this crash, a greater travel of the buckle area forward
and to the right once the left lap webbing separated.

The intended function of a crotch strap is to provide a downward tether to
counter the upward pull of the shoulder harnesses on the front portion of the
lap belt and to prevent rotation of the pelvis under the lap belt and the lap
belt riding up above the pelvis and into the abdomen as the occupant moves
forward.  Downward tethering of the buckle keeps the lap belt on the pelvis
and resists upward motion of the belt.  Routing of the crotch strap in a more
forward direction raises the angle of pull and allows greater upward motion
of the belt prior to and after webbing separation.  It is possible, therefore,
that the forward routing of the crotch strap may have allowed some greater
asymmetry in the angle of pull from the lap belt prior to separation.  That
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routing certainly allowed greater forward and rightward excursion following
separation.

Not only did this separation allow further forward and rightward motion of
the lower torso and pelvis, but it also allowed further forward and rightward
motion of the upper torso and head.  This occurred because the lower
anchors for the torso belts were located at the lap belt buckle.  When that
buckle is allowed to come forward and to the right, the lower attachments
for the shoulder harness also move substantially forward and to the right
giving more space within the shoulder harness for the torso to move forward
and right allowing, in turn, further forward excursion of the head.  Since the
head began its motion already deviated to the right from the collision with
the Thirty-Six Car, forces from the shoulder harness still caused the head to
swing back around more to the left as the helmet and remaining portions of
the body continued moving forward and somewhat to the right.  This
redirection of the head’s motion back around to the left as a result of
tethering by the shoulder harnesses occurs in a fashion similar to a tether
ball starting to wrap around a pole.

Depending upon the precise timing of left lap belt separation, the forward
and rightward excursion of the occupant’s body and the swinging around of
the head with the left side of the head initially leading could have pursued a
variety of trajectories having the described general characteristics in
common.

The torso would be expected to load the left shoulder harness first at wall
impact as a result of the displacement and rotation of the occupant from the
Thirty-Six Car impact.  This would cause a tendency to reorient the torso as
viewed from above back in a counterclockwise direction at wall impact,
squaring it up somewhat with later and ultimately higher loads expected in
the right shoulder harness as the motion forward and to the right proceeds.
Even before belt separation, other potential contact points would include
contacts of the left side of the torso and the left upper extremity with the
steering wheel.  The left side of the helmet or head would have the potential
to contact the right upper portion of the steering wheel as a result of the head
swinging back from its originally right deviated position.  The contact
would be expected to occur in a more radial direction on the wheel where
the wheel rim is stiffer.  Forward deflection of the wheel would require
force in the range up to 200-350 pounds over several inches, based on force-
deflection tests.  Radial deflection requires 1300 pounds or more even for
deflections less than one inch.  Following left lap belt separation, the
excursion would be increased allowing contact to occur further back on the
left side of the head.

After maximum excursion during the wall contact, the continued motion of
the vehicle in a generally left-side-leading fashion down the track would be
slowed by friction forces against the track leading to a rebound of the
occupant rearward and to a greater extent back towards the left with respect
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to the vehicle.  The restraint webbing allows significant elongation under
load during impact but does not store all that energy elastically; instead it
retains some permanent elongation lessening the total rebound tendency.
There is, however, some elastic component so that rebound will still occur,
but that rebound should be at significantly lower velocities than the initial
forward motion.  On rebound, the occupant would be expected to have some
contact, typically of the back of the torso and the back of the helmet with
portions of the left rear of the seat and potentially with some other portions
of the afterward and leftward vehicle structure.  This would be expected to
be at a lower velocity and would be expected to have the helmet intervening.
However, if forward rotation of the helmet was still present, the potential for
direct contact to the posterior portion of the head on rebound could still be
present.  Rebound from a further forward excursion could allow the
development of greater contact velocities with aft structure.

11. Injuries sustained by Mr. Earnhardt included:
§ Hemorrhage/Contusion measuring 8 by 5.5 centimeters on the left

side of the occipital scalp with some similar findings on the right;
§ A few areas of scattered contusion over the right side of the scalp

and vertex;
§ Ring fracture to the base of the skull which involved the occipital

bone, mastoid portions of the temporal bone, chiasmatic groove,
greater wings of the sphenoid bone, and the area behind the dorsum
sellae (greater separation of the ring is present anteriorly);

§ Epidural and subarachnoid hemorrhage;
§ Flattening of gyri and narrowing of sulci in the posterior occipital

and temporal lobes;
§ Superficial abrasion over the right side of the chin measuring 2.5 by

1.0 centimeters;
§ Superficial abrasion over the left clavicular head measuring 1.5 by

0. 6 centimeters;
§ Transverse fracture of the sternum at the third sternebra;
§ Fractures of ribs two through eight anteriorly with scant

hemorrhage;
§ Lateral fracture of left ninth rib;
§ Hemoaspiration pattern and congestion in lungs;
§ Diffuse contusion over mid abdomen measuring 2.0 by 4.5

centimeters;
§ Superficial abrasion measuring 10 by 2 centimeters in a transverse

pattern over the left hip region;
§ Superficial abrasion measuring 22 by 5 centimeters over the right

hip region and extending down and medially paralleling the inguinal
ligament;

§ Superficial abrasions to the extremities; and
§ Fracture-dislocation of left ankle.

Some of these injuries were diagrammed by the medical examiner (Figure
31).  As previously mentioned, this injury pattern is not consistent with
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those expected for a wall impact such as that sustained by the Three Car in
the absence of the prior impact from the Thirty-Six Car and the separation
under load of the left lap belt.  Injuries for a more typically positioned and
restrained occupant would be expected to involve a more significant
shoulder harness contusion to the right clavicular area and more
symmetrical soft tissue injury evidence in a typical lap belt distribution.
Additional expected injuries would depend upon the chosen tradeoff for
restraint harness stiffness.  With stiff harnesses at these levels of severity,
significant injuries might be expected to the bony thorax, lungs, aorta, and
liver.  Injuries to the posterior cervical musculature, ligaments, and/or
posterior elements of the cervical vertebral bodies would also be likely,
particularly with the added neck-supported weight of the helmet.  However,
the restraint webbing in the Three Car was significantly more stretchable as
well as having a wider load-bearing area than conventional passenger car
restraints.  Furthermore, the webbing does not store all the energy and return
it on rebound, since it retains a significant degree of “set” in its extended
position.  Finally, Mr. Earnhardt attached his torso harnesses near the floor
after routing them around the structural support aft of his shoulders.  This
allowed for greater forward displacement because of the greater length of
webbing available to stretch.  These characteristics could provide significant
benefit in certain crash types through an increased stopping distance and a
larger load-bearing area for the torso.  Amplification of the velocity change
is also lowered by decreasing the rebound.  Therefore the stresses of the
torso and neck are significantly reduced with the observed torso and neck
injuries of a generally lower level of severity than might be expected.
However, this benefit does not come without cost.  Greater excursions
provide risk in the form of structural contacts in a wide range of crash types.
Because of the more frontal nature of the wall impact, the increased torso
excursion occurring at this level of severity would be expected to result in
some steering wheel contact by the torso and the front portion of the head or
face, particularly for an occupant who customarily drives with his head
displaced to the left.  The more typical racecar wall impacts would result in
principal directions of force coming from further to the right resulting in
head excursions that would more commonly fall to the right of the steering
wheel.



Page 34

The deviations of the actual injuries from the expected injuries are
consistent with the occupant having been prepositioned by the impact from
the Thirty-Six Car and the separation of the left lap belt while using restraint
webbing with a significant degree of relatively inelastic webbing elongation.

12. The cause of death was related to the ring fracture in the
base of the skull.

The cause of death finding by the medical examiner was blunt force injuries
of the head.  Specific blunt force injuries were listed as the ring fracture of
the base of the skull, the abrasion to the right side of the chin and the
contusions to the left and right occipital scalp.

No specific injuries were observed in the neck.  The thoracic injuries alone
appeared unlikely to be sufficient to be a producing cause of death.
Therefore, understanding the cause of death requires an understanding of the
cause of the head injuries.

13. Injuries to the torso and extremities are consistent with
those of an occupant prepositioned by the Thirty-Six Car
impact and experiencing a webbing separation under load
at the left lap belt adjuster.
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The Thirty-Six Car impact produced a rightward and somewhat rearward
response of the Three Car occupant with respect to the vehicle.  This
response was likely more severe for the chosen harness routings than would
be expected for more typical routings.  As a result, at wall impact the initial
shoulder harness load was experienced in the left shoulder harness resulting
in a counterclockwise tendency of the torso as viewed from above with
subsequent higher loads present in the right shoulder harness.  At lap belt
separation, there would be movement of the occupant along the shoulder
harnesses until the velocity of the occupant and the vehicle were equalized
as a result of forces through the harness loop now anchored at the four
points of crotch strap, right lap, and the two shoulder harnesses.

During the overall response, the occupant stretched the harnesses and
developed contact between the left torso and the left lower portion of the
steering wheel rim (Figure 32).  The left upper extremity may also have
been involved in this contact.  The torso contact with the steering wheel
provided a potentially beneficial alternative load path to assist in the
deceleration of the occupant via load paths other than those involving the
restraint systems.

The potential candidates for causation of the rib and sternal fractures
include:

§ Restraint system contact,
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§ Steering wheel contact, and
§ Resuscitative activities following the crash.

Sternal fractures not uncommonly occur in severe frontal impacts at the
location where a cross-chest, single-strap torso restraint crosses the sternum.
No such crossing is likely to have been experienced in the crash of the Three
Car.  Therefore, direct stress placed upon the sternum is relatively unlikely
unless through the steering wheel.  However, sternal fractures as well as rib
fractures are a recognized complication occurring with cardiopulmonary
resuscitation.  The relative contributions of the three potential causation
sources cannot be objectively separated out on the basis of the available
data, but the relative lack of bleeding at the broken ends of the ribs argues
towards a post-mortem or resuscitative conclusion.

The steering wheel rim deformation is in a complex pattern with a portion of
the rim pulled back towards the occupant approximately 2 inches (Figures
33 and 34) and other parts pushed forward by up to about 5 inches (Figure
35).  The pulled back part is in the right upper quadrant and the pushed
forward part is in the left lower quadrant referenced to a neutral wheel
position for this asymmetric, three-spoke wheel.  The wheel cannot be
assumed to be in a neutral position at the time of deformation, nor does the
deformation pattern provide indication of the driver steering input at the
wall contact since asymmetric forces on the right front tire may spin the
steering wheel prior to occupant-wheel contact.  The pulled back portion of
the wheel rim could derive from hand-to-wheel or other occupant forces
during occupant motion in response to the car impacts and/or from rotation
of the rim plane as other portions of the wheel are pushed forward by
occupant contact.
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There is contact evidence at various points on the rim with impressions in
the rim edge and scuffing particularly in the left upper quadrant (Figure 36).
There is some material in some of the impressions (Figure 37) as well as in
other areas of the rim facing the occupant (Figures 38 and 39).  The
occupant made contact with the wheel in more than one area.
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With regard to extremity injuries, Figure 8 depicts the leg brace located
forward and to the right of the right lower leg.  This is deviated forward and
to the right consistent with having been contacted by the right lower leg
providing some increased stopping distance for the leg.  This deformation,
in conjunction with the forward and rightward response of the occupant and
the prior positioning, likely provided some protection for the right lower
extremity.  The left leg, however, was likely in a somewhat leading position
as a result of the prepositioning rotation and left lap belt separation with
loading applied through pedals and/or floorboard to produce the fracture
dislocation in the left lower extremity.  A black scuff was found on the toe
pan forward of the pedals and to the left of the steering column (Figure 40).

14. The probable cause of the head injuries was direct impact
to the region of the occipital scalp.

A basilar skull fracture is a fracture involving the floor of the skull.  A ring
fracture has fracture lines that travel in an approximately circular manner
around the foramen magnum which is the large opening in the bottom of the
skull traversed by the neural tissue constituting the spinal cord.  The ring
fracture’s circular course may be very irregular, but there is a connected
path all the way around in a complete ring fracture.

Ring fractures have been described since the 1800’s.  A variety of authors
have described a range of mechanisms by which they may occur.  Examples
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are noted in Moritz (1954), Voigt and Skold (1974), Krantz and
Lowenhielm (1986), Huelke et. al. (1988) and McElhaney et. al. (1995).
Typically, the mechanisms have been deduced from studying the accident
event and/or associated injuries observed in circumstances where a ring
fracture has been observed at autopsy.  A general consensus appears in the
technical literature that ring fractures with similar characteristics can occur
in more than one way.  It is therefore necessary to carefully assess the injury
circumstances as well as the associated injury evidence to achieve a
reasonable assessment of causation.

Basilar skull fractures, including ring fractures, are caused when stress is
transmitted to the floor of the skull sufficient to produce strain in those
structures beyond recoverable limits.  Ring fractures in particular occur
when the floor of the skull is exposed to compression, tension, or torsion
(Krantz and Lowenhielm, 1986).  Impact to the head as a basis for ring
fracture may also occur in a variety of ways.  Basilar fractures, including
ring fractures, have been described on the basis of blows to the head through
the frontal, temporal, parietal, and occipital bones as well as the mandible
(Moritz, 1954).  The common characteristic seems to be that the blow must
produce at the base of the skull a torsional stress, tension stress,
compression stress, or some combination of torsion with one of the other
two.

Uncommonly, the stresses may derive from inertial sources, without
proximate blunt impact to the head, particularly in compression or tension
loading.  For example, neck stretch could conceivably occur in a high-speed
frontal crash, particularly for a helmeted occupant, sufficient to produce
tension loading to the floor of the skull beyond fracture limits.  On the other
hand, neck compression could occur in a fall from a great height with
landing in an orientation such that the head continues down with
considerable force on the stopped cervical spine.  More commonly,
however, basilar skull fractures, including ring fractures, are produced in a
setting of blunt impact to the head usually with some torsion component
(Voigt and Skold, 1974).

When the injury occurs with neck stretch or compression, without proximate
head impact, findings associated with the severity of the impacts to the torso
that result in the neck stretch or compression would be expected, because
the torso must be accelerated very rapidly, separately from the head, to
generate the required force through the neck to the head.  More moderate
torso impacts, and many very severe ones, typically produce neck whipping
without basilar fracture.  Associated findings are also often observed in the
neck that occur with the dramatic tension stress.  For example, with neck
tension sufficient to produce basilar skull fracture by itself in a frontal
collision, one would expect to see such injuries as :

§ Severe thoracic injury in a context in which the thorax was rapidly
stopped while the head continued forward;
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§ Hemorrhage in the posterior neck;
§ Posterior cervical ligament tearing;
§ Posterior element fracturing such as separation of a spinous process;
§ Subdural hemorrhage.

Finally, one would not expect to see evidence at autopsy of direct head
impact.

In Mr. Earnhardt’s case, a very different picture is presented.  The thoracic
injuries are relatively mild in a setting in which the torso underwent a
relatively more gradual deceleration allowed through stretching of torso
restraints and deformation of the steering wheel rim.  Evidence of typical
neck stretch findings or subdural hemorrhage was not observed.  Notably,
evidence of proximate, blunt head impact actually was observed in the form
of an 8 by 5.5 centimeter (3.15 by 2.17 inch) area of hemorrhage/contusion
observable on the inside of the scalp where it is applied to the outside of the
left posterior skull.  Similar findings were noted on the right but were not
directly measured.  The pathologist conducting the autopsy concluded that
Mr. Earnhardt’s death resulted from blunt force injuries of the head.  The
autopsy data is therefore more consistent with a ring fracture derived from
head impact rather than simply from the less common inertially derived
neck “whipping” phenomenon.

The circumstances of the Earnhardt accident provide basis for significant
neck tension to have been present, particularly during the wall impact phase.
This tension may well have played some role in the character of the fracture.
Clearly, during the forward and rightward excursion of the head with its
subsequent leftward rotation and straightening, there would necessarily have
been significant tension forces placed on the floor of the skull.  However,
the lack of expected associated findings and the modest evidence of
dramatic forces producing sudden stopping of the torso do not provide the
expected picture of the dramatic tension loads necessary to produce basilar
skull fracture on the basis of tension alone.

We conclude that the ring fracture most likely occurred as a result of impact
to the occipital scalp probably in conjunction with and/or in a manner to
produce tension and torsion stress components to the base of the skull.  This
conclusion is based upon the following:

§ The conclusion of the pathologist that death was caused by blunt force
injuries of the head;

§ The analysis of the autopsy findings including contusion to the occipital
scalp;

§ The accident reconstruction analysis of the wall impact defining timing
and direction;

§ The accident reconstruction analysis of the collision between the Three
Car and the Thirty-Six Car defining severity, timing, and direction;
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§ The occupant kinematic analysis of the collision between the Three Car
and the Thirty-Six Car and of the subsequent collision with the wall
concluding that the left side of the head was generally leading at wall
impact as a result of rightward pre-positioning;

§ The kinematic analysis of helmet motion in both impacts concluding that
the helmet tended to rotate and translate forward, rightward and upward
with respect to the head during critical phases of the impact sequence;

§ The analysis of physical findings in the vehicle and on the restraint
system establishing critical aspects of occupant motion and contacts;

§ The analysis of the left lap belt separation and its effects on occupant
motion at wall impact and on rebound;

§ The analysis of occupant injury patterns in conjunction with the above;
§ The published data in the scientific literature establishing clear precedent

for posterior and lateral proximate head impact, particularly in
conjunction with added tension in the neck, to produce ring fracture of
the base of the skull having the characteristics described in the autopsy
report (Voigt and Skold, 1974, p. 499);

§ The biomechanical analysis of the potential head impacts in the accident
sequence;

§ The lack of correspondence, in several of the bases above, with patterns
that would be expected were alternative causation theories to be correct.

An attempt was made to assess the potential for head contact through the
helmet.  The CT scans of the crash-involved helmet were reviewed and
compared to scans of exemplar helmets.  No clear evidence of compression
of the impact-attenuating liner was observed in these scans.  A
representative example of one of the cuts from the scans is shown in Figure
41.
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The crash–involved helmet was physically examined.  The helmet is a non-
full-face helmet which was used with goggles worn separately.  The helmet
had a partial fixed visor and a chinstrap but no nape strap.  The goggles
were reportedly found separately on the floor but have not been examined.
Examination showed that there was no evidence of an impact to the back of
the helmet.  Specifically, the area of the helmet that normally overlies the
area of contusion did not demonstrate contact evidence.  Instead, there was
evidence consistent with helmet displacement in the area of the chinstrap,
which demonstrated areas of abrasion, folding and material deposition, and
in the area of the left front edge which demonstated an imprint which
matched the spring joint from the microphone boom when the microphone is
rotated upward.  This rotation of the boom would be expected with forward
rotation of the helmet since the boom would be stopped by body contact as
the helmet continued to rotate forward.

The visor attachments were damaged and a superficial 3 inch scuff was
noted in the forward left portion which proceeded leftward and slightly
upward.  This would be consistent with superficial helmet contact to the far
rightward structure during the impact with the Thirty-Six car.  An additional
visor attachment appears to have come off in conjunction with the
separation of the plastic visor screws.

Direct impact to the exposed head against structure is more likely as an
explanation for the occipital contusions than contact through an edge of the
helmet outside the area protected by the impact-attenuating liner.
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There are two principal opportunities for contact to occur between the head
and structure.  The first is contact with the wheel rim during the relatively
high energy forward and rightward motion of the left-side-leading head as
the head swings to the left as a result of forces mediated from the neck
attached to the relatively slowed torso.  This motion could allow contact of
the left posterior portion of the head in the region of the steering wheel with
a significant component directed radically instead of perpendicular to the
plane of the wheel.  Since the wheel rim is stiffer in the radial direction, this
contact could induce rapid stopping of head velocities within the range
necessary to create a basilar skull fracture and the left occipital findings.
With forward rotation of the helmet around the chinstrap, the contused
portion of the head could have been exposed to direct contact with the
wheel.  Such a contact would have occurred at a time of significant neck
tension which could have added to the ability of the steering wheel contact
both to create the basilar skull fracture and to produce the more significant
separation of the fracture edges in its forward extent.  Additional tension
could derive from disengagement of the helmeted head from the wheel at
the initiation of rebound.  In this scenario, the abrasion on the right side of
the chin would have been created by the chinstrap as it prevented the
forward rotation of the helmet from carrying the helmet off the head.

The other principal possibility for posterior head contact occurs during the
rebound phase.  As the torso rebounds away from the stretched harness,
tension forces in the neck are created which pull the head both rearward and
somewhat leftward.  The head and torso move progressively more to the left
with the passage of time.  This derives from the fact that the vehicle is
continuing to decelerate, reducing its down-track velocity as a result of
sliding friction forces of tires moving in a generally sideward direction
down the track with the Three Car continuing in contact with the Thirty-Six
Car.  The slowing forces from track friction would produce a deceleration of
the vehicle while the occupant would continue to move down-track in
compliance with Newton’s First Law.  After the wall impact was completed,
this would be the principal displacing force on the occupant.  Therefore, the
head rebound trajectory should start rearward and to the left and curve
further to the left with respect to the vehicle.  The conclusion of the rebound
would likely occur towards the left rear portion of the driver’s station,
potentially leading to posterior head contact with some portions of the
vehicle structure.  The rebound contact velocity would be increased since
the head had to travel a greater distance before contact since rebound began
from further forward after the left lap belt separated.  Again, the contact
could occur directly with the posterior portion of the head if the helmet
remained in a forward and rightward rotated position.  In this scenario as
well, the chin abrasion would come from the chinstrap.

In either scenario, forces from the chin strap in combination with the more
modest secondary rebound from the aft structure and subsequent motion and
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contacts as the vehicle slid to rest would tend to restore the helmet to a more
normal position as it was reportedly found.

Other opinions have been expressed regarding the mechanism of Mr.
Earnhardt’s head injury.  A report issued on 10 April 2001 by Dr. Barry
Myers concludes that the injury resulted from a combination of two
mechanisms.  The first was a “whip” mechanism as the head continued
forward and was constrained by forces through the neck.  The other
mechanism invoked by Dr. Myers was impact with the steering wheel under
the chin.  These were the mechanisms investigated in McElhaney et. al.
(1999) in which Dr. Myers participated.  While Dr. Myers’ analysis was
informed by a brief opportunity to examine the autopsy photographs, his
report was issued without other information such as a quantitative and
objective accident reconstruction, an opportunity to inspect the vehicle, an
assessment of the prior impact from the Thirty-Six Car, and an opportunity
to see the helmet.  Our present analysis did not include among its bases any
direct access to the autopsy photographs but did have access to a number of
the other sources of information for an injury causation analysis as listed
above and an opportunity to consider them.

The present analysis finds lesser evidence for a simple “whip” phenomenon
for the reasons previously enumerated, some of which were not apparent at
the time of the earlier assessment.  Similarly, the assessment of contact
under the chin against the steering wheel does not fit well with the present
kinematic analysis.  It would be expected that, following the Thirty-Six Car
impact, the forward and rightward motion of the head at wall impact would
be with the left side of the head leading.  The chin abrasion is noted to be on
the right side of the chin.  The initial movement of the head forward and to
the right would not produce a trajectory of the right side of the chin onto the
steering wheel.  The chin abrasion is both small and superficial.  There is
evidence in the medical literature that basilar skull fractures can be
produced through mandibular contact with relatively scant findings in the
way of submental abrasions or mandibular damage.  However, there is no
basis to invoke mandibular contact on the basis of a chin abrasion when
there are alternate explanations for that abrasion, when the abrasion does not
fit with the kinematic trajectory to the steering wheel, and when there is
other, more substantial evidence of head impact to a part of the head where
such ring fractures have been found to be produced.

The production of ring fractures is not sufficiently understood that one can
examine the fracture characteristics alone and deduce the point of
application of the applied stress.  Instead, the applied stresses have typically
been assessed using associated signs of their application and the injury
circumstances.  In Mr. Earnhardt’s accident, the area of soft tissue trauma to
the occipital region of the head is more likely related to the production of
that ring fracture than mechanisms that appear inconsistent both with the
kinematic response and the associated injury patterns.
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Either the forward response or rebound scenario in the Earnhardt accident
provides a reason to expect contact in the posterior aspect of the head below
the edge of the displaced helmet.  The literature reviewed, examples of
which are noted in the bibliography, provides evident basis for the
occurrence of basilar skull fractures including ring fractures as a result of a
wide variety of contacts including contacts to the side or rear of the head.
Such contact evidence was the most prominent sign of direct trauma to the
head of Mr. Earnhardt.   The impact produced stresses in the skull which
probably caused the fracture to initiate at some point remote from the
contact and then propagate toward that contact, eventually closing the ring.
Left occipital contact could have occurred during significant neck tension,
particularly in the steering wheel contact scenario, and could have provided
the necessary stress to initiate the ring fracture.  Therefore, there does not
appear to be convincing basis to exclude the occipital trauma as a potential
cause of the fatal injury to Mr. Earnhardt.  In fact, based upon the analysis
of the associated injuries and the kinematic response to both impacts, trauma
to this area by one of the two scenarios outlined above appears to be a more
likely explanation for the injury than either an isolated “whip” or a “whip”
with submental impact theory as advanced in the earlier preliminary
analysis.

On 20 July 2001, a sled impact was carried out by Autoliv in Auburn Hills,
Michigan, under the supervision of BRC with crash pulse data from the
Nebraska Team and with additional assistance from NASCAR.  The purpose
was to observe the general characteristics of the kinematic response of a
rightward displaced occupant to an impact similar to that of the Three Car
with the wall.  A sled test buck was constructed using a racecar frame, seat,
restraints, and steering wheel and column.  A fiftieth percentile Hybrid III
Anthropomorphic Test Device (ATD) was utilized.  A fiftieth percentile
ATD has a base weight of 172.3 pounds and a 34.8-inch sitting height.
This device was modified to increase the weight based upon reports of
Mr. Earnhardt’s weight with equipment.  At the time of the test, the actual
weight of the ATD was 202 pounds, with weight proportionately added to
the ATD in the various body segments.  A 2.0-inch spacer was placed
between the pelvis and lumbar spine and a 0.81-inch spacer was placed at
the base of the neck to increase the seating height of the ATD.

The ATD was placed within the seat and restrained with an exemplar
restraint system routed in the fashion in accordance with Mr. Earnhardt’s
custom.  An exemplar helmet was placed upon the ATD’s head and
appeared to provide a reasonably tight fit.  It was fastened with the chinstrap
over a neck insert and a string was tied around the left side projection of the
helmet above the chinstrap attachment.  The string was used to anchor the
dummy in a position similar to that shown in Figure 4 with some helmet
displacement but limited by the relative lack of flexibility, particularly in the
torso but also in the neck of the ATD.  This positioning was designed to
approximate the pre-positioning of the Three Car occupant caused by the
collision with the Thirty-Six Car.  The pre-positioning was necessary
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because a sled test cannot replicate the type of dual impact accident that
occurred in this case.  The string was set up to be cut by sled motion without
adding additional tension.  The pre-impact test setup is demonstrated in
Figure 42.  The left lap belt adjuster was prepositioned with some
asymmetry, particularly for the webbing passing through the adjuster frame
closest to the floor mount, and all belts were made snug.

An impact was produced on the buck using a Bendix HYGE with a target
velocity change and acceleration pulse shape and size which was generally
duplicative of the filtered crash pulse derived from the analysis performed
by the Nebraska team.  The actual values produced in the test were very
close for the sled velocity change but the peak acceleration came in
somewhat low in the region of 44.5 g’s instead of 48 and with an effective
crash pulse that was approximately 90 milliseconds instead of near 80
milliseconds.  At the lower acceleration pulse severity of the sled test and
with the ATD occupant, the lap webbing did not separate.  However, even
with the restraint system intact, sufficient forward motion occurred to
produce contact of the left lower torso and left arm of the dummy with the
steering wheel producing significant deformation of the steering wheel as
well as some dynamic deflection of the column generally to the right with a
displacement on the order of 3 inches.   The column deflection was greater
than would have been expected in the Three Car.
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The resulting kinematics involved generally forward and rightward motion
with the head swinging around and making contact on the left posterior
inferior portion of the helmet against the steering wheel rim.  The steering
wheel rim in the region of helmet/head contact was moving toward the ATD
head at the time of contact as a result of earlier contact of the ATD torso to
the lower part of the wheel rim resulting in rotation of the rim plane.

The ATD rebounded rearward and somewhat to the left making helmet
contact with structure to the left and aft of a neutral head position in the seat.
The helmet was displaced up and forward during rebound and rotated
further forward at aft contact.  It should be noted that the rebound portion of
the sled test in particular did not simulate the conditions of the Three Car
impact.  For the sled, track friction produced a deceleration which resulted
in a significant addition to the rearward component of the dummy’s
rebound.  In the actual crash of the Three Car, the forward impact was
followed by a principally lateral velocity change due to tire friction as
previously described.  Therefore, it would be expected that the occupant of
the Three Car would tend to react substantially more to the left and rearward
than would have been the case with the ATD in the sled demonstration.

The sled demonstration could not duplicate the crash events because of the
unknowable factors, but it provided a helpful means of visualizing the
general characteristics of the kinematic response assessed in this analysis.
With the left lap belt remaining intact, and the test steering column being
displaced too much to the right, contact of the ATD with the steering wheel
was low on the helmet.  Had the left lap belt separated, the ATD would be
expected to move significantly further forward and to the right yielding a
range of scenarios in which contact with the steering wheel rim could occur
in the left posterior region of the head below the area covered by the
forward-rotated helmet.  Figures 43 and 44 present a sequence of still frames
taken during the sled demonstration from cameras above and on the right
taken.  It should be noted that the purpose of the test was to demonstrate a
kinematic scenario.  There was no way to duplicate the separation point
during the impact for the left lap belt since that point will never be known.
Therefore, no attempt could be made to duplicate the characteristics or
severity of the actual head impact in the Earnhardt collision.  Neither could
the initial conditions be sufficiently defined to ensure that the rightward
motion in response to the Thirty-Six Car impact was appropriately
duplicated by the pre-impact positioning of the ATD in the sled
demonstration.  Therefore, no attempt was made to measure quantitative
head accelerations or other ATD responses.  Rather, the test was to observe
general characteristics of the kinematic response and served that function in
demonstrating some characteristics of that response under the conditions of
a very late separation of the left lap belt webbing during the actual crash.
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IV. Summary and Conclusion

The Earnhardt crash has been described by some as “not looking that bad”.  However,
analysis demonstrates it to have been an extremely severe crash in terms of its velocity
change, its peak acceleration, and its significantly more frontal principal direction of
force.  The crash was preceded by a biodynamically significant impact between the
Thirty-Six Car and the Three Car which resulted in a rightward prepositioning of
Mr. Earnhardt in the last fraction of a second prior to wall impact.  As a result of the wall
impact, Mr. Earnhardt moved generally forward and to the right from his rightward
deviated position with the left side of his head leading and his head tending to swing back
towards the left.  During this response, the left lap belt webbing separated under load
allowing a greater forward and rightward excursion and more significant contact with the
steering wheel from the left part of Mr. Earnhardt’s upper body and potentially the left
posterior portion of his head.  During rebound, Mr. Earnhardt’s body moved rearward
with respect to the vehicle and curved more and more to the left.  Contact with the
posterior portion of his head could also have occurred in this phase with aft structures
rather than against the steering wheel.  Mr. Earnhardt’s death likely resulted from an
impact to the occipital scalp in the presence of neck tension producing a fatal ring
fracture.

Three unusual events acting together were responsible for the tragic outcome of this
crash.  The first and most significant is the severity and direction of the impact against
the wall.  The component of velocity acting towards the wall and the relatively frontal
nature of the resulting impact produced an unusually severe and unfortunately directed
crash event.  The second factor was the prior collision with the Thirty-Six Car at a time
so close to the unusually severe wall impact that the occupant was dislodged from a
normal position just prior to the wall crash.  This motion also produced forward
displacement of the helmet with respect to the head, leaving portions of the posterior
head somewhat exposed.  The occupant motion in response to both impacts was likely
affected by the choice of restraint system routing.  The third event was the separation
under load of the left lap belt webbing in the adjuster as a result of dumping.  The timing
of that separation cannot be determined but it was clearly such that significant load was
carried by the restraint prior to the separation and significantly greater response forward
and to the right of the occupant occurred following the separation.  The near
simultaneous occurrence of these three unusual events resulted in the death of Mr.
Earnhardt probably as a result of direct head contact.
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