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EXECUTIVE SUMMARY

On April 4, 2000, at the Federal Railroad Administration’s Transportation Technology Center in
Pueblo, Colorado, two coupled commuter-rail cars impacted a rigid barrier at 26.25 mph (42
km/h). The impact speed was chosen in order to crush the impacting end of the lead car by
approximately 5 ft (1.52 m), as in the single-car test. The kinetic energy in the two-car test was
roughly the same as in the single-car test at approximately 3 million ft-1bs.

The cars were instrumented to measure material strain, three-dimensional acceleration of the
carbody, vertical displacements of the truck suspension, and longitudinal forces and
displacements at the coupler. The structural carbody instrumentation collected 107 channels of
data. The cars were also equipped with crash-test dummies in several different seating
configurations.

The test was filmed using five high-speed cameras and three video cameras, positioned to focus
on the impacting end of the lead car, and the coupled connection between cars. A photometric
analysis of the film was performed to calculate the displacement of several target points on the
cars during the impact.

Three interior configurations were tested:

1. Forward-facing unrestrained occupants seated in rows, compartmentalized by the forward
seat in order to limit the motions of the occupants.

2. Forward-facing restrained occupants with lap and shoulder belts.

3. Rear-facing unrestrained occupants.

The forward-facing unrestrained occupant interior configuration was tested in both the lead and
trailing cars, while the forward-facing restrained occupant and rear-facing occupant
configurations were tested only in the lead car.

The results from the two-car test have been used to demonstrate that the trailing car serves to
reduce the severity of the acceleration/time history of the leading car. The force applied to the
leading car by the trailing car minimizes the duration of the initial acceleration peak of the
leading car, which reduces the secondary-impact velocity with which an occupant strikes the
interior.

The collision-dynamics model predicted the lateral buckling of the cars when there was a small
perturbation in the direction of the impact force. However, the model could be improved to
better capture the timing of the longitudinal forces transferred through the coupler. From the test
data, it appears that the coupler compresses several inches before any significant force develops.
Tuning this “gap” in the model will result in a better estimation of the timing of the acceleration
peaks of both cars. Also, the model requires more damping at the coupler to minimize the
longitudinal oscillation of both cars. In future work, the coupler element will be refined to better
estimate the timing in the development of the force at the coupler and to minimize the
longitudinal oscillation of the cars. The two-car collision-dynamics model will then be extended
to model the train-to-train test scheduled for the fall of 2001.
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1. INTRODUCTION

The approach taken by the Federal Railroad Administration’s (FRA) Office of Research and
Development in conducting research into rail-equipment crashworthiness has been to review
relevant accidents and identify options for design modifications. Analytic tools and testing
techniques are used to evaluate the effectiveness of these options.

As part of this research, computer models have been developed and applied to determine the
response of rail equipment in a range of collision scenarios [1, 2, 3, 4, 5, 6]. In-line and oblique
train-to-train collisions, as well as grade crossing collisions and rollover events subsequent to
derailment have been modeled. The responses of locomotives, cab-cars, and coach cars in a
range of collision scenarios have been simulated.

To assess the validity of the models, results of these analyses have been compared with accident
data and component test results [7]. While providing useful information and some assurance of
the validity of the models, accident data and component and subscale testing all have limitations.
There is uncertainty about the initial conditions of any accident: the precise speeds and locations
of the two colliding objects are never precisely known. In addition, there is no information on
the trajectories of the objects involved in the collision; this information must be inferred from the
results of the accidents. The support and loading conditions in component tests can only
approximate the actual conditions these components experienced during a collision.

Competing modes of crush (e.g., bending, bulk crushing, and material failure) cannot be
consistently scaled for subscale testing [8]. Either one mode of crush must be chosen as the
dominant mode and the other modes ignored, or it must be assumed that the simulation
accurately scales the competing modes. Full-scale impact tests are necessary in order to know
precisely the initial conditions, to measure the trajectories of the equipment during the impact,
and to provide the appropriate support conditions for the structure that crushes during the impact,
as well as to allow the competing modes of crush to appropriately contribute to the overall crush
of the structure.

A series of tests have been planned to measure the crashworthiness performance of conventional-
design equipment and to measure the performance of equipment incorporating crushable end
structures. These tests are being conducted at the FRA’s Transportation Technology Center near
Pueblo, Colorado. The collision scenario addressed by these tests is a locomotive-led passenger
train colliding with a cab-car-led passenger train on tangent track. The tests planned for each
equipment type are:

1. Single-car impact into a fixed barrier.

2. Two-coupled-car impact into a fixed barrier.

3. Cab-car-led train collision with standing locomotive-led train.

Full-scale tests based on a grade-crossing collision scenario are also being developed and will be
carried out. These tests are intended to challenge the end structure above the main under-floor
structure of the cab-car. In these tests, a heavy rigid object will impact the corner of the cab-car.

Two such tests are currently planned, one of a conventional cab-car, as well as a cab-car in
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which all the vertical structural elements — the corner posts and collision posts, are tightly tied
together with transverse structural elements. These tests are planned for early 2002.

The overall objectives of these tests are to demonstrate the effectiveness of:

- improved-crashworthiness cab-car structural designs,

- improved-crashworthiness coach car structural designs, and

- improved-crashworthiness passenger and operator interior configurations.
To date, the first two tests for conventional-design equipment have been conducted [9, 10, 11,
12, 13, 14, 15]. The third test, to complete the characterization of the performance of
conventional-design equipment in an in-line collision, is planned for early 2002. Testing of
improved-crashworthiness-design equipment, incorporating crushable end structures, is planned
to start in the fall of 2002.
This volume describes the structural crashworthiness of conventional-rail cars. It includes data

from Volume II: Summary of Occupant Protection Program, and Volume III: Test Procedures,
Instrumentation, and Data [16, 17].



2. PLANNED TESTS

Two series of test are planned, one based on a head-on collision scenario, in which a cab car-led
train collides with a locomotive-led train, and the second based on a grade-crossing collision
scenario, in which a cab car-led train collides with a tractor trailer carrying a coil of sheet steel.
Figure 1 shows a schematic representation of the in-line collision scenario. Examples of such
collisions include the Prides Crossing, Massachusetts collision between a commuter train and a
freight train [18] and the Silver Spring, Maryland collision between a commuter train and an
intercity passenger train [19].

Figure 1. Schematic of In-Line Collision Scenario

Figure 2 shows a schematic representation of the grade-crossing collision scenario. Examples of
such collisions include the Portage, Indiana collision between a cab-car led commuter train and a
tractor-tandem trailer carrying coils of steel [20] and the Yardley, Pennsylvania collision
between a cab-car-led commuter train a tractor semi-trailer carrying coils of steel [21].

Figure 2. Schematic of Grade-Crossing Collision Scenario

The conditions and the sequence of the tests are listed in Table 1. The overall objective of these
tests is to demonstrate the effectiveness of improved-crashworthiness equipment. The first series
of four tests define the crashworthiness of conventional equipment in the in-line and grade-
crossing collision scenarios. The performance of improved-crashworthiness equipment is to be
measured in the second series of four tests. This arrangement of the tests allows comparison of
the conventional-equipment performance with the performance of improved-crashworthiness
equipment. The in-line collision tests are intended to measure the crashworthiness of a single
car, then the interactions of two such cars when coupled, and finally the behavior of complete
trains, including the interactions of the colliding cars. The requirements for the in-line collision
tests are described in Appendix A. The grade-crossing collision tests are intended to measure the
effectiveness of the car end structure in preventing intrusion during a grade-crossing collision.
The requirements for these tests are currently being developed.



Table 1. Planned Sequence of Full-scale Passenger-Equipment Impact Tests

Conventional- | Improved-Crashworthiness
Test Conditions Design Design Equipment
Equipment

Single-car impact with fixed barrier Test 1 Test 6
Two-coupled-car impact with fixed barrier Test 2 Test 7

Cab car-led train impact with locomotive-led

train Test 3 Test 8

Single-car impact with steel coil Test 4 Test 5

2.1 SUMMARY DESCRIPTION OF TESTS

Figure 3 shows a schematic of the November 16, 1999 single-car test of a conventional-rail
passenger car, which was traveling at 35.1 mph (56.1 km/h) when it impacted the wall [9, 10,
11]. The objectives of this test were to observe the failure modes of the major structural
components, to measure the gross motions of the car, to measure the force/crush characteristic,
and to evaluate selected occupant-protection strategies.

Figure 3. Schematic of Single-Car Test

Figure 4 shows a schematic of the April 4, 2000 two-car test of conventional-rail cars, which
were traveling at 26.25 mph (42 km/h) when they impacted the wall [15, 16]. This test had the
same objectives as the single-car test conducted on November 16, 1999, with the addition of
measuring the interactions between the coupled cars.

Figure 4. Schematic of Two-Car Test

Figure 5 shows a schematic of the train test. In this test, a cab-car-led train impacts a standing
locomotive-led train. The locomotive is backed up by ballasted freight cars. This test has the
same objectives as the two-car test, with the addition of measuring the interactions between the
colliding locomotive and cab-car. This test is planned for early 2002. Simulations of the test are
ongoing and the impact speed has yet to be chosen.
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Figure 5. Schematic of Train-to-Train Test

Figure 6 shows schematics of the passenger-protection strategies tested in the single-car and two-
car tests. All three strategies were tested in the single-car test and in the leading car in the two-
car test. The trailing car in the two-car test also tested the forward-facing unrestrained occupant-
protection strategy. It is currently planned that all three passenger-protection strategies will be
tested in the train-to-train test. However, the locations in the cab-car-led train have not yet been
finalized. The principal objective of these tests is to measure the responses of test dummies in

several interior configurations.
p

Forward-Facing Occupant with Lap Rear-Facing
and Shoulder

Initial Direction of Car

|

(1 2) G)

Figure 6. Schematics of Passenger-Protection Strategies

Figure 7 shows a schematic of the locomotive operator’s interior environment to be tested during
the train-to-train test. The objective of this test is principally to observe the kinematics of the test
dummy, as well as to measure the test-dummy response and evaluate the potential for occupant

injury.



Figure 7. Schematic of Locomotive Operator Interior Test

Table 2 summarizes the critical measurements for each of the three tests. While the overall
objective of these tests is to demonstrate the effectiveness of improved-crashworthiness
equipment, the test data are also being used for comparison with analyses and modeling results.
The measurements will be used to refine these analyses’ approaches and models, and to ensure
that the factors influencing the response of the equipment and test dummies are taken into
account. The table lists the measurements that are critical to ensuring the appropriate modeling
and analysis of the equipment and test dummies.

Table 2. Test Descriptions and Critical Measurements

Test Description | Critical Measurement

Single-Car Test | - Dynamic crush force

- Loss of occupant volume

- Occupant volume deceleration

- Effectiveness of compartmentalization, rear-facing seats, and
seats with lap and shoulder belts

Two-Car Test - “Sawtooth” lateral buckling of coupled cars

- Influence of trailing car on maximum occupant volume
deceleration

- Effectiveness of compartmentalization, rear-facing seats, and
seats with lap and shoulder belts

Train-to-Train - Lateral buckling of coupled cars

Test - Override of colliding cars

- Effectiveness of compartmentalization, rear-facing seats, and
seats with lap and shoulder belts

- Measurement of operator secondary-collision environment




3. TWO-CAR TEST DESCRIPTION

Two coupled commuter-rail cars impacted a rigid barrier at 26.25 mph (42 km/h). The impact
speed was chosen in order to crush the impacting end of the lead car by approximately 5 feet
(1.52 m), as in the single-car test. The kinetic energy in the two-car test was roughly the same as
in the single-car test (~ 3 million ft-1bs.).

Both cars were Pioneer cars, designed and built by the Budd Company [22]. A locomotive was
used to push the coupled cars down a constant-gradient slope and release them such that they
impacted the wall at the desired speed.

The cars were stripped of the original passenger seats and some auxiliary equipment to make
room for the interior seat/occupant experiments.

About 10,000 lbs (4,500 kg) of ballast was added to the cars, resulting in a total weight of
approximately 75,000 Ibs (33,750 kg) for each car. The weight of a fully-equipped car used in
passenger service is about 100,000 1bs (45,000 kg). Conducting the test with the lighter vehicle
results in less damage than would occur in a test with a fully-equipped vehicle at the same speed.

The cars were instrumented to measure material strain, three-dimensional acceleration of the
carbody, vertical displacements of the truck suspension, and longitudinal forces and
displacements at the coupler. The structural carbody instrumentation collected 107 channels of
data. The cars were also equipped with crash-test dummies in several different seating
configurations.

The test was filmed using five high-speed cameras and three video cameras, positioned to focus
on the impacting end of the lead car, and the coupled connection between cars. A photometric
analysis of the film was performed to calculate the displacement of several target points on the
cars during the impact.

Figure 8 shows the interior experiments carried out as part of the two-car test. Three interior
configurations were tested:

1. Forward-facing unrestrained occupants seated in rows, compartmentalized by the forward
seat in order to limit the motions of the occupants.

2. Forward-facing restrained occupants with lap and shoulder belts.

3. Rear-facing unrestrained occupants.

The forward-facing unrestrained occupant interior configuration was tested in both the lead and
trailing cars, while the forward-facing restrained occupant and rear-facing occupant

configurations were tested only in the lead car. Figure 8 shows the placement of the interior
configurations in the two-car tests.
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3.1 MODELING APPROACH

The flow chart in Figure 9 illustrates the approach used to model the full-scale collision tests.
Finite-element models provide initial estimates for the force/crush behavior of discrete nonlinear
springs in the collision-dynamics analysis. A collision-dynamics model can then be used to
estimate the forces and displacements in full-scale testing as well as the acceleration
environment for interior occupant analysis. Test measurements are used to modify the collision-
dynamics model parameters to increase the fidelity of estimated behavior. The validated
collision-dynamics model can then be employed to estimate crashworthiness behavior under
collision conditions for which test data is not available.
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Figure 9. Modeling Approach

Prior to the full-scale impact tests, the force-crush behavior of the vehicle end structure was
estimated by exercising a detailed finite-element model of a single passenger-rail vehicle (Figure
10) [23]. The model represents an Amfleet car, built by the Budd Company. The geometry and
materials of the primary structural members (i.e., draft sill, center sill, side sills, cant rails,
collision and corner posts) are very similar in both the Amfleet and Pioneer cars. The finite-
element model did not account for the suspension characteristics or the vehicle/track interaction.

EEOES fI21INE

Figure 10. Finite-Element Model

A lumped-mass collision-dynamics model (Figure 11a) was used to estimate the gross motion of
the car and the collapse of the end structure. The collision-dynamics model uses a series of
discrete masses connected by non-linear springs and dampers. It runs much more quickly than
the finite-element model and the force/crush behavior is more readily modified to better estimate
the gross motion of the car during the impact test.

Following the single-car test, the collision-dynamics model was modified to better represent the
test results. To estimate the results of the two-car test, a trailing car was added to the model
(Figure 11b). The trailing car and coupled connection between the cars was adapted from a
collision-dynamics model previously developed to investigate lateral buckling [4]. Following
the two-car test, the model of the impacting car was modified to better reflect the results of both
tests. The impacting car is identical in the single-car and two-car models. This report compares
the two-car test data with the results of the corresponding collision-dynamics model.
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Figure 11. Schematic of Collision-Dynamics Model

The impacting car in both collision-dynamics models consists of four rigid masses that represent
the front portion of the vehicle, the trucks and the main carbody. The trailing car in the two-car
model does not have a separate mass representing the leading end of the vehicle, because little
crush was expected between the two cars. The model is capable of three-dimensional motion
since each mass is allowed three translational and three rotational degrees of freedom. However,
for this study the masses representing the front end and the main carbody were constrained to
translate longitudinally with respect to one another. Non linear springs and dampers that
represent the crushable end structure, the truck/carbody suspension, and the coupler, were used
to connect the masses. For more detail on the parameters used in the model, see Appendix B.

The carbody accelerations calculated with the collision-dynamics model are used as input to an
interior seat/occupant model (Figure 12). This model also uses the force-deflection behavior of
passenger seats that has been previously calculated during static tests [24]. Using the interior-
dynamics model, the forces and accelerations experienced by occupants in a collision can be
estimated. Using these forces and accelerations, the degree of injuries sustained to the head,
neck, chest, and femur can be calculated. The injury criteria can be used to evaluate and
compare the level of protection provided to occupants under different collision conditions.

10
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Figure 12. Interior Seat/Occupant Model

3.2 PROCESSING OF TEST DATA

The total force on the wall as a function of time was estimated by multiplying the mass of each
car with the acceleration of each car. The sum of the two products is the estimated force/time
history at the wall:

F () =M, *4(0)+M,*4,(1) (1

The displacement/time history of the leading vehicle was calculated by integrating the
acceleration/time history of the leading vehicle twice. The force was plotted against the double-
integrated displacement/time history to represent the force on the wall as a function of crush of
the impacting vehicle.

The raw accelerometer data contained components attributable to carbody flexibility. The data
was filtered in order to remove the high-frequency content while retaining the essential rigid
body motion of the carbody. The filtered accelerometer data was then integrated to calculate the
corresponding velocity and displacement data.

The choice of cut-off frequency has a significant effect on the integrated displacement data.
Comparison of the integrated displacement data and the photometric displacement data was used
to define the appropriate cut-off value. The accelerometer nearest the center of gravity (CG) was
chosen to represent the gross longitudinal motion of the vehicle. Displacement/time histories
integrated from this accelerometer and filtered at several frequencies are plotted in Figure 13,
along with the photometric displacement data for comparison.

11
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Figure 13. Comparison of Effect of Filtering Frequency on Displacement/Time History

To minimize the error in integrated displacement, the accelerometer signal was processed in
accordance with SAE J211.1 (Surface Vehicle Recommended Practice — Instrumentation for
Impact Tests). To compute the acceleration, a CFC 60 Butterworth 4-pole phaseless digital filter
was used. To compute the displacement, a CFC 180 Butterworth 4-pole phaseless digital filter
was used. The difference in the displacement/time histories for the 180-Hz data and the
unfiltered data is negligible. The acceleration predictions from the collision-dynamics analysis
were filtered in the same manner.

Accelerometer data from a single accelerometer from the single-car test had been filtered using a
30-Hz low-pass filter [9]. After reviewing all of the accelerometers from the single- and two-car
tests and SAE J211.1, it was apparent that error in the integrated displacement data had been
introduced by over-filtering the acceleration. The single-car test data was reprocessed in
accordance with J211.1. The corrected results are presented in Appendix C. The peak
acceleration is approximately 14 Gs when a CFC 30 is used in filtering the accelerations, versus
a peak of about 38 Gs that results from using a CFC 60 filter. As discussed in the next section,
the peak acceleration is not particularly significant in terms of the collision environment
experienced by an unrestrained occupant.

An appropriate accelerometer had to be selected to represent each car. All the 11 filtered
longitudinal acceleration traces were reviewed (see Figure 14 and Figure 15 for accelerometer
locations). There is a time delay in the signal for locations that are further towards the rear of
each car. Elastic response of the carbody has the largest effect at the rear of each car. A simple
average of all of the accelerometers masks the relevant detail from the signal.

12
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Figure 14. Leading Car Accelerometer Locations
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Figure 15. Trailing Car Accelerometer Locations

The accelerometers labeled C-3 in both the leading and trailing cars were used to represent the
longitudinal motion of the respective carbodies. These accelerometers were both located on the
center sill at the longitudinal center of the car, near the CG. Due to this mounting location, it is
expected that the data would be less affected by carbody pitch and yaw than data from
accelerometers located further away from the CG.
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4. TEST AND ANALYSIS RESULTS

41 FORCE/CRUSH BEHAVIOR
During the two-car impact test, most of the damage occurred at the impacting end of the lead car,

which crushed approximately 6 ft (1.8 m) (see Figure 16 and Figure 17 for pre- and post-test
photos of the impacting end of the lead car). There was little damage at the coupled connection
between the cars. The peak force between the lead car and the impact wall was nearly 2.5
million pounds, with a steady force of approximately 500,000 lbs (225,000 kg). Figure 18 shows
the comparison of the force/crush behavior measured during the test and calculated with the
collision-dynamics analysis. The collision-dynamics analysis matches the peak force, timing,
steady value, and total crush very well. The estimated peak force on the wall is a function of the
acceleration of the two-car bodies, which is influenced by the CFC used to filter the acceleration.

Both the single-car and two-car collision-dynamics models were modified subsequent to the two-
car test to further improve the results of each model. The test and analysis data for both tests
compares well, in terms of the timing of the peak force, the average force, and the total crush.

For comparison, the force/crush behavior from the single-car test is plotted with the two-car test
data in Figure 19. The curves from both tests are very similar in terms of peak force and steady
force. Total crush in the two-car test is about 10 inches greater, since the kinetic energy was

slightly higher than in the single-car test.

As an additional check that the force and displacement data were calculated properly, the energy
absorbed during the collision was calculated by integrating the force/crush curve, and comparing
the results to the total energy available (i.c., %.*M*V?). While the respective test and analysis
curves are not identical, the total energy absorbed (i.e., the area under each of the curves) varies

by less than 1 percent.
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Figure 16. Photo of Impact End of Leading Car Prior to Two-Car Impact Test
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Figure 17. Photo of Impact End of Leading Car After Two-Car Impact Test

The mode of crush of the draft sill was quite different between the two tests. In the single-car
test, the draft sill split along the longitudinal seam welds of the box. The top plate folded up in
the vertical plane, and the two side plates folded up in the lateral plane. The tapered section
nearest the body bolster was intact. In the two-car test, the widest part of the draft sill at the end
of the car stayed relatively intact, pushing back on the tapered section of the draft sill, which
buckled extensively. Although the mode of crush of the draft sills was different in each test, the
force/crush behavior of the car was similar in both tests.
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4.2 GROSS MOTION

The two cars remained coupled during the test, but buckled in a saw-tooth mode as intended.
The maximum lateral displacement between the cars during the collision was approximately 30
inches, with a final lateral displacement of 15 inches following the test (see Figure 20). The left
rail buckled under the lateral load from the front truck of the trailing car, allowing the right
wheels of the front truck of the trailing car to drop between the rails.

The impacting end of the leading car rose about 6 inches during the impact, and came to rest
with all wheels from both trucks still on the track.

Figure 20. Photo of Coupled Connection After Two-Car Impact Test

The lateral carbody accelerations in the two-car test were small, with high-frequency peaks on
the order of 2 to 3 Gs. Vertically, the high-frequency peaks were about 5 Gs during the first 0.3
seconds, with a good deal of elastic vibration. After the elastic vibration died out, the
acceleration had a sinusoidal pattern at about 6 Hz with an amplitude of 2 to 3 Gs, that damped
out after about three cycles.

4.3 OCCUPANT ENVIRONMENT

The occupant environment during a collision is defined as the interior configuration and its
associated engineering details, and the deceleration imparted to that configuration. During an in-
line train collision, the greatest decelerations are longitudinal. However, significant lateral and
vertical accelerations that influence the kinematics of the occupants can arise. This section
describes the longitudinal, vertical, and lateral accelerations measured during the two-car test.
The crash pulses described here were measured at the center of the floor in both the leading and
trailing cars. (Reference 16 describes the results of the occupant-protection experiments
conducted as part of the two-car impact test.)
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The deceleration/time histories from the leading and trailing cars are shown in Figure 21 and
Figure 22, respectively, along with the corresponding data from the collision-dynamics analysis.
Although the estimated force acting on the wall was similar in both tests, the accelerations of the
cars were very different. The longitudinal deceleration/time history, or crash pulse, of the lead
car is characterized by a high initial peak with a short duration, followed by oscillations around
zero, followed by a fairly steady deceleration. The initial peak is due to the high load required to
initiate collapse of the car structure impacting the wall, the oscillations about zero are due to the
impact of the trailing car with the leading car, and the final steady deceleration is both cars riding
down the collision as the structure of the lead car crushes. The trailing car in the two-car test
acts to minimize the acceleration of the lead car during the first 100 milliseconds. While the lead
car is decelerating due to the impact with the wall, the trailing car is simultaneously trying to
accelerate the lead car. The peak acceleration of the trailing car is much less than that of the
leading car because it is effectively buffered by the crushing of the leading car. The average
deceleration for the lead car over the 0.4 seconds shown is 3.1 Gs, while it is 3.2 Gs for the
trailing car.

Qualitatively, the model predicts the details of the decelerations very closely. The collision-
dynamics analysis predicts a high initial peak followed by a reversal of the acceleration for the
lead car, just as measured in the test. The overall shape of the acceleration/time history for the
trailing car in the collision-dynamics analysis compares favorably with the test measurement.
The only significant difference in the test and collision-dynamics analysis is in the timing of the
peaks and the oscillation as shown in Figures 21 and 22. This difference is attributable to the
representation of the coupler.

For comparison, the plot shown in Figure 21 includes the 8 G-triangular pulse used in previous
sled testing [24]. The 8 G crash was developed from an analytic model of a collision between
two locomotive-led trains. The 8 G crash pulse approximates the deceleration predicted with that
model of the first coach behind a locomotive during a 70 mph (112 km/h) collision. This pulse
has a significantly different characteristic from the longitudinal decelerations measured during
the test. The average value of this pulse, however, is 4 Gs, which is greater than averages for the
pulses measured during the test. The influence of the shape, or characteristic on the likelihood of
injury depends upon the interior configuration. The average deceleration is greatest for the 8 G-
triangular pulse and consequently, for unrestrained forward-facing occupants seated in rows, the
likelihood of injury is probably greatest for this pulse. For restrained occupants the principal
concern is the loads imparted to the neck. Since, in effect, the occupant “impacts” the restraints
earlier for the crash pulse measured in the leading car (owing to its initial peak) than for the other
two crash pulses, it is expected that the leading-car crash pulse is most likely to result in injury.
Similarly, for rear-facing occupants, the crash pulse of the leading car is likely to be most severe
because of the initial peak.
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Figures 23a and 23b shows the vertical accelerations of the leading and trailing cars in the two-
car test, respectively. Both plots show the vertical accelerations at the leading body bolster, at
the center of the floor, and at the trailing body bolster. The measurements include the influence
of the pitch and bounce of the cars, as well as the elastic vibrations of the carbodies and
accelerometer mountings.

Observation of the high-speed film taken during the test indicates that both cars essentially
rotated about a point near the trailing body bolster while they pitched upward. This motion
resulted in a maximum elevation of approximately 6 inches (15 cm) at the front body bolster for
the leading car, and 3 inches (7.5 cm) for the trailing car. The elastic vibrations of the carbody
dominate the vertical accelerations of both cars — the acceleration signatures appear to oscillate
about zero for the duration of the impact.
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Figure 23a. Vertical Carbody Accelerations vs. Time, Leading Car
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Figure 23b. Vertical Carbody Accelerations vs. Time, Trailing Car

The lateral accelerations measured in the leading and trailing cars in the two-car test are shown
in Figures 24a and 24b, respectively. The lateral acceleration for the leading car has an initial
peak whose timing corresponds with the impact from the trailing car. The trailing-car lateral
acceleration is smaller than the leading-car lateral acceleration. Similar to the vertical-
acceleration measurements, the lateral-acceleration measurements include the influence of the
yaw and sway of the cars, as well as the elastic vibrations of the carbodies and accelerometer
mountings. During the test, both cars yawed in a counterclockwise direction, which resulted in a
“sawtooth” lateral buckle of the coupled cars. From the high-speed film, both cars apparently
yawed about their trailing body bolster.
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Table 3 lists the average longitudinal, vertical, and lateral accelerations in the leading and trailing
cars during the two-car test. It can be seen in the table that except for the lead body bolster
sensors, the longitudinal deceleration is nearly an order of magnitude larger than lateral and
vertical accelerations. For the rear-facing and restrained occupants, the influence of the lateral
and vertical accelerations on the occupant response, and consequently, their influence on the
likelihood of injury, is expected to be small. For the rear-facing occupants, the longitudinal
deceleration, in combination with the friction between the occupant and seat, prevents much
lateral and vertical motion of the occupants during the most severe portion of the primary impact.
For the restrained occupants, the restraints prevent much of the vertical and lateral motion of the
occupants. For unrestrained occupants that travel some distance before their secondary impact,
however, the lateral and vertical motions of the car may potentially influence the occupant
motion and influence their likelihood of injury. In particular, for unrestrained forward-facing
occupants seated in rows, there is a possibility of relative vertical and lateral displacement
between the seat ahead and the occupant. These displacements may result in an occupant’s head
missing the seat ahead of them, and the neck impacting the top of the seatback. If this does
occur, then there is potential for high neck loads and consequent injury.

Table 3. Average Longitudinal, Vertical, and Lateral Accelerations, Leading and Trailing

Cars
Average Acceleration Leading Trailing | 8 G-Pulse'
0 to 0.4 seconds Car Car
Longitudinal 31G 32G 4G
Vertical, Leading Body Bolster 237G 0.19G NA
Vertical, Middle of Car 011G 0.04 G NA
Vertical, Trailing Body Bolster 0.16 G 0.46 G NA
Lateral, Leading Body Bolster 1.88 G 044 G NA
Lateral, Middle of Car -0.08 G -0.04 G NA
Lateral, Trailing Body Bolster 034G 0.46 G NA

Figure 25 shows a plot of the time-history of the displacement, relative to the interior of the cars,
of the head of an unrestrained forward-facing occupant. This plot is derived from the test data
and the assumption that the occupant is in free-flight during the impact [3]. The distance from
the front of an occupant’s head to the seatback ahead of them is approximately 2 feet (60 cm) for
typical commuter-seat spacing, and approximately 2.5 feet (76 cm) in typical intercity-seat
spacing. The plot indicates that the head of a forward-facing unrestrained occupant seated in
rows of seats would impact the back of the seat ahead at 0.18 to 0.20 seconds after the leading
car impacts the wall; the secondary impacts occurs at about the same time in both the trailing and
leading cars.

' Averaged over 0.25 seconds.
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Since the cars are pitching during the impact, the vertical displacements vary along the lengths of
the cars. The maximum vertical upward displacement of the carbody after 0.20 seconds is
approximately 2 inches (5 cm) near the lead body bolster and the maximum displacement
downward is approximately 1 inch (2.5 cm) near the trailing body bolster. The upward
displacement of the carbody results in the downward relative displacement of the occupant; at
this location the point of contact of an unrestrained occupant’s head would move down the seat
back ahead, closer to the floor by several inches. Such motions are not likely to influence the
likelihood of injury. At the rear body bolster, however, relative displacement is upward, and the
occupant’s head may miss or only partially impact the seat ahead. Such motions may
significantly increase the head load, increasing the likelihood of injury.

Relative lateral motion greater than 1 foot (30 cm) is required for the head of the aisle-side
occupant to miss the back of the seat ahead, and similar relative displacements are required for
the wall-side occupant to strike the wall. Even though the lateral displacements vary along the
length of the car, for the initial 0.20 seconds, these displacements remained significantly less
than 1 foot. (The lateral motions of the cars did indeed exceed one foot some time after 0.20
seconds. It is assumed that, once the occupant contacts the interior, the longitudinal deceleration
in combination with friction is sufficient to keep the occupant in contact with the interior. The
lateral accelerations are nearly an order of magnitude less than the longitudinal accelerations.)

Figure 26 shows a plot of the longitudinal velocity of an unrestrained occupant relative to the
interior of the car as a function of that occupant’s longitudinal displacement relative to the
interior of the car. The greater the relative velocity of the secondary impact, the greater the
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likelihood of occupant injury. The plot shows the relative velocity for test dummies in the
leading and trailing cars, the longitudinal velocity associated with the 8 G-triangular crash pulse
used in previous sled testing, as well as the relative velocity measured in the single-car test
conducted in November 1999. The 8-G triangular pulse results in a secondary-collision velocity
that is approximately 30 percent greater than the pulses measured during the two-car test. The 8-
G crash pulse is more likely to result in passenger injury than the crash pulses measured during
the two-car test, for forward-facing unrestrained occupants.
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S. DISCUSSION AND CONCLUSIONS

As laid out in the test plans, the gross motion of the carbody was measured, as was the
force/crush behavior at the impacting end of the car. The car-to-car interaction was observed
along with the failure modes of the principal structural members. The effectiveness of the
different occupant-protection strategies is covered in Reference 16.

The single-car and two-car collision-dynamics models have been modified to better agree with
the results from both tests. The model estimates the gross motion and force/crush behavior from
the respective tests reasonably well.

The results from the first two full-scale tests were used to characterize the collision behavior of
conventional commuter-rail cars. The results indicate that the force/crush behavior is not
influenced by the failure mode of the principle structural members. The model can be
extrapolated to look at frontal collisions involving more coupled cars and at varying collision
speeds. The model can also be modified to evaluate the influence of different force/crush
characteristics on the secondary-impact velocity that an occupant would experience in a
collision.

The results from the two-car test have been used to demonstrate that the trailing car serves to
reduce the severity of the acceleration/time history of the leading car. The force applied to the
leading car by the trailing car minimizes the duration of the initial acceleration peak of the
leading car, which reduces the secondary-impact velocity when an occupant strikes the interior.

The collision-dynamics model predicted the lateral buckling of the cars when there was a small
perturbation in the direction of the impact force. However, the model could be improved to
better capture the timing of the longitudinal forces transferred through the coupler. From the test
data, it appears that the coupler compresses several inches before any significant force develops.
Tuning this “gap” in the model will result in a better estimation of the timing of the acceleration
peaks of both cars. Also, the model requires more damping at the coupler to minimize the
longitudinal oscillation of both cars. In future work, the coupler element will be refined to better
estimate the timing in the development of the force at the coupler, and to minimize the
longitudinal oscillation of the cars. The two-car collision-dynamics model will then be extended
to model the train-to-train test scheduled for the fall of 2001.

Relative impact velocity can be used to compare the relative severity of different collisions with
different crash pulses. Previous sled tests have been conducted using a triangular crash pulse, or
acceleration/time history, with a peak of 8 Gs and a duration of 0.25 seconds. This
acceleration/time history was developed from earlier single degree of freedom collision-
dynamics models, in lieu of actual test data. The 8 G-acceleration curve may appear much less
benign than the acceleration curves measured in the single-car and two-car tests because the peak
of 8 Gs is much less than the 32-38 G-peak measured in the impacting car from the two tests.
However, the corresponding secondary-impact velocities for test dummies subjected to the 8
G-crash pulse would be 19 mph (30.4 km/h) and 20 mph (32 km/h) for unrestrained, forward-
facing dummies seated in commuter seats and intercity seats, respectively (see Appendix C).
The corresponding secondary-impact velocities for the two-car test were significantly lower at 13
mph (20.8 km/h) and 15 mph (24 km/h), respectively. Therefore, the peak acceleration cannot be
taken alone as a measure of collision severity. A more detailed comparison of the 8 G crash pulse
with the measurements from the tests is planned following a full-scale test 3; the train-to-train
impact test of conventional equipment.
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APPENDIX A. TEST REQUIREMENTS

Requirements for testing include the specification of the equipment to be tested, the conditions
for the test, and the information to be gathered during the test. For the single-car test,
requirements were developed from the results of car crush, train dynamics, and occupant
response simulations. For the occupant-protection experiments, the requirements for previous
sled testing were also considered [24]. The two-car test requirements were developed from
simulations, as well as the experience gained in performing the single-car test. Similarly, the
requirements for the train test are being developed from simulations of that test, as well as from
the experience gained in the single-car and two-car tests.

1. PRE-TEST MODELING AND SIMULATION

The simulations have been used to bound the range of potential responses of the equipment and
the dummies inside the cars. The results have been used for determining critical measurements,
the sizing and the placement of instruments, and the location of dummies for the occupant-
protection tests. A three-step approach is used to simulate the tests:

Step 1: Car Crush Behavior. Detailed dynamic, non-linear, large displacement finite-
element models of the structures are developed. The principal purpose of these models is
to calculate the force/crush behavior for use in the crush elements of the collision-
dynamics models.

Step 2: Train Collision Dynamics. Plane and three-dimensional lumped-mass collision-
dynamics models are developed and applied to determine the trajectories of the
equipment. Impact elements are used in these collision-dynamics models, with the
parameters for these elements taken from the results of the finite-element analyses of car
crush behavior.

Step 3: Occupant Response. The occupant volume reduction and decelerations
developed from the collision-dynamics models are used to determine the response of the
occupants during a train collision, and the loads imparted to the seats and other interior
fixtures.

2. SINGLE-CAR TEST

The equipment tested during the single-car test was a cab-car of conventional design built to
North American standards. Figure A-1 shows a schematic illustration of the major structural
elements of a conventional single-level passenger car. In a typical arrangement, the operator
stands on a plate over one of the step wells, or sits on a chair that folds out from the vestibule
wall.
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Figure A-1. Schematic of Typical Cab-car Structural Members, Top View

The North American standard that most influences the collapse of the car structure is the
requirement for 800 kips buff strength. This standard requires that the complete car be able to
support an 800 kip squeeze load applied to the buff stops, which are located on the draft sill
approximately 4 feet (1.2 m) in from the end of the car, without permanent deformation. This
requirement has been in effect since 1939 [25] and continues to be in effect [26, 27]. Most of the
recent changes to North American practice for passenger equipment used at speeds less than 125
mph (200 km/h) have been to the end structure of the car, i.e., the collision post and corner post
requirements. These elements do not influence the longitudinal strength of the car. The buff
strength requirement does influence the longitudinal strength of the car.

The test conditions are intended to produce substantial damage to the car structure. At least three
feet of crush was desired in order to measure the data necessary to evaluate the effectiveness of
models in predicting large amounts of structural damage. The simulation results indicated an
impact speed of 35 mph (56 km/h), with a fixed barrier being necessary to produce 3 to 5 feet of
crush (reduction in length) of the carbody.

2.1 Required Information
For the single-car test, the information desired on structural crashworthiness included:

e the force imparted to the wall during the test,

o the relative loadings carried by the longitudinal structural members,

e the mode of crush of the carbody (i.e., the series of geometric changes the car structure
undergoes as it crushes),

e the elastic vibratory motions of the carbody,

e the gross motions of the car, including the longitudinal, vertical and lateral accelerations
and displacements,

e the gross motions of the trucks, including the longitudinal, vertical and lateral
accelerations and displacements, and

e the displacements across the suspension elements.

The force/crush characteristic (i.e., the load that the car structure develops as it collapses) is a
key characteristic of the crashworthiness of a car. Analytically, this information is often
calculated with detailed finite-element models that incorporate the geometry of the structure and
the properties of the material. This information is then used in models of the entire train to
determine the distribution of crush among the cars of the train and the decelerations of each of
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the cars. If the force/crush characteristic is incorrect, then the results of the train model will also
be incorrect. One purpose of the test is to make measurements for comparison with analytic
predictions in order to assure that such predictions are accurate.

The mode of crush is particularly difficult to calculate for strength-design structures, such as
conventional North American design rail-passenger cars. The mode is sensitive to small
imperfections in the structures [28]. Because of the sensitivity to small imperfections, precise
agreement between the mode predicted by analysis and that observed during the test is not likely.

The vertical and lateral motions of the car are of particular interest in the test. Any vertical or
lateral forces that develop as the car crushes can elicit a response from the suspension. Analysis
results indicate that small lateral or vertical forces, relative to the longitudinal force, are required
in order to cause significant vertical and lateral carbody motions. Such forces may come about
because the structure effectively forms a ramp as it crushes. It is likely that the combination of
the vertical forces and suspension response influence the potential for override.

The desired information on occupant protection for each of the interior configurations includes:

e the potential for occupant injury,
e the kinematics of the occupants, and
¢ Joads imparted to the seats.

There are currently criteria for head, neck, chest, and femur injury used in the automotive
industry [29]. These criteria relate acceleration and force measurements to the potential for
human injury. It was desired to make the measurements required for comparison with the
criteria for the three interior configurations. These measurements would also be useful for
comparison with previous analyses predictions and sled test measurements.

It was particularly desired to gather information on the influence of the vertical and lateral
motions of the car on the occupant kinematics. Previous analyses and sled testing have been
one-dimensional; the vertical and lateral accelerations have been neglected. The information
gathered during the test will be used to evaluate the assumption that the longitudinal deceleration
dominates to such a degree that the lateral and vertical motion can be neglected in evaluating
occupant-protection strategies.

In order to be effective in providing compartmentalization for unrestrained occupants, the seats
and interior fixtures must remain attached during a collision. It was desired to measure the loads
imparted to the seats. Such information can be used for comparison with simulation analyses, as
well as in development of future seat designs.

3. TWO-CAR TEST

Requirements for the equipment tested in the two-car test were the same as in the single-car test;
the equipment was built to North American standards. The only difference being that two
coupled cars impacted the fixed barrier in the two-car test.

Like the single-car test, it was desired that the test conditions produce substantial damage to the

car structure, i.e., 3 to 5 feet (.91 to 1.5 m) of crush. The simulation results indicated an impact
speed of 26 mph, with a fixed barrier being necessary in order to produce 3 to 5 feet of crush
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(reduction in length) of the leading carbody. The simulation results also indicated that
essentially all of the crush would be focused at the leading end of the leading car with very little
crush at the trailing end of the leading car, or at the leading end of the trailing car.

3.1 Required Information

The required information for the two-car test was the same as for the single-car test, with the
addition of information on the interactions of the coupled cars.

Simulations made prior to the test indicated that the coupled cars would sawtooth buckle, as
illustrated in Figure A-2. Schematic (a) shows the coupler in its nominal position, schematic (b)
shows the coupler when it has buckled, and schematic (c¢) shows the cars when a sawtooth buckle
has occurred. It was desired to gather information on the forces acting on the coupler and the
timing of the buckle; i.e., when the buckle occurred in relation to the crush of the leading car.
This information is required for comparison with simulation predictions to assure that the
coupler and its behavior is being appropriately modeled.

Car
Car

Coupler Coupler /

Car

Car

(a) (b) (c)

Figure A-2. Schematics of Sawtooth Lateral Buckling
(adapted from reference [4])

The desired information on the interactions of the coupled cars includes:

¢ Jongitudinal force acting on the couplers,

o the longitudinal, lateral, and vertical displacements of the couplers relative to the
respective carbodies, and

e the longitudinal, lateral, and vertical displacements of the cars relative to each other.

4. TRAIN TEST

The equipment requirements for the train test are the same as for the single-car and two-car tests;
the equipment was built to North American standards. In addition to cab and coach cars, this test
also requires a locomotive. The requirement for the locomotive is that it comply with AAR
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standard S-580 [30]. Since there is a potential for either the locomotive overriding the cab-car or
vice versa, the cab-car end structure (collision posts and corner posts) must also comply with
current APTA standards [26] and FRA regulations [27].

The details of the test conditions for the train test are currently being finalized. It is desired to
cause substantial damage to the leading cab-car and to the coach immediately trailing behind it.

4.1 Required Information

In addition to the information gathered during the single-car and two-car tests, it is also desired
to gather information on the interactions between the colliding vehicles. There is a potential for
override to occur during the test. Override occurs owing to the combined effects of the initial
geometry of the vehicles (e.g., sill heights), crush of the vehicle structures, and the responses of
the vehicles on their suspensions. Information on each of these factors is required to assure that
each of these factors is appropriately taken into account in simulation models.

The desired information on the interactions of the colliding locomotive and cab-car includes:

e longitudinal, vertical, and lateral forces at the colliding interface, and
e the longitudinal, lateral, and vertical displacements of the colliding locomotive and car
relative to each other.
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APPENDIX B. PARAMETERS USED IN TWO-CAR COLLISIONS-
DYNAMICS MODEL

The collision-dynamics model was developed using the ADAMS computer program [31].
Contact between the rigid impact wall and the front plate of the colliding vehicle is governed by
an impact element. This impact element generates an elastic restoring force based on Hertz
contact when the colliding objects try to penetrate one another. The impact stiffness and
damping values are 6.0E+07 1b/ft and 2.0E+04 1b-s/ft, respectively. These parameters were
chosen heuristically, to help represent the dynamic portion of the impact force [12].

The front end plate is connected to the main carbody by five springs. The springs account for the
dominant structural elements: draft sill, side sills, and roof plates. The majority of the
longitudinal load is born by the draft sill. The corresponding force/crush curves are plotted in
Figure B-1. These force/crush curves were derived from the test data [12].
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Figure B-1. Longitudinal Force/Crush Behavior of Collision Springs

The secondary suspension between the trucks and car bodies is a combination of spring and
damper elements that are linear for small displacements and represent compression and extension
stops for large displacements. These elements transmit forces between the car bodies and trucks
in the lateral, longitudinal, and vertical directions. Each truck has elements to transmit vertical
and lateral forces to the rails, one for each rail.

Both kinematic and flexibility characteristics are accounted for in the coupler connection
between the two vehicles.
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Table B-1 lists the centroidal mass and principal mass moments of inertia that were prescribed to
represent the bodies of the leading passenger car in the two-car model. These values were
adapted from a similar ADAMS trainset model [4].

Table B-1. Vehicle Parameters

Property Main Body Trucks Front Plate

Mass (Ib-m) 35,579 13,700 2,252
Centroidal Roll (Ibm-ft’) | 9.67E+05 | 3.55E+04 | 9.617E+04
Centroidal pitch (Ibm-ft*) 2.22E+07 1.08E+05 4.746E+07
Centroidal yaw (Ibm-ft") 2.24E+07 9.28E+04 | 4.894E+04
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APPENDIX C. SELECTED SINGLE-CAR TEST RESULTS

Both the test and analysis data [9] from the single-car test were reprocessed in accordance with
J211.1. Accelerometer C-3 at the center of the car was used here, rather than C-2, which was
used for data presented in [9]. Figure C-1 presents the force/crush behavior from the test results,
collision-dynamics analysis and FE analysis. A comparison of the results in Figure C-1 with
Figure 11 in [9] shows higher peak values for the reprocessed data, but there is little change in
the steady force values.
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Figure C-1. Comparison of Force/Crush Behavior
Figure C-2 shows the reprocessed acceleration data. A comparison of the results in Figure C-2

with Figure 11 in Reference 9 shows the higher peak values for the reprocessed data, but there is
little change in the steady acceleration values.
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Figure C-2. Comparison of Longitudinal Accelerations of Carbody CG

Reprocessed data in Figure C-3 can be compared with the results in Figure 15 of Reference 9. In
this case, the reprocessing of the data does not affect the results.
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Figure C-3. Comparison of Secondary-Impact Velocity for Dummies in Single-Car Test
and an 8 G Sled Test
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