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ABSTRACT

In an effort to study occupant survivability in train collisions, analyses and tests were
conducted to understand and improve the crashworthiness of rail vehicles. A collision
dynamics model was developed in order to estimate the rigid body motion of rail cars in a
collision, which could be used to estimate the likelihood and severity of injuries experienced
by occupants in collisions. The collision dynamics model, with input from finite element
models, was used to generate accurate results in much less time than the finite element

model.

The objective of this thesis was to develop a model of a conventional passenger rail car to
analyze the crush response and rigid body motion experienced by the car during a collision.
The model was used as an analysis tool in coordination with full-scale testing of rail cars to
assist in the development of the test requirements, and to estimate the results of the impact
tests. The model developed and validated as part of this thesis was based on an existing rail
car design. The model will be used in planned follow-on work (out of the scope of this thesis),
to evaluate the collision performance of rail cars that will be modified to incorporate

crashworthiness features.

The model consists of a series of lumped masses connected by non-linear springs. The
force-deflection characteristics for the springs were estimated from a detailed finite element
model of a rail car similar to the cars that were tested. Estimates for some of the spring
characteristics were initially based on component or sub-assembly impact testing. These
spring characteristics were incorporated into the model and modified as necessary to reach

better agreement with full-scale test results.



The model was exercised to evaluate the crush response and rigid body motion of the
vehicles under full-scale, single-car and two-car impact test conditions. The results
developed with the single-car and two-car collision dynamics models were compared with the
data from the respective tests. Both models were shown to represent the test data
reasonably well in terms of longitudinal acceleration-time history, force/crush behavior and
relative impact velocity. The model was described in detail. The methods of filtering and
interpreting the test data were also included. A parametric study was conducted to evaluate

the influence of different variables on the results.
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The Development
of Collision Dynamics Models
to Estimate the Results of Full-Scale

Rail Vehicle Impact Tests



1. INTRODUCTION

The objective of this thesis was to develop collision dynamics models of conventional U.S.
passenger rail cars under collision conditions. Simulations of both a single car and two
coupled cars impacting a rigid wall at moderate speed were investigated. The models were
used in conjunction with full-scale passenger car collision tests sponsored by the Federal
Railroad Administration (FRA) of the U.S. Department of Transportation (USDOT). The
models were used to develop the test requirements, including instrumentation specifications,
collision speed and placement of high-speed cameras. The models also were used to estimate
the results of the tests. In the future, they will be used to evaluate collisions over a range of

closing speeds and collisions involving multiple-car trains.

The crashworthiness of rail vehicles has attracted the attention of the news media, the
riding public, and the rail industry. Whenever there is a train crash, particularly a fatal one,
the media tends to raise questions about the safety of rail travel. While rail travel is one of
the safest modes of transportation, when several people are seriously injured or die in one
catastrophic event, it can alter the public’'s perception of rail safety. The rail industry,
including equipment manufacturers, suppliers and rail service operators, along with the

FRA, all have a common interest in providing the safest rail transportation possible.

Other factors which have increased the attention on rail vehicle crashworthiness are 1)
the introduction of high-speed rail service in the United States, 2) expanding passenger rail

service, and 3) new equipment purchases by several commuter rail authorities.

In an effort to further improve the level of rail transportation safety, Congress passed the
Federal Rail Safety Authorization Act in 1994 [1]. The Act legislated that the FRA and rail

industry work collaboratively to develop regulations aimed at improving the safety of U.S.



passenger rail cars. One aspect of this comprehensive rulemaking was vehicle
crashworthiness. As a result of the partnership between the Government and the rail
industry, the Passenger Equipment Safety Standards; Final Rule, was published in May

1999 [2].

The Volpe National Transportation Systems Center, which is part of the USDOT, has
been supporting the rulemaking activity by conducting research into rail equipment
crashworthiness [3,4,5,6] which includes developing and applying computer simulations to
provide a technical basis for the rules. Specifically, the models were used to estimate the
behavior of both conventional and modified rail vehicles, and to estimate the forces and
accelerations experienced by occupants, in a range of collision scenarios. Accident data and
component and sub-scale test data were relied upon to develop the models, providing a level
of assurance in the analysis results. Full-scale testing was required to establish the collision
performance of existing equipment, and to evaluate and improve the fidelity of the models.
Once the current vehicle performance is assessed, structural modifications will be
incorporated and tested. The performance of modified vehicles can then be compared to the

current vehicles, in order to measure the improvement in crashworthiness.

Conventional passenger rail equipment is generally built to a “strength-design.” That is,
vehicles are built with essentially uniform longitudinal strength, designed to resist large
forces. The effect in a collision is that the vehicles tend to crush from front to rear, crushing

occupied and unoccupied areas indiscriminately.

Modifications to equipment design can be incorporated to improve a vehicle’s
crashworthiness. Unoccupied areas can be designed to crush at a relatively low force, thus
absorbing collision energy while preserving occupied areas built to withstand larger forces.

This concept is known as crash energy management, and can be used to pass crush back to



unoccupied parts of adjacent cars in a train, rather than imparting all or most of the damage

to the lead car.

Before appropriate modifications can be designed and incorporated in conventional
equipment, it is necessary to have a better understanding of how the conventional equipment
performs in a collision. A series of three moderate speed, in-line collision tests have been
planned to characterize the collision behavior of conventional equipment: 1) single car
impacting a rigid wall, 2) two coupled cars impacting a rigid wall, and 3) a cab-car-led train

colliding with a locomotive-led train.

The objectives of the single-car test conducted on November 16, 1999, [7,8,9] were to:
1) Measure the rigid body motion of the car.

2) Measure the force/crush behavior.

3) Observe the failure modes of major structural elements.

4) Evaluate the effectiveness of several occupant protection strategies.

The objectives for the two-car test conducted on April 4, 2000, [10,11,12] were the same
as for the single-car test, with the added objective of learning more about coupled car-to-car
interaction. The objectives for the train-to-train test (planned for November 2000) include all

of the above, as well as observing the interaction between the colliding cars.

Head-on collisions were chosen in part to increase the repeatability, and thus,
predictability of the tests. Being head-on collisions, the lateral and vertical motions were
likely to be small, compared with the longitudinal motion. The results of oblique, or offset
collisions would be susceptible to small changes in initial conditions and geometry features,
reducing the repeatability and predictability of the tests, making model validation more

difficult.



Moderate speed collisions were chosen to induce permanent deformation of at least 3 feet
at the impacting end of the vehicle, enough to validate models with relatively large amounts
of crush. Also, moderate speed collisions were sufficient to crush occupied areas of a
passenger car and induce potentially severe or fatal secondary impacts for passengers. Tests
of conventional equipment must be reasonably severe to potentially demonstrate an
improvement in occupant safety when similar planned tests are conducted with modified,

“crashworthy” equipment.

1.1. BACKGROUND

The idea of designing rail vehicles to better withstand collisions is not a new one. While
trains have traditionally been built with functionality as the principal design objective, the
need for crashworthy structures has been realized for many years. In a pamphlet published
in the United Kingdom circa 1850, M.A. Garvey proposed “The Patent Spondyloid Life
Train,” which had the objective, “To secure perfect safety to passengers by railway on case of
collision, by entirely dissipating the shock before it can reach the passengers.... by rendering
it impossible for the carriages to mount over one another, to be thrown off the rails, or to be

crushed together.” A schematic of this train is found in Reference 13.

It was known that to improve the crashworthiness of rail vehicles, the absorption of
kinetic energy must be controlled. In order to control energy absorption, the motion of the
rail cars under impact conditions must be understood. Several studies have been performed
in search of this understanding. A review of selected research endeavors will highlight
noteworthy achievements toward the understanding of collision behavior. After reviewing
what has been accomplished, it will become more apparent what next steps are necessary to

further advance rail vehicle crashworthiness.



The mechanics of train collisions were studied by Pin Tong [14] in the 1970’s. In the
analysis, collisions were numerically simulated, and then compared to full-scale test data.
The simulations consisted of a simple, lumped-parameter model, and a more detailed model
using the finite element method. In the simple model, each car was modeled as one mass.
The longitudinal stiffness between each car was represented by an elastic spring with
constant value. The value for the spring was based on the cross-sectional properties of the
center sill, which was the main structural member, running longitudinally down the center
of the underframe. Because of the assumption of a constant stiffness, longitudinal force was
proportional to the impacting velocity. The model compared favorably to a full-scale collision

with an 18-mph impact speed.

The more detailed model was used to predict the results of a 30-mph full-scale collision.
In this model, each car was represented by deformable beams, with mass and rotational
inertia distributed at six nodes. With the higher impact speed, more collision energy caused
more structural deformation and the simple model did not sufficiently represent the
structure. This model compared favorably with the test data for an initial period of about 20

milliseconds, after which the data collection system failed.

This approach to crashworthiness analysis was applied by several groups in the 1970’s
[15,16,17]. Similar approaches are still followed today. However, advances in technology
make it feasible to increase model complexity and fidelity tremendously. Theoretically, this
should result in more sophisticated finite element and collision dynamics analyses, resulting

in more accurate model results.

In 1980, a study was performed to increase the crashworthiness of rail transit vehicles
[18]. An approach similar to Tong’s was taken, in that a simple one degree-of-freedom model

was developed, as well as a more detailed model. The detailed model was used to perform a



parametric study to determine which parameters were critical in accurately determining
structural crush, override, and crush with subsequent override. An objective of the study

was to improve impact control devices for transit cars.

In the detailed model, each car was represented by 6 masses with linear and rotational
inertias. The masses were rigidly connected to elastic-plastic beams, which transferred
shear loads between the underframe and the superstructure. This was a clever way to

account for the strength and energy absorption capability of the less-strong side panels.

The force-deflection characteristics of every vehicle are unique, but there are industry
standards and/or government regulations that specify minimum loading requirements. The
loads are generally expressed as proof loads; i.e., loads incurred by the structure without
permanent deformation. The loading requirements serve two purposes: to enable the
structure to withstand service loads, and to protect crew and passengers in the event of an
accident. Historically, the approach to accident survivability has been to simply make the
structure very strong. However, this is not always the best way to make the vehicles

crashworthy.

In a 1987 paper [19], A. Scholes of British Railways described the conflict between
defining proof loads and improving vehicle crashworthiness. He proposed alternative
methods to meet the basic goals of crashworthiness, one being to achieve a graduated,
controlled response of the vehicle to increasing energy levels in collisions. He proposed that
a distinction be made for each loading requirement purpose. Proof loads should be defined to
meet service requirements, and energy absorption requirements should be defined to resist

the effects of accidents.



Both the British and the French have studied and developed controlled energy
absorption methods in train collisions, and have performed dynamic tests to validate the
designs [20,21,22]. British Rail’'s approach was to specify acceptable consequences for
collisions at increasing speeds. Acceptable consequences were defined as a given level of
energy absorption for given collision conditions. Energy dissipation of 1 MJ (7.37E+05 ft-1b)
and a permanent deformation of 1 m (3.281 ft), at each vehicle interface, were considered to
be economic limits. The dynamic tests demonstrated that energy absorption can be
distributed along a train, rather than being concentrated at the point of impact. Controlled
energy absorption is now a requirement on all new vehicles built for use on the British

railway system.

The FRA has sponsored a significant volume of work in vehicle crashworthiness over the
last 10 years. The FRA's strategy has been to survey relevant accidents, propose methods for
improving occupant survivability, and to apply analytic tools and testing techniques to
evaluate the potential improvements. The categories of collisions addressed include in-line,
oblique, and offset collisions, collisions involving locomotives and cab cars, grade crossing

collisions, and collisions involving coupled car and colliding car override.

A 1995 FRA-sponsored study of in-line passenger train collisions proposed developing
crush zone force/crush characteristics and occupant volume strength based on maximum
acceptable deceleration levels in the occupied areas of the car [23]. Idealized characteristics
were first developed, then applicable constraints on crush zone length and maximum
occupant volume strength were applied. The FRA used results from this study as a technical
basis to require specific levels of collision energy absorption in the high-speed trains
currently being built for Amtrak’s high-speed rail service on the Northeast Corridor, from

Boston, Massachusetts to Washington, D.C.



A number of other studies also have been sponsored by the FRA [24,25,26,27,28]. These
studies have covered a range of accident scenarios, from in-line and oblique collisions, as well
as grade crossing collisions and train rollover incidents. Tests conducted have been
component tests [29,30,31], sub-scale assembly tests [32], and full-scale car tests [7,8,9,
10,11,12]. The results are being applied to improve safety standards for the design of rail
vehicles, which ultimately will result in safer trains and a reduction in occupant injury and

fatality.

While a lot of testing and analysis has been performed in the last 20-30 years,
incorporating the results into more crashworthy rail vehicles is a slow process. Rail vehicles
typically have a life of 40 years or longer. With an average of roughly 100 new passenger rail
cars purchased each year in the United States (as opposed to millions of new automobiles),
new crashworthy features are not incorporated as easily or as quickly when compared to the
automotive industry. The cost of a new rail car is approximately 50 times more than the cost
of a new automobile. This cost ratio makes crash testing on the scale of the automotive
industry out of the question. In terms of vehicle crashworthiness, the rail industry is
currently where the automotive industry was about 20 years ago. However, the testing and
analysis initiated by the U.S. Government and supported by the rail industry as part of the
rulemaking effort, are resulting in significant crashworthy improvements in U.S. passenger

rail cars.



2. MODELING APPROACH

During a multi-million dollar full-scale testing program, it would be foolish not to
perform analytic modeling to guide the test implementation and to estimate the test results.
When developing the test requirements for the aforementioned single- and two-car tests,
several models were used collectively to gather information about the likely test outcome.
The test parameters were then determined based on the desired test results. This Chapter

describes the three-step modeling approach.

As an example, one objective of the test was to crush the impacting end of the car by
approximately 3-5 feet, in order to validate models with large amounts of crush. Without
performing any computational analysis, it would be difficult to determine an appropriate
impact velocity that would result in 3-5 feet of crush. Another objective was to evaluate
several occupant protection strategies. In order to evaluate the effectiveness of
compartmentalization and lap and shoulder belts, it was desired to have a moderately severe
secondary collision environment in which the strategies had a chance of being successful.
Without pre-test analysis, it would be difficult to determine the impact velocity that would

result in a secondary collision environment that is neither too benign nor too catastrophic.

The testing and the modeling were mutually dependent upon one another. The modeling
was required to help determine the test parameters, and the testing was required to
calibrate and validate the modeling. Test parameters to be determined included the impact
velocity, the placement of accelerometers and strain gages, and the appropriate range of
accelerometers to be used. The modeling enabled the observation of sensitivities to friction
on the impact wall, slight perturbations in the direction of the impact force, the effect of
having a coupler (or not) on the impacting car end, and the influence of the vertical car

motion on the occupant trajectories.
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The flow chart in Figure 2-1 illustrates the approach used by the Volpe Center to study
rail vehicle crashworthiness. A finite element model of a single-car impact was used to
provide initial estimates for the force/crush behavior of discrete nonlinear springs in the
lumped-parameter, or collision dynamics model. A collision dynamics model of a single-car
impact was then used to estimate the rigid body motion of the car, the force/crush behavior
at the impacting end of the car, as well as the acceleration environment for interior occupant
analysis. The 3-dimensional acceleration-time history calculated in the collision dynamics
model was then used as input to the interior occupant analysis to measure the forces and

accelerations experienced by occupants during such a collision.

Finite Element Collision Interior
Analysis Dynamics Occupant
(Force/Crush T  Analysis —®  Analysis
Behavior) (Gross Motion) (Occupant Injury)
Validate
models with
Tests

Figure 2-1. Modeling Approach

Being an iterative process, full-scale test measurements from the single-car test were
used to modify parameters in the collision dynamics model to increase the fidelity of
estimated behavior. A second car was added to the collision dynamics model to analyze the
two-car test. Once data were available from the two-car test, the parameters of the

impacting car were modified such that both models estimated the results of the respective
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tests with reasonable accuracy. The validated models then could be employed to estimate

crashworthiness behavior under collision conditions for which test data are not available.

There were advantages and disadvantages to both finite element and collision dynamics
models. A detailed finite element model was necessary to estimate the force/crush behavior
of a structure, but it was very costly to run in terms of model development and computational
time. For example, the single-car finite element model used in this work took approximately
24 hours to analyze the first 0.5 seconds of the collision. Collision dynamics models are much
more computationally efficient, but they rely on input from finite element models to define
the force/crush behavior of the springs. The single-car collision dynamics model developed
for this thesis took approximately 1 minute of computer time to analyze the first 0.5 seconds
of the collision. The short run-time makes the collision dynamics model very useful for

running a variety of cases, to analyze the influence of a variety of input parameters.

Before the full-scale tests were conducted, a previously developed detailed finite element
model [27] was the best source of information available about the force-crush behavior of the
vehicle end structure. The model represents an Amfleet car (see Figure 2-2), which is
structurally very similar to the Pioneer cars tested. Both cars were designed and built by the
Budd Company [33]. The geometry and materials of the primary longitudinal structural
members, i.e. draft sill, center sill, side sills and roof sills are very similar in both the
Amfleet and Pioneer cars. The finite element model did not account for the vertical
suspension characteristics between the trucks and the car body, nor did it adequately
account for the lateral forces between the wheels and the track. Lacking these details, the
model was not capable of providing a reasonable estimate of the rigid body motion of the

vehicle.
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Figure 2-2. Finite Element Model

Figure 2-3 and Figure 2-4 schematically illustrate the primary longitudinal structural
members of the car body. The draft and center sills provide the majority of the longitudinal
strength. The side and roof sills and the body panels provide additional strength. The body

bolsters are lateral members that reinforce the car body where the trucks are attached.
Draft Sill Center Sill

-

Coupler

End Beam
Side Sill

Figure 2-3. Plan View of Structural Underframe Members

Roof Sill \

Figure 2-4. Plan View of Structural Roof Members

To perform the collision dynamics analysis, a number of tools could have been chosen.
Equations of motion for a relatively complex system (four masses times six degrees of
freedom, less a few constraints) could have been written and solved with a Fortran program
or with a software program like Mathcad of Matlab. Ultimately, ADAMS was chosen.
ADAMS is a software program from Mechanical Dynamics, Inc. [34] that enables a user to

build a model and simulate the motions of a mechanical system. ADAMS was the
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advantageous choice for the following reasons: 1) The equations of motion did not have to be
written manually, 2) ADAMS models have been previously developed [25,26], which contain
useful features like wheel/rail interaction forces and car body/truck suspension elements,
that could be directly incorporated into a new model, 3) ADAMS can be linked with user-
written subroutines to calculate forces, and 4) ADAMS has an IMPACT function that can be
used to separate the initial rate-dependent impact force from the “steady state” crushing

force.

The collision dynamics models developed in ADAMS are central to this thesis. The
schematics in Figure 2-5a and Figure 2-5b represent the single-car and two-car models,
respectively. The models were used to estimate the rigid body motion of the cars and the
collapse of the vehicle structure during an impact with a rigid wall. The collision dynamics
models use a series of discrete masses connected by non-linear springs and dampers. They
run much more quickly than the finite element model and the force/crush behavior is more

readily modified to better estimate the rigid body motion of the car during the impact tests.
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Figure 2-5. Schematic of Collision Dynamics Model
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The impacting cars in both models were identical, and consisted principally of four rigid
masses that represented the front portion of the vehicle, the trucks and the main car body.
The trailing car in the two-car model did not have a separate mass representing the leading
end of the vehicle, because little crush was expected between the two cars. The models were
capable of 3-dimensional motion since each mass was allowed three translational and three
rotational degrees of freedom. However, for this study the masses representing the front end
and the main car body were constrained to translate longitudinally with respect to one
another. For the in-line collisions analyzed with these models, the only significant relative
motion anticipated between the front end and the main body was translational. The two
masses were constrained to translate together in order to simplify the model. Non-linear
springs and dampers that represent the crushable end structure, the truck/car body
suspension, and the coupler, were used to connect the masses. For more information on the

parameters used in the model, see Chapter 3 and Appendix F.

The car body accelerations calculated with the collision dynamics model were used as
input to an interior seat/occupant model (Figure 2-6). This model also used as input the
force-deflection behavior of passenger seats that had been previously calculated during static
tests [30,31]. Using the interior dynamics model, the forces and accelerations experienced by
occupants in a collision can be estimated. Using these forces and accelerations, injury
criteria for 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.

A three-step approach used to analyze rail vehicle crashworthiness has been described.

The material in this thesis focuses primarily on the middle step, the collision dynamics
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modeling. The details and the results of the finite element and the interior seat/occupant
models are not included in this work.
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Figure 2-6. Interior Seat/Occupant Model
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3. MODEL DESCRIPTION
3.1. MODELING ISSUES

The collision dynamics models were designed for a specific set of collision conditions. The
applicable scenarios include in-line, frontal collisions with a rigid wall, at speeds up to
approximately 50 mph. In these collision scenarios, the damage is expected to be limited to
the 12-foot car length between the front of the car and the body bolster. The model does not
realistically account for structural crushing beyond the front body bolster, but could be

modified to do so without much difficulty.

Clearly, in-line collisions are less complicated than offset or oblique collisions. That is
precisely why the first series of tests are restricted to in-line collisions — to minimize the
uncertainty in the outcome of the collision. Another series of full-scale tests are tentatively
planned to investigate the behavior of a passenger car when the primary structural
members, i.e., the draft sill/center sill are not loaded directly. These models were developed
such that they could be readily adapted to simulate oblique collisions in the future. For
example, five collision springs were defined to represent the two side sills, two roof sills and
the draft sill, even though the masses were constrained such that all five springs had the
same deflection. One spring could have been used to represent the collection, but having the
corners and center sills defined separately will makes the model more easily modified to

analyze impacts at the corners.

While there was expected to be some vertical and lateral motion in the in-line collisions,
the dominant force was expected to be longitudinal. The model can be used to estimate the
vertical and lateral motion resulting from in-line, frontal collisions, but it was not meant to
be applied in collisions where the principal forces are in the lateral or vertical direction. The

model is designed to handle collision forces at the front end of the car, but not from the side
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or the top. To model side impacts, the model would need to be modified to incorporate impact
elements and springs based on the force/crush behavior at the point of impact. Also, the
lateral and vertical connection between the trucks and the car body would need to be

modified to handle the potentially extreme forces between the two masses.

During in-line collisions, vertical motion develops when the longitudinal collision forces
are offset vertically from the center of gravity (CG) and consequently the car body bounces
and pitches on its secondary suspension. Due to the long, slender geometry of a rail car,
small angles of rotation can lead to significant vertical and lateral forces. Once vertical
motion is initiated, it can lead to car-to-car override, especially between colliding cars. The

models can be used to estimate the vertical motion during an in-line collision.

Similarly, small car body yaw angles can lead to lateral buckling of the cars within a
train. In the model, small perturbations in the direction of the longitudinal force are used to
develop car body yaw, and hence lateral forces. By modestly varying the direction of the

collision force, the model can be used to bound the range of anticipated lateral motion.

3.2. MODELING FEATURES

Two models were developed as part of this thesis — a single-car model and a two-car
model. The single-car model was developed from scratch, its principal features being the
crushable end structure and the method of impact with the wall. In order to extend the
model to analyze the two-car test, a second car was added. The second car was taken directly
from a lateral buckling train model previously developed by Robert Rancatore of Arthur D.
Little, Inc. (ADL), in support of the Volpe Center [25]. This car did not have a crushable end
structure, but it did have a coupler element to transfer collision forces from the leading car to

the trailing car, and lateral and vertical force elements representing the wheel/rail contact.
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There were minor parameter differences between the first and second cars, such as
masses and inertias, CG locations, truck/car body suspension, etc. The car body mass was
set equal to the mass of the car tested. The inertias from the second car body were scaled
accordingly and applied to both cars. The wheel/rail contact forces from the second car were
also applied to the first car. The suspension definition of the second car was modified
slightly and applied to the first car. The modified parameters of the lead car in the two-car
model were also applied to the single-car model, such that the impacting cars in both models

were identical.

The impacting car in the single- and two-car models consists of six masses, representing
the main car body, two trucks, front end plate, and front and rear coupler masses that
transfer impact forces from the coupler to the main car body (see schematic in Figure 2-5).
Each mass has six degrees of freedom, with the exception that the end plate is constrained to
translate longitudinally with respect to the main car body, forcing the displacement, or
crush, in each of the springs to be identical. The constraint simplifies the model, which is
appropriate when modeling in-line collisions. There is expected to be little if any angular
motion between the front plate and the main car body. The front and rear coupler masses
were originally used in the ADL model to distribute a portion of the main car body mass to
approximate the mass of material crushed in a collision, and have been retained in the
current model. The trailing car in the two-car model has only five masses — it does not have

the front end plate.

The secondary suspension characterization between the trucks and car bodies has been
taken from the ADL model. The stiffness and damping values were modified in accordance
with suspension data provided on the type of trucks used in the test [35]. The secondary
suspension in the model is a combination of spring and damper elements that are linear for

small displacements and represent compression and extension stops for large displacements.
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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. These elements have been taken directly from the ADL model.

In order to model the single-car and two-car impact tests, the following items had to be

represented:

- Car-to-Wall Interaction,
- Force/Crush Behavior,
- 3-Dimensional Rigid Body Motion, and

- Car-to-Car Interaction.

3.2.1. Car-to-Wall Interaction

In both models, the collision forces between the car and the wall were characterized
using a sphere-to-sphere IMPACT function. The IMPACT function defines the magnitude of
the force, based on sphere penetration. The sphere-to-sphere contact defines the direction of
the force; i.e., the force acts along the line that connects the centers of the spheres. In
ADAMS, the IMPACT function generates an elastic restoring force based on Hertz contact
when the colliding spheres try to penetrate one another. The IMPACT force has both
stiffness and damping components associated with it. The stiffness coefficient, k, is a
function of the penetration between the two spheres. The damping coefficient, c, is a
function of the speed of the penetration. This feature allows some degree of separation of the
velocity-dependent “transient” forces and the “steady-state” collision forces calculated with

the subroutine.

The impact wall is represented by a rigidly-fixed sphere that has a radius of 100 feet,
such that the impact surface approaches a flat plane, as in the tests. The coupler at the

impacting end of the car is represented by a sphere that has a radius of 0.5 feet. The coupler
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sphere is rigidly attached to the front end plate, representing the front face of the car body.
The IMPACT force acts along a line that connects the centers of the spheres. The motion of
the coupler sphere relative to the wall sphere determines the direction of the IMPACT force

acting on the car body.

3.2.2. Force/Crush Behavior

The impact forces are transferred from the coupler/front plate to the main car body via
five non-linear, longitudinal springs in parallel. These springs represent the force/crush
behavior of the draft sill, two side sills and two roof sills. A user-defined subroutine has been
written to determine the spring forces at each time step (see Appendix E for a listing of the
subroutine). The subroutine keeps track of the current and maximum spring displacement.
When unloading, the force in the springs follows the initial slope downward. If the springs
are subsequently reloaded, the force will follow the initial slope back up, then continue where

it left off along the prescribed force-crush curve.

Figure 3-1 is a schematic of the assumed force/crush behavior of the main longitudinal
structural members. The force/crush values at each break point for each spring, which are
defined in the user-defined subroutine, are listed in Table 3-1. A large initial force is
required to initiate buckling/crushing of the draft sill, after which the force to continue
crushing the structure drops off substantially. After about 1 foot of crush of the coupler/draft
sill, the car body makes contact with the wall. An increase in the collision force is required to
initiate crushing of the side sills, roof sills and body panels. Once buckling is initiated, the
force drops off again. The majority of the strength of the end structure comes from the draft

sill. The side sills and roof sills carry a smaller portion of the load.
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The percentage of the load carried by the draft sill was originally estimated using the
single-car finite element model. Two models were exercised: one of the entire car body, and
one of just the draft sill. The force vs. crush behavior resulting from an impact with a rigid
wall was calculated and compared (see Figure 3-2). Roughly 80% of the energy dissipated by
the entire vehicle during the first foot of crush was dissipated by the draft sill alone. The
coupler, which transmits the impact force to the draft sill, extends about a foot beyond the
end of the car body, thus it initially carries most of the load. After the first foot of crush, the

sills and body panels began to carry a percentage of the total load.

Force, |Ib

Crush, feet

Figure 3-1. Schematic of Longitudinal Force/Crush Behavior of Collision Springs

Table 3-1. Force/Crush Values for Collision Springs

Point in Crush, feet Force, Ib

Figure 3-1 Draft Sill Side Sill Roof Sill
A 0.1 2.6E+06 0 0
B 0.5 3.2E+05 0 0
C 0.71 6.7E+05 6.667E+04 3.33e+04
D 1.1 5.8E+04 1.0E+04 5.0+03
E 1.6 3.5E+05 5.0E+04 2.5+04
F 10 3.5E+05 5.0E+04 2.5+04
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The magnitude of the force for each of the five springs was determined such that the
results of the collision dynamics model approximated the test results in terms of force versus
crush. Since no direct measurement was made of the force on the wall, the force between the
car and the wall was estimated as the product of the total mass of the car and the
acceleration of the CG. The crush was estimated as the displacement of the CG of the car.

See Appendix A for more detail.
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Figure 3-2. Force/Crush Behavior for Full Car and Draft Sill Only

3.2.3. Three-Dimensional Rigid Body Motion

The longitudinal motion was governed by the IMPACT function, the collision springs,
and the coupler (in the two-car model only). To account for the vertical motion, a flexible
truck/car body suspension was defined which allowed the car body to bounce and pitch. Also,
depending upon the height of the coupler sphere relative to the car body CG, a moment due
to the impact force could potentially contribute to the vertical motion. The lateral motion in

the two-car test was captured by defining a small lateral perturbation in the direction of the
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impact force, which was resisted to some extent by the lateral wheel/rail forces. There was

not significant lateral motion in the single-car test.

3.2.4. Car-to-Car Interaction

The car-to-car interaction in the two-car test was captured in the definition of the
coupler. The coupler was effectively a rigid pin that was attached to each car by a spherical
joint. The ends of the pin could also translate longitudinally with respect to the cars.
Longitudinal, lateral and vertical forces were transferred from the lead car to the rear car via

the coupler.

Table 3-2 is a list of the centroidal mass and principle 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 the ADL model. Prior to the single-car test, a series of “shake-and-
bake” tests were conducted with the test vehicle to estimate the CG height of the vehicle and
the roll, pitch and yaw inertias [7]. The CG height of the car body was estimated to be
between 69.7 and 76.7 inches from the top of the rail. The CG height of the car body in the

model was 69.36 inches. The roll, pitch and yaw inertias were considerably larger (~50%)

1
than the values used in the ADL model, which compare reasonably well with E n0? for

the pitch and yaw inertias, assuming the car body is similar to a long slender rod. Because of
the uncertainty in the test data, the inertia values from the ADL model were not modified

based on the test data.

24



Table 3-2. Vehicle Parameters

Component Mass, Ib Ixx, Ib-ft2 lyy, Ib-ft2 Izz, Ib-ft2
Main Car Body! 3.5579E+04 | 9.67E+05 2.22E+07 | 2.245E+07
Trucks 1.37E+04 3.55E+04 1.08E+05 9.28E+04
Front End Plate 2.252E+03 9.62E+04 4. 75E+04 4.89E+04
Front Coupler/Draft Sill Mass 3.748E+03 10 10E+03 10E+03
Rear Coupler/Draft Sill Mass 6.0E+03 10 10E+03 10E+03

3.3. SUMMARY

The features and parameters of the models have been described in this section. (For
additional information on model details, see Appendix F for a selected listing of the command
file for the single-car model.) The models are capable of estimating force/crush results and
rigid body motion during in-line frontal impacts of passenger rail vehicles. Before the model
results are compared with the test results, a parametric analysis of critical modeling

parameters examines the sensitivities of the models to variations in these characteristics.

! The main car body mass and inertias were scaled down such that the total vehicle mass was
approximately equal to the mass of the vehicle tested in the single-car test. Originally the
test vehicle weighed about 100,000 Ib. However, the total weight was reduced when the
interior seats and some auxiliary equipment were removed. To partially compensate, about
10,000 Ib of concrete was poured under the floor, resulting in a total car weight of 74,289 Ib.
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4. PARAMETRIC ANALYSIS WITH SINGLE CAR

A significant number of physical car body parameters needed to be defined for the
collision dynamics model to properly estimate the rigid body motion during impact. These
parameters included geometry (length, height, width, CG height), masses and inertias (for
the car body, trucks, front end, coupler), and vertical location of the impact sphere. The
spring and damper characteristics for the truck suspension, coupler, and crushable end
structure of the car also had to be estimated. The total vehicle mass and some geometry
components were the only parameters that could be measured easily and with certainty.
Consequently, assumptions were required to assign reasonable values to the other

parameters.

Parametric studies were performed with the simpler single-car model to evaluate the
sensitivity of the results to changes in various input parameters, which provided a level of
assurance in the quality of the values chosen. The values used in the single-car model that
best approximated the test results were considered the “baseline” values. Varying one
parameter at a time provided a snapshot of the sensitivity to variations in each parameter.
It was not practical to modify every possible parameter. The following parameters were

modified and evaluated:

- IMPACT function parameters k, ¢, and m,
- Vertical location of impact sphere,
- Force/crush characteristic of collision springs, and

- Impact velocity.

The IMPACT function parameters were selected because they have a significant
influence on the calculated force on the wall, plus there was little information on which to

base the initial estimates. The vertical location of the impact sphere was chosen because a
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significant amount of vertical motion was observed during the tests, and the average vertical
location of the impact force may have had a large influence on the vertical motion of the car
body. The collision springs were chosen because the values used to approximate the test
data were quite different from values used in previous collision models. Finally, impact
velocity was chosen to determine if the model could be expected to provide reasonable results

for a wider range of impact speeds.

4.1. IMPACT FUNCTION

The IMPACT function had several parameters associated with it, but the values for k, c,
and m were estimated to be the most critical and least certain. Initially, the IMPACT
function stiffness and damping coefficients, k and c, developed in the ADL model were used
to govern the car body impact with the wall. These values were then modified in order to get
better model agreement with the full-scale test data. Subsequently, a parametric analysis
was performed to evaluate the sensitivity of the model results to variations in k, ¢, and m,
the mass of the impact sphere, and to establish criteria to determine appropriate k, ¢, and m

values in lieu of test data.

In addition to the stiffness and damping coefficients, the mass of the coupler sphere/front
plate also had an effect on the force acting between the impact spheres. The mass of the
coupler sphere was chosen rather arbitrarily to be 70 slugs, or 2,252 Ib. The sensitivity of

the sphere-to-sphere force to variations in the coupler sphere mass was also investigated.

In the parametric analysis, the values for k, ¢, and m for the sphere-to-sphere impact
function were modified one at a time as outlined in Table 4-1. The highlighted values were
used as the baseline values when another parameter was being modified. The results used to

compare the effect of the IMPACT parameter variations were 1) the force acting between the
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spheres, and 2) the force acting on the entire vehicle, estimated by the total vehicle mass

multiplied by the longitudinal acceleration at the center of gravity of the main car body.

Both forces were plotted as a function of spring crush at the lead end of the car. These

two curves were then integrated to calculate the energy dissipated, which was then
i o 1 : :
compared with the total kinetic energy, i.e. E MV~. These energies are presented in a bar

graph/table format, as it is only a single value that is of interest. The force/crush curves,
however, illustrate that there is more than a single value to match than just energy, i.e., the

force peaks, the crush associated with those peaks, the high-frequency oscillation, etc.

Table 4-1. Impact Parameter Variation

Parameter Case 1 Case 2 Case 3 Case 4
K, Ib/ft 6.0E+05 6.0e+06 6.0e+07 6.0e+08
C, Ib-s/ft 2.0E+03 2.0E+04 2.0E+05 2.0E+06
M, Ib 1.0E+03 2.252E+03 3.0E+03 4.0E+03

The bar graphs in Figure 4-1 through Figure 4-3 illustrate the influence of the
respective parameters on the energy dissipated during the collision. The coupler mass, m,
and the damping coefficient, ¢, did not have a significant effect on the energy dissipation
based on the force calculated with either method. However, the stiffness coefficient, k, did
have a large effect on the energy dissipated by the non-linear collision springs. A relatively
small stiffness coefficient (Case 1) allowed the collision spheres to penetrate one another by
over 2 feet. Energy was absorbed elastically by the spheres, which prevented the transfer of
collision energy to the collision springs. As the value of k was increased, the collision spheres
were effectively more rigid, allowing minimal penetration and transferring more energy to
the collision springs. If k was too large, the spheres became too rigid, which created a

chattering effect.
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Figure 4-1. Influence of K on Energy Absorbed
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Figure 4-2. Influence of C on Energy Absorbed
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Figure 4-3. Influence of M on Energy Absorbed

Varying either the damping or the mass, as indicated in Table 4-1, had a modest effect on
the amount of crush at the end of the car (less than 7% variation for the cases considered).
Varying the stiffness had a large influence on the amount of car crush (nearly 100% variation
for the cases considered), because the impact force did not get transferred properly to the

collision springs when the stiffness coefficient was too small (i.e., below ~ 1.0E+0Q7).

The influence of the variation of the mass or the damping on the equivalent force (see
Appendix A for a description of equivalent force) was not very significant (see Figure 4-4 and
Figure 4-6). However, the force in the IMPACT element was quite sensitive to the variation
in ¢ and m (see Figure 4-5 and Figure 4-7), even though the integral of the IMPACT force vs.
the spring crush did not change significantly. The IMPACT force oscillated significantly
when the damping coefficient was too low, i.e., less than 2.0E+04 Ib-s/ft, or if the mass was

too small, i.e., less than 1.5E+03 Ib.
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Figure 4-4. Influence of Variation of M on F=M*A vs. Crush
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Figure 4-5. Influence of Variation of M on Force in Impact Element vs. Crush
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Figure 4-6. Influence of Variation of C on F=M*A vs. Crush
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Figure 4-7. Influence of Variation of C on Force in Impact Element vs. Crush

The variation of the stiffness coefficient had a small influence on the equivalent force (see

Figure 4-8). However, the force in the IMPACT element was fairly sensitive to variations in
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k (Figure 4-9), even though the integral of the IMPACT force vs. the spring crush did not
change significantly. The IMPACT force oscillated significantly when the stiffness coefficient

was high, i.e., greater than 6E+07 Ib/ft.

3.5e+6
—— 6E+05 Ib/ft
3.0e+6 - —-— BE+06 Ib/ft
—  6E+07 Ib/ft
——- 6E+08 Ib/ft
2.5e+6 -
8 2.0e+6 it
” ‘
e
QL 1.5e+6 -
1.0e+6 -
5.0e+5 - S e | .l
OO T T r T T J
0 1 2 3 4 5 6
Crush, feet
Figure 4-8. Influence of Variation of K on F=M*A vs. Crush
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Figure 4-9. Influence of Variation of K Force in Impact Element vs. Crush
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4.2. LOCATION OF IMPACT SPHERE

In addition to the IMPACT function parameters, the vertical location of the impact
sphere on the front of the car also had an effect on the transfer of collision forces to the
vehicle. In both full-scale tests, the tendency of the impacting end of the lead car to dip
slightly, then rise about 6 inches was observed. The vertical location of the impact sphere
was varied within a reasonable range to observe if that alone was sufficient to cause the

vertical motion observed.

If the impact point is below the car’s center of gravity, the impact will induce a pitching
m