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PREFACE

In September 1992, the Congress passed Public Law 102-365, the Railroad Safety
Enforcement and Review Act, which required, in part, that the Secretary of Transportation
conduct research and analysis to consider the costs and benefits of severa types of
crashworthiness improvement features.

This report summarizes the development of computer models, and related engineering
calculations, which were used to analyze the crashworthiness of the cab areain existing road
freight locomotives and to provide quantitative estimates of the costs and benefits of the
crashworthiness improvement features. The work was carried out by Arthur D. Little, Inc.,
under contract to the Volpe National Trangportation Systems Center, from January 3, 1994, to
March 31, 1995. The work was conducted as part of the Center's support to the Office of
Research and Development, Federal Railroad Administration.

Thisisthefirst of four volumes. Volume 2 covers the representation of proposed
crashworthiness features, evaluation of their effectiveness in limiting cab intrusion, and
evaluation of their influence on occupant survivability. Volume 3 discusses the pros and
cons, and summarizes the estimated costs versus benefits, for each of the represented
crashworthiness improvement features. VVolume 4 extends the modeling to additional effects,
and the anadysis to higher closing speeds.

During the course of the study, further work was assigned to provide for additiona studies of
selected freight locomotive crashworthiness improvement festuresin collisions at higher
closing speeds and for evaluation of the crashworthiness of the cabs in control carsused in
passenger service. The additional freight locomotive studies will appear as volume 4 of this
series. The work on control car cabs will be published as a separate report.
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1. INTRODUCTION

Arthur D. Little and its subcontractors, Arvin/Ca span and Parsons Brinckerhoff, conducted
studies of locomotive crashworthiness in support of the Federal Railroad Administration's
(FRA) response to Public Law 102-365. This law includes a statement that the Secretary of
Transportation shal conduct research and analysis to consider the costs and benefits
associated with equipping locomotives with the following crashworthiness features:

Braced collison posts

Crash refuges

Rollover protection devices

Uniform sl heights

Deflection plates

Anticlimbers

Shatterproof windows

Equipment to deter post-collison entry of flammable liquids

The Arthur D. Little team was awarded a contract to conduct engineering analyses to identify
and evaluate various design concepts for the features described above. In particular, the team
was asked to perform this evaluation with respect to the currently applied Association of
American Railroads (AAR) industry standard, S-580, summarized in table 1-1. This standard
applies to new road-type locomotives built after August 1, 1990.

Table1-1. Summary of AAR's S580 Standard on L ocomotive Crashworthiness
Requirements

Component Requirement

Anticlimbers Sustain an ultimate vertical load of 200,000 Ibf &t the short
hood end

Collision posts Two, each of which shall sustain an ultimate load of
200,000 Ibf at 30 inches above the deck and 500,000 Ibf at
the deck

Short hood structure The product of skin thickness and yield strength shall be at
least 0.5 inches times 25,000 psi

The overdl approach to the project included information gathering on locomotive design and
crashworthiness, the development of computer models to eval uate crashworthiness, and the
generation and evaluation of design concepts that could potentialy improve locomotive cab
survivability. No testing was included in the program. Rather, models were validated to the
extent possible by comparing predicted results to actual accidents.

This report describes the locomotive collison computer models developed and vaidated in
the project; it isthefirst in a series of four reports generated to describe the results of the
entire project.
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2.COLLISION MODESAND COMPONENT INTERACTIONS

The development of the computer models and the choice of accident types to which they
should be applied have been guided by many aspects of train collisons, including the possble
and likely collison modes, locomoative structural design, and considerations on how colliding
locomotives interact.

2.1 COLLISION MODES

The primary types of collisions between two trains are: (1) head-on; (2) rear-end; and (3) side
impact. Of these, the head-on collison appears to represent the greatest threat to the
locomotive crew. Grade crossing accidents and rear-end collisonsin which alead
locomotive is involved aso challenge the front end but less serioudy than the head-on
collison. The S580 specification, with its emphasis on front end components, is clearly
directed toward protection against the head-on collision. For these reasons, we selected the
head-on collision as the primary crash scenario type with which to evaluate crashworthiness
design concepts (described in volume 2).

Severa possible vehicle collison modes can occur when two trains collide as illustrated
schematicaly in figure 2-1. For some of these the vehicles remain in line and on the track
while for others derailment occurs. The most serious of these modes in terms of risk of
injury and fatdity to the cab occupants is override, since such a mode can lead to crushing of

the cab. Thisis the mode we have examined in greatest detail, although vertica and latera
buckling as well as simple crushing have also been considered.

An examination of the approximate energy absorbed for each of the modes provides an initia
basis for establishing closing speeds above which massive destruction of alead locomotive
seems likely. Table 2-1 lists examples of the estimated changes in energy for various modes
that could occur in a head-on collision between two locomotives. Values are provided for a
200-ton locomotive as derived from results to be presented below. Figure 2-2 isaplot of the
kinetic energy of one 200-ton locomotive as a function of closing speed in an equa speed
collison. This energy is the minimum that must be converted to some other form by at least
one of the locomotives if the locomoatives remain agpproximately in line. The energy that

must be converted by at least one of the locomotives is greater when more locomotives are
included in each consist; the basis for this latter assertion is described in section 3.2.2.

Comparison of the approximate energy converted by different modes (table 2-1) and the
kinetic energy of a single locomotive in an equal speed collision (figure 2-2) shows how
difficult it is for alocomotive to sustain controlled damage in a head-on collison as closing
speed increases.
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Table 2-1. Examples of Energy Converted by Different Modesin Head-On Collisons

Crash Mode Energy Converted (106 in-Ibf)
Crush (4 ft) of S-580 collison posts ~20
Potentia energy of lifting a 200-ton ~20

locomotive end 10 ft

Bending of front underframe for 1-ft ~20
longitudinal crush

22 LOCOMOTIVE DESCRIPTION

We are mogt interested in the short hood end of the locomotive, since this is the usual
location of engineers and the end at which most of the deformation occurs in head-on
collisons. Figure 2-3 is an illustration of the short hood end of atypica freight locomotive
showing the structural elements most likely to participate in a collison. The geometry of
these components is important in determining the manner and order in which they will
interact with the end of another locomotive and their structure and materias are important in
determining their strength and |oad-deformation characteristics.

The underframe is the primary structural member of the locomotive. It supports the engine
and other equipment and provides static and fatigue buff and draft strength. Its structure
consists, in genera terms, of two longitudina webs with wide plates welded on top and
bottom to form a box type structure [1]. As aresult, it is very rigid and strong in tension or
compression and is the structure to which the other components discussed here are attached.

The coupler is carried by the draft gear support structure, which is welded to the bottom of
the underframe. The coupler projects farthest from the end of the locomotive and in its
extreme buff, or compressed, state bears against the striker plate of the draft gear support
structure, which is also very tiff. In a head-on collision, the coupler and the draft gear
support structure will be the first components loaded.

The anticlimber projects horizontally about two to four inches less than the projection of the
coupler inits buff position. The top o the anticlimber is level with the top walking surface

of the underframe. The underside of the anticlimber on S580 locomoatives generaly includes
several significant web or support plates angled down to the bottom plate of the underframe
structure; these plates provide the primary vertica load carrying capacity. At least two of the
angled web plates are in line with the primary web plates of the underframe.

The collison posts are relatively thick plates, welded adjacent to or directly onto the primary
longitudinal webs of the underframe. They are enclosed in and, in S-580 locomotives, welded
to the short hood structure, and they project above the floor of the cab by different amounts
depending on the locomotive model.

2-3
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The short hood is a shell that forms the housing of various cab components. Its nose
projects as much as two feet in front of the collision posts.

Standard structural materials are generaly used for the locomotive components described
above. These include materials smilar to ASTM A36, AlSl 1020, and ASTM A572, or other
low aloy stedls. Minimum yield strengths range from 30 to 100 ks.

23LOCOMOTIVE FRONT END INTERACTIONS

It has been very important in the development of the computer models to envision how two
locomoatives colliding head-on will interact. In particular, we are concerned with interactions
that result in override; this mode can possibly lead to crushing of the cab if the collision posts
are overloaded. We separate the phenomenon of override into two steps: override initiation
and total override. Tota override corresponds to one underframe riding on top of another
underframe. In our model, we artificialy induce override initiation and alow it to follow a
particular interaction sequence to determine whether total override will occur (see section
3.2.1).

Figure 2-4 illustrates the two sequences of total override we have considered. In each of
these, we assume that there is some loading of the couplers and the draft gear support
structure and that override is initiated by ramping between either the anticlimbers or the
couplers. What happens next depends on whether and in what order the draft gear support
structures fail.

In the first interaction sequence, the draft gear support structure of the initidly overriding
locomotive fails, permitting total override to occur. Such a sequence can occur if the coupler
of the overriding locomotive fails during initid impact or bears against the underframe, which
is considerably stronger. In fact, it appears that two of the accidents used for model
vdidation, including one in which alocomotive satisfying S-580 was overridden, follow this
sequence.

In the second interaction sequence, the draft gear support structure of the initially overridden
locomative fails before that of the overriding locomoative. In this case, the anticlimber of the
overridden locomotive becomes "trapped” between the anticlimber and the draft gear support
structure of the overriding locomotive. This sequence can absorb substantially more energy
than the first because it leads to some interaction of the underframes. We expect that total
override will occur when the draft gear support structure of the overriding locomotive fails,
for example, by vertical loads induced by the collision.

The first sequence is the one for which the collision model has been designed. Accident data,
presented below, show that this sequence occurs and, because it absorbs less energy than the
second sequence, it provides a more rational baseline for assessing the various design
concepts.

2-5
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3. MODEL DESCRIPTIONS
3.10VERVIEW

There are three elements to the computer modeling, the most important of which isthe
collision dynamics model, which is used to determine consist trgjectories, amount of crush
experienced by the cab, and the cab crash pulse, that is, the acceleration-time history to which
the occupants could be subjected. The collison dynamics mode is alumped mass parameter
system that provides arelatively simple description of the locomotive and consist. This
approach is similar to that taken in previous studies (for example, reference [2]). The other
elements of the overall model are: the structural damage model, which is used to calculate the
load-deformation characteristics of various locomotive components used as input to the
collison dynamics modd; and the occupant survivability model, which utilizes the crash

pulse to estimate the loads likely to be experienced by the cab occupant. The structure of the
mode isillustrated in figure 3-1. The occupant survivability model is described in volume 2.

The collision dynamics model is alumped mass parameter system that provides arelatively
smple description of the locomotive and consist. Vehicle body and trucks are each
represented by a single mass and the end components are represented by geometrically smple
beam elements. The complex crushing behavior of the components is incorporated by
assigning to the beam elements nonlinear |oad-deformation curves that have been derived
from detailed eladtic-plagtic finite element analyses.

Three actual train accidents were used to guide development and validation of the computer
models. These accidents, which we refer to here as the crash scenarios, were taken from
FRA reports. They consist of three head-on collisions at three different closing speeds.

3.2COLLISION DYNAMICSMODEL

The collision dynamics mode provides the primary outputs for making the occupant
survivability assessment. These are the crash pulse - accelerationsvs. time - and the
degree of cab crushing. The model consists of lumped masses with longitudinal extensions
whose characteristics are nonlinear and determined from the structural damage model
described in section 3.3 below. The particular model developed hereis designed to treat only
in-line collisions corresponding to the crash scenarios; rollover and side impact are not
treated. In fact, motion is restricted to a vertical plane that includes the original longitudinal
line of the consist. The manner in which lateral buckling is treated is discussed below.

The computer program ADAMS, version 7.0, was used to construct the collision dynamics
model. ADAMS is a multibody systems analysis program [3]. The description of the model
isdivided into two sections for clarity: front end interaction and multiple vehicle consst
dynamics.

31
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3.2.1 Front End Interaction Model

Figure 3-2 illustrates the geometric model used for the front locomotives in the collision
scenarios. It consists of three masses: one for the locomotive body and two for the trucks.
Only the locomotive mass possesses rotationd inertia; the trucks are constrained to follow a
horizontal line corresponding to the rails. There are vertical and horizontal springs between
the locomotive body and the trucks and a vertical damper between each truck and the body.
The vertical truck spring stiffness increases by a factor of 100 after a certain downward
deflection, representing a hard stop, and the springs provide no force after a certain upward
deflection, representing lift-off at the bolster. Braking friction is simulated between the trucks
and ground to be constant at all times, reflecting a constant, non-skid emergency braking
action.

The front end of the locomotive includes three impact elements to represent the crushing
response of front-end structural components (figure 3-3). These are: (1) the coupler hardware
and draft gear support structure; (2) the anticlimber and underframe; and (3) the short hood
and collision posts.

Each of the impact elements has some common features. The element itsdlf isrigid and
permitted to trandate only in the horizontal direction (relative to the locomotive body).

Load is transmitted from an element to the locomotive body only when the tip or surface of
the element is within a small prescribed distance of a point or surface on the opposing
locomotive. The elements transmit vertical and longitudina loads and, when relative diding
occurs, tangentia friction loads. The longitudina crush behavior of an element follows the
relevant curve determined from the structural damage model, described below. Crush is
irreversible and, if there is unloading, the previous maximum load must be exceeded for
additional crush to occur. Vertical crush is not currently modeled; however, the model checks
to ensure that vertical strength is not exceeded.

One of the locomoatives includes aramp at the tip of its anticlimber eement (figure 3-3).
Thisis the mechanism used to initiate the override. A ramp angle of 20 degrees to the
horizontal has been used in our calculations and the length of the ramp depends on the
locomotive modeled.

In a head-on collision between two locomotives the sequence of possible element interactions
is as follows (compare figure 2-4). Longitudinal load is first transmitted when the tips of the
coupler/draft gear support structure elements make contact. Next, the anticlimber el ements
carry load when their tips contact, at which time the tip of the overridden anticlimber element
dides below and along the ramp of the overriding anticlimber element (figure 3-3). If the
override continues, the next possible interaction is between the tip of the coupler/draft gear
support structure of the overriding locomotive and the anticlimber/underframe e ement of the
overridden locomotive; this occurs when the tip of the overriding anticlimber isin proximity
to the front plate surface of the overridden locomotive. Again, if override continues, the next
possible interaction occurs when the tip of the anticlimber element of the overriding
locomative contacts the tip of the short hood/collision post element.
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The exact sequence and timing of contact events in the model depends on severd factors,
including the amounts of prior crush experienced by the ements - for example, the crush
and possible falure of the overriding locomoative's coupler/draft gear support structure before
interaction with the underframe - and the overdl dynamics of the consgs.

The basdline load-crush curves used for the three elements are presented in the section on
dructurd damage below.

3.2.2 Multiple Vehicle M odel

The multiple vehicle model must account for the effect, if any, that al vehicles have on
determining the crush and accel eration behavior of the lead locomotive, in which we are most
interested. It is not uncommon to have as many as five locomotives and nearly 100 other
traling vehiclesin atrain. We sought in our modeling efforts to determine a few important
phenomena: which of the vehicles in the train must be modeled and what is the effect of
trailing vehicle derailment. As presented below, our results show that when the trailing cars
have lower crush strength than the locomotives a good smulation of the lead locomotive
crush can be obtained by including only the locomotives. Our results also show that by the
time trailing vehicles derail, the crush in the first locomotive has been determined, indicating
that such derailment need not be modeled in this study. Note, however, that such trailing
vehicle derailment is very important in determining the dynamics of the remaining vehicles.

3.2.2.1 The Effect of Trailing Vehicleson Crush

Our approach to assessing the number of vehicles to include in the dynamics model was
based on both numerical and analytical calculations. In general, we caculated the amount of
energy that was dissipated in the first vehicle, or locomotive, for various consist
configurations.

A set of one-dimensiona dynamic computer runs was first made, in which two consists
collide a equal but opposite speeds; a speed of 15 mph (closing speed equal to 30 mph) was
used here. The number of vehicles in each consist was varied to determine the effect on
energy dissipation in the first vehicle. Each consist was made up of various numbers of
200-ton vehicles, representing locomotives, and 100-ton vehicles, representing trailing cars.
The crush response curve for both types of vehicles had the same form but the magnitude of
the crush load for the locomotives was aways twice that of the trailing vehicles.

35



The results for analyses made with al 200-ton vehicles are shown in figure 3-4 for two types
of load-crush curves. The figure shows that the energy dissipated in the first locomotive does
not plateau but continues to rise with each locomotive added for both the rigid-plastic crush
behavior and the, currently, more realistic peak load response. An implication of thisresult is
that consists with fewer locomotives, atrend in the industry with the introduction of
aternating current traction motor (AC) technology, will be less susceptible to damage and
crush.

On the other hand, if a set of locomotivesis followed by trailing cars of lower crush strength,
then the energy dissipated in the first locomotive levels off quickly with additiond trailing
vehicles. Figure 3-5 shows an example of this for five leading locomotives. These results
show that, for this case, the extra energy disspated in the first locomotive by adding trailing
vehicles does not exceed 10% of the energy dissipated without trailing vehicles.

An analytical explanation for these numerical resultsis presented in Appendix A but a brief
description is provided here. Trailing cars have minimal effect on the crush of the first
locomotive because they are only able to transmit a certain force \em\ their crush force \em\ to
the locomotives before them. If there are severa locomotives before the trailing vehicles,

then the force they apply, and the contribution to energy dissipated, will dominate that
contributed by the trailing vehicles.

Of course, the exact amount of energy that must be dissipated by deformation in the lead
locomotive will depend on the individual speeds of the trains, which determine whether some
kinetic energy will remain in the center of mass of the two consists, and whether or not there
is override. Nevertheless, the above results indicate that useful comparative evaluations of the
various crashworthiness concepts can be obtained by including only the locomotivesin the
crash scenarios to be discussed below.

3.2.2.2 The Effect of Lateral Buckling

The effects of lateral and vertical buckling on the crushing response of the lead locomotive
were aso studied using a simplified multi-vehicle collison modd. A train consisting of ten
200-ton vehicles was modeled with linear spring connections aong the axis of origina motion
but with no rotational restraint in the horizontal plane at the connections (figure 3-6).

Latera buckling was modeled by imposing an initia lateral displacement a one of the
vehicle-to-vehicle connections. Such an approach should yield a conservative result with
respect to the lead locomotive crush since, in reality, some crush would occur prior to
buckling and derailment.

Figure 3-6 shows the results for the case in which the initia lateral displacement was imposed
between the fifth and sixth vehicles. The implication of these resultsis that large lateral
displacements are required before there is a significant change in the amount of energy
dissipated in the lead locomotive. Since a similar result would be obtained for vertical
displacement \em\ except for some small effect of gravity - we conclude that it is not
necessary to include the effects of buckling or derailment of trailing vehicles in determining
the crush response of the lead locomotive.
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3.3 STRUCTURAL DAMAGE MODEL

The purpose of the structural damage model is to provide the load-crush curves for usein the
collison dynamics caculations. These are derived from finite element analyses on
component geometries derived from manufacturers drawings for those components that
participate in the collision (see section 2.2). Development of the load-crush curves was an
iterative process in which results from preliminary collision dynamics calculations were used
to refine the modes, locations, and extents of crushing. The refined |oad-crush responses are
reported here.

3.3.1 General Approach

Selection of component geometries, materials, and boundary conditions formed the first part
in the analysis of structura damage. There are several locomotive models on the road today
that not only satisfy but generally exceed the S580 specification and each has some unique
front-end component geometry. Our approach to obtaining a single load-crush curve for each
component that just satisfied S580 (i.e., with no margin of extra strength) was to generate
scaled-down components from mechanica drawings provided to us by locomotive
manufacturers for current models. The scaling down process involved ether decreasing plate
thicknesses or lowering material strengths until the structure just satisfied S580. Load-crush
curves for components not covered by S-580, such as the draft gear support structure and the
underframe, were derived from drawings of actual components and an understanding of the

design congtraints placed on these components.

The finite element analyses were carried out using the commercialy available program
ABAQUS, version 5.3. ABAQUS is recognized for its capabilities in the areas of nonlinear
deformation and contact problems [4]. It accounts for several of the types of deformation
anticipated during crushing of the components, including plastic deformation and collapse,
and dagtic and plastic buckling.

Finite element meshes for the various components were generated primarily using shell
elements. Welded junctions were smulated through rigid nodal connections and the loading
was in most cases applied through the controlled displacement of a contacting rigid surface.
All analyses were performed under quasi-static loading conditions.

The multilinear stress-strain curve used in these analyses, shown in figure 3-7, corresponds
approximately to A572 structural stee with an elastic modulus equal to 28x10° Ibf/in®, ayidd
strength at 0.2% strain of 50x10° Ibf/in®, and atensile strength at 20% strain of 70x10° Ibf/in,
after which the strength remains constant. Strain rate effects were not included in our
analyses for several reasons. While elevated strain rates increase the effective flow stress of
steels, there can aso be a decrease in ductility; the combined effect is difficult to establish
accurately. We aso felt that the effects of strain rate are small in comparison to train mass
and speed. Findly, the strength values specified by S580, which was our basdine, do not
account for rate effects.

The load-crush response of the various components was reviewed to determine the extent to
which |oad-carrying capacity would be limited by material fracture. This was accomplished
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by examining maximum materia strains and weld strengths, where applicable. However, for
al components analyzed, the load-crush curve was not greatly affected by fracture.
Therefore, the elastic-plastic deformation curves generated by finite element analysis were
used for all dynamics calculations.

3.3.2 Component Analysis

3.3.2.1 Anticlimber

The finite element mesh for the basdline anticlimber is shown in figure 3-8. Nodes aong the
back end of the anticlimber were fixed to approximate the constraint provided by the stiff box
structure of the underframe. The load-deformation response of the anticlimber corresponding
to avertical load is shown in figure 3-9. The vertical load was applied at the front edge of

the anticlimber, uniformly distributed between the two gusset plates a the main underframe
webs as required by S580. This anticlimber just satisfies the 200,000 Ibf strength
requirement.

The calculated longitudinal load-crush curve for this component is shown as the solid curvein
figure 3-10. The load in this case is applied through motion of a planar rigid surface oriented
transversely to the longitudina axis. The irregular shape of the load-deflection curveisthe
result of a sequence of events wherein pairs of reinforcing gusset plates build up a
compressive load and then fail due to plastic buckling. The up-and-down nature of the
calculated curve arises because the gusset plates are staggered in the longitudinal direction.
Astherigid surface begins to crush the anticlimber, the pair of plates closest to its midplane
carry most of the load in compression. As the load in these plates reaches the plastic limit,
the plates fail, and the load is transferred to the next-innermost pair of plates. This pattern of
loading continues until al of the gusset plates have buckled. Although the analysis was not
carried out beyond about 8 inches for this case - due to numerical difficulties - we expect
the load to drop with further deformation until the crushed and compacting anticlimber plates
transfer load directly to the underframe structure whose longitudina strength is much greater
(see below). The idealized load-crush curve, which was the anticlimber response used in the
collison dynamics analyses, is shown as the dashed curve in figure 3-12, reflecting the
behavior deduced from the finite element analyses of the anticlimber and underframe.

3.3.2.2 Front Plate/Draft Gear Support Structure

The mesh for the front plate/draft gear support structure is shown in figure 3-11. Nodes

along the top edge of the support structure side plates were fixed to represent their attachment
to arigid underframe surface. Nodes at which the front plate is attached to the front of the
underframe were a so fixed. Longitudina loading was applied through the striker plate to
simulate load transfer through the horn of the compressed coupler.
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Figure 3-8. Finite Element Mesh Used in the Structural Damage Calculations of the
Baseline Anticlimber (only one-half of the mesh is shown)
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Baseline Draft Gear Support Structure (only one-half of the mesh is
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The computed load-crush curve of this component for crush up to four inches is shown as the
solid linein figure 3-12. The analysis shows that this structure is very stiff and strong,
consistent with its design requirement to withstand repeated, high buff and draft loads.

Asit turns out, the draft gear support structure deformation response for aload applied to the
striker plate is determined by deflection of the underframe, which is discussed below.
Therefore, the underframe load-crush curve is used for the idealized draft gear support
structure response, as shown by the dotted line in figure 3-12.

Analysisfor fracture of this component or of bending of the underframe from the transferred

load suggests that the peak striker plate load will be about 3 x 10sub\e\suel Ibf. Andysis for fracture
indicates that failure of this component occurs when the crush at the striker plate is about one
inch, which corresponds to aload of about 3x10° Ibf. As discussed below, our calculations

aso indicate that aload of this magnitude gpplied to the Striker plate will likely initiate

plastic bending in the underframe. Thus, the peak load carrying capacity applied at the striker
plate is derived from two separate considerations.

3.3.2.3 Collison Posts and Short Hood Structure

A single model was used to smulate the combined action of the two collision posts and the
short hood (figure 3-13) because of the S-580 specified weld attachment between these
components. Figure 3-13(a) shows a side view of the short hood structure with the normaly
hidden collison post shaded. Figure 3-13(b) shows a view looking into the short hood from a
rear vantage point; only one-half the model is shown. The combined structure was fixed at
its lower edge to represent the stiff underframe. The back edge of the short hood was not
constrained, in order to represent, in an gpproximate manner, the relatively compliant
attachment of the short hood to the cab structure.

Longitudina loading was applied through controlled motion of a convex-shaped, cylindrica,
rigid surface whose axis is transverse to the longitudina axis (figure 3-13). This surface,
with aradius of 10 inches, was displaced longitudinally, contacting the front of the short hood
a a height of 30 inches above the top of the sill. This location of loading, covered by S-580,

is closest to that observed in head-on collisions in which override occurs (see descriptions of
validation accidents below).

The load-deflection curve for the collision posts/short hood structure is shown in figure 3-14.
This curve reflects the initid deformation at gradually increasing load of the front of the short
hood, followed by a steep increase in the dope of the curve accompanying contact with the
much stiffer collision posts. The load pesaks and then drops off rapidly as the front part of

the short hood collapses. Subsequently, the load remains relatively constant as the collison
posts deform plastically and bend. The maximum load for deformations in which the

collison posts carry the load is 400,000 Ibf, or 200,000 Ibf for each post, as specified in
S-580.

The idedlized curve used in the collision dynamics analysis is shown as the dashed curvein
figure 3-14.
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3.3.2.4 Underframe

Two types of underframe loading were investigated for purposes of defining load-crush curves
for use in the collision dynamics calculations. In the first, an estimate was obtained of the
maximum strength for alongitudinal load applied at the neutral axis of the underframe. This
loading corresponds approximately to aload applied through the crushed anticlimber. The
second load was applied at the level of the striker plate to obtain an estimate of the maximum
bending capacity of the underframe. Underframe bending occurs when impact loads are
applied at either the striker plate or at levels- such as 30 inches - above the deck of the
underframe.

The underframe from the short hood end to the first bolster was modeled, as shown in

figure 3-15. The mesh was constrained against vertical and longitudinal displacements and
against rotation at the transverse plane that intersects the centerline of the bolster. In the first
analysis, the short hood end of the mesh was loaded through arigid, transverse plane whose
displacement was specified. In the second loading, a longitudina load was applied at the
striker plate. The side plates of the draft gear support structure were modeled to provide a
convenient means of applying the loads.

The load-deflection curves for the two types of loads are shown in figure 3-16. The curves
indicate that the underframe modeled can support a pure longitudinal load of about 10 x 10°
Ibf and a bending load at the striker plate of 3 x 10° Ibf. Bending of the underframe causes
the load to drop markedly with increasing crush due to the increase in moment arm.

The results of these calculations were used to derive idedlized load-crush curves for the
anticlimber/underframe structure and the front plate/draft gear support structure, as discussed
above. That is, the load for the anticlimber rises sharply to 10 x 10° Ibf after substantial

crush, reflecting complete load transfer to the underframe (figure 3-10). Also, the load for

the front plate/draft gear support structure drops sharply after the peak load of 3 x 10° Ibf is
reached (figure 3-12).

One of the implications of the above calculations is that there is a maximum useful ultimate
load for the collision posts dictated by plastic bending of the underframe. For the underframe
geometry and material strength modeled here, that load is about 3 x 10° Ibf for both posts, or
1.5x10° million Ibf for each post, at a height of 30 inches above the deck. Other constraints,
such as underframe connection strength, may provide other practica limitations to maximum
collison post strength.
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Figure 3-15. Finite Element Mesh and Loading Used in the Structural Damage
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4. MODEL VALIDATION

Model validation was accomplished through comparison to three head-on collisions reported
in FRA accident reports. Figures 4-1 through 4-3 provide a summary of the available data on
these accidents. In some cases, photographs of the final configuration of the lead locomotives
were available and these are provided with the descriptions of the individual accidents.

The collision dynamics model calculations were carried aut following the guiddines discussed
in section 3; that is, only the locomotives were modeled, override was purposdly initiated, and
the lower energy absorbing override sequence was followed. Actual front end component
strengths were calculated to the extent possible for the lead locomotives and actua weights
were used for al locomotives in these vaidation calculations. Extent of longitudinal crush
and crash pulse for the overridden locomotives were computed.

4.1 ACCIDENT A: LOW SPEED HEAD-ON COLLISION

Thisfirst accident, with FRA report number C-58-91, occurred between a stationary train and
one moving at a speed of 18 mph, for a closing speed of 18 mph (figure 4-1). The stationary
consist had three locomotives and the moving consist had only one. None of the locomotives
satisfied S-580. The result of the collision, for which there are no photos, was only minor
damage to the front end components. There was no override and no injuries.

The results from the ADAMS model are similar to the observations for this accident.
Figure 4-4 shows the geometric interaction view of the two lead locomotives at the time of
maximum crush, which was less than one inch in the draft gear support structure. (Refer to

figure 3-3 for a definition of components in this view.) The crash pulse corresponding to this
collison is shown in figure 4-5; the peak acceleration iseight g's.

4.2 ACCIDENT B: MEDIUM SPEED HEAD-ON COLLISION

The second accident, B-02-93, corresponds to the head-on collision of two trains, one with
two locomotives traveling at 9 mph and the other with five locomotives traveling a 21 mph
for aclosing speed of 30 mph (figure 4-2). Again, none of the locomotives satisfied S-580.
However, our structural damage calculations indicate that the collison post strength of the
overridden locomoative, a GP-60 built in early 1990, was gpproximately 200,000 Ibf per post
a aheight of 30 inches. On the other hand, the anticlimber on the overridden locomotive did
not span the entire width of the short hood. Rather, it conssted of two triangular box

sections, each centered at the main underframe webs with an open space of about 50 inches
between their inner edges.

The collision resulted in override of the lead locomotive in the 9 mph train onto the lead
locomotive of the other train causing substantia crush to the cabin and an occupant fatality.
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Accident A: C-58-91 Head On Collission
Date: 4/21/91

TRAIN 1 LN TRAIN 2
18mph | Omph

0
& i i r-r— T }__F_ 11 T @
(Reverse) | (Reverse) | (Forward) | (Forward)

(Forward) | (Reverse) (Reverse)

\

Total Tonnage: Total Tonnage:
411 546
Track Tangent,
Level Ground

Locomotive # | CSXT-5863 | CSXT-5883 | CSXT-5816 | CSXT-5723 | CSXT-5898 | CSXT-5878 | CSXT-6134

Make B-36-7 B-36-7 B-36-7 U-36-B B-36-7 B-36-7 SD-40-2
Manufacture GE GE GE GE GE GE EMD
$-580 N N N N N N N
Year Built 1985 1985 1985 1970 1985 1985 1975
Length (ft) 62.2 62.2 62.2 60.2 62.2 62.2 68.8
Weight (Tons) 140 140 140 139 140 140 184

# of Occupants 0 0 0 0 0 0 0
Injuries 0 0 0 0 0 0

Fatalities 0 0 Y 0 0 0

Figure 4-1. Data Available and Derived for Crash Scenario A: Low Speed Head-On Collision with 18 mph
Closing Speed
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Accident B: B-02-93

Date: 1/20/93
w E
TRAIN 1 TRAIN 2
Mixed A
Freight 21 mph 9 mph Rauct;()s
Six | None
Derailed | B T 1 1] | Derailed
Total Tornage: {Reverse) (Reverse) (Reverse) (Forward) (Forward) (Forward) (Reverse) Total Tonnage:
9262

Tangent Track l——l [—W i@ § % % ‘:‘

0.26% Grade;

descending west

O.R. O.R. OR..

Lt ocomotive # SP-9346 SP-9287 CSX-6077 | CSX-844 SSW-9710| BN-7072 BN-7180

Make SD45T-2 SD45T-2 GP40-2 SD40-2 GP-60 SDAa0-2 SD40-2

Manufacture EMD EMD EMD EMD EMD EMD EMD

S-580 N N N N N N N

Year Built 1975 1973 1972 1990 1990 1978 1979

Length (ft) 70.7 70.7 59.2 68.8 59.8 68.8 68.8

Weight (Tons) 205 205 139 195 143 208 208

# of Occupants 0 0 0 0 ? 0

Injuries 0 o 0 0 ?

Fatalities 0 0 0 0 1 0 0

Notes: O.R. = Override

Shaded areas correspond to regions of crush
Figure 4-2,

Data Available and Derived for Crash Scenario B: Medium Speed Head-On Collision with 30 mph
Closing Speed



Accident C: C-10-94
Date: 2/10/91

174

Figure 4-3.

TRAIN 1 DL TRAIN 2
Mixed Mixed
Freight 24mph | 19mph Freight
1 locomotive and 3 locomotives and
5 cars derailed ol 1 3 cars derailed
(Forward) (Forward) (Forward) (Forward)
Total Tonnage: Total Tonnage:

Track Curvature: 1293 5011
3 degree 58 minute,
Level Ground
Locomotive # KCS 705 KCS 741 KCS 721 KCS 677
Make SD 50 SD 60 SD 60 SD 40-2
Manufacture EMD EMD EMD EMD
S-580 N Y N N
Year Built 1981 1991 1989 1978
Length (ft) 71.2 71.2 71.2 68.8
Weight (Tons) 184 184 184 184
# of Occupants 3 2 0 0
Injuries 3 - -
Fatalities 0 0 0

Closing Speed

Data Available and Derived for Crash Scenario C: Medium Speed Head-On Collision with 43 mph
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Figure 4-4. ADAMS View of the Front End Interaction at the Point of Maximum
Lead Locomotive Crush for Scenario A, 18 mph Closing Speed
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Figure 4-5. Lead Locomotive Crash Pulse Predicted for Scenario A, 18 mph
Closing Speed
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Figure 4-6 is a photo of the configuration of the lead locomoatives after the collison. The sill
heights of the two locomotives were within one inch of each other.

Again, the ADAMS calculation results agree with the observations of this accident.

Figure 4-7 shows the front end interaction view from ADAMS for the point of maximum lead
locomoative crush. Overrideis predicted as is substantial crush of the short hood structure and
the cab (note position of short hood/collision post impact element in the left locomotive).

The model does predict about 10 ft of crush beyond the tip of the short hood compared to
what appears to be about 7-8 ft from the photo. Figure 4-8 shows the overridden cab
acceleration vs. time. The peak acceleration in this accident is just over 10 g's and is due to
loading of the stiff draft gear support structure/underframe.

Figure 4-9 shows a side view photograph of the overriding locomotive in this accident, after
the two lead locomotives have been pulled apart. This photo suggests that very little of the
draft gear support structure remains, which is consistent with the lower energy override
sequence used in the model and as discussed in section 2.3. Figure 4-10 shows a front view
of the overridden locomoative, again after the two locomotives have been pulled apart. The
coupler isintact, even though there is alarge indentation in the striker plate indicating that
the coupler sustained a high longitudina load. Also noteworthy from this photo is the
amount of shear experienced by the front end as the opposing locomotive overrode.

Although the lead, overridden locomotive in this accident did not satisfy S580, our andlysis
suggests that total override would have occurred and that crush, though somewhat less, would
till have iminated the survivable cab space. Consequently, the locomotive configuration

and initia train speeds for this particular accident were selected as the baseline crash scenario
for use in evaluating the design concepts to be generated later in this program and reported in
volume 2.

4.3 ACCIDENT C: MEDIUM SPEED HEAD-ON COLLISION

The third accident modeled, FRA number C-10-94, was for a single locomotive consist
traveling at a speed of 25 mph colliding head-on with a three locomotive consist traveling at
18 mph for a closing speed of 43 mph (figure 4-3). The lead locomoative of the 18 mph
consist, which was built in early 1991 and satisfied S-580, was overridden but the collison
posts were effective in arresting the override. There were only minor injuries. Figure 4-11
shows a photo of the front of the overridden locomotive after the two locomotives were
pulled apart. It appears that the short hood has been crushed about two feet.

The collision dynamics modd results for this accident were in generd agreement with the
observations. The overridden locomotive contained collision posts whose calculated strengths
were over 400,000 Ibf each, and this greater strength was included in the modd. Figure 4-12
shows the lead locomotive interaction view at the point of maximum crush. Overrideis
predicted to occur and the predicted crush of the short hood/collision post structure is about
4.5 feet. Figure 4-13 shows the crash pulses predicted for this accident.

Again, examination of other photos for this accident suggests that the draft gear support
structure of the overriding locomotive was essentially sheared off.
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Figure 4-6. Photograph of the Override between the Two Lead Locomotives in
Scenario B, 30 mph Closing Speed
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Figure 4-7, ADAMS View of the Front End Interaction at the Point of Maximum
Lead Locomotive Crush for Scenario B, 30 mph Closing Speed
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Figure 4-8. Lead Overridden Locomotive Crash Pulse Predicted for Scenario B,
30 mph Closing Speed

Figure 4-%.  Side View Photograph of the (verriding Lead Locomotive Front End
in Scenario B, after Being Pulled from the Overridden Locomotive,
Showing the Damage to the Draft Gear Support Structure
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Figure 4-10. Front View Photograph of the Overridden Lead Locomotive in
Scenario B, Showing Extensive Shearing of Components

Figure 4.11. Front View Photograph of the Overridden Lead Locomotive in
Scenario C, Showing the Limited Short Hood Structure Crush
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Figure 4-12, ADAMS View of the Front End Interaction at the Point of Maximum
Lead Locomotive Crush for Scenario C, 43 mph Closing Speed

—
o

1 I L ] 1 [ T

| Scenario C: 43 mph Closing Speed

Longitudinal Cab Acceleration (g's)

-5 .
_15 \ ] ] | L | L
0.0 0.1 0.2 0.3 0.4

Time After Initial Impact (sec)

Figure 4-13. Lead Overridden Locomotive Crash Pulse Predicted for Scenario C,
43 mph Closing Speed
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5. CONCLUSIONS

The modd developed to simulate the head-on collision of two lead locomotives, eachin a
multi-locomotive, multi-trailing-vehicle train, appears to provide a good smulation of the
resulting extent of override and crush in the lead locomotives. Results of this study show that
trailing vehicles (nonlocomotives) and the effects of derailment need not be modeled to
predict the crush response of the lead locomotives. Comparison of the model predictions to
observations for three accidents described in FRA reports are al in good agreement.
Although the model has been vdidated for closing speeds up to 43 mph, we believe that it
can provide useful results on lead locomotive crush response for higher speeds. The modd is
currently limited to freight locomotives whose front end components are similar to those
considered here.

The accident results and model predictions also show that override of locomotives satisfying
S-580 can occur in medium speed collisions. Thisis apparently possible because the
anticlimber of the overridden locomotive is not loaded vertically as apparently envisioned in
the formulation of S580. Rather, the deformation and failure of the draft gear support
structure of the overriding locomotive, together with ramping between coupler or anticlimber
components in colliding locomotives, permits a path for override to occur. The anticlimber
does appear to provide benefit in preventing rising debris from reaching the cab in agrade
crossing collison and in absorbing some collision energy. Also, the accident observations
and modd results do not rule out possible benefit from a modified anticlimber designed to
assure trapping.

A particular result of the model, confirmed to some extent by one of the accidents, is that

override and substantial cab crush can occur in alocomotive that satisfies S'580 in a head-on
collison with aclosing speed of 30 mph. This crash scenario, which involves atota of
seven locomotives, will be the baseline scenario with which crashworthiness improvements

over those provided by S-580 will be assessed and described in volume 2 of this report series.
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APPENDIX

The result that locomotive crush can be independent of the number of trailing cars can, in
part, be understood from anaytica considerations. Consider a multi-vehicle consist with a
locomative exhibiting rigid-plastic crush behavior, with yied load, Fy, and trailing vehicles
which exhibit rigid-plastic crush behavior with a smaler yield load, f-Fy, wheref is afactor
less than one. By a smple energy balance, the energy dissipated in the first locomative is
equa to itsown initid kinetic energy plus the work done on the locomotive by the rest of the
congist:

loco _ y-loco
Ediss _Ekineﬁc+Wm¢rnal :

The energy dissipated in the first locomotive is primarily the work of crushing, so that, with
the postulated crush behaviors, we can substitute for the crush energy and external work
terms:

F,8,Eppic*fF,5, ,

where d. is the crush of the locomotive. Solving for 5, we find that the amount of crush,

loco
ESS.

& = retic
F,(1-p

-

and therefore the amount of energy dissipated during the crush,

loco
Ediss =Fy6c .

is independent of the number of cars trailing the locomotive.

In subsequent numerica studies of 10-body systems, we were able to produce results for

energy dissipation that were within one percent of the theoretical values, confirming that

when the locomotive crush strength is greater than that of the trailing vehicles, the energy
dissipated is independent of the number of cars, despite the increase in kinetic energy.
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