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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 Trangportation conduct research
and analyss to consider the costs and benefits of severd types of crashworthiness improvement
features.

Thisreport is the fourth of four volumes on the crashworthiness of the cab arealin exigting road
freight locomatives. Volume 1 covers mode development and vaidation. Volume 2 coversthe
representation of proposed crashworthiness features, evaluaion of ther effectivenessin limiting
cab intruson, and evauation of their influence on occupant survivability. VVolume 3 discusses

the pros and cons, and summarizes the estimated costs versus benefits, for each of the

represented crashworthiness improvement features. The work was carried out by Arthur D.

Little, Inc., under contract to the Volpe Nationa Trangportation Systems Center, from March 1,
1995, to May 15, 1995. The work was conducted as part of the Center's support to the Office of
Research and Development, Federd Railroad Adminidration. This volume extends the

modeling to additiond effects, and the andysis to higher closing speeds.

During the course of study, further work was assigned to provide for evauation of the

crashworthiness of the cabs in control cars used in passenger service. The work on control car
cabs will be published as a separate report.
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1. INTRODUCTION

A program has been conducted to investigate freight locomoative crashworthiness. The effort
included the development and vaidation of computer programsto Smulate train-to-train
collisons and the secondary impact of an occupant with the interior of the cab [1], [2]. The
objective of the research was to determine the extent to which practical benefit could be provided
for the crew by implementing various crashworthiness features over those currently specified in
the industry standard, S-580 (see appendix). These featuresincluded stronger collision podts,
uniform sl heights, anticlimbers, and crash refuges. Severd concepts were identified for each
feature and, for the most promising of these, preliminary designs were derived, including
estimates of cost and weight. Calculations were conducted with the computer modd s to eva uate
the degree of occupant survivability each provided [2], [3]. A single crash scenario was used as
the amulated test to compare the effectiveness of alocomotive that included the various concepts
to the basdline locomotive, which just satisfied S-580 (i.e., with no margin of extra strength).

The scenario involved a 30 mph closing speed collision between atwo-locomotive consst and a
five-locomotive cons <.

The results of this work suggested that a stronger collision post concept that includes a
requirement of substantia ductility was one of the most practica ways of substantidly improving
locomotive crashworthiness. An interlocking anticlimber concept, intended to prevent override,
aso gppeared to be effective in improving crashworthiness. However, questions were raised
about the effects of underframe bending during a head-on impact that could render such a
concept practicaly ineffective. Findly, there was some interest in determining the predictions of
the mode a closing speeds higher than 30 mph, and in assessing the effects of having fewer
locomotives in the congist - atrend expected with the current introduction of aternating current
(AC) locomotives.

The results of the effort reported here suggest that the interlocking anticlimber festure provides
greater protection to the crew even when underframe bending isincluded in the modd.

However, the additiona benefit provided over that given by the stronger collision post concept
depends on the vertica offset between the neutra axes of the colliding underframes. In addition,
thereis dtill some question about how difficult and expensive it will be to engineer and build the
interlocking anticlimber. Results also show that the tendency for underframe interaction is
increased as closing speed increases, even without a deliberate interlocking mechanism, because
of the increasing role that locomotive body rotationd inertia plays. Findly, decreasing the
number of locomotivesin acondst can have as dramatic an effect on improving crashworthiness
as implementing new concepts.

1-1



2. THE EFFECT OF FEWER LOCOMOTIVES

The introduction of AC motor technology expected over the next few years will reduce the
number of locomoatives required to pull the same load. It islogica to inquire whether afleet with
fewer lead locomotives on average will reduce the consequences of train-to-train collisons. The
previous work [1] showed that only the heavier, structuraly stronger locomotives and not the
trailing vehicles need be modded to evaluate the degree of crush and the crash pulse that will
occur in the lead locomotive in a head-on collison between two trains. Furthermore, crush was
shown to increase sgnificantly as more locomotives of the same mass and sirength are added to
the consg. Thisresult done suggests that fewer locomotives will mitigate the consequences of a
collison.

However, to illudrate this in the context of previous caculations, a smulation was run for which
direct comparison could be made to the basdline crash scenario used in the previous anayses.
The basdline crash scenario involved a two-locomotive consist traveling at a speed of 21 mph
colliding with afive-locomotive cons st traveling in the opposite direction a a speed of 9 mph.
The predicted cab crush in this case, for alocomotive just satisfying S-580, was 8 ft, which
corresponds to loss of survivable cab space. The reduced locomotive consist was derived from
the basdline configuration by removing the second locomotive in the two-locomotive consst and
the fourth and fifth locomativesin the five-locomotive consst. All other masses, dimensions,

and spring and crush properties were kept the same. The amount of predicted cab crush for this
latter caseisjust 1.2 ft aslisted in table 2-1. Also listed in table 2-1 is the amount of predicted
cab crush for the case corresponding to the basdline crash configuration - seven locomotives
total - in which the lead locomotives are Smulated to have collison posts whose strength is

four times that currently required by S-580. The cab crush for thiscaseisadso low at 1.3 ft.

Thus, the mode predicts, in essence, that, using the basdline crash scenario derived in the
previous cdculations for which there were atotal of seven locomotives, removing three
locomotives has the same effect on cab crush as implementing the strong collision post concept.

Table2-1. Collison Post Crush for Various Locomotive Consist Configurations and
Callison Post Strengths

Consigt Configuration Closing Speed (mph) Collison Post Crush (ft)
2 locos/5 locos 30 8.0
1 loco/3 locos 30 1.3

2 locos/5 locos

and 30 12
strong collison posts




3. THE EFFECT OF HIGHER CLOSING SPEEDS

Nearly dl of the collison dynamics and occupant survivability caculations conducted previoudy
were for aclosing speed of 30 mph using the baseline crash scenario and configuration; one
anayss was conducted for a closing speed of 43 mph. Evidence for improved crashworthiness
was basad on the 30 mph collision, for example, the reduced crush provided by stronger collison
posts (table 2-1). Of interest are the predictions of the models for higher closing speeds, both in
terms of the predicted improvement with aternative crashworthiness concepts and in terms of
overd| collison response.

3.1COLLISION DYNAMICSCALCULATIONS

These higher closing speed collison caculations were conducted for a configuration different
from the basdline case. Namdly, the configuration used corresponds to the higher, 43 mph
closing speed callison involving asingle locomative traveling at 24 mph and a three-locomative
cong s traveling in the opposite direction a 19 mph; this configuration is designated as scenario
Cin[1]. Furthermore, the lead locomotive onto which override isinitiated in this case - which
was in the 19 mph consst - was smulated to have collison posts whose peak strength was
800,000 Ibf each at 30 inches above the deck; thisisfour timesthat required by S-580.

Theresulting plot of short hood structure/collision post crush vs. closing speed exhibits apesk in
crush, as shown in figure 3-1; the retio of the two consst speeds was maintained congtant in this
case. The cause of the peak crush, which islessthan the 6 ft of crush that corresponds
gpproximately to eimination of survivable space, isthe effect of locomotive body rotationa
inertia. (See volume 1 for definition of collison pogt crush.) Thisinertia, which becomes
dominant as dlosing oeed increases, prevents Sgnificant pitching motion - and, hence, override
- from occurring before there is substantia crush of the underframe, whose energy absorbing
capability is smulated to be far greeter than that of the short hood/collision post structure. The
underframe crush vs. closing speed, aso shown in the figure, reflects this.

Theimportant implication of this predicted behavior isthat greater deformation of the
underframesis likely at higher closing speeds, even in the absence of an interlocking anticlimber,
provided the colliding underframes are a gpproximatdy the same height. However, as discussed
in section 4, it isunlikely that the predictions of the model, as used for the development of

figure 3-1, are accurate at the higher closing speeds because of underframe bending effects.

Higher closing speed calculations were adso conducted for the original basdline configuration -
that is, the two-locomative congst calliding with the five-locomotive consst - in which the
callison posts in the lead locomotives were smulated to also have a strength of 800,000 | bf
each at 30 inches above the deck. The results, shown in figure 3-2, reflect the previoudy
cadculated 1.2 ft of short hood structure/collison post crush a a closing speed of 30 mph.
Computations at higher closing speeds show that the survivable cab volumeis consumed a a
closing speed of about 40 mph for this configuration. This represents an increase in closing

3-1
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speed at which survivable volume of about 10 mph over that predicted to be provided by a
locomotive whose collison posts just satisfy S-580 remains.

3.2 0CCUPANT SURVIVABILITY CALCULATIONS

Severa occupant survivability caculations were conducted for the smulations whose crush
results are depicted in figure 3- 1. These were carried out using the Articulated Total Body
(ATB) modd, described in [2], which moddls the occupant as a series of connected masses and
caculates the forces and accelerations to which this occupant is subjected during acollision.

As before, amulations were run for the occupant lying face down, prone, in the rear of the cab, in
four different positions. The occupant survivability measures, dso described in [2], were
averaged for these four runs and are reported in table 3-1 for three closing speeds. Also reported
in table 3-1 are the results for an occupant Stting in one of the seats with his or her back toward
the front of the locomotive; this represents one of the crash refuge concepts studied [2], [3].

The results show that the survivability measures are quite unfavorable for the prone positions
when the collison occurs a a closing speed of 60 mph. A Head Injury Criterion (HIC) = 1000
and a Resultant Chest Accderation (Cr) = 60 are the federd limits for the 30 mph impact test
required for automobiles sold in the U.S. They correspond approximately to 45% and 55%
probabilities of experiencing a particular type of severe injury as described in [2]. Note that the
model was unable to adequately smulate the severe deformation associated with occupant
collisons a the closing speed of 80 mph for the prone positions.

On the other hand, the occupant survivability measures are rdatively low for an occupant seated
facing the rear for both the 60 and 80 mph closing speed collisions; an HIC =586 and aCgr = 72
correspond to probabilities of 25% and 60%, respectively, of experiencing the particular type of
severeinjuries. A better design of the seat would likely reduce the Cr even further. We note that
the calculation for the seaeted occupant in the 80 mph closing speed collision resulted in a recail
action; however, the survivability measures for thisimpact are estimated to be less than those
reported, which correspond to the primary impact.

We notein cloging this section that as peak locomotive collison accderations increase, thereisa

point at which connections between superstructure equipment and the underframe will fail,
alowing the equipment to move toward the cab, possibly crushing it from behind.

34



Table3-1. Occupant Survivability Measuresfor High Speed Collisons

Closing Speed Occupant Peak L ocomotive HIC Cr Comments
(mph; Vo1 =2.3) Configuration Acceleration (g's) (g9 (@9

43 Prone (4 positions) 10 766 46 _
Occupant became

60 Prone (4 positions) 21 2834 90 arrborne and cleared front
console in one case

80 Prone 32 _ _ Mode does not converge

60 Rotated Seat 21 110 27 _
Occupant thrown toward

80 Rotated Seat 32 586 72 rear during latter part of

crash pulse




4. THE EFFECT OF UNDERFRAME BENDING

One of the primary concerns in evauating the interlocking anticlimber concept was the
possihility of underframe bending, which was not included in the previous model calculations.
In fact, the previous mode was based on the assumption that the neutral axes of the two
underframes were a the same height and that only axid crush of the underframes could occur.
We recognized that it is extremey unlikely for two underframes to load each other perfectly
symmetricaly through their neutral axes during a collison. Underframes are Stuated at different
heights for different modds and manufacturers, and asymmetries arise from stack-up tolerances,
whed wear, and dynamic vertica motionsjust prior to the callison. As aresult, there will be
some bending component of the load into the underframes. In addition to including this effect in
the model, there was dso interest in investigating the modd predictions for the interlocking
anticlimber at higher closing gpeeds than the 30 mph value used previoudy.

The collison dynamics model was first modified to dlow underframe bending about a point on
the underframe located a distance | from thetip of the anticlimber, asilludrated in figure 4-1 a.
The anticlimber/underframe dement up to this point is forced to remain sraight, athough axia
(linear) crush can occur in this bending eement. The bending moment/rotation angle
relationship used for the bending eement is shown in figure 4-1b. This curve is an idedization
meant to represent the attainment of a plastic collgpse moment, whose magnitude was derived
from caculations for actud freight locomotive underframes [1].

The moment-rotation curve depicted in figure 4-1 b applies for either upward or downward
rotation. The vertica dashed line drawn in the figure represents the approximate limit of
downward rotation at which the underframe or its attached components would contact the track
for | = 11.5ft (for rotation at the bolster).

In the calculations reported below, only the underframe of one of the lead locomotives was
permitted to bend; we assumed that there would be enough difference between impacting
underframes to preferentidly induce bending in one of the underframes over the other. The norn+
bending underframe was Smulated to maintain contact with the bending underframe for the
entire smulation. In redity, such contact cannot occur indefinitely without one of the
underframes overriding the other. However, we have not attempted to estimate the rotation at
which override will occur, and indeed, this does not seem to be necessary as described below.
Findly, aninitid, vertical offset, e, between the neutral axes of the underframes was smulated as
shown in figure 4-1 & the offset was selected to induce downward rotation of the bending
underframe.

The results of underframe rotation as a function of closing speed are shown in figure 4-2. These
cdculations were carried out with the basdline locomotive consst configurations (two-on-five), a
velocity ratio of -2.3, and values of | = 11.5 ft (the gpproximate location of the bolster) and e = 4
inches (amodest offset). Substantia rotation is predicted at aclosng speed just over 40 mph.
The consequences of this rotation are not captured by the mode in the form gpplied for the
generation of figure 4-2; override would likely occur after some rotation and there would be
some residual energy absorption cagpacity of the short hood/collision post structure. The exact

4-1
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amount of rotation at which override would occur is probably not sgnificant consdering the
Seepness of the curvein figure 4-2.

It is possble to estimate the additiona closing speed at which cab survivable volume would be
lost by equating the energy absorbed by the collison posts to the collison energy increase
associated with raising the closing speed above 40 mph. The assumption in such acaculationis
that al of the added collision energy goesinto crush of the collison pogts, in redity some energy
would be dissipated in other vehicle-to-vehicle connections.

We consider two types of collison posts - one whose strength just satisfies S 580 with a
strength of 200,000 Ibf, and one whose strength is 800,000 Ibf - both at 30 inches above the
deck. We dso assume that this strength is congtant for the 6 ft of crush required to eliminate
survivable volume. Under these conditions, the energy that can be absorbed by crush of the two
colligon postsis

- Strength = 200,000 |bf; Exps = 2.4 x 10° ft-Ibf
- Strength = 800,000 Ibf, Exs = 9.6 x 10° ft-Ibf.
Coallison energy is cdculated from the eguation,
Econl = 0.5[mump/(mu+mp)] (V2-V1)?,
where my, mp and V1, V; are the masses and velocities of the two congsts. This equation is used

to determine the closing speed a which the added collision energy equas the energy absorbed by
the collison post:

Ecoll (V2-V1) - Ecoil (40 mph) = Exss.

With this equation we find that the closing peed needed to crush the collison pogts 6 ft is
- Strength = 200,000 Ibf, AV = 41.5 mph
- Strength = 800,000 Ibf, AV = 45.9 mph.

This caculation, which is gpproximate, suggests that there would be little increase in dlosing

speed capacity for collison pogtsthat just satisfy S-580, but there would be a 10% increase if the
collison posts had a strength four times grester than that required by S-580 (with the associated
ductility requirement).

The results of the underframe rotation, and hence the closing speed a which loss of surviveble
volume will occur, are influenced by the sdlection of the parameters e and e in the bending

model. Figure 4- 3 shows some results for the following combinations: (1) e = 4 inches, e = 2.7 ft,
which corresponds to rotation about a point located at the very front of the short hood; (2) e= 8
inches (alarge verticd offset) and | = 11.5ft. A decreasein e, keegping e the same, has the effect

4-4
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of increasing the "critica" closing gpeed. On the other hand, the two-fold increesein e, keeping e
the same, reduces the "critical” speed at which survivable space islost by about 7 mph compared
to the combination of e = 4 inches, | = 11.5 ft. In other words, the benefit provided by the

interlocking anticlimber is reduced as the vertica offset between underframe neutrd axesis
increased.

Findly, the underframe bending model can be used to provide a basis for the vertica restraint
requirement; by vertica, we mean perpendicular to the longitudina axis of the underframe.
Using theillugtration shown in figure 4-4, the vertical, or perpendicular, force on thetip of the

underframe element, needed to ensure that the collapse moment is achieved, is given by,
F, =Fsné = Mp/l (for smdl rotations).
Thus, for Mp = 7.5 x 10° ft-Ibf, | = 11.5 t,
Fv = 650,000 Ibf.
Thisvaueis congderably larger than the current 200,000 |bf vertica strength requirement
included in S-580. We believe that the practica requirement for verticd strength of an

interlocking anticlimber would exceed 200,000 Ibf, but a precise vaue cannot be stated because
frictiond resistance may contribute a Sgnificant amount of the needed vertica restraint.

/M

Figure4-4. Illustration of the Load Diagram Used to Estimate I nterlocking Anticlimber
Vertical Strength Required



5. DISCUSSION

One of the primary objectives of the additiond ca culations reported in this volume was an
assessment of the closing speed a which loss of survivable volumeis predicted for a particular
train configuration in a heed-on collison. Figure 5-1 provides asummary of the key results and
shows the predicted short hood structure/collision post crush as afunction of closing speed for
three structura configurations:

1. A locomotive that just satisfies S-580 (that is, collison posts whose strength at 30 inches
above the deck is 200,000 Ibf each and has no ddliberate interlocking anticlimber).

2. A locomotive whose collison posts have an ultimate strength of 800,000 Ibf sustained over
6 ft of crush, but which contains no ddiberate interlocking anticlimber.

3. A locomotive with the 800,000 Ibf collison posts and a deliberate interlocking anticlimber
chdlenged a avertical offset of 4 inches and with a bending moment arm of 11.5 ft.

There are, of course, a number of important assumptions associated with the calculations on
which the resultsin figure 5-1 are based. These include the particular configuration, five
locomoatives colliding with two locomotives with a speed ratio of -2.3, and a constant load- crush
curve for the short hood structure/collision podts.

Nevertheless, the mode suggests that providing alocomotive with the stronger collison posts
rases the closing speed at which loss of survivable volume occurs by about 10 mph over that
provided by alocomotive that just satisfies S-580. Furthermore, an additional, comparable
increase in this closing speed is achieved by forcing the underframes to interact through an
interlocking anticlimber device. Together, the concepts of strong collision posts and interlocking
anticlimber are predicted to raise the closing speed at which loss of survivable volume occurs by
about 15 mph, from about 30 mph, for the locomotive smulated to just satisfy S-580, to 45 mph,
for the smulated concept locomotive.

Thislast prediction depends strongly on the vertica offsat between the colliding underframe
neutral axes, which determines the extent of bending that will occur. The results of the
underframe bending mode calculations suggest that the interlocking anticlimber provides more
benefit the closer the underframe neutra axes are. However, it must be recognized that a
requirement for uniform sl heights will not guarantee zero offset between the underframe neutra
axes.

A quedtion that remainsis how difficult it is to design the underframe to ensure thet it can carry
the peak collison loads predicted by the modd for the interlocking anticlimber. While some
estimate of this was made in the previous study [2], the crush behavior is difficult to predict for
such localized loads on this Structure, which is rlatively complex compared to collison posts, for
example.

As aurvivable volume is maintained for higher dosing speeds by implementation of the

crashworthiness concepts, there is an increase in the potential severity of secondary impact
between the occupants and the interior of the cab. In fact, the modd predictions suggest that for
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an occupant who rides down the collison in a prone, face-down position in the back of the cab,
thereisardatively high probability of sustaining a severe injury at the maximum closing speed -
about 45 mph - a which the strong collison post and interlocking anticlimber concepts provide
protection for the configuration studied. Therefore, it appears that some type of crash refuge
would be required to minimize this injury potentia at the higher closing speeds.
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Figure5-1. Summary of Callison Post Crush vs. Closing Speed Results



6. CONCLUSIONS

A number of conclusions can be drawn from these additional calculations on freight locomoative
crashworthiness.

Decreasing the number of lead locomotives, as is anticipated to occur with the introduction of
AC motor technology, dramaticaly mitigates the consequences of head-on collisons.

The closing speed a which survivable cab volume is diminated isincreased by
gpproximately 10 mph, with respect to alocomotive that just satisfies S-580, by use of
collison posts whose strength is four times that currently required by S-580 and whose
minimum srength is maintained for substantid crush. The "critical” closing speed is
increased from about 30 to about 40 mph for the train configuration andyzed.

The closing speed a which survivable cab volumeis diminated isincreased by
gpproximately 15 mph, with respect to alocomotive that just satisfies S-580, by use of both
the stronger collison posts and an interlocking anticlimber. The "criticd” dosng soeed is
increased from about 30 to about 45 mph for the train configuration analyzed.

The benefit of the interlocking anticlimber isimproved when the neutrd axis heights of the
colliding underframes are gpproximatdly the same.

Ascosing speed isincreasad, underframes whose height is gpproximately the same will
interact more directly, even in the absence of an interlocking anticlimber.

Underframe bending is likely to limit the closing speed at which interacting underframes can
disspate energy.

Secondary impact occupant survivability measures are very severe for closing speeds of

60 mph and greater unless the occupant is provided with some type of refuge.
Accderations of the locomoative body at closing speed collisons of 60 mph or greater may
lead to falure of connections between superstructure equipment and the underframe leading
to cab crush from the rear.



APPENDIX: AAR LOCOMOTIVE DESIGN REQUIREMENTS

The Association of American Railroads (AAR) has put into effect a standard (S-580) for
increasing the crashworthiness of locomotives by imposing requirements on anticlimber,
collison pogt, and short hood structure design. The standard applies to al new road type
locomotives built after August 1, 1990.

The specific requirements are listed as follows:

Anticlimbers: An anticlimber arrangement will be standard on the short hood end of the
locomotive and shall be designed to withstand a minimum of 200,000 Ibs without exceeding
the ultimate strength of the meterid, when gpplied verticdly and uniformly between the
center Sl webs under the anticlimbers of the locomotive. The anticlimber arrangement shall
be attached to the underframe end plate in line with the center sill web.

Collision Posts: A minimum of two collison pogts, located on the underframe longitudinals
(center dlls), shdl be designed to withstand alongitudina force of 200,000 Ibs each at

30 inches above the deck and 500,000 |bs each at the underframe deck without exceeding the
ultimate strength of the materid.

Short Hood Structure: The skin of the short hood end-facing areashdl be equivaent to
1/2in. ged plate a 25,000 ps yidd srength (where thickness varies inversely with the square
root of yield strength).

This end nose plate assembly shdl be securdly fastened to the collision posts.

Any personnd doorsin the short hood end-facing areashdl be suitably reinforced to the
equivaent strength of the short hood skin. Any windows must meet FRA standards.
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