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! This document has been reproduced from the best copy furnished
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making available as much information as possible.

! This document may contain data which exceeds the sheet
parameters. It was furnished in this condition by the sponsoring
agency and is the best copy available.

! This document may contain tone-on-tone or color graphs, charts
and/or pictures which have been reproduced in black and white.

! This document is paginated as submitted by the original source.

! Portions of this document are not fully legible due to the historical
nature of some of the material. However, it is the best reproduction
available from the original submission.
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EXEClJrIVE SlOOARY

A relatively large number of railroad accidents involving hazardous

material tank cars have been aggravated by loss of lading due to penetration

of the tank car head by the coupler of an adjacent car. Wasl\in~ton Univer­

sity was awarded a contract under the Hazardous Material Tank Car Safety

Program of the Federal Railroad Administration to study the effectiveness

of couplin~ systems, particularly those involvin~ shelf couplers, in reducing

the probability of head puncture in railroad accidents. Mr. Don Levine is

the pro~ram manager. The first task under this contract was to acouire an

understanding of the mechani5ms of coupler override in accident situations.

The dynamics of impact in three major classification yard accidents (East

St. Louis [1972), OecatuT [1~74) and Houston [1974)) were si'fTIulated on the

basis of assumed ini ti al condition5 and estimated parameter values by means

of a mathematical model developed for the study of lonp,itudinal - vertical

train action .

• Results achieved

It wa.c; found that the probable coupleT oveTride J11echanisms were

simi lar in the three accidents. 'In each case a free-standing or freely

moving uncoupled li~ht caT was impacted by hazardous J118terial tank cars.

Coupling probably did not occur on impact and the light car accelerated away

from the iJ11pactin~ cars. The mathematical J110del indicates detruckin~ in such

iii



a way that the coupler on the impact end comes to an elevated position.

It was concluded that the tank car head was pl.D1ctured when the tank cars

impacted the liRht car for the ~econd time .

• Utilization of results

Understanding the override mechanisms in the three cless;~ication yard

accidents analyzed in this report makes it possihle to develo~ nerformance

criteria .for device~ designed for the ~rotection of haz~rrlous T'18.terial tank

cars in similar situations. Evaluation of the effectiveness of protective

devices throup,h impact experiments also reouires an understandin~ o.f the

override mechani~ms involved .

• Conclusions

The simulation studies indicated that coupler override would not have

occurred in ei.ther of the three cases investigated i.f the light car, whose
,

coupler penetrated the tank car head, had been coupled to hack-up cars at

the time of impact. Thus the prohabi Jj tv of coupler override in overspeed

impact situations can he reduced h~' the o~erational restricti.on of not ~ermit-

tin?, light cars, especiallY uncounled li~ht cars, to co~e in contact with

hazardous Material tank cars. Once the effectiveness of protective devices

has heen estahlished, such operational precautions may no lonper be necessary.

iv
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1. INTRODUCTION

A research nroj ect he~an at l"p.shinp.ton llniversi tv on March 1, 1!l74

with the principal obiective to develop a rational hasis .for etesip.ninp

devices suitahle .for the ~rotection o.f hazardous material tank cars .from

head puncture in eMerp,encv and derai lment situations. The .firs't p.oal o.f

this project was to acauire an understandin~ o.f head ~uncture mechanisms

and, throu~h this unrlerstandinv, to esti~ate the direction Rnd mavnitude of

.coupler .forces (a~ ti~e .function~) in critical situations. Cturlies o.f

accident reports lead to the conclusion that "uncture mechanisms involve

excessive nitchinv motion of car~, excited ~y longitudinal coupler .forces.

A mathematical I'lodel, cana~le o.f 5i~1llatino 5uch nitching motion, has heen

develo~ed. Followin~ a series of test runs, three actu:'ll accidents, known

as t}'le Fa~t St. Louis, f'ecatur and Houston accidents, were simul~ted. f'n

the hasis of this simulation it was concluded that the ~eouence o.f events

in the Fast ~t. Louis acciclent wa5 different .froY!' the previously assUJ'Iled

ones. This underline~ the il'lportance o.f nuantative studies o.f accident

occurrences.

The ouant<ltive a~nroach reouire~ that the dynamic nar~l'leters of train

consists he "'nown with reasonal-Ie accuracv. cOl'le o.f t}'le l'"\arroneters can 'he

'rmeasured readilY, others, such as the resnonse o.f clra.ft ~ear5 and ladinps

to forces an~lied in ranid succession, reouire additional experiment~l and

theoretical work. ~jmuhtion o.f the Fast St. Loui~, Decatur and Houston

accidents was hased on he~t availal-Ie estimate o.f the nara~eters. Tn order

to veri.fv the ~odel, a series of jmnact tests, to he conoucted un~er con-

trolled conditions, were de~i~ned. The conclu5ions o.f this renort must he

considered tentative until t"e re~ults o.f the~e veri .fication studies be-

come availahle.



-2-

2. BACKGROUND INFORMATION

In derailments and high speed impact situations couplers may·become

disengaged and one coupler may override the other. Tank cars, carrying

ha~ardous materials, have been punctured by the coupler of an adjacent

car OT., less frequently, by some other equipment. t4any times in such

instances the resulting loss of lading contributed to the severity of ac­

cident occurrence. Following an exceptionally large number of such accidents

in 1969, a cooperative project was initiated by the Association of American

Railroads (AAR) and five major tank car builders through the Railway Prog­

ress Institute (RPI) with the objective to improve the safety record of

hazardous material tan~ cars. The project is known as the Railroad Tank Car

Safety Research and Test Project.

The RPI-AAR project group solicited proposals from interested parties

for the mechanical and thermal protection of hazardous material tank cars

and received a number of proposals for evaluation. Two proposals for the

mechanical protection of tank cars were subseQuently selected as worthy of

detai led study:

(i) addition of upper and lower shelves to the standard E coupler

(fi~. 1);

(ii) installation of a shield directly in front of the tank car ~ead

to protect that portion of the head which is most frequently

punctured by couplers (fig. 2),.

Cost-effectiveness studies were conducted in an effort to establish the

econorrdc value of these alternatives for existing and new hazardo-us material

tank cars (1) (2) .

* Numbers in brackets refer to references listed in Appendix - References.
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The RPI-AAR project included a preliminary study of computer simulation

of vertical motion durin~ impact (3). The objective of this s-tudy was "to

investigate the existence of relative vertical motions between cars and to

determine the conditions creatin~ potential ~or coupler disen~agement". The

computer model was checked against a test case where a loaded honper car im­

pacted an empty hopper car, backed up hy several loadeo hopper cars, at 10

miles per hour. The measured horizontal and vertical impact forces a~reed

reasonably well with the computer generated forces. However, when applied

to the East St. Louis accident simulation, the analytical model did not

predict sufficiently large relative vertical coupler motion between cars to

explain coupler disengagement and the si~ulation study was abandoned.

The Federal Railroad Administration awarded a contract to Washin1ton

University early in 1974 to study the effectiveness of coupling systems,

narticular those involving shelf counlers, in renucing the probability of

head ptmcture in rai lroan accidents. The first task under this cnntract

was to develop a nathematical model, suitahle for the siT'1ulation of longi tu­

dinal-vertical train action in elastic iMpact situations. Fxcept for

planned future refinements, this work has now been comoleted. The basic

assumptions for this model are the same as thnse in reference (3). For

example, the motion is limited t:o the verti cal plane, car hodies are assumed

to be ri~id with snrings renresenting underfraJTIe elastici ty; trucks are also

rigid hodjes, connected to the car hody with vertical springs. The time

histories are ohtained \"ith a RlInrre-Kutta algorithT'1 hased on a state

variable form of the equations of motion. This allows resnonse c0mnutation up

tn nne second or T'1ore a fter the iT'1nact \011 thout loss nf accuracy due to truncation
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errors. Reference (3) apparently uses a different algorithm and responses

are shown only up to .2 to .3 seconds following the impact. As will be shown

later, this time period is, at least in some cases, inadequate to gain an

understanding of the train action leadin~ to tank car head punctures. The

model described herein was compared against the verification case given in

reference (3) and approximately reproduced the .measured horizontal and vertical

coupler impact forces.

As in reference (3), vertical rail deformation and truck dynamics fol­

lowing the separation of the car body from one of the supporting trucks have

been omitted. Given that the impact end of the standin~ car is movin~ down

following an impact, it is important to determine the maximum vertical spring

force at the end of the downward motion, since it is this force that may pro­

duce separation of the car body from the truck. The elastic rail deformation

has an effect on this maximum vertical spring force and will, therefore, be

included in a refinement of the mathematical model. The relative position

of the truck after separation of the car body is also important. If, for

example, the truck moves relative to the car body while the car body is

separated from it, the car body may settle in such a way that the coupler re­

mains in an elevated position which may lead to penetration of the head of

the impacting tank car in a suhsequenf impact. Therefore the ~athematical

model will be refined by including the relative motion of the truck after

separation from the car hody.
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3. ANALYTICAL MODELS OF TRAIN DYNAMICS

A complete analytical model of train dynamics should treat each car as

a six degree-of-freedom system performing longitudinal, lateral and vertical

linear motions and angular pitching. rollin~ and yawin~ motions. If the

lading can move relative to the car. more degrees of freedom must be added.

A complete train dynamics model has not been developed as yet. Instead.

the problem has been broken up into several parts. The simnlest model includes

only lon~itudinal forces and motions. This model incorporates the assumption

that the effects of lateral and vertical motions and of anp.ular motions

about the longitudinal. vertical and lateral axes have little effect on

longitudinal train dynamics. The assumption is approximately satisfied for

the dynamics of braking on a strai~ht track. A rather sonhisticated treat-

ment of longitudinal train dynamics is ~iven in reference (4).

A more elaborate analytical model is required to gain some understanding

of the train action involving impacts which may lead to coupler penetration

of a tank car head. Such a model Must account for lon~itudinal. vertical

and angular car pitchin~ motions about a lateral axis. Longitudinal accelera-

tions caused by the lon~itudinal coupler forces are centered at the car body

center of gravity. Thus lon~itudinal inertia forces throup.h the center of

gravity excite the car pitching motion ahout a lateral axis, see fig. 3.

The pitching motion about the car center of gravity in turn provides a lon-

gitudinal motion of the couplers. see fig. 4. The problem of interacting

longitudinal. vertical and angular pitching motion is studied in reference

(3) and in this report. The assumptions of the mathematical model are
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approximately satisfied in situations where vertical coupler overtide is

of interest and (lateTal) jackknifing does not occur.

A third partial model where longitudinal, lateral and angular yawing

motions are coupled and where vertical, an~ular pitching and angular rolling

motions are neglected has been studied in reference (5) and was successful

in correlations with derailment situations with jackknifin~. The latter

analysis was made possible only by assuming an initial condition of a de-

railed car wit~ a substantial misalignment of its longitudinal axis with re-

~pect to the rails. The derailment process itself leading to this condition

cannot be handled with the mathematical model of reference (5). It must ~e

noted that even if a global mathematical model including all s~x degrees of

freedom per car body wer~ available, such a mode.! could not predict in a

deterministic way derailment processes, since small changes in initial condi-

tions, such as minor coupler misali~ments. will produce larp.e effects in

the derailment process. A stochastic treatment o~ derailment dynamics may

be a logical alternative.

The problem here is to model the effects of counler desi~n - main Iv

shelf couplers vs. conventional coupler~ - on the probability of tank car

head punctures. Reference (5) assumes that the couplers remain en~aged

•
during the events following an initial derailment of one car. The final loca-

tion and angular position of the cars behind the derailed car were reasonably

well predicted in comparison with actual derailment observations. Since the

purpose of shelf couplers is to lower the possibility of coupler disengagement,

and since the coupler disenga~ement was not considered in reference (5), one
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must conclude that shelf couplers will not materially affect the iateral

derailment sequences modeled in reference (5). Also. shelf couplers will

not materially affect sin~le car impact situations with impact speeds over

12 miles per hour where coupler engagement is unlikely. Experience with

numerous impacts has shown that coupler engagement is the less likely to

occur the higher the impact speed. The probability of coupler engagement

vs. impact speed has not as yet been statistically determined. The value

of 12 miles per hour as the limiting speed. beyond which coupler engagement

probably will not occur. is an estimate hy railroad en~ineers familiar with

many impact situations. It is probable that in the case of the East St.

Louis yard accident the first impact did not result in coupler engagement.

Rather. longitudinal forces from a first impact excited lar~e pitching mo­

tions in an unloaded hopper car (see fip. 3) which apparently resulted in

lift-off and loss of truck and subsequently in a head puncture from the

second impact of the tank car by the coupler of the unloaded hopner car.

It is conceivable that similar events could also occur by braking induced

longitudinal impact forces in the initial phases following a derailment of

a car. before the lateral dispersion of the trailing cars studied in ref­

erence (5) takes place. From all these considerations it seems justified

to tackle the problem of tank car head punctures with an analytical model

which admits longitudinal, vertical and pitching motions of each car. but

which does not consider lateral, rolling and yawing motions. Our goal then

is to develop a model of the type used in reference (3) but with sufficient

flexibility to accept future test results on coupler and underframe impact

characteristics and on lading dynamic characteristics.
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4. WE ~GITUDINAL-VERTICALTRAIN ACTION ~DEL

The model provides a state variable representation of the problem. It

admits arbitrary force-displacement hysteresis loops and arbitrary loops

for the horizontal coupler forces. The car body and lading are idealized

as rigid bodies. The notation is shown on figures 5 and 6.
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Definitions:

the truck,

Mass moments of inertia of car body and lading

Vertical force of front truck on car body
Vertical force of rear truck on car body
Force of lading spring on car body
Force of lading friction on car body

=

=
=

=
..

CHFi , CHRi = 1.0 if the car body is in contact with
zero otherwise

.. Horizontal force from mass of front truck
= Horizontal force from mass of rear truck
= Hass of car body

= Mass of truck

= Mass of lading

Equations of motion:

FH. = - CHF. M X.
1 1 t. 1

1

RH. = - CHR. ~\. X.
1 1 1

1

(1)

(2)

[~. + (OIF. + CHR. ) ~f ] X. = P. P. 1 + FE. + FF.
1 1 t. 1 1 1+ 1 1

1 1

..
(~. + ML . ) Y. = FT. + RT. + V. - \'. 1 - (~I + ~\. ) g

1 1 1 1 1+ n.
1 1 1 1

..
lb. e. = P. (e. - c. e.) - P. 1 (e. + c. e. )

1 1 1 1 1 1+ 1 1 1
1

;.

+ v. (c. + e. e.) + v. 1 (c. - e. e.)
1 1 1 1 1+ 1 1 1

(3)

(4)

+ FT. (b. + h. e. ) - RT. (hi - h. e.)
1 1 1 1 1 1 1

..
- ClIF. M X. (h. - b. e. )

1 t. 1 1 1 1
1

..
- CHP. t-\. X. (h. + h. 8.)

1 1 1 1 1
1

ML XL. = - FE. - FF.
1 1

1

(5)

(6)
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The computer program flow charts are given in the Appendix.

Rigid body idealization presumes that the time of propagation of

elastic waves throuRh the car body is small as compared with propagation

through the draft Rear. The propa~ation velocity through steel is 17,000

feet per second. For a car body length of 60 feet, the time of a compres­

sion wave to travel this distance is .0035 seconds. The times involved

in train dynamics with draft gear participation are about a tenth of a

second. Therefore the car bodies behave essentially as if they were

rigid. This is true as long as only elastic deformations occur. For high

speed impacts, when plastic deformation becomes important, the car hody can

no longer be considered rigid.

It is known(6) that at least for some tyPes of ~reight cars, the hol­

ster rin? and pin can suffer sizeable nlastic defomation if the horizontal

force transmitted from the truck to the car body exceeds 150 Kips. Thou~h

the results 5ho\offi in this renort neglect such plastic deformation, a ~ew

cases were recomputed assuminp a horizontal yield force between truck and

car body of 150 Kins. With this assumption the vertical c~r bodY motions

are substantiallY increased as compared to those shown in this report. How­

ever, the conclusions rerardin~ the coupler override mechanism in the three

accidents analvzed in this report are not affected.

The behavior of the draft gear ~fter bottoming in a high speed impact is

not well understood. Jlere it is assUlTled that horizontal hottoJTlin,1? of the

draft ~ear does not affect vertical slack and vertical COUPler sl'rin~ constant.

Some cases ,,,ere recomputed without vertical coupler slack and with increased

vertical coupler spring constant after horizontal draft Rear hottoming. Size­

able differences in the car motions after impact were found. Verification

and possible corrections of the assumptions made in this report are particu­

larly needed for impact speeds above 10 miles per hour.
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5. VERIFICATION OF THE MODEL

Results obtained with the mathematical model described in the preceding

section, using the. inputs for the verification case of re~erence (3),have

been compared with the results presented in reference (3). For the first

oscillation followin~ the impact the agreement is excellent. For the sub- .

sequent oscillations some deviations occur which will be discussed later.

The test results of the verification case also agree very well with the

computed results for the first oscillation, but show substantial deviations

for the subsequent oscillations.

5.1 Effect of coupling between longitudinal and pitching motion.

The computer program was exercised with and without coupling between

longitudinal and pitching motions. It was found that the omission of the

coupling terms had only a small effect on the longitudinal responses, con­

firming the earlier statement that longitudinal train dynamics can be approxi­

mately determined by omitting all other motions. One can interpret this

finding in the form of an energy statement. In a train consist, where an

unloaded car is located between loaded cars, the energy of the pitching mo­

tion of the unloaded car is small as compared to the energy available in the

longitudinal oscillations following an.impact, a braking action or a derail-

ment of a car. Therefore, a considerable energy reservoir exist in the lon­

gitudinal motion from which the pitching oscillation of the unloaded car

can be fed. In extreme cases lift-off and loss of truck takes place due

to excessive pitching oscillation, and if the adjacent car is a t~k car,

head punctu~e by the coupler of the unloaded car may result. It should be

noted that the approximate independence of the longitudinal aotion froll
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the pitching motion feedback is established for rather large pitching motions

of the unloaded car with bottoming of the truck springs on one end_and lift­

off from the truck springs on the other end. though without loss of truck.

5.2 Effect of lading mobility.

The computer program was exercised with and without lading mobility.

It was found that lading mobility in the loaded cars adjacent to the unloaded

car has a very large effect on the longitudinal force amplitudes. Without

lading mobility these amplitudes following an impact are substantially greater.

At present lading mobility. as in reference (3). is modeled by a rigid la­

ding with a linear spring and friction damper between lading and car. In

view of the large effect of lading mobility this simple modeling may be inad­

equate and may be one of the reasons for the discrepancy between test results

and computed values shown in reference (3).

5.3 Effect of draft gear characteristics.

The computer program was exercised with a variety of assumptions as to

the details of the coupler force-displacement hysteresis loop. It was found

that these details have a significant effect on the longitudinal oscillations

following an impact. Little is known. about these details. All coupler

impact tests have been conducted with a sin?le impact resulting in a single

loop. For the problem studied where a consist of movin~ cars impacts a con­

sist of standing cars there is not a single impact but rather a sequence of

impacts whereby reversal of the relative coupler motion occurs before com­

plete relaxation of the compressive coupler longitudinal force has taken

place. One would assume that at the instant of relative motion reversal
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from a longitudinal distance increasing to a distance decreasing motion of

adjacent cars, a jump in compressive coupler force would take place. In

other words, if the draft gear is first compressed, then partially but not

completely relaxed as indicated in fig. 7, and then once more compressed,

one would expect a jump in force as shown in fig. 7. No such jump was assumed

in reference (3). It was found that the subsequent coupler forces and dis­

placements are substantially different when this jump in coupler force i~

taken into account.

In reference (4) a four parameter dynamic analytical model of a coupler

and draft gear is used whereby the four parameters are derived from coupler

impact tests by using an identification method based on the equation of mo­

tion error method and on a Paynter filter as state variable generator. A

Paynter filter is a mathematical device to obtain rates of deflection and

accelerations when only deflections are measured. The writers conducted some

computer experiments with the Paynter filter and found that it is not useful

in the presence of measurement noise. There are, however, other methods to

obtain similar results that are free from the limitations of the Paynter filter.

Should the four parameter coupler model be proven to represent a satisfactory

description of dynamic impact force-displacement loops, this model can be

used in future computations. The mode! predicts a jump in coupler force at

the instant of coupler motion reversal before complete relaxation.

5.4 Effect of frequency changes

The computer program was exercised with a variety of assumptions with

respect to the ratio of pitching frequency over vertical frequency. Changing
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this ratio by only 10% resulted in entirely different impact responses, ex­

tending from a large climb up on the impact end of a light car to a lar~e

climb up on the opposite end of this car. The pitchin~ over vertical fre­

quency ratio appears to be an important parameter which should be studied in

verification tests.

The pitching frequency is sensitive to the lading, to the truck spring

rate, to the bolster stiffness, to the longitudinal impact force and to the

draft gear characteristics. Actually the impact dynamics are not so much

affected by the pitching frequency as by the diFference between the

pitching frequency and the longitudinal frequency. The smaller this dif­

ference is, the more energy is pumned from the longitudinal motion int0 the

pitching motion, and the more likely is a separation of the car body from

the truck. A recently performed analysis showed for example that lonRitu­

dinal draft gear slack can have a large effect on the pitching motion if

it brings the longitudinal frequency closer to the pitching freauency and

thereby allows a large energy transfer to the nitchinp. motion.

5.5 Conclusions of model verification

A computer program has heen developed for the comhined longitudinal,

vertical and pitching motions of a ~rain consist following an impact. With

the inputs of the verification case of reference (3) the outnuts are in

general agreement with those presented in reference (3). Differences are

due to differences in the assumed coupler force-displacement loops. Sen­

sitivity studies performed with the computer program have indicated three
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areas where additional information is needed. First. the i~ortant coupler­

underframe force-displacement dynamic characteristics followin~ an impact

must be better defined. in particular for a sequence of impacts without

intermediate complete relaxation. Second. the lading mobility must be better

defined. since it was found to have a substantial effect on the final result.

Third. more information is required on the limit of the horizontal force be-

tween trud and car body.

DRAFT GEAR
. HYSTERESIS LOAD

GRAVEL

--
DISPLACEMENT

Fiflure 7

Loadinr.. unloadinR and immediate reloadin~ of draft ~ear .

kD: draft rear spring const~t

kll : car under4='TP,"p spring constant
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6. TIlE EAST ST. LOUIS ACCIDENT

An accident, involving tank car head puncture, occurr~d in East St.

Louis, Illinois in January, 1972. This accident was selected for detailed

study because good documentation is available and, in this case, derail-

ment did not occur. Conseauently, the configuration of cars and other

evidences of impact remained unobscured.

The accident occurred during humping operations. Three loaded tank

cars impacted a standing empty hopper car, then this group impacted a string

of box cars. It is not known whether the empty hopper car coupled with the

impacting tank cars. Events leading to head puncture were reconstructed

differently by two investigating teams, those of the National Transportation

Safety Board and the RPI/AAR Railroad Tank Car Safety Research and Test

Committee. The sequence of events presented by these teams is detailed in

the following sections.

6.1 National Transportation Safety Board Report

The National Transportation Safety Board's Report (NTSB-RAR-73-l)(8)

presents the sequence of events to be the following: Three coupled loaded

tank cars left the hump with a velocity of 16.5 miles per hour. They

travelled approximately 350 feet and struck a single stationary empty hopper

car. The coupler of the hopper car overrode the coupler of the ~irst tank

car and caused a small head puncture. The four cars proceeded down the

track and were hit by a fourth loaded tank car which had heen released from

the hump at a velocity of 17.5 miles per hour. The five cars proceeded for

approximately 1000 feet beyond the first impact where they struck the string

of stationary cars heing made up into a train, at which time the puncture

was made larger. A vapor cloud formed, moved downwind, and an explosion
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occurred shortly thereafter, ignited by a source other than the accident

impact.

6.2 .RPI/AAR Tank Car Safety Research and Test Committee Inspection

The RPI/AAR Tank Car Safety Research and Test Committee did not issue

an official report on this accident. The Committee's files were made available

to the writers, however, and a member o~ tre investi~atin~ team was inter­

viewed. From these sources, the following sequence of events was assembled:

Three coupled loaded tank cars left the hump with a velocity of 16 miles

per hour. They travelled 350 feet, coupled with the stationary empty hopper

car at 6:14 a.m., proceeded as a unit for 1000 feet and at 6:16 a.m. struck

the cut of cars being made into a train. At this time the empty hopper car

pi tched up and caused a head puncture. A fourth loaded tank car had sub­

sequently been released from the hump with a velocity of 17.5 miles per hour

and caused a final impact at 6:18 a.m. An explosion of leaking contents

occurred at this time.

6.3 Simulation of the accident

Based on considerations of possible head puncture mechanisms, five cases

were selected for simulation studies: -

(a) Three loaded tanr. cars ;:mrt conoled empty hopper car, movin~ at 16

~iles per hour, impact three stancin2 bo~ cars. (Case a, ~age 21)

(b) Same as case (a) except five standing box cars are impacted

(Case h, r.a~e 22)
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(c) Three loaded tank cars moving at 16 miles per hour, impact stand­

ing empty hopper car. Standard F. couplers on all cars.- Coupling

is effected between the leadin~ tank car and hopper car: on impact.

(Case c, pa~e 23)

(d) Same as case (c) except the tank cars are equipped with shelf E

couplers. (Case d, page 28)

(e) Same as case (d) except coupling is not effected between the leading

tank car and hopper car on impact. (Case e, page 33)

The parameters used in the simulation studies are ~iven in Table 1.

(Page 24)

C~e (~

Three loaded tank cars and coupled empty hopper car. movin~ at 16 miles per
hour. impact three standing box cars.

This case was studied by Raidt(3) who found that the pitch of the empty

hopper car was not sufficient to clear the tank car coupler. Raidt used the

value of 55,000 pounds for the wei~ht of the empty hopper car. The National

Transportation Safety Board report (8) gives the weight as 40,900 pounds.

~~en corresponding values for the mass and moment of inertia of the hopper

car body were used. the pitch up of the hopper was sufficient to clear the
~

coupler of the tank car. It is very important to note that the excessive

pitch up occurred on the second oscillation rather than the first. Raidt's

simulation extended only to the first oscillation.

Raidt had used a coefficient of friction of 0.01 between the coupler

faces and the same value was selected at first for the present simula-

tion. The low coefficient of friction was used by Raidt in order to
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reduce the vertical forces thereby to compensate for what he considered

to be unrealistically hi~h longitudinal coupler forces. The longitudinal

coupler forces, over three million pounds, were not considered excessive

by the writers because of the very short time of application of approx-

imately 0.05 seconds. The coefficient of friction was chan~ed to a more

realistic value of 0.2 which is representative of dry friction between

steel and steel. With this value the pitch of the hopper car was not

sufficient to clear the coupler of the tank car. The p,reatest pitch again

o~curred on the second oscillation. It must then be concluded that the

excessive pitch found before was due to the unrealistic choice of coeffi-

cient of friction between the coupler faces.

Case (b)

Three loaded tank cars and coupled empty hopper car, moving at 16 miles
per hour, impact five standing box cars.

Because in the previous simulation the pitching motion had built up

over two cycles, it seemed logical to think that more back up cars would

cause larger coupler forces and rossihly a larger pitching motion. Two

simulations with five stationary cars were conducted.

The first simulation was with box cars, the first and third loaded,

the others empty. Sufficient pitch up of the hopper was not achieved to lead

to coupler penetration of the tank car.

The second simulation was with the following order of stationary cars:

loaded box, empty box, loaded box, two loaded large tank cars. Lift off of

the hopper car at the tank car end was not sufficient to clear the coupler

of the tank car, but lift off at the opposite end of the hopper was suffi-

cient to clear the coupler of the adjacent box car.
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Case (cl

Three loaded tank cars, ~oving at 16 miles per hour, impact standing
empty hopper car. Standard E couplers on all cars. Coupling is effected
between the leading tank car and hopper car on impact •

. With the earlier observation that the pitching motion builds up over

two cycles came the realization that an excessive pitch up could have occurred

when the three tank cars hit the standing hopper car. If the hopper car

lifted off of its trucks it could be in position for its coupler to penetrate

the head of the first tank car during one of the subsequent impacts.

This situation was simulated for standard E couplers, using the same

numbers as used by Raidt except for the previouslY mentioned reduction of the

mass of the hopper car and increase of the coupler coefficient of friction.

The coupler rise of the hopper car was 22 inches at the trailin~ (im~act)

end, on the second oscillation, which is twice that necessarY for separation.

Also, the hopper car center plate at the impact end lifted 17 inches on the

second osci llation, well beyond the ten inches needed to clear the center

pin. These conditions could easily lead to positionin~ for head puncture

during a later impact. The leading (free) end at the center plate lifted

ei~ht inches on first and second oscillations, pnou~ to clear a short

center pin, and more than enough to Iift off the center plate. The max-

imum vertical coupler force was 7S,OO~ pounds. The maximum longitudinal

coupler force was 2,400,000 pounds.

The computed force-time and displacement-time functions are shown in

figures 8a to 8e. The parameters are listed in Table 1.
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Case Cd)

Three loaded tank cars, moving at 16 miles per hour, impact standing empty
hopper car. Shelf E couplers on tank cars. Coupling is effected between
theleadinR tank car and ho~per car on impact.

The shelf E coupler limits the motion of the mating E coupler to 7.25

inches above and below the aligned position. The resulting vertical coupler

force is sensitive to the vertical coupler spring rate. The shelf E coupler

with a soft mounting on the underfrarne (vertical coupler spring rate of 50

kips per inch) will prevent coupler separation at the impact end but will

not prevent lift off from the truck at the free end. The maximum vertical

coupler force in this case is 85,000 pounds, or only 13 per-cent greater

than in case (c).

The shelf E coupler with a stiff mounting on the underframe (vertical

coupler spring rate of 400 kips per inch) will prevent coupler separation

and will prevent lift off from the trucks. The maximum vertical coupler

force in this case is 150,000 pounds, or twice as lar~e as in case (c).

The longitudinal coupler forces were virtually unchanged from case (c).

The effect of vertical coupler sprin~ rate on coupler slippage, vertical

coupler force and car body center plate displacements is illustrated on
•

figures 9a to 9d.
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Case (e)

Three loaded tank cars, moving at 16 miles per hour, impact standing empty
hopper car. Shelf E couplers on tank "cars. 'Coupling is not 'effected be­
tween the leadinR tank car and hopper car.

As can be expected, this simulation indicated the largest values for

the displacement of the hopper car.

The horizontal coupler force reached the same maximum value as in case

(c), however it dropped to zero in 0.07 seconds as the impact accelerated the

hopper car and the hopper car moved away from the impacting cars (fi~. lOa).

The relative displacement between the impactin~ and impacted couplers

reached 23 inches, however the shelves of the E coupler did not enga~e be-

cause the coupler faces separated before the coupler slippage could reach

7.25 inches (fiR. lOc).

The center plate displacements were sufficiently lar~e for detrucking

to occur on both ends of the hopper car (figures 10d, e).

The relative velocity between the hopper car and leading tank car is

shown on fig. 10f. The absolute velocities after impact were: 21 miles per

hour for the hopper car and an average o~ l4.miles per hour for the tank

cars.
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6.4 Probable sequence of events

The available in~ormation on the East St. Louis accident and the results

of simulation studies indicate that the probable sequence of events was as

follows:

Three coupled loaded tank cars left the hump at a velocity of approx­

imately 16 miles per hour. They travelled 350 feet and impacted a stationary,

empty hopper car weighing approximately 40,900 pounds. It is unlikely that

coupling could have occurred between the leading tank car and the hopper car

.at such high impact velocity. However, we shall consider the seouence of

events with and without coupling on impact:

Assuming that the cars did couple, the first longitudinal impact in

compression was followed by a smaller impact in tension and further hy a

second impact in compression (fig. 8a). The impact end of the hopper car

moved first rio\m, then up - without clearin~ tl,e center pin - then down apain.

At this time the second lonp; tudinal impact in compression occurred. rp;nforcinp

the downward deflection of the impact end of the box car. Upon rebound, this

end reached a much hiy,her level than at the first time and moved beyond the

constraint of the center pin (fig. Rcl.). ~e imnact end of the ho!'uer car de­

trucked at this point and the couple~ remained elevated either because the

car body was supported on the center pin or because the coupler carne to rest

on the end sill of the tank car. The tank cars and hopper car continued to

move do"~ the track at a velocity of approximately 14 miles per hour and

struck a cut of standing cars. This i~pact drove the coupler into the tank

car head.
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Assuming that the cars did not couple, the impact end of the-hooper

car moved first down then up, hifh enou1h for the car body center plate to

.separate from the truck center plate dish by IR inches, clearing the center

pin (fig. lOe). The hopper car was accelerated hy the impact to 21 miles per

hour, the cut of tank cars decelerated by the impact to 14 miles per hour.

The hopper car detrucked on the impact end and, moving down the track, iM­

pacted a cut of stationary cars. It prohably rebounded, with the coupler

in an elevated position, and was then hit by the loaded tank cars. At this

impact the coupler punctured the head of the leading tank car.

Two significant ohservations can be derived from the simulations:

(i) Regardless of whether coupling occurred on first impact or not,

the vertical motion of the horper car was sufficient for detrucking to

occur. As a result, the coupler of the hopper car on the impact end was

eievated such that a second impact could drive it into the tank car head.

(ii) The tank car would not have been punctured without the occurrence

of a second impact. A cut of cars standing on the track provided sufficiently

large reaction for the coupler of the hopper car to pur.cture the tank car

head.
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7. THE DECATUR, ILLINOIS ACCIDENT

An accident. involving tank car head puncture, occurred on Ju~y 19, 1974

in Decatur. Illinois. Official accident investigation documents were not

available at the time when the computer simulations presented herein were

conducted. However. based on information one of the writers (Diboll) collected

at the hearings of the National Transportation Safety Board in August 1974,

the sequence of events can be reconstructed as follows:

Five loaded tank cars were being flat switched (released from a

locomotive at a sufficient speed to allow them to hit and couple with cars

further down the yard track). The tank cars were released at approximately

4 miles per hour. A li~ht empty box car previously flat switched had not

reached the other cars on the track, and it was standing alone when the

five cars impacted it. Apparently the couplers were misalir.ned. This is

suggested by the evidence of "the impact marks on the counlers and that the

track at the impact area had been subjected to a large lateral force, in-

dicated by hroken rail joint bolts near the point of impact. There is

general agreement among the investigators that coupling did not occur.

Following impact, all six cars proceeded down the track. The box car derailed

such that it was found at an angle of ahout 45° away from the track with its

trailing (impact) end having dra~ged fpr some distance along the left (with

respect to the direction of motion) of the track. The trailin~ end truck had

derailed soon after impact, but the lead end probably derailed only when the

box car was about to stop.

R 11 b · 1· d d' 1· h . d d'· (~)o a) 1 ty tests were con ucte stmu at Inp. t e aCC1 ent con .1 t10ns .

It was found that car~ released at apnroximately 4 miles per hour reached a

speed of approximately B miles per hour at the position of the hox car be-

cause the yard is on a down grade. There was SOMe concern hv ohservers that
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the simulation was not precise and that the final speed could have been

higher.

Computer simulations for this accident were conducted for 8, 12 and

16 miles per hour. The simulation for 8 miles per hour did not produce

conditions which could cause a puncture, hut the 12 miles per hour simulation

did. The probable puncture mechanism was as follows:

The five tank cars impacted the box car. The box car coupler was

misaligned to the left with reference to the direction of motion. The cars

separated within 0.10 seconds after impact". The-impact end of the box car

went down, to bottoming of the truck springs, bouncea up sufficiently hi~h

to clear the truck center 'pin and, due to the eccentricity of impact, was

moved to' the left. The car body came down on the wheels, brakin~ the car .

. The impact end remained in ,an elevated position. The tank carsinroacted

the box car a second time, thrustin~ the coupler through the head of the

. \.",'

first tank car. The six cars moved as a unit furtner down the ·track.
I

Vibra-

tion and liquid pressu~e caused the'cars to, separate and the hox car d~opped

to. the ground to the left. At this time .the leadill'f' truck of the box car

derailed.

The results of the simulatio~ are show~, in fi~ures Ila. to l~d. The

simulation parameters. are given in Table 2.. The most important re~ult is

. that the verti cal displacement of the car body at the iit1pact end 'was h~Rh.,

nrobably sufficientlv hiph to clear the center pin at n.~ seconds after im-

pact (fiR. lld).
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Table 2

Simulation Parameters
Decatur, Illinois Accident

Impacting
tank cars Box

Car Number (each of 5) car

Car weight (body only), kips 85.5 29.0

Lading weight, kips 132.9 0

Weight of one truck, kips 10.0 7.5

Half length between coupler faces, inches 440.0 255.0

Half length between truck centers, inches 354.0 171.0

C. G. height above centerplate, inches 50.0 50.0

C. G. height above coupler, inches 40.0 40.0

Mass moment of inertia, kip-in-sec2 31,000 1,370

Truck spring const., kips per inch 63.8 63.8

Bolster spring const., kips per inch 3,000 3,000

Car lDlderframe spring const., kips per inch 2,500 2,500

Draft gear spring const. , kips'per inch 86.4 86.4

Draft gear spring travel, inches 2.5 2.5

Truck spring travel, inches 2.5 2.5

Lading spring const., kips per inch 246.0 -

Lading friction coefficient .01 -
Vertical coupler spring const. , kips per inch 50.0 50.0

Vertical coupler slack, inches 1.2 1.2

Draft gear hysteresis load, kips 40.0 40.0

Friction coef. between couplers .20 .20

Initial car velocity, MPH 12.0 0
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8. THE HOUSTON, TEXAS ACCIOF-NT

On Saturday, September 21, 1974 the head of a tank car loaded with

butadiene was torn as a result of impact in the Englewood classification

yard, Southern Pacific Railroad, Houston, Texas, causing an explosion and

fire which resulted in the death of one person and ~reat nronerty damage.

One of the writers (Diboll) went to the accident scene on September

24 and, with the a5sistance of officials of the Federal Railroad Administra-

tion and the National Transportation Safety Roard. reconstructed the sequence

of events as follow5:

Amalfwtction of the retardin~ system resulten in a ntuT1her of cars

overspeeding and impactin~ standin~ cars at hi~h speed. There were actually

three ~ermanently damaginp high speen impacts prior to the fire. two on howl

50 (track 50) involving very heavily loaded cars. which were not the cause

of nor damaged by the fire. The5e impacts were not analyzed because head

puncture was not involved. hut they are mentioned hecause the initial cause

was probably the same for both impacts. The other high speed impact was on

bowl 1. which resulted in the tank car head tear. The impacts were recon-

structed from information obtained shortly after the fire. from conversation

with the investir,ating officer of the National Transportation Safety Board

(NTSB). and from the depositions of the accident taken November 12 and 13,

1974. NTSR had not relea5ed its formal report at the time of this analysis.

The first reports indicated that during no~al humnin~ onerations a car

deposited a forei~n 5uhstance on the retarders. making them lose their

braking power. A large loaded covered hopper car. CELX 773. impacted a
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large loaded tank car, GATX 98415 on bowl 50 at hi~h speed, est~ated to be

approximately 20 miles per hour by the hump towerman. He s~opped the hump

operation, but other cars had left the hump hy this time. A large loaded

box car, SP 675076, impacted CELX 773 hard enou~h to dama~e the contents of

the SP car in spite of the fact that it had a Hydracushion Type 20-l4A draft

gear. Finally, two lallte loaded tank cars, SQ1X 3641 rold RTHX 3055, released

to~ether into bowl 1, impacted a small empty tank car, IITLX 88717. Also on

bowl 1 were 18 other cars. The two cars, next to IITLX 88717, were a li~ht

empty tank car, IITLX 91693, similar tc l~LX 88717, and a larve hox car heavily

loaded with wood products, SP 224469.

There was an explosion near the two tank cars and after the fire was

out it was discovered that the head of the first lar~e tank car, SOiX 3641,

had heen torn open by an impact with the first small empty tank car, UTLX

88717. nurin~ the impact (or impacts) the coupler of lITLX 88717 split ver-

tically near the bottom and the head broke off. It was found balanced retween

the tops of the truck side frames o~ the two cars where they were close togeth-

er. The coupler head broke off hefore the head of SQ'X 3641 was impacted.

This is evidenced hy the marks on the head of SO'X 3641 which hore imprints

of the coupler pocket and of the stub of the broken coupler shank. The end..
sill of lITLX 88717 had risen 34 inches ahove the stuh sill of S(}4X 3641, at

which position hi~h longitudinal forces crushed the head of SO'X 3641, de-

formin~ it lmtil the head tore at the weld near the stuh sill. IrrLX 88717

slid down 17 ~ inches durin~ and after the impact and was found with its

center sill restin~ on the stub sill of SOfX 3641 (fiJ!ures 12, 13, 14).
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Figure 14
Tear in head of SCMX 3641, just above
end sill.
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The coupler of SCMX 3641 had marks on its knuckle at a point approx-

imately eight inches above the lower ed~e. which indicated that the coupler

of UTLX 88717 was eight to ten inches higher than that of SOfX 3641 at the

moment of this impact. There were also deformations on the top of the coupler

of SCMX 3641.

There were no marks on the bottom of UTLX 88717 which would indicate

that there had been contact before the head plDlcture occurred. There was

one small mark which appeared to he in the correct position to he a flange

imprint made when the car dropped on a derailed wheel.

~1anv details of the cars and accident conditions necessary for mathemat-

ical modelling of the accident were ohtained, hut the most important question

,.,ras ,.,rhether the impacted small empty tank car, trTLX 88717 J was separate from

or coupled to the rest of the cars standinR on the track when it was first

impacted. At first the answer was, accordin~ to the towerman, that contact

h'i th the rest of the cars had been made. His anp,le of view and distance

from the impact area (1300 feet) m~de it difficult for him however to he cer-

tain.

On Octoher 29 Hr. Richard H. fleterson of the National Transportation

Safety Board gave further infomation received from an eyewitness. His

statement (later confirmed in the deposition. reference q) Nas that the

small empty tank car (trrLX 88717) ,,,as sti.ll movin~ at apprC'ximately four

mi les per hour when struck by the two lar~e loaded tank cars (~(1'X 3641 and

RTIfX 3055) ,,'hich were movinp at If! to 20 miles per hour. I"ithin one second

all three impacted the standing cars and ~as started leakin~. The witness

,'/as much c loser to the point of impact and had a hE'tter am~ Ie of vie'" than

the towennan.
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Analysis of the motion of the cars was conducted by simulation of the

cars and the conditions of operation in a Jl\athematical model. The simula­

tion parameters are listed in Table 3. First, the action of cars 1 and 2,

moving at 16 miles per hour and iJl\pactin~ into a cut of standing cars, com­

prising cars 3 through 9 all coupled together, Nas siJl\ulated. The simulation

did not produce a combination of longitudinal forces and vertical motions

which would explain the pitch up of the first standing car, trrLX 88717, and

the tear of t~e head of the impactin~ tank car, SCMX 3641. The force of

the first impact peaked at 3,000,000 pounds. The duration of impact '.;as

only 0.02 seconds.

On the basis of the evidence indicating that car 3 (llTLX 88717) was

not coupled to the cut of cars standing on howl 1 when first impacted,

additional simulation studies were conducted. The simulation studies

assumed three consecutive impacts as shown in fig. 15: (i) cars 1 and 2 im-

pact car 3, coupling does not occur, car 3 therefore moves faster than cars

1 and 2; (ii) car 3 impacts the standing cars and its free end pitches up;

(iii) cars 1 and 2 impact car 3 for the second time. ."nalvses '·'ere conducted

for two cases, ,'lith a~sW'led velocities of If, and 20 miles TIer ~our f'('lr cars

1 and 2 ntrior to the f"i. rst impact. Car 3 was (l$sumeci to J'1ove at f('lur JTl; le~

TIer hour for both cases. Thp cecon~ iJ'1nact was si~u]ated at two time intervals

after the first iJl\pact. The third impact was not simulated. The results of

simulation of the first two impacts and assUJl1l'tions concerninp the thj rd im-

pact are rresented in the follrn~ing sections.
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8.1 Simulation of the accident

Case (a): Initial velocity of cars 1 and 2: 16 ~WH

(i) First impact:

Cars 1 and 2 impact car 3, movinp, at four miles per hour: Since the

relative velocity is 12 miles per hour,it is reasonarle to assume that the

couplers do not engage. The velocity of car 3 increases to 17.'8 miles per

hour, cars 1 and 2 slow to 14.5 miles per hour followin? the imnact. The

duration of impact is 0.15 seconds. The peak lon~itudinal courIer force

.is 2,137,000 pounds, at 0.04 seconds. The impacted (trailinp.:) end of car 3

pitches up and down three times in one second after impact, ,,'ith amplitudes

up to 7.5 inches. Reference is made to figures l6a - d.

(ii) Second impact:

Car 3, moving at 17.8 miles per hour, impacts the standing cars. This

impact can be assumed to be at any short time after the first imoact. Eye­

witnesses' estimates of the distance between car 3 and car 4 at the time of

first impact ranged between 10 feet and two car lengths (approximately 100

feet). The simulation shown is for a motion of 16 feet, at .64 ~econds.

(Figures 17a and b) During the second impact the trailinR end of car 3

pi tches up and at the end of the second imnact the car has nelllip.ible velocit~·.

(iii) Third impact:
;,

Cars 1 and 2 again impact car 3, this time while it is in an elevated

position so the coupler of car 3 is impacted at its Im~er ed~e. ~arks on

the coupler of car 2 indicate the contact to he approxi.matelv eight inches

from the bottom of the coupler knuckle, or three inches from the t~p, in

agreement with model prediction.

It is very likely that the lower portion of the coupler of car 3 split
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and the head broke off at this time. The mathematical model is not present-

ly able to predict motions once coupler override has occurred, therefore it

cannot simulate the breaking of a coupler, but definite conlcusions can be

made. With a force application at the bottom of the coupler, approximately

ei~ht inches below its center, the coupler can yield at a force, of 500,000

pounds. In a non-eccentric impact the lon~itudinal coupler force would have

reached 3,000,000 pounds, so it is reasonable to assume that the coupler did

break at this point, and that car 3 pitched up further due to wedging action

following coupler override, at which time the end sill of car 3 was in nosi-

tion to crush the head of car 2 and cause the tear near the stub sill.

Case (b): Initial velocity of cars 1 and 2: 20 MPH

The assumptions were the· same as in case (a). Only the results of

simulation are given in the following.

(i) First impact:

The peak force was 3,020,000 pounds at 0.032 seconds. The total time

of the impact to separation of the cars was 0.14 seconds. At the end of

the impact the velocity of the small tank car was 22.6 miles per hour and

of the two loaded cars was 18.2 miles ~er hour.

(ii) Second impact:

The peak force in the impact of the small tank car into the standing

cars was 3,860,000 pounds at 0.024 seconds after the first contact. The

coupler rose 5.9 inches above its normal nosition, at 0.18 seconds after

first contact.



(iii)

S9

Third impact:

The third and final impact started at approximately one second after

the first impact. The distance travelled between the first and last im-

pact was 26 feet.

With the combination of the oscillations of car 3 following the first

impact and the pitch up due to the second impact, the coupler height of car

3 would be eight inches above the coupler of car 2 more than once, so condi-

tions agreeing with observations would occur.

As in case (a), the third impact was not simulated, but the longitudinal

force would be greater than that of the previously simulated non-eccentric

case, and would be more than sufficient to break the coupler.

8.2 Discussion of results

The reconstructed sequence of events ap.rees well with eyewitness

accounts except for the fact that the towerman thought that the small tank

car had coupled into the cut of standing cars. This discrepancy is not

unreasonable, considering his distance from the cars and his angle of view

from the tower.

The lack of success in achieving simulation of the head puncture mech-

anism on the basis of all of the cars in bowl I being coupled prior to the

impact of the two loaded tank cars is significant. This confirms an earlier

finding, obtained through simulation of the East St. Louis and Decatur

accidents, which indicated that head puncture would not have occurred if

the light car, whose coupler punctured the tank car head, had been coupled

to back-up cars at the time of impact.
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9. SUMMARY AND CONCLUSIONS

The analyses presented in this report are based on a number ~f assump-

tions regarding the parameters of the impacting cars (tables 1 to 3) and the

mathematical representation of impact (section 3). Consequent ly, :the results

should not be viewed as precise quantitative descriptions of forces, displace-

ments and velocities but rather as estimates of these values, which can be

refined by refining the model and obtaining more accurate values for the

input parameters. The results are considered to be sufficiently accurate

however, to justify some conclusions regarding the mechanism of coupler over-

ride and to provide a basis for judgement regarding the effectiveness of

certain protective devices, had the impacting tank cars been equipped with

such devices in the three accident cases investigated.
."

• The mechanism of coupler override

When a free-standing railroad car is impacted, it accelerates in the
_.

direction of impact, the car body undergoes pitching oscillations about its

center of gravity and it moves up and down on its springs. A typical im-

pact, involving a heavy, moving tank car and a light, stationary hopper

car, is illustrated in figure 18. It was assumed, in this case, that coupling

occurred on impact. In the interest of clarity, the vertical displacements
'.

were exaggerated however the final configuration was drawn to proper scale.
;.

. It is seen that the impacted end moves first down, then up and down

again. The simulations indi cated that, for a rather \dde range of parameters,

these motions correspond to impact in compression followed by tension and by

compression again. Consequently, energy is imparted to the light car over

one and a half cycles of the longitudinal impact force. This results in an

increase in the amplitude of oscillations over two cycles. The diagrams also
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Figure 18a
Impact of heavy tank car into free-standing hopper car.
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Figure 18b
Impact of heavy tank car into free-standing hopper car.

Configuration at 0.500 seconds after impact. Scale as shown.
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indicate that the car body moves in such a way that, if the amplitude of

motion is sufficiently larRe, it will loose contact with both of its trucks

simultaneously. When coupling does not occur on impact, the maximum pitch

of the impacted lip,ht car occurs on the fir~t oscillation.

In each of the three classification yard accidents discussed in this

report, an uncoupled, free-standin~ or moving light car was impacted by tank

cars. The mechanism of head puncture involved con~ecutive impacts. The

first impact accelerated the li~ht car away from the impacting tank car and

either detrucked it or caused it to impact cars standing further do\,~ the

track. The impact (or impacts) resulted in hringing the coupler to an

elevated position. The head of the leading hazardous material t8nk car was

punctured or torn when it impacted the li~ht car for the second time.

• Effectiveness of s~elf counlers

Shelf couplers will be effective if coupling occurs on impact and the

coupler is sufficiently strong to resist vertical loads of approximatelY

150,000 pounds, applied to the upper shelf, and peak horizontal loads of

approximately 2.5 million pounds. The difficult requirement appears to be

ensurinp, that couplin~ will occur on impact. Tn the East St. Louis, Pec~tur

and Houston accidents the counlers were in compression for less than 0.10

seconds. In this period the impact caused the couplers to move suddenly

downward, thus any gravi ty-c01ltrol}ed locking mechanisJTl would h~vE" had
'-...-'

little, if any, chance to engage. Consideration should he p.iv~n to providing

high capacity draft ~ears or other mechanical devices in con;unction with
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shelf couplers designed in such a way that the elasticity of impact is

sufficiently reduced fflr couplin~ to occur. Such devices can be expected

to reduce the likelihood of coupler override even when coupling does not

occur by extending the period of contact between the impacting cars. Fric-

tion between the contacting surfaces will tend to reduce the pitching ampli-

tude of the impacted car.

• Effectiveness of head shields

For head shields to he effective, 'it 'is necessary that the\' survive

t,,,o consecutive impacts. In the East St. Louis accident the first impact

occurred at 16 miles per hour. A head shield would not have heen iT'1pacted

directly at this time. The second. impact, with the coupler in a raised

position, occurred ::l.t approximatel\' 14 mi les ner hour. To he e~fective, a

head shield ,,,ould have had to deflect the coupler or distrihute the force

of impact over the tan~: car head in such a ,,,ay that T'uncture could not occur.

In one experiment, conducted under the RPI-AAR Rai 1road Timk rar Safety

Research and Test Project, a loaded tank car enujnnerl with ~ inch head
~

shield \-.. as iT'1~;lcted at 15.5 Miles per hour hy an elevated counler mounted

on the lead car of t'vo rigidly coupled hammer cars (10). The impact defomed

the head shield and the ~~ jnch tank car t-ead hut the head "'as nei ther torn

nor punctured and no ladinp. 'vas \ost. The kinetic energy of the 'imractin?

cars in this experiJTlent was 2.9 million foot-pounds. Ry comparison, the-

kine~ic energies in those impacts which caused ladin~ loss at East St. J~uis,

Decatur and Houston can he conservativelv estimated at 4.7, S.7 and 3.6

million foot-pounds. Although the kinet; c energy o~ the i'11nactinp. cars is
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only one of the several factors influencing the amount of dama~e·sustained

by the tank car head, it is obvious that the experimentallY established. .

energy bound was exceeded by a large margin in each of the three accidents

investigated. It is also true that had a single car ~een switched in each

case at identical speeds, the kinetic energy would have remained below the

bound of 2.9 million foot-pounds. lmfortunately, the experiment does not

provide information on the amount of energy absorhed by the tank car head,

which ~akes it impossihle to draw definite conclusions reRarding the effec­

tiveness of head shields in other impacts.

• Operation of unprotected tank cars

In the absence of effective protective devices the proba~ility of head

puncture in overspeed impact situations can be significantly reduced by not

permitting light cars, especially uncourled light cars, to co~e 1n contact

with hazardous material tank cars. In the opinion of the writers, tank car

head punctures would not have occurred in East ~t. Louis, !'ecatur and ~ouston

if the impacted light cars were securely coupled to back-up cars at the

time of impact.

• lmsolved problems and future work~

Of course, the coupler overricie mechanism descrihed in this report is

not necessarilY the only mechanism that may lead to pead puncture. Continued

study of head puncture accidents is expected to lead to an understandinr of

other mechanisms as well. An essential tool in this work is a m~thematical

model which is capahle of representing the dynamics of impact adequately.
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In its present form the mathematical model is capable of representing central

impact but not capable of representing motions following coupler override,

the attendant wedRing action and inelastic structural response. : Furthermore,

multiple impact situations in which substantial lading shift and rapidly

alternating loading and unloading of draft gears occurs, cannot be modeled

accurately because the response of ladings and draft Rears to rapidly alter­

nating loads is not known. Additional work is required in these areas.

It is within the current capabilities of the model to study the effect

.of different types of draft gears in impacts similar to those discussed in

this report. Studies to define draft Rear characteristics which might permit

safe humping of hazardous material tank cars are currently underway.

Other work planned under the tank car safety project includes non­

destructive impact studies, improvement of the model by including rail and

truck dynamics, refinement of input parameters by measurements, and extension

of the model into the non-elastic ranRe by means of analysis and destructive

experiments.
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12. APPENrnX - nIE alMPlITER PRnr.RM1 FLOW Q-l.A.PT

Main Program Flow Chart

IRead in car data I
!

IWrite out car data I
!

Calculate initial truck spring travel
and initial relative vertical coupler displacement

!
ISet initial conditions I

!
Determine the lower and upper bounds, Ti and Tf ,

the initial increment of the integration interval, lJ.T,
for the Runge-Kutta integration scheme

1
Determine the upper error bound and error weights

for the Run~e-Kutta integration scheme

1
Call Subroutine RKGS - Runge-Kutta Method

for numerical integration

1
I Plot output I

1
ISTOP J

!
I END I
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Subroutine RJCGS Flow Chart

Call Subroutine 01Jl'P to write out
initial displacements and velocities

,...---....: Call Subroutine FCT to calculate accelerations ~It----------__

Calculate new displacements and 'velocities
at Tl=T+~T, T2=T+2~T

ICheck the accuracy I
NO

I Is the error < the error upper bOlDtd?t-I, -.t Reduce ~T 1----'
by one half

YES

Call Subroutine OUTP to write out
new displacements, velocities and forces

!
IT=T+2~T !

NO
'-- --1: 1sT > T£1 I..

YES

!RETURN!
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Subroutine OUTP Flow Chart (OUTP is called by RKGS)

I Write out time. displacements and velocities 1
1

rWrite out horizontal coupler forces 1
1

Write out truck reactions
and truck spring displacements

1
IWrite out coupler vertical 'forces and slippages I

1
I Store the data for plotting I

1
IRETIJRNI

1
I END I
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Subroutine FCf Plow Chart (FCT is called by RKGS)

Call Subroutine HCF to determine
horizontal coupler forces

!
Call Subroutine TRUCK to determine

truck reactions and truck spring displacements

1
Call Subroutine CVFS to determine

coupler vertical forces and slippages

1
ICalculate lading spring force and friction I

1
ICalculate accelerations I

!
IRETIJRNI

! .
I END I

· ,..
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Subroutine HCF Flow Chart (HCF is called by FCT)

I 1=1 I
.I

Using YES
loading
spring
constants

NO

Test to see if the draft gear NO Using
and car \D\derframe springs are loading I---.......tj unloading

or unloading between Ith and I + 1t h cars spring
constants

Check whether the draft gear
spring is bottomed or not among It-----------I

four possible combinations

!
ICalculate horizontal coupler force I

I Is I = number of cars? I

YES

I RETURN I

~ I END I
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Subroutine CVFS Flaw Chart (CVFS is called by FCT)

I I I: 1 I
1

Calculate relative vertical displacement
fOT adjacent couplers I. I + 1

if there is no restraint

1
Test to see if the relative vertical displacement NO .: V(I+l) 0 1=

is larger than the given coupler slack I

YES

Calculate vertical spring restrain force VT
and vertical friction force VF between couplers

ITest to see if VT > VF 1 NO Vcr+l) spring restraint=I
force with proper sign

YES

VeI+l) = Kinetic coupler friction force
with proper sign

f Calculate new coupler slippage

YES Test to see if new slippage larger
.....- than the allowable amount

NO

Coupler disenga~ement I I = I +1 r
L....-...t happens

..
1,

"'" NO r Is I • Number of cars? -I
I

YES

:~ RETURN I

I END I

•
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. Subrwtia. TRUCI Plt* Chart (TIlEI 11 call_ by PeT)

I I • 11

r--_...J Calculate front truck I
I SPrini displacement

Test to see if car IYES Test to see if the car
lift off the truck spring~I-~ lift off larger than the

~eiRht of the holstp.r nlate
which connetts the car

and the truck horizontally

YES
Set both

truck horizontal
and vertical
forces equal

to zero

Test to sen if the
J!Q.....- truck spr~.ng is

bottolued

~cS

NO

Set truck vertical force I
equal to zero, ~ut with!I

CHF(I) '" 1.0

Calculate the truck vertical force
wi th bottoming condition, and set I-­

CHF(I) • 1.0

Calculate the truck vertical
- force without bottoming, and set ....­

CHF(I) • 1.0

IRepeat the saJlte procedures 11o----------~
for the rear truck I

1

...... --=.N.:..:O:...- -t: Is I > NlDIIber of cars? I
": YES

(RETURN I

~

Note: This mathematical model does not include rail deflections and truck
dynamics following a separation of the car body from a supporting
truck. An expanded version of the model is currently in preparation.
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