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Preface

Engineering Task Force Organization
The Engineering Task Force (ETif€ports to the Passenger Safety Working Group of the
Railroad Safety Advisory Committee (RSAC).

Mission

The mission of théaskforce was to produce a set of technical criteria and procedures for
evaluating passenger raihinsetsouilt to alternative dgigns.The technical evaluation criteria
and procedures would provide a means of establishing whether equipment of an alternative
design would result in at least equivalent performance to that of equipment designed in
accordance with the structural stardtain the Passenger Equipment Safety Standards (49 CFR
Part 238)The criteria and procedures described in this document are specifically intended to
apply to trainsets operated at speeds up to 125 mph that may need a waiver from (or, as
appropriate unde§ 238.201(b), approval of alternative compliance with) one or more of the
Passenger Equipment Safety Standarts.initial focus of this effort wasn Tier |
crashworthiness and occupant protection standards.report is the product of this effort.

The criteria and procedures contained within this report provide a technical framework for
presenting evidence to the Federal Railroad Administration (FRA) in support of a request for
waiver of the Tier | crashworthiness and occupant protection standandslimg the

compressive (buff) strength requirements set forth in 49 CFR 8§ 23&20Rules of Practice

(49 CFR Part 211) for rules on waiver petitioimsaddition these guideline®rm a technical

basis for making determinations concerning altereatmpliance with the Tier |

crashworthiness and occupant protection standasdset forth ir§238.201(b)The criteria and
procedures contained in this report may be incorporated into the Passenger Equipment Safety
Standards at a later date, aftetice and opportunity for public comment.

Approach

In evaluating requests for waivers and other approvals for the use of passenger equipment not
compliant with FRAARA, withsupport ftom thedohn £.tValpe dNationdls
Transportation $stems Center, has been reviewing and comparing the performance of domestic,
conventional equipment with equipment designed to international stanBas#sl in part on
knowledge gained from these reviews and similar evaluations conducted for more ¢cade d
since Part 238 was promulgated, FRA presented a strawman technical proposal as a starting
point for the task forcel his initial strawman was heavily influenced by current stétthe-art
research results as well as established, international perfice standard$he task force

worked to modify each of the technical and the design verification requirements proposed in the
strawman to better meet the goals outlined below.

Goals
The Task Force set out to meet the following goals:

1 Usethecollectivéibest o thinking in the passenger

r
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1 Produce clear, realistic technical criteria and procedures for demonstrating equivalent
performance;

1 Define the analysis and testing necessary to demonstrate the integrity of any specific
design;

1 Provide ckar pass/fail analysis and testing criteria; and
Work expeditiously so that the technical criteria and procedures are available to sponsors
of potential passenger rail service.

The task force did not attempt to identify every possible means of detegntin@ performance

of alternative designs, and FRA did not anticipate that the availability of technical criteria and
procedures would replace sound engineering judgment in reviewing requests for waivers and
other approvalddowever, it was anticipated théne availability of technical criteria and

procedures could substantially reduce the uncertainty associated with demonstrating equivalent
safety or alternative compliance.

Task Force Membership

Task force membership was open to designated represest@atiRSAC member organizations
participating in the Passenger Safety Working Gr&iipA encouraged participation through one
of those organizations by:

1 Any car builder with capability to produce vehicles that will meet the proposed criteria,
includingthose builders that can meet the current standards and any railroad or public
authority that may procure new, alternatively designed equipment;

1 Any consultant with extensive passenger rail car structural design experience; and

1 Others who are valuable toetlsuccess of the Task Force, specifically including rail labor
representatives.

The focus of this effort was the derivation of technical criteria suitable for determinations of
equivalent safety with the existing standaiscordingly, task force membevgere expected to
continue to apply engineering principles neutrally and professionally.
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Executive Summary

The passenger raidustry is on the cusp of tremendous grodaie in part to theincreasing
effectsof congestion on highway systems, carbon emission concerns, and the price of gasoline.
A recentU.S.Department of Transportation study suggests the potential for u® toel@rail
authorities in the neX@0years, depending on available State and Federal funding. With the
proliferation of planned passenger rail systems around the country, more States and operating
authorities desire to use passenger equipment designezetalternative standards, whittave

been proven in foreigoperating conditions but not under the mstréngentregulationsn the

United States.

The Feder al Railroad Administrationdéds (FRA) p
Nationds railroads by admini st eRaircadsartdhe r ai | r
operating authorities can petition FRA to waive regulations, inotuthie crashworthiness

regulations that apply to rail passenger equipment. Each petition for waiver is expected to

contain sufficient information to support the action sought, including an evaluation of anticipated
impacts.To provide for safety while makg best use of its resources and to facilitate passenger

rail industry growth, FRA has decided to develop, in consultation with the rail industry,

alternative criteria and procedures for assessing the crashworthiness of rail passeisges

that are aplicable to a wide range of equipment designs. These criteria and procedures are

intended to be used by the rail industry in developing information to support waiver petitions and

by FRA in evaluating waiver petitionshe criteria and procedures descriloethis document

are specifically intended to apply to trainsets operated at speeds upnaldper hourrtiph).

The criteria and procedures may also be incorporated into the Passenger Equipment Safety
Standards at a later date, after notice and oppitytfor public comment.

Consultation with the industry was accomplished through the Engineering Task Force (ETF).
Thistask forcereports to the Passenger Safety Working Group of the Railroad Safety Advisory
Committee (RSAC)The Task Force set out toeet the following goals:

9 producec | ear , realistic technical requi rements
thinking in the passenger rail industry

1 definethe analysis and testing required to demonstrate compliance with the technical
requirements

1 provideclear pass/falil criteria for the analyses and jestd
work expeditiously so that sponsors of potential passenger service recognize available
equipment options.

Taskforcemembership was open to designated representatives of RSAC member oganizati
participating in the Passenger Safety Working Group. FRA encouraged participation through one
of those organizations by:

1 anyrailroad or public authority that may procure new equipment

1 anycar builder with capability to produce vehicles for pgksenger service, including
those builders that can meet the current stangards

1 anyconsultant with extensive passenger rail car structural design expeaedce



1 otherswho are valuable to the success oftdsk force specifically including rail labor
representatives.

The objective of this efforvasto develop criteria andrpcedures foassessing the

crashworthiness and occupant protectierfgrmance o#lternatively designed equipment to be

used in Tier | srvice Alternative designs includegainsetsoriginally intended for operation

outside the United States that may not be compliant with current FRA Tier | crashworthiness
regulations. As defined in Part 238, Tier | service includes any passenger rail service operating at
speeds up to 125 mpGriteria are defined by the conditiotisat will be evaluated and the

critical results from the evaluation. Procedures are defined as the analysis and test techniques
applied to demonstrate compliance with the critdriee criteria and procedurdsathave been
developedake advantage of the latest technology in rail equipment crashworthiness.

The criteria and procedures include aspt#wsare fundamentally different from current
regulations, such as the scendrased traidevel requirementdNo uch requirements exist in
FRAG6s curr ent NOmeeaal vdluesotthe pdssfailicriberiashave been selected to
provide an equivalent level of crashworthiness as the current Tier | regul&orexample, the
occupied volume integritfOVI) requirements have been relaxed from the current regulations
and criteria for preservation of the occupied volume for a collision with a locorrietiveain

have been added to compensdteother cases, such as roof integrity, the existing regulations
can be applied to alternative equipmdakxamples of analysis and tesbpedures thdtave been
used to evaluate the performance of equipment are included in this document.



1. Introduction

1.1 Background

The passenger rail industryas the cusp of tremendous grovaine in part to theincreasing
effectsof congestion on highway systems, carbon emission concerns, and the price of gasoline.
A recentU.S.Department of Transportation study suggests the potential for up to 100 new ralil
authorities in the nex@0years, depending on available State and Federal furidlirig.the
proliferation of planned passenger rail systems around the countryStates and operating
authorities desire to use passenger equipment designezttaltermative standardsThese
standard$iave been proven in foreign operating conditions but not under the more severe
regulationdgn the United States.

In general, requests to FRA for useatiernativedesigns have been handled through the waiver
processWhena waiver request is initially proffered, the entirety of the information needesl to
evaluatéd under thevaiver requestand the potential impact of the waiver determination on the
planned operation can be difficult to fores€le waiver process also meases the workload for

FRA, since the details of each operation must be collected, studied, and reviewed prior to making
a determination on each waiver petitidine crashworthiness aspects have often required the

most effort toaddresswith FRA typically asking the petitioner for additional information to
supplement its original submission.

Since the Passenger Equipment Safety Standards were issued in 1999, advances have been made
in rail car construction anda&shworthinesg-or instance, ash Energy Mnagement (CEM)

technology, a means of absorbing energy to reduce the severity of a collision, has matured

around the worldAlthough it can be, and has been, overlaid on rail equipment designed to be
compl i ant stmcturalstanBaRd8 @empliant dgns as used herginit is more

commonly available on equipment designed to raktetnativestandardsUnder FRA
sponsorshipthe John A. Volpe National Transportation Systems Cenelpe Centerhas
completedsignificantresearch into the effectiveas of CEM technology.

Through tlatresearch program, methodologies for accurately evaluating the crashworthiness of
rail equipment with a high level of confidence have been developed and refined. Additionally,
sophisticated analysis techniques for evaluating car crush behavior, traiooallynamics, and
occupant dynamic response have been developed through reSeatdiechniques for

measuring structural impact response, including component and substructure testing, and for
measuring occupant kinematics and the likelihood of injuretzso been developethe

results of these studies can be applied to evaluate the crashworthiness of a wide range of
equipment designs.

With the potential for tremendous growth of the passenger rail industry, the safety of the train
riding public and therews who transpothe publicbecomes an ever greater priority. FRA
recognizes that safety regulaticqgpropriate for a wider variety of passenger rail operations are
necessary for the passenger rail industry to efficiently and safely §jooprovide br safety

while making best use of its resources and to facilitate passenger rail industry growth, FRA has
decided to develgpn consultation with the rail industrglternative criteria and procedures for



assessing the crashworthiness of rail passemggpraent applicable to a wide range of
equipment designs.

1.2 Objective

This research was conductexdevelop criteria andrpcedures foassessing the crashworthiness
and occupant protectioredormance oélternatively designedrainsetdo be used in Tier |

service Alternativedesigns includérainsetsoriginally intended for operation in foreign
countries that may not be compliant with current FRA Tier | crashworthiness regulaons.
defined in Part 238Tier | service includemtercity passengeand commuterail service

operating at speeds up to 125 mBRA notes that as part of its Higpeed Passenger Ralil
Safety StrategyRA intends to utilize appropriate safety standards and apply system safety
program technigues to enhanedety while meeting transportation objectivéle strategyis
available on FRAG6s Web site at
http://www.fra.dot.gov/downloads/safety/HSRSafetyStrategy1106Q9rpahplementing this
safety strategy-RA has retasked the ETF to develop recommendations for engineering
standards related to the safe operation of-sjgged rail equipment at speed up to 220 mph. This
effort mayseparatelyead to thedevelopnent ofsud alternative criteria and procedures for
assessing therashworthinesand occupant protection performaraeail passenger equipment
intended for operation at speeds above 125.mph

Criteria are defined by the conditions to be evaluated and the créstdts from the evaluation.
A classic example in the rail industry is ®@0-kilopound kip) buff strength requirementhe
conditionis an800-kilopoundload applied to the buff stopBuff stops are design elements that
support compressive loads inteetcarbody from the coupler componeiitse critical result is

the deformation of the carbody, which must not be permalmeather words, the carbody must
return to its original shape when the load is remoVéd. conditions and critical results make up
the criteria.

Procedures are defined as the analysis and test techniques applied to demonstrate compliance
with the criteriaContinuing with the above example, compliance with thel8@poundbuff

strength requirement is typically demonstrated withst Tde coupler hardware is removed for

the test, which allows access to the buff st@pging the testtheload is applied to the buff

stops and incrementally increased until the total load reaches 8@ ftkipthe test, the load is
removed and the mstrumentation is checked for indications of permanent deformatiencar

is also visually inspected to verify that there is indeed no permanent deforriiégon.

requirements and implementation of the test or analysis constitute the procedure.

The critera and procedures are intended to providerggineeringbasedmnethodology for

comparing the @shworthinesand occupant protection performarmdelternativdy designed
equipmenwith that of compliant designExamples of analysis and tesbpedures tathave

been used to evaluate the performance of equipment are included in this doGinaeesults of
evaluations of alternativelgesigned equipment, applying such techniques, can be compared
with the criteria values supplied in this documentd@mpliant designdn this manner, the
performance of alternativetjesigned equipment can be assessed relative to the performance of
compliant designs.


http://www.fra.dot.gov/downloads/safety/HSRSafetyStrategy110609.pdf

FRAGs primary mission is to provide for the s
railroadsafety laws and regulations. The rules of process for requesting waivers from these
regulations are prescribed in 49 CFR 211. Railroads and operating authorities can petition FRA

to waive regulations, including the crashworthiness regulations that applypassenger

equipment. As described in 49 CFR 211.9(c), each petition for waiver must contain sufficient
information to support the action sought, including an evaluation of anticipated impacts. In this
regard, the ETFO6s edpgonttds hgwiedarca |lttedt he 1t di
information FRA needs to make collision safety determinations on Tier | passenger equipment

waiver requests.

FRA notes that, for purposes of obtaining a waiver, it is not necessary that every aspect of the
cradqworthiness and occupant protection performance for alternatively designed equipment be
equal to or exceed that of compliant designs. If there are shortcomings in the performance of the
equipment, other safety measures can be taken into account by FRKingra waiver

determination. For example, temporal separation has been used on the New Jersey Transit River
Lined primarily to address the lower OVI (buff strength) of the equipment. With temporal
separation, the likelihood is significantly reduced of #igsion between a passenger train made

up of noncompliant equipment and one made up of compliant equipment, or even a freight train.
This is just one example. Additional measures to avoid or mitigate hazards can be used to
provide for the overall level afystem safety supporting a waiver request.

1.3 Scope

The criteria and procedures described in this document are specifically intended to apply to
trainsets operated at speeds up to 125 mph that may need a waiver from (or, as appropriate under
§ 238.201(b)approval of alternative compliance with) one or more of the following regulations:

§ 238.203Static end strength.

§ 238.205Anticlimbing mechanism.

§238.207Link between coupling mechanism and carbody.

§ 238.209Forwardend structure of locomotivescluding cab cars and MU
locomotives

§238.211Collision posts.

§238.213Corner posts.

§ 238.215Rollover strength.

§ 238.217Side structure.

§ 238.219Truck-to-carbody attachment.

§ 238.233Interior fittings and surfaces.

In accordance with requirements§r238.111the equipmenis subject to the prerevenue service
acceptance testingursuant to that section, a test plan is required for passenger equipment that
has not been used in revenue service in the United SAdtiesugh the criteria and procedures

are generally applied to the applicable individual structures of the trainset undergoing analysis,
the overall intent 0§ 238.111 is to result in a cohesive design in which all parts function
appropriately together. FRAotes that with respect to a trainset utilizing a CEM design, testing
of the components incorporated with any CEM system may also be performed as part of a
prerevenue service acceptance testing program.



These trainsets may require similar treatment uAdegrican Public Transportation Association
(APTA) standards, such as APTA-£38S-01699, Rev. 1 (updated 3/2004), Standard for Row
to-Row Seating in Commuter Rail Cars, and this document addresses these standards where
appropriate.

1.4  Overview of Development

RSAC6s advice and guidance have bedRAiIintegrat
establishe®TFof RSACO6s Pas s en greupfor$hispupose. Thiktaskforaegs G
made up of members from the rail industry and FRA, with support fnerivolpe Center.

Industry representatives include railroads, labor organizations, suppliers, and their engineering
consultants. FRA representatives include policy, legal, economic, and technical specialists.

The railroads have helped to determine thatritfemation requested for demonstrating

compliance with the alternative safety criteria is reasonably obtainable for submission.to FRA
The labor organizations have helped to ensure thaesudtingcriteria and poceduresire

suitable for providing#ficient crashworthinesand occupant protection performance. The

suppliers have helped to ensure that the assessment criteria are clear, that the procedures are
practicable, and that the final criteria and procedures are design independent. As apgrapriate,
engineering consultants have helped with all of these goals. APTA has assisted with coordinating
the participation of the railroads, suppliers, and engineering consultants.

1.5 Document Organization
This document is organized infiwe principal sectios:

Section i Introduction
1.1  Background
1.2  Objective
1.3 Scope
1.4  Overview of Development
1.5 Document Organization
1.6  Guidance Summary
Section2i Technical Basis
2.1  Background
2.2  Rail Equipment Crashworthiness Technology
2.3  Technical Basis foCriteria
Section3 1 Criteria
3.1  RequirementCollision with Conventional Equipment
3.2  RequirementOccupied Volume Integrity
3.3 RequirementColliding EquipmenOverride
3.4  RequirementConnected Equipment Override
3.5 RequirementFluid EntryInhibition
3.6  RequirementEnd Structure Integrity of Cab End
3.7  RequirementEnd Structurelntegrity of Noncab End
3.8  RequirementRoof Integrity
3.9 RequirementSide Structure Integrity
3.10 RequirementTruck Attachment



3.11 Requirementinterior Fixture Attachment
3.12 RequirementOccupant Protection Features
Sectiord T Example Procedures

41
4.2
4.3
44
45
4.6
4.7
4.8
49
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Tablel containsa summary of the requirements, load cases, and criteria presented in this report.

Guidance Summary

It is meant only as a summary of those requirements addresses! ieport and is hot meant to
include all applicable requirements for passenger equipment

Table 1. Guidance Summaryfor Criteria and Evaluation

Requirement

Summary of Load Case

Summary of Criteria

Alternativelydesignedrain in collision with

Collision with . . o .
conventional conventional locomotivéed train: Preservedccupied volume for passengers
equipment (a) 20 mph, cab caror MU locomotiveled; or Preserve survival space in operating cab
quip (b) 25 mph, conventional locomotived.
On the intendedollision load path: .
(a) 800 ki (a) No permanent deformation
ovi P (b) Limited permanent deformation
(b) 1,000 kip and ith iooli
(c) 1,200 kip (c) Without crippling

Colliding equipment

Alternativelydesigned equipment collision with
conventional locomotive:

No overrideand

override (a) all equipment aligne@nd wheel lift minimized
(b) consists offset Biches {n) vertical and laterally
Connected Alternativelydesigned equipment in collision with No overrideand

equipment override

conventional locomotive, with-bxch-vertical/2inch-
lateral offsets of first cafo-car connection

wheellift minimized.

Fluid entry
inhibition

Based on design review

(a) Equivalento 0.5-inch steel plate with 25,00
pounds per square ingpsi) yield strength
(b) Designed to inhibithe entry of fluids into the
occupied areaand
(c) Affixed to structural members

End structure
integrity of cab end

(a) Absorb minimum of 1354kip of energy for
impact offset 19 in from longitudinal centerline
(b) Absorb minimum 120 fkip of energyfor impact
aligned with sidewall.

No more than 10 in of longitudinal, permaner
deformation

End(corner)
structure integrity of
noncab end

(a) 150 kip at floor height
(b) 30 kip 18 in above floor
(c) 20 kip at ceiling height.

(a) Without failure
(b) Without permanent deformatipand
(c) Without failure

Roof integrity

Equipment upside down, supported by roof

(a) Nooccupied voluméntrusion and
(b) No more tharl/2 yield or buckling

Side structure
integrity

Design requirements on sidewsliffness and
material properties

Vertical modulus (if) > 0.3x L
Horizontal modulus (if) > 0.2 x L

Truck attachment

Scenarid3.1 plus either:
(a) 3¢ vertical, 1g lateral, 5g longitudinal; or
(b) 3g vertical, 1g lateral.

Static analyses: Withoyielding, and
(a) Scenarid3.1: Avg. acc< 5gand
Max. acc< 10g or
(b) Scenari®.1: Trucks remain attached

Interior fixture
attachment

Fixtures: 8/4/4g Longitudinal/lateralrtical quasi
static load; and
Seats: 8g longitudinal dynamic pulse

Fixturesand seats remain attached

Seas

89 sled test with instrumented HIll ATDs per Rev.

of APTA-SSC&S-01699

Seats must meet requirements in Rev. 2 of
APTA-SSC&S-016-99, including injury criteria

Note: Table for use as a summary oy the requirements noted.



2. Technical Basis

2.1 Background

This section describes the technical basis for how the selected criteria provide a comparable level
of crashworthiness to the existing regulations.

Crashworthiness regulations and specifications are intended to result in equipment features that
increase survivability in accidents. The traditional approach to rail equipment crashworthiness
specifications is essentially car oriented, prescribing suopggtas the strength of the carbody

and the strength of the attachment of the trucks. These features are intended to be effective for all
of the accident conditions that the equipment may be subjected to in service. The modern
approach to rail equipmentaghworthiness adds tragmiented specifications and typically

includes minimum survivability requirements for prescribed scenflrjd@ 3]. These scenarios

are intended to bound the range of accidents that may occur in service. The modern approach to
rail equipment crashworthiness does not replace the traditional approach; the modern approach
extends from and modifies the traditional approach.

Modern specifications generally describe the crashworthiness performance desired of equipment
with CEM features. Much research has been conducted on[€E\6].CEM improves
crashworthiness with crush zones at the ends of the cars. These zones aeel desigllapse in

a controlled fashion during a collision, distributing the crush among the unoccupied ends of the
cars of the train. This occupant protection strategy preserves the occupied spaces in the train and
limits the decelerations of the occupimumes. CEM equipment has been demonstrated to

protect all of the occupants in a tragtrain collision scenario for more than twice the closing

speed of conventional equipment, when the CEM equipment has the same level of occupied
volume strength asieé conventional equipment [4, 7].

FRA Tier | crashworthiness regulations are largely traditional. Most of them apply to individual
cars and their components. FRA is in the process of updating these regulations to better reflect
modern technology. For ovardecade, FRA, with the assistance of the Volpe Center, has
conducted significant research on rail equipment crashworthihegs8, 9, 10}o establish a

base of information from which to evaluate, amend, and develop regulations, specifically more
perfaomancebased regulations to respond to the needs of the industry. This research was used in
developing the final rule prescribing minimum levels of energy absorption in higrailayade
crossing scenario impacts, published on January 8, 2010 (see Relged180). Recognizing

that railroads would like to use equipment designed to more perforrhased, modern

standards, FRA is accelerating its efforts to keep its crashworthiness regulations consistent with
current safety technology.

Because the tradanal and more modern approaches to crashworthiness are different, judgment
is needed to make comparisons of the crashworthiness of equipment compliant with traditional
requirements and equipment compliant with more modern requirements. In some cas&s, such
for OVI, it is possible to maintain essentially the same level of crashworthiness while reducing
the traditional strength requirement. CEM crush zones can mitigate the reduction in occupied
volume strength. In other cases, as in override preventiomdbern approach of controlling

the shape of carbody crush supersedes the traditional approach of prescribing a static load that



the carbody must be able to suppbrtthe development dhe criteriaandproceduresthe goal
has been to maintain the lewsIcrashworthiness provided by the Tier | regulations in a manner
that is as independent as practical from the detailed design features of the equipment.

2.2 Rail Equipment Crashworthiness Technology

In the desigrfor crashworthiness, the first objectisgeto preserve a sufficient volume for the
occupants to ride out the collision without being cruskedessive forces and decelerations also
present a potential for injury to the occupaRslatively large forces and decelerations can

occur when an unrésined occupant strikes an interior surfa@ecupant impacts with the

interior or collisions between occupants and loose objects thrown about during the collision are
usually termed secondary collisioffhie second objective of crashworthiness is totlthese
secondary collision forces and decelerations to tolerable levels.

Preserving occupied volume is accomplished primarily with strength of the struttbee.
occupant compartment is sufficiently strong, there will be sufficient, survivable spabe f
occupantsSecondary impacts are limited through a combination of structural crashworthiness
and occupant protection measuowing portions of the vehicle to crush in a predetermined
manner can limit the forces applied to the structure suriogride occupied volume and control
the decelerations of the ca@®onventional practice is oriented toward making the individual cars
uniformly strong and principally attempts to control the behavior of individual cars during a
collision. The CEM approacts trairnroriented, controlling the load into the occupied volume and
apportioning the structural crushing to unoccupied areas throughout the train.

Occupant protection measures include specifying attachment strength requirements for interior
fittings andstrategies such as compartmentalizatwliterally contain the occupants within safe
areas [11, 12, 13How hard the occupant strikes an interior surface during the collision depends
on the deceleration of the train itself and the degréefofr i esrsabthat sudaceThere is a
tradeoff between increased carbody crush strength and how fast an occupant strikes an interior
surface. If a single car hasuniform crush strength, increasing the crush strength increases the
deceleration rate of a collily car. This, in turn, increases @eed at which an occupant

impacts an interior surfage the decelerating calFor a consist of cars in a train, the issue is

more complexThe deceleration of any particular car within a train is affected bgusigioning

of the car ahead of it as well as the deceleration of the car beHimdéneral, any

crashworthiness strategy that better preserves the occupied volume, such as CEM, will make the
secondary impacts more severe for the occupants in themiaimaximize survivability,

interior occupant protection strategies need to be designed to work in concert with structural
crashworthiness strategies.

This section includes descriptions of technologies for provi@wg providing CEM, and
providing occipant protection.

2.2.1 Occupied Volume Integrity

In the conventional approach to passenger vehicle crashworthirtegsUnited States, the
underframe of the car must maintain its integrity when subjected to a large compressive load at
the coupler locatins at either end of the cdhe present strength requirement is for a car to
remain elastic when subjected to 800,000 po\ij®f force loaded along the line of draft (the
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imaginary line running from the coupler at one end of the car to the ofhex)Joad is shown
schematically irFigurel.

800 kips 800 Kips

Figure 1. 800,000b on Line of Draft

The practice of applying a large compressive load to the underframe of the car as a measure of
occupant protection stretches back to the eartly @ntury.At that time, the U.S. Post Office

began using baggage cars as railway post office (RPO) carshfednivith tables, chairs, and

lighting installed so that postal clerks could sort mail while a train was en tnftgtunately,

in many railroad accidents of the d#lyese baggage cars offered little protection to the clerks
inside, resulting in seriougjuries and fatalitiesTo increaseccupant protection, tHeailway

Mail Service (RMS) Specificatiomas published in 1912ne requirement in this specification

was for RPO cars to be capable of resisting 400080 plied compressively along the liok

draft without experiencing permanent deformatiorfuture versions of this specification, a

factor of safety of 2 was included, bringing the effective load up to 80(hQQa].

In response to a number of fatal accidents involving comprorisagpied volumes, the

Association of American Railroads (AAR) issued a Recommended Practice in 1939 to address
carbody structurelhis Recommended Practice adopted a number of requirements of the RMS
Specification, including the compressive strength otrbody.In 1945 this recommendation

was adopted into Standared0S3 4, A Speci fications for the Const
Equi p me nFeder@l &aw Isas dpplied this requirement taralltiple-unit (MU)

locomotives built new after April 1, 1956, anderated in trains having a total empty weight of

600,000b or more.See 49 CFR 229.141(a)(1) was not until 1999, however, that 49 CFR

238.203 expanded this 800,0p0und static strength requirement dseaerakegulation

applicable to all intercitpassenger and commuter rail equipment.

This line of draft strength requirement has remained the cornerst@\é @valuation for nearly

a century foseverakreasonsThe pass/fail criterion of no permanent deformation anywhere in
the car is straightforard to implement and can be readily examined visually and measured with
strain gagedf the test is conducted properly and successfully, the vehicle remains in its original
condition and can therefore enter service following the Tést.nondestructiveature of the test
makes it an economical test to perform as the first manufactured vehicle serves both as test
article and proven, deliverable product.

In addition the proof strength approach to crashworthiness provides additional crashworthiness
benefis. Althoughthe original intent of this approach was to maintain some level of protection
from loss of occupied volume, this requirement has increased in its importance as other
crashworthiness features have been incorporated within thiéaca@xample, tandards and
regulations also specify the minimum strength of the corner and collision posts on a passenger
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vehicle.For an end frame to be successful in preventing intrusion from impacts above the floor,
the structure supporting the end frame must itselufficiently strongA strong end frame that

is at the end of a weak occupied volume may prevent intrusion at the end of the car but cause
loss of occupied volume elsewhere in the vehicle as collision loads travel through the occupied
volume.

2.2.2 Crash Energy Management

Passenger rail equipment crashworthiness can be significantly increased if thadsice

behavior of the equipment is engineered to take place in a controlled nmaacricial crush

zones can be designed into unoccupied locatioerars, such as brake and electrical service

closets and bicycle storage areas, as well lightly occupied areas without passenger seating, such

as vestibules and stairwellBhese zones are designed to crush gracefully, with a lower initial

force and incresed average forc®Vith such crush zones, multiple cars are designed to share

energy absorption during a collision, consequently preserving the integrity of the occupied areas

by managing the collision energihe approach of including crush zones is tetfG&M.

Figure2i s a schematic of the concept of CEM, with
cars

[T [T g R
(1] L —

e -

Crush Zone Crush Zone Crush Zone Crush Zone Crush Zone Crush Zone
Figure 2. Schematic lllustration of Crush Zone Locations in Commuter Rail Passenger
Train

CEM extends from conventional crashworthiness design prattibee car 6 s occupi ed
must have sufficient strength to support the crush zones designed into it withapsiogl

Greater occupied volume strength allows greater crushing forces to be supported; in turn, greater
amounts of energy can be absorbed for a given crush distance.

Figure3 shows the prototype cab end crush zone design that was developed as part of FRA
researchThe cab car crush zone includes four key elements:

A pushback coupler mechanism

A deformable anticlimber arrangement

Anintegrated endfrasn, whi ch i ncorporates an engi ne:
Roof and primargnergyabsorbing elements

= =a =4 =4
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Figure 3. Cab Car Crush Zone

Each component is designed to operate in sequence during an ifipeaptishback coupler
accommodates the coupler of the impacting equipment such that the anticlimber and integrated

end frame engage the vehiches the anticlimber deform# conforms to the impacting

equipment and distributes the load over the integrttedrameThe integrated end frame

transmits the impact load to the energy absorelse engi neer 6 s compart men
straight back into unoccupied space designated for service closets.

Superior crashworthiness performance of CEM equipment egsdemonstrated with fuficale
impact testsln the trainto-train test of conventional equipment, the colliding cabnes
crushed by approximately 22 fdé) and overrode the locomotive, eliminating the space for the

engineer 6s

s e ately 4@ pasgsenfjen seatsg[Ibjpringathe itraim@-train test of

CEM equipment, the front of the cab eascrushed by approximately 3 ft, and the cruss
propagated back to all of the unoccupied ends of the trailing passengdieacsntrolled
deformation of the cab car prevented overrid#.of the space for the passengers and crew
remained intact [16]The impact speed for both tratio-train tests was 30 mpkigure4
includes frames from higepeed movies showing the colliding equipment interactions.
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Figure 4. Frames from High-SpeedMovies ofConventionaI (top) nd CEM (botto
Train -to-Train Tests

Comparedvith CEM-designed equipment, the interactions of impacting conventional North
American passenger rail equipment are more likely to be uncontrodeduse omore

haphazard structural damage (crush), override, or bucklimgebatcarsStructural damage

tends to be focused on the colliding equipment and those cars that are immediately trailing.
When passengers are in a leading cab car, structural damage can intrude into the occupied
volume, resulting in a loss of survival spa®verride is often associated with substantial loss of
occupied volume and consequent fatalltlye coupling arrangement between cars can lead to
lateral buckling of the trainséExamples of uncontrolled céo-car interactions are shown in
Figureb.

N

M\ NMALTN 3 AN

Uncontrolled Crush: I ’iﬂillli\lli.llﬂl
Focused on One Car .ciupteiase

Uncontrolled Load
Path: Derailment ~
Lateral Buckling

Override: Carbody
Overwhelmed

e oy k— (mmam=y

Figure 5. Example of Uncontrolled Car-to-Car Interactions
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Although there are limitations to the amounts of energy CEM can safely handle, CEM helps to
minimize these risks bysing equipment structures that are desigoegtacefully deform when
overloadedWithin the capabilities of the CEM design, graceful defation of the equipment
structures allows override to be prevented, keeps the trailing equipment from buckling laterally,
and distributes structural damage to the unoccupied areas of thétamamgement of the impact
interface is essential to preventiogerride.Such management can be effectively accomplished
with a pushback coupler mechanism, a deformable anticlimber arrangement, an integrated end
frame, ancenergyabsorbing element®ushback coupler mechanisms are effective in preventing
lateral bucking of coupled equipmeneformable anticlimber arrangements promote the
engagement of vehicle ends, preventing overtitegrated end frames aerdergyabsorbing
elements are essential to distributing crush to the unoccupied Bxeasples of contrafid car

to-car interactions are shown figure®6.

Controlled crush: 'w
Distribute crush Il

through train

Control load path:

Prevent lateral s | 3
buckling

Engagement: "
Prevent | ammnnnnnnns | G

‘ override
Figure 6. Examples of Controlled Carto-Car Interactions

2.2.3 Occupant Protection

A primary collision is a collision that occurs when a moving train impacts another djeen.

this happens, the train occupants continue mo
rapidly decelerate#\ secondary impact occurs when an occupanides with an interior

surface, such as the seatback in the row ahead, as shbwra7. An occupant may survive a

collision with an interior surface (e.g., seatk, wall, or table) during an accident if the forces

and accelerations are within acceptable human tolerance levels.
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Figure 7. Computer Simulation lllustrating Occupant Kinematics

The methods of protecting occupants and mining the forces and accelerations they

experience include controlling the deceleration of the vehicle, compartmentalizing the occupants,
providing compliant impact surfaces, and using passenger restraints such as lap and shoulder
belts.Vehicle deceleratimis a function of the structural design of the carbddiye gentler the

initial deceleration of the vehicle, the lower the speed at which the occupant will strike the
interior. (Section3 discusses structural crashworthiness and occupant protection measures in
detail, including strategies for controlling the initial deceleration of the cars in a train during a
collision.)

Compartmentalization is a strategy for providing occupant protedtiang a collision by

' imiting the o0cc ufgheddtadce anroecapgne carotfavelrmeftiggit is n .
limtedt t he occupantdés speed relative to the int
secondary impacCompliant impact stdaces are those that are sufficiently soft and/or

deformable, which can absorb energy and limit forces imparted to the occupant during the
secondary collisionf the interior surfaceare madesufficiently compliant, the maximum forces

and decelerationsxperienced by the occupant can be limited to human tolerance levels.
Occupant restraints act to prevent or minimize the severity of secondary impacts with the interior
and to secure the occupant to the mass of th®©cae thenotion of the occupan$ constrained
occupant impacts with interior surfaces can be avoided or limited to particular surfaces, which
can be specifically designed to provide a less hostile impact.

The severity of the secondary impact is governed principally by two fatteisecodary

impact velocity §1V) and the forcaleflection behavior of the impact surfage. described
above, the SIV is generally a function of distance traveled, which is related to seating
configuration Figure8 showsanSIV plot that corresponds to an &)0-millisecond
acceleration pulskThe figurecorrelates SIV with the approximate travel distance associated

! The 8g crash pulse is specified for seat testing requirements in 49 CFR 238.233, Interior Fittings and Surfaces, and
in APTA-SSC&S-016, Revision 2, Standafdr Passenger Seats in Passenger Rail Cars.
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with various seating configurationBypically, a shor travel distance correlates to a lower SIV,
becauseelative velocity generally increases with distance traveled.

0T  Rear-
Facing
E’ < 1 foot _K
- 20 ==
% seats Open Ba
2 / Behind |D‘Seats g
9 g Bulkhead > 4 feet
o = 3 to 4 feet
Z 10+ 3O Forward-
o £ 8| Facing Seats
[T} T =
'4 g 1%2 to 3 feet
1 2 3 4 ]
Relative Displacement, feet

Figure 8. Representative SIV Plot Corresponding to Various Seating Configurations

SIV can be usetb assess therashworthiness and occupant protection performance of different
interior configurationsThe plot inFigure9 identifies SIV severity ranges and possible measures
for minimizing the risk of injurySIVs of less than 10 mpregenerally survivable with
conventional interior equipmerfor SIVs between 18nd25 mph, the interior environment is
deemed survivable if compartmentalization is ensuard passive safety rdifications are
provided in the seat and table desighisove 25 mph, active protection features (i.e., air bags,
inflatable structures, lap and shoulder belts, etc.) are necessary to mitigate the risk of injury.

FRA-sponsored occupant protection resedras mostly focused on strategies of
compartmentalization to reduce injury ri§dV has been used during the research process to
develop energybsorbing seats and tables that would limit injury indices to within human
tolerance levels during fulicale teting.Prior to testing, the longitudinal acceleratitme

history, or crash pulse, of each car was predicted using a collision dynamics Tinedelash

pulse was integrated to calculate velocity and displacement, which were theplotteskto

evaluae the SIV in each car for different seating configurations. The necessary force
deformation behavior of the seats and tables could then be calculated based on the estimated
SIV.
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Figure 9. Example SIV Plot with Injury Interpretation

Improved Workstation Tables

Strategies to mitigate the potential for injury due to impacts with workstation tables have been
developed through a cooperative agreement between FRA and the Rail Safety and Standards
Board (RSSB) of the UnitediKgdom [L8]. RSSB and FRA have shared the results of ongoing
work to improve the safety of passengers seated at t&8&8B has loaned FRA its
anthropomorphic testummy (ATD), the H3RSThis test dummy includes abdominal sensors to
measure the loads imparted by workstation tables under collision condliossest dummy

has been used to measure the performance of a baseline table and an improved table-during ful
scale impact tests of CEM equipment.

The improved workstation table was designed to meet crashworthiness and occupant protection
performance, functionality, and geometry requirements B&Jeral tables were fabricated and
tested both quasitatically aad dynamically, including two occupant experiments on the full

scale trairto-train impact test of CEM equipmeiitigure 10 shows a sketch of the table design.
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Figure 10. Design of an Improved Workstation Table

This design builds from a center suppebiglam, which is cantilevered from the car wall, and
extends laterally from the wall to the aisléne center supportbeam is designed tormain

attached under the impact loads from two occupants during a collision to help ensure that the
occupants remain compartmentaliziéélso supports the table under service loade. tabletop

is constructed of a crushable, eneadpsorbing aluminum h&ycomb, oriented so that cells are
aligned in the vertical directioithis allows for the table edge to achieve the target longitudinal
force-crush characteristic while remaining stiff enough to meet the service load requirements.
The melamine tabletop primes a rigid surface to preserve the functionality of the t&hleng
impact, the melamine top is designed to separate from the honeycomb in such a manner that it
will not adversely affect the foreerush characteristid@.he rubber edge distributes toad from

the melamine top and the aluminum honeycomb to provide a more benign impact surface to the
occupants during a collision.

The workstation table was tested onboard the cab car in the CEMattain test [17§ the test
shown in the lower portioaf Figure4. The objective of the table experiments was to

demonstrate the performance of this improved table deBrgnprimary crashworthiness and
occupant protection requirement is that the occuigatimpartmentalized secondary

objective was to evaluate the table against the crashworthiness and occupant protection design
requirementsThese requirements, determined during the development of the improved table,
were designed to help ensure tha tpper abdominal injury risk to the occupant is reduced
without introducing other injury risk§he test dummy wagutfitted with instrumentto make

the measurements needed to evaluate the potential for iAjprgtest MADYMO [18]

computer model was ad to simulate the occupant response for each table experiment using the
predicted crash pulse from the pretest collision dynamics modelAlL@f. the predicted
measurements were below the maximum acceptable injury criteria values.

Figurellshows preand posttest photographs of a table test conducted as part of the CEM train
to-train test.The table remained attached to the car structure and compartmentalized the
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occupantsThe table edge performed as intenddte melamine top separated from the
aluminum honeycomb and folded along the scored edgesaluminum honeycomb crushed
between 5 and 6 in, with a peak force of roughly 2)00This is a significant red@ion from the
peak load measured in the baseline table Adisbf the computed injury criteria values were
within accepted limits [18].

Improved Commuter Seats

An optimizedcommuter seat was developed to help protect occupants under the severe collision
conditions expected in the leading cab car of a CEM-tatrain impact testThe results from

the twacar CEM test indicated that an improved seat design was necessagttoatupant
protection requirements in the leading cars of a CEM cofBistest computer modeling

indicated that the SIV in the cab car of the CEM ttaHtrain test could approach 25 mph,
depending on the seating configuration. For this reasonfaesy seats were proposed in the

cab car as a strategy to mitigate the high SIV in the lead car. Fefacand seats were proposed

in the firstpassengetar behind the cab car.
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During development of the new seat, several requirements were establisbeclfoant

protection and seat performance under test conditions similar to those expected in the GEM train
to-train tesf16]. To meet the occupant protection requirements, the ATDs must be
compartmentalized, and the head, neck, chest, and femur injigtyacrmust be within the limits
defined in 49 CFR Part 571, 20®ccupant CrasRrotection 21], which is used by the

automotive industry. The standards in the APTA Standard fortedRow Seating in Commuter

Rail Carg[22] must also be met, which includeat performance criteria. The seat must remain
attached to the test sled at all attachment points, and the permanent seat deformations must not
significantly impede an occupant from standing and exiting the seat. Seat cushions must also
remain fastenedtthe seat frame.

The new seat design is based on an existingpagsenger seat design that meets the APTA
standard for rowo-row seating in commuter rail cars. The principal modifications to this design
are a third passenger seat, stronger seat badlks teadrests, and reinforced attachments to the
floor and wall. When compared with the-8tlyle seat, the prototype seat is stiffer, taller, and

more modular, with padding on the head impact surface and a knee bolster to transfer loads from
the knees it the seat framé-igurel12 shows a schematic of the prototype seat structure.

Headrest wifoam
provides more
compliant head

impact surface Taller headrest
for improved
compart-
mentalization
Stronger
frame
to limit
seatback
rotation

Modular seats protect
occupants under a broader
range of scenarios

Figure 12. Schematic of Prototype Commuter Seat

Sled tests were conducted using three instrumented ATDs in each test. Tlaeingpseat was
tested using a 12g50-millisecond (ms) triangular crash pulse, which approximates the collision
conditions in the leading cab car of the CEM ttisirain tes. The forwardfacing seat was

tested using the standard 280-milli secondtriangular crash pulse, which approximates the
collision conditions in the firghbassengecar behind the cab cdfigure13 andFigure1l4 show

pre- and posttest photographs from the 8g forwiadng sled test and the 129 réacing sled

test, respectivg.
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Figure 14. Pre- and Postest Photos of ReaiFacing 12g Sled Test

The final test results indicate that all test requiremert® metthe seats remained attached to
the test sled; the ATDs were compartmentalized; all the injury criteria were within defined
tolerance thresholds; and all the seat cushions remained attached.

2.3 Technical Basis for Criteria

Thecriteriaare both e conditions to be evaluated and the metrics for assessdmenéxample

is the traditional buff strengtfequiremen{23] in whicha load of 800 kip applied to the buff
stops is the condition to be evaluagtadd no permanent deformation is the assessment metric.
Anot her exampl e isenafoRRlAbdyviicha coléision dt 30 mahBEviisimilar
like train is the condition to be evaluateaid preservation of the occupied volume is the
assessment nrét. This style of criteria separates out the procedure used to evaluate the
condition(s) and to determine the value of the metrigfsheory, one could use either analysis
or testing to evaluate either example.

Thecriteriaare influenced by the curremier | regulations [23]which apply to passenger
equipment operated at speeds up to 125 mph, and by the currentr@garadtions [2]which
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apply beyond 125 mph up to speeds not exceeding 150Thpkriteriahave also been
influenced by Europeanasidard€EuroNorm EN) 12663[24], which includes requirements for
OVI, and EN15227 B], which includes requirements for CEMeveral different categories of
equipment are addressed in the European standdrelse categories are based on the equipment
type andoperating environmenmt revenue servicd.he CEM requirements of EN 15227
essentially overlay the traditional strendptised requirements in EN 12663a similar manner,
the CEM specifications developed for Metrolifif overlay the current Tierrequirements [23].
Consequently, &ain built to the Metrolink CEMspecificationswill meet the Tier | structural
requirementsln addition, the Metrolink CEM requiremerdse intended to provide a level of
crashworthiness thaignificantlyexceed thelevel provided bythe Tier | requirementslone
Above these influences, tloceiteriaandproceduresvere developed to take advantage of the
latest technology in rail equipment crashworthiness.

The numerical values of the pass/fail criteria have Isetstted to provide a level of
crashworthiness equivalent to the current Tier | regulatiorsome cases, aspects of the
regulations have been relaxed; others have been increased or supplefreerégdmple, the

OVI requirements have been relaxed fréma turrent regulations and criteria for preservation of
the occupied volum®r a collision with a conventional locomotiked train have been added to
compensatdn other cases, such as for roof integrity, the existing regulations can be applied to
altemativelydesigned equipment and are unchanged.

Because the latest technology in rail equipment crashworthiasdseen used to develop the
criteriaandproceduresaspects of the resultimgiteriaandproceduresire fundamentally

different from their calesponding regulation&lthoughtechnical results from sophisticated

analyses and tests have been necessary, judgment was also needed to dexrébpained
proceduresThis judgment was provided by ETF and ultimately accepted by ERA.is a
govermment/industry working group, organized under the auspices of RZ3JCThis section
summari zes the technical information that hel

For describing the technical basis, the recommendetiaare grouped into three categories

- Trainlevel
- Carlevel
- Interioroccupant protection

The trainlevel requirements are based on a train collision scenaribe prescribed scenario,
the space for the crew and passengers is to be preserved, the colliding equipment is not to
override,coupled equipment is not to override, and the trucks are to remain att@bbed.
requirements are significantly different from the existing Tier | regulatiodged, there are no
specific trainlevel or scenaridased requirements in Tier | for crashithmess.

The carlevel requirements are intended to provide a robust occupied volume that can support the
demands of the CEM features without being overloaded and can also preserve the occupied
volume in a range of accidents, including highwaiy gradecrossing collisions and derailments.
These catevel requirements essentially correspond to the Tier | regulations, exc€pffor

TheOVI requirement is substantially different from the traditidd@0-kilopoundbuff strength
requirementThe traditionakequirement can be difficult to apply to designs that differ from
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traditional North American passenger car desighg. OVI requirement has been developed
with the intent that it may be applied to a wide range of equipment designs.

The interior occupantrptection requirements are based on APTA stand&fia.and APTA
have worked together closely to develop these standards, and APTA has diligently applied the
results of FRAOs research in maintaining and
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2.3.1 Train-Level
There are four traHhevel criteria

1 Scenario
1 Colliding equipment override
1 Connected equipment override
1 Truck attachment
Scenario

In thescenarigp shown inFigurel5, acab car or an MU locomotiveed alternativelydesigned
train collides with a conventional locomotied passenger traiithe principal requirement is
that all of the space for the passengers and crew be preserved for a closing 2peaghof

Figure 15. Schematic of Collision Scenario

Thescenario criteri@escribe the information needed to compare the overall effectiveness of the
OVI and other crashworthiness features of the alternatiedigned equipmenmtith the overall
effectiveness of equipment designed to Tier | standarasambination with the OVtriteria
thescenario criteriare intended tensurehat the space for the passengers and crew is
preserved under moderately severe accident conditisnguely for thescenario criteriathere

is no directlycorresponding FRA regulation.

Tier I-compliant equipment performance in the prescribed scenario is dependent on a number of
factors, including train makedpwhether the equipment is puphll or MU and the number of

cars in the consi$26]. The maximum collision speed for which all of the space for the
passengers and crew is preserved for sitgglel equipment ranges from about 10 mph for a

long train pushed by a locomotive to about 18 mph foroat $1U train There is some

uncertainty in this range, and actual performance may be somewhat better offive2&emile

per hourspeed used in trecenario criteriathen, is an upper estimate of what Tieompliant
equipment may achieve in the presed scenario.

Figurel6 shows a photograph from the accid#ratoccurred in Placentia, GAn April 23,

2002 [27].In this accident, a locomotived freight train collided with a cab eked passenger
train at a closing speed of approximately 22 n{pberall, 161 of the passengers and crew were
transported to local hospitals. Two of these passengers sustained fatal iBpthesf. the
passengers o sustained fatal injuries were seated in a facing seat configuration with an
intervening workstation tabl&here was sufficient energy in this collision to cripple the
structure of the impacting cab c@ihe majority of the structural deformation oc&dtrat the rear
of the cab car in the location of the stairw&here was sufficient deformation that the
passengers could not pass through that area and had to be evacuated through sidelwindows.
essence, the conditions of this accident were just beyencrashworthiness capabilities of this
equipment.
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Figure 16. Aerial Photograph of Placentia Accident [27]

EN 15227compliant equipment performance in the prescribed scenario has been estimated
based on information submittems part of a recent waiver request by Caltf28j. The
crashworthiness of the Ebmpliant equipment was evaluated using the same model as the
Tier I-compliant equipmer{R6]. The primary inputs to the model are the masses of the
equipment and the foeecrush characteristic¥he mass of the initialljnoving, ENcompliant

train is3,800 kip and the mass of the Tiecbmpliant locomotivded train is5,010 kip The
estimated forcerush characteristics are showrFigurel7. As seen in the plots, the load

required to cripple the Tierdompliant equipment is greater than the load required to cripple the
EN-compliant equipmentiowever, the energy required to crigphe ENcompliant equipment

is greater than the energy required to cripple the Teempliant equipment.
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Figure 17. Estimated Force Crush Characteristics for Tier |-Compliant (blue) and EN-
Compliant (red) Equipment

Figurel18 shows the distribution of interface crush in the-&npliant train for collision speeds
of 15 and 20 mphror speeds up to 20 mph, there is no intrusiomtim occupied volumé&he

energyabsorbing features are effective in keeping the load applied to the occupied volume
below the load needed to cripple the structure.
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Figure 18. Distribution of Crush in the EN-Compliant Train in Prescribed Scenario,
Closing Speeds of 15 and 20 mph

Figure19shows the SIV at theenter of gravity CG) of each of the cars in the E®ddmpliant

train for the scen# conditions at 20 mpHA.he plot also shows the SIV associated with the 8g

deceleration pulse described in the Tiezdquirements [23&nd in the APTAstandards [29]The
SIVs of the ENcompliant equipmerfor a20-mile per hour closing speed collisioare less than
those associated with thg 8rash pulseThese results indicate that interior seats and other

fixtures that are compliant with FRA regulations and APTA standards would be effective in

protecting the occupants of the ENmpliant equipment.
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Figure 19. SIV Plot for EN-Compliant Equipment
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The overall conclusion is that equipment compliant with the traditional str&agtd

requirements of EN 12663 and the CEM requirements of EN 15227 provides a level of
crashworthiness in traito-train collisions that is comparable to equipment compliant with the
strengthbased requirements of the Tier | regulatiorgere is a concern for higgnergy

collisions.If a cab catled Tier Fcompliant train were to collide i a cab cated EN-compliant

train at a speed greater than approximately 20 mph, the capacity of the CEM features would be
exhaustedThe stronger occupied volume of the Ti@oimpliant train could allow it to

potentially overwhelm the Eldompliant trainAs a result, the ENompliant train may lose a
significant portion of its occupied volume; the extent of the damage would depend on how much
the collision speed exceeds 20 mHdbwever, if two cab caled Tier kcompliant trains were to
collide at a spekabove approximately 20 mph, one would likely override the other; again, the
extent of damage would depend on how much the collision speed exceeds dbhenph.

overridden train may experience a significant loss of its occupied volarheth cases, it is

difficult to predict the outcome with confidend¥s best as can be judged, the total
consequencésinjuries and fatalitied of either 20mile per hour collision would likely be the

same.

Colliding Equipment Override and ConnectedEquipment Override

Thecolliding andconnected car override critepaescribe the kinematic behavior of the
equipment for ideal and offset conditioii$ie ideal condition is that with the equipment
positioned at its design height and centered on the {faekoffsets for collidingquipmend 3
in vertically and3 in laterallyd are based on the offsets used by Metrolink in procuring their
equipment with CEMeatures [1].The offset conditions are intended to helgurehat the
override features are robuste offset initial conditions are illustratedfigure 20.
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1 - Offset
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Figure 20. lllustration of Offset Conditions for Colliding Equipment

The laterboffset for connecte@ieces okequipment is based on the conventional and CEM two
car impactestg[30, 31]. The location of the prescribed connected car offsets is at the first
connected interface in the train, as showRigure21. These offsets have different influences on
coupled equipment than on articulated equipm@ffset coupled equipment is illustrated in
Figure22, and offset articulated equipment is showirigure23.
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Figure 22. lllustration of Offsets for Coupled Cars
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Figure 23. lllustration of Offsets for Articulated Cars

Figure24 shows the interaction of colliding equipment for both a ttaitrain test [15] and an
actual trainto-train collision in Beverly, MA [32]In both cases, the colliding cab car overrode
the colliding conventiondbcomotive.The deformation mode observed in the test involved the
end frame of the cab car engaging the short hood of the conventional locoefenation of

the cab car structure behind the end frame led to the ovdrridssence, the underframe

structure deformed into a ramp, allowing the cab car to override the conventional locomotive.
Photographs from the Beverly, MAccident indicate that the same mechanism allowed override
in the accident as in the tebt.both the test and the accident, &mticlimbing features were
effective; the failure occurred in the underframe structures.
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Figure 24. Cab Car Interaction with Conventional Locomotive in a Collision

Figure25 shows analysis predictions and test images for the interaction of colliding CEM
equipment [15]The test conditions for the CEM equipment showRigure25 are the same as
the test conditions for the conventional equipment shown on the fjune24. In both tests, a
passenger train led byGEM-equipped cab car moving at 30 mph collided with a standing
conventional locomotiwed train of equal weighAs can be seen in both the analysis and test
footage, the interaction of the colliding CEM equipment is very different from the colliding non
CEM equipment interaction shownkigure24. As suggested by the annotationg-igure25,

the sequence of events is different for1@EM and CBM equipmentln this case, the CEM
features increase the speed at which override would déouthis particular equipment, the
energyabsorbing features would be exhausted at some speed above 3Dnoglthis occurs,
the main structure may be overloagetl may fail in a manner similar to the ,GEM
equipment.
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Figure 25. CEM Cab Car Interaction with Conventional Locomotive in a Collision

Figure26 shows connected equipment interaction for both an impact test [15] and--iraiim
collision [34].In both cases, override was inhibitetid the end structures of the two cars
transferred load without any intrusion into the occupiedmelrhe end frames, however, did

not fully align themselvedn both cases, the collision posts were essential to the transfer of load.
The schematic at the bottom of the figure illustrates the misalignment observed in fhlegtest.

car as shown on theht of the schematic is attempting to override the car on thé fedt.

vertical motion is arrested by the interactions of the couplerstwithe ¢ osuppdrte r s 6
structuresThe longitudinal load is transferred from the end beam of the car on théoriplet
collision posts of the car on the lefthe deformation damage seen in the car from the accident is
consistent with the load supported by the car on the left in the scheBatitide between

coupled passenger cars is rare in tinitédl Statesnoknown cases have occurred in more than

30 years.
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Figure 26. Non-CEM-Connected Equipment Interaction in a Collision

Figure27 shows analysis predictions and test measurements for the interaction of connected

CEM equipment [16]For the CEM equipment, the end frames of the cars are alifoethis

design, vertical displacement is controlled by an interlocking anticlimber mounted on the end

beam.Longitudinal load is transferred through the end beams and also through the
antitelescopingAT) plate at roof levelSimilarly to the behavior ofolliding equipment, the

sequence of events for connected CEM equipment is different from the sequence for connected

nonCEM equipment.
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Figure 27. CEM Connected Equipment Interaction in a Collision

High longitudinal forces dealop throughout the train during a collisidtor both the colliding
equipment and connected equipment, override o@suesresult ofhe vertical loads that develop
because the high longitudinal loads are not perfectly aligsrdll pitch angles of thears can

lead to significant vertical loadAs the car structures deform, the vertical loads can increase in
an unstable manneConventional practice for preventing climbing allows misalignments and
provides for a high vertical load capaciGEM is oriented toward minimizing the

misalignments, thereby minimizing the vertical lodBiscausehe two approaches are
fundamentally different, their specifications are differ&wvaluating equivalence between
anticlimbing features designed using conventionatiice and those designed using a CEM
approach involvegchnical judgment.

The potential for offset between colliding and connected equipment comes principally from three
sourcesvariations in track geometry, suspension response, and wheelllieae. sorces are
illustrated inFigure28for vertical offsets and ifigure29 for lateral offsets.
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Figure 28. lllustration of Principal Sources of Vertical Offset between Cars
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Figure 29. lllustration of Principal Sources of Lateral Offset betweenCars

Thecolliding andconneted equipment override critergae fundamentally different from the
corresponding FRA regulationBhe regulations prescribe load capacity of particular features in
their undeformed stat&hecriteriaprescribe kinematic behavior; for the scenario coorl, the
underframes must remain aligned within limaad the wheels of the trucks must not lift from

the rails by more than the specified limited amount as the CEM features of the car structure
crush.Because of this fundamental difference in approaeh difficult to assess equivalence in
technical termsln terms of intent, in promulgating the requiremeRRA statedfiThe purpose

of the anticlimbing mechanism is to prevent the override or telescoping of one passenger train
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unit into another in derailment or collision. . . The potential for override to occur is influenced

by the dynamic motions of the cars, the relat
changing geometry of heydiushduredithecdlliens O Whsleall uct ur es
three factors play a role in the occurrence of override, results of actual collisions indicate that the
changing geometry of the car structures as they érudtich, in effect, creates a ramp during

the collisior® can overwhelm the influee of the difference in sill heighi§23]. The intent of

thecriteriais the same as the intent of the regulation, even though the technical approach is very
different.

Truck Attachment

Thetruck attachment criteriare based on the requirements of E2663 with the addition of a
dynamic, longitudinal load requiremein.brief, for the scenario conditions, the dynamic
requirement is that the average deceleration of the car should be less than 5g, and the peak
deceleration of the truck should be lesstii0g.The purpose of the dynamic longitudinal
requirement is tensurethat the quasstatic load assumption is approprigks.an

approximation, about twice the permandeformation load is required to fail the attachment
designed not to deforplastially [35]. Further, a dynamic amplification factor ®fs typically
used for linear elastic systeif@6]. An attachment designed for a quaatic load of 5g without
permanent deformation should be able to support a dynamic load of 10g without failure.

Truck attachments compliant with Tier | requirements are effective in many accidents but have
not been effective in retaining the trucks in all circumstarteigsire 30 shows accidents in

which the trucks have remained attachifeédure31 shows accidents and a fsitale test in

which trucks have become detached.
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Flgure 3L Acudent Condmonsk in Wh|ch Trucks Have Become Detached

Some of the accident conditions in which trucks remained attachstala to accident
conditions in which trucks became detachitke reason for detachment is not in the conditions
but in the equipmenEor some truck attachments, a relativedft longitudinal suspension is
used with a hard stop; for otheesrelativey stiff longitudinal suspension is used with a stbp.
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the suspension is initially soft, the stop can be loaded abruptly, which can cause itftthéail.
suspension is initially firm, then the stop is loaded more smoothly and is therefore les®likely t
fail. This difference in attachment is illustratedrigure 32.

Step 1. Car Step 2. Truck Step 3. Stop Fails
Decelerates Rapidly Impacts Stop
Car body /EI asto m erIC Car body Car body
o el Block Tl b d
FRE B TR  CEe
Step 1. Car Step 2. Truck Loads Step 3. Stop
Decelerates Rapidly Stop Smoothly Remains Intact
Figure 32 lllustration of the Influence of Longitudinal Suspension onSuspension Stop
Loading

CEM featuresare unlkely toinfluencetruck forces inaderailment orollover. CEM features

may ncreaséhe forces acting on truck attachments in a collistdthough CEM features may

limit the peak acceleration acting on thebeady, the force acting on the truck is more closely
related to the average deceleratidhe load between the carbody and the truck is determined by
the impulse imparted to the truck, which is related to the average deceleration of the carbody.
Because€CEM featuresact to ncreaseverage dceleration tdetterpreserveoccupied volume

[37], the inclusion of CEM features may increase the severity of the impulse imparted to the
trucks in a collision

In promulgating the current requirements, FRA stafé¢hether the truck separates from the car
body if the car rolls over, ar. .from being sheared off, the truck may become a hazardous
projectile . For.the 2gcderticalloadrequirement specifically, FRA statdil heintent. . .is

to prevent the truckom separating from the car body if it is raised or rolls @Jeor the
250,000poundload requiremenin any horizontal direction-RA statedfiThe fundamental

reason . .is to prevent the truck from shearing.aff . This force may be possesseddne rail
vehicle. . .as it collides with the truck of another rail vehicle .[23]. . 0

Table2 summarizes and compares the requirements of the CFR acritehia for truck
attachmentOverall, the criteria for truck attachment are intended to be equivalent to the current
requirements, but there are differences in the longitudinal, lateral, and vertical requirements.
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Table 2. Summary of CFR Requirements and Criteria for Truck Attachment

Direction CFR Criteria
Longitudinal Load: 250 kip Option A
Pass/fail: Remains Load 1: 5g quasstatic
attached Pass/fail: No plastic deformation

Load 2: Dynamic crash pulse, calculated in scend

Pass/fail: Avégage
Peak deceleratiofl0g
Option B

Load: Dynamic crash pulse, calculated in scenal
Pass/fail: Truck remains attached

Lateral Load: 250 kip Load: 1g quasstatic
Pass/fail: Remains Pass/fail: No plastideformation
attached
Vertical Load: 2g static Load: 3g quasstatic
Pass/fail: Remains Pass/fail: No plastic deformation
attached
Longitudinal

Under some circumstangébke individualcriteriamay be more stringent than the CFR

requirements; in othaircumstances, the individual CFR requirements may be more stringent.

For equipment such as Metrolinkds current mul
style equipment, theriteriaare intended to be more stringgaitor e qui pment such a
Amfleet | and Il cars, the CFR is more stringdhthe truck attachment is resilient, as it is for

the Amfleet equipment, then tldteriaare less stringentf the truck attachment is initially soft

with a hard stop, as it is for the Metrolink equigamy then theriteriaare more stringent.

Lateral

The CFR is more stringent than ttriteria Thecriteriawould result in truck attachment failure

for loads between 20 and 40 kip for trucks weighing between 10 and 20 kip, with the assumption
that the fédure load is twice the load required for plastic deformatidre rationale for using a

lower lateral load comes from accident investigati@enage observed in these investigations
indicates that the longitudinal loads on the truck during an accidegreater than the lateral
loads.The truck failures that have been observed are primagtpuse afhe longitudinal loads.

In some accidents, lateral load has contributed to attachment failure, but the damage suggests
that its contribution is small coraped to the longitudinal load.

Vertical

Thecriteriaare more stringent than the CFR, requiring a load somewhere between 60 and
120 kip for truck attachment failure.

Overall, the criteria for truck attachment are intended to be equivalent to the ceguation;
some aspects are more stringanid other aspects are less stringent than the current CFR
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requirementThe longitudinal criteria are expected to be more effective than the current
regulation, the lateral criteria are expected to bed#sstive, and the vertical criteria are
expected to be the samighe sum is expected to be at least the same, if not even a bit better, as
most truck attachment failures occur primasekya result odn excessive longitudinal load.

2.3.2 Car-Level
Thereare six caflevel criteria

ovi

Endframe strength, cab end
Endframe strength, noncab end
Sidestrength

Roof strength

Fluid entry inhibition

= =4 =4 -4 -a A

OccupiedVehiclel ntegrity

Preservation of occupied volume is essential to the crashworthiness of any fdikecar.

regulation and standards governing this aspect of the car include a stvasgthdesign

requirement for the car to support a qestatic load of 800,00 along the line of draft without
experiencing permanent deformati@ecause conventional pasgenrailcars carry both the

service and collision longitudinal loads along the line of draft, the regulations require a minimum
elastic resistance to a load along that load @dth.load specified in the regulations is readily
applied to cars with a trétnal buff stop arrangement and an apparent line of diafever,
application of this load presents some difficulty for vehicles without conventional buff stops, a
difficult-to-define line of draft, or a collision load path that differs from the seraiad path.

A strengthbased approach was used in developinggi®nsin the OVIcriteriafor
alternativelydesigned equipmentarlevel OVI requirements are designed to work in concert

with the trainlevel scenario tensurethat the space for thEassengers and crew is preserved in
moderately severe accident conditioimsaddition as two of theptionsallow permanent

deformation to occur, it is anticipated that analysis will be used to demonstrate that a car meets a
particularoption Analysis equires proper validation through nondestructive testing of the

vehicle undergoing evaluatiomesting and analysis procedures are discussed in detail in
Section4i Procedures

To recognizehe variety of designs currently operating in other parts ofvtiréd (e.g, high-

floor, partiatiow floor, coupled, articulated, EMU, DMU, multilevel, etc.), the QYiteria
optionswere designed to be readily applied to a variety of desRpiher than placing the load

along the line of draft, theptionsall recanmend thathe loadbe placedilong the collision load
path.This load placement ensures that the OVI is evaluated in a manner based on the way it will
be loaded during a collisioithe threeoptionswere developed to help ensure a comparable level
of OVI among vehicles meeting any one optiArdesign needs to demonstrate that it meets at
least one of the three options, or it otherwise must comply with the regulation itself.

Option A requires a carbody to support a cusaatic load of 800,00 applied éong the
collision load path without permanent deformation of the body strudibire option is most
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closely related to the U.S. requirement of 800,la0&pplied along the line of dratdowever, as
alternativelydesigned equipment may feature a noncatigeal line of draft load path,
particularly for collision loads, the load is applied to the collision load path as determined by the
manufacturerThe locations where high longitudinal loads can be applied to the carbody
structure are determined as pafrthe design development. Because the applied load is the same
magnitude as the load required by the existing regulation, the pass/fail criterion of no permanent
deformation throughout the body structure is the same as in the regulation.

Option B requires carbody to support a quasatic load of 1,000,000 applied along the
collision load path with a limited amount of permanent deformafibis load is 25ercent

higher than the 800,088und load required by the regulati@ecause the loashagnitude has
been increased, the pass/fail criterion allows some permanent deformation under this loading
condition.Permanent deformation is limited tgBrcentplastic equivalent strain throughout the
occupied volumeAdditionally, no 15foot section boccupied volume may decrease in length

by more than percentVal ues

chosen

for

Al

mi t ed

per manent

based on analyses performed on conventional and alternategbned passenger equipment

under the given load.

Option C requires a carbody to support a gstetiic load of 1,200,000 applied along the
collision load path without crippling the body structu€eippling of the body structure has been
defined as the largest load the occupied volume can suppdtvalue is indicated by the peak
on a loaedisplacement characteristién example loadlisplacement characteristic, with
crippling load indicated, is shown Figure33.
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Figure 33. Example Load-DisplacementCharacteristic Indicating Crippling Load
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This load is 5(percentarger than the 800,068und load required by the regulatiégnlarge

load value was chosen to provideadety margin over the minimum elastic load met by Tier |
compliant equipmeniThe load magnitude was chosen based on analysis of the capabilities of
conventional and alternativetiesigned equipment.

41



End Frame Strength, CabEnd

The end frame strengtiequirements consist of multiple regulatiombese regulations include
requirements for the strength of collision posts (49 CFR 238.211) and corner posts (49 CFR
238.213).The intent of the end frame strength requirements on the cab end is to prevent
occuied volume intrusion from objects impacting the end of the car above the level of the
underframg38]. Figure34 shows the lead MU cab car from a @tn in Portage, INThe MU
train struck a truck transporting steel coils at a highveslygrade crossingone coil penetrated
the occupied volume through the end frame, resulting in three fatalities.

Figure 34. Lead Cab Car after Striking Truck at Highway -Rail Grade Crossing (Portage,
IN 7 1998)

An option is presented to allow vehicles without conventional corner and/or collision posts to
demonstrate an equivalent level of intrusion preveniibe. specified option appliggppendix F

of 49 CFR Part 238 to both the corner and collision posts, respecthgdgndix F includes
performance requirements for dynamic testing of the corner and collision post structures as well
as target levels of energy absorption for each jo&t.requirements of Appendix F are

applicable to a variety of ergtructure geometrieandnot just those resembling conventional

end frame designg combination of testing and analysis may be used to demonstrate that a
design meets the requirements of Apgie F, with any difficultto-analyze or criticato-

performance components being tested.
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End Frame Strength, NoncabEnd

Noncab end frame strength is also covered by multiple regulalibese are regulations for

corner posts of specified design (8 238pand collision posts of specified design (8§ 238.211).
As an option to the collision post requirements, a vehicle design with pushback couplers and
interlocking anticlimbers capable of preventing coupled vehicles from climbing and overriding
each other des not require collision posts at the interior coupling locafibe.collision posts on
these noncab ends serve principally to prevent intrusion by the coupled car in case of diverride.
this mode of deformation has been eliminated through pushbacletoapd antclimbers,

collision posts are not required.

Corner posts serve a somewhat different function from collision posts on noncaAldralsgh

they can act along with collision posts to prevent an overriding car from compromising occupied
volume,corner posts also serve to prevent loss of occupied volume when struck by another train
or a wayside obstructiom particular, corner posts are effective at preventing intrusion by an
object dragging along the side of the train congigjire35 shows a postaccident photo from a
1997 accident in Gary, IN, in which the locomotivauled passenger consist struck a truck at a
grade crossinglhe truck damaged the sidéthe leading locomotive and the leading corner of

the first trailing coach.

Figure 35. Corner and Side Damage to Trailing Coach (Gary, IN 1997)

The option for corner posts requires some structure at the cornersoottiped volume
capable of resisting intrusioklowever, this structure does not have to be a post, per se. The
design loads that are applied to the corner post (as part of the regulation) one@metiant
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