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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 A=

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

Uncontrolled Load
Path: Derailment ~
Lateral Buckling

Override: Carbody
Overwhelmed

e Ry ik (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 | REG

‘ 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 13. Pre- and Postest Photos of ForwardFacing 8g Sled Test

3 I
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 evaluatead 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 metritfgheory, 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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