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Preface 

Engineering Task Force Organization 

The Engineering Task Force (ETF) reports to the Passenger Safety Working Group of the 

Railroad Safety Advisory Committee (RSAC). 

 

Mission 

The mission of the task force was to produce a set of technical criteria and procedures for 

evaluating passenger rail trainsets built to alternative designs. 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 standards in 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 under § 238.201(b), approval of alternative compliance with) one or more of the 

Passenger Equipment Safety Standards. The initial focus of this effort was on Tier I 

crashworthiness and occupant protection standards. This 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 I crashworthiness and occupant protection standards, including the 

compressive (buff) strength requirements set forth in 49 CFR § 238.203. See, Rules of Practice 

(49 CFR Part 211) for rules on waiver petitions. In addition, these guidelines form a technical 

basis for making determinations concerning alternative compliance with the Tier I 

crashworthiness and occupant protection standards, as set forth in §238.201(b). The criteria and 

procedures contained in this report may be incorporated into the Passenger Equipment Safety 

Standards at a later date, after notice and opportunity for public comment. 

 

Approach 

In evaluating requests for waivers and other approvals for the use of passenger equipment not 

compliant with FRAôs structural standards, FRA, with support from the John A. Volpe National 

Transportation Systems Center, has been reviewing and comparing the performance of domestic, 

conventional equipment with equipment designed to international standards. Based in part on 

knowledge gained from these reviews and similar evaluations conducted for more than a decade 

since Part 238 was promulgated, FRA presented a strawman technical proposal as a starting 

point for the task force. This initial strawman was heavily influenced by current state-of-the-art 

research results as well as established, international performance standards. The 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: 

 

¶ Use the collective ñbestò thinking in the passenger rail industry; 
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¶ Produce clear, realistic technical criteria and procedures for demonstrating equivalent 

performance;  

¶ Define the analysis and testing necessary to demonstrate the integrity of any specific 

design; 

¶ Provide clear 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 determining the 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 approvals. However, it was anticipated that the 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 representatives of RSAC member organizations 

participating in the Passenger Safety Working Group. FRA encouraged participation through one 

of those organizations by: 

 

¶ Any car builder with capability to produce vehicles that will meet the proposed criteria, 

including those builders that can meet the current standards and any railroad or public 

authority that may procure new, alternatively designed equipment; 

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

¶ Others who are valuable to the success 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 standards. Accordingly, task force members were expected to 

continue to apply engineering principles neutrally and professionally. 
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Executive Summary 

The passenger rail industry is on the cusp of tremendous growth due, in part, to the increasing 

effects of congestion on highway systems, carbon emission concerns, and the price of gasoline. 

A recent U.S. Department of Transportation study suggests the potential for up to 100 new rail 

authorities in the next 20 years, 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 designed to meet alternative standards, which have 

been proven in foreign operating conditions but not under the more stringent regulations in the 

United States. 

 

The Federal Railroad Administrationôs (FRA) primary mission is to provide for the safety of the 

Nationôs railroads by administering the railroad safety laws and regulations. Railroads and 

operating authorities can petition FRA to waive regulations, including the 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 making 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 passenger trainsets 

that are applicable 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 petitions. The criteria and procedures described in this document 

are specifically intended to apply to trainsets operated at speeds up to 125 miles per hour (mph). 

The criteria and procedures may also be incorporated into the Passenger Equipment Safety 

Standards at a later date, after notice and opportunity for public comment. 

 

Consultation with the industry was accomplished through the Engineering Task Force (ETF). 

This task force reports to the Passenger Safety Working Group of the Railroad Safety Advisory 

Committee (RSAC). The Task Force set out to meet the following goals: 

 

¶ produce clear, realistic technical requirements, benefiting from the collective ñbestò 

thinking in the passenger rail industry; 

¶ define the analysis and testing required to demonstrate compliance with the technical 

requirements; 

¶ provide clear pass/fail criteria for the analyses and tests; and 

¶ work expeditiously so that sponsors of potential passenger service recognize available 

equipment options. 

 

Task force membership was open to designated representatives of RSAC member organizations 

participating in the Passenger Safety Working Group. FRA encouraged participation through one 

of those organizations by: 

 

¶ any railroad or public authority that may procure new equipment; 

¶ any car builder with capability to produce vehicles for rail passenger service, including 

those builders that can meet the current standards; 

¶ any consultant with extensive passenger rail car structural design experience; and 
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¶ others who are valuable to the success of the task force, specifically including rail labor 

representatives. 

 

The objective of this effort was to develop criteria and procedures for assessing the 

crashworthiness and occupant protection performance of alternatively designed equipment to be 

used in Tier I service. Alternative designs include trainsets originally intended for operation 

outside the United States that may not be compliant with current FRA Tier I crashworthiness 

regulations. As defined in Part 238, Tier I service includes any passenger rail service operating at 

speeds up to 125 mph. Criteria are defined by the conditions that 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 criteria. The criteria and procedures that have been 

developed take advantage of the latest technology in rail equipment crashworthiness. 

 

The criteria and procedures include aspects that are fundamentally different from current 

regulations, such as the scenario-based train-level requirements. No such requirements exist in 

FRAôs current Tier I regulations. Numerical values of the pass/fail criteria have been selected to 

provide an equivalent level of crashworthiness as the current Tier I regulations. For example, the 

occupied volume integrity (OVI) requirements have been relaxed from the current regulations, 

and criteria for preservation of the occupied volume for a collision with a locomotive-led train 

have been added to compensate. In other cases, such as roof integrity, the existing regulations 

can be applied to alternative equipment. Examples of analysis and test procedures that have been 

used to evaluate the performance of equipment are included in this document.  
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1. Introduction 

1.1 Background 

The passenger rail industry is on the cusp of tremendous growth due, in part, to the increasing 

effects of congestion on highway systems, carbon emission concerns, and the price of gasoline. 

A recent U.S. Department of Transportation study suggests the potential for up to 100 new rail 

authorities in the next 20 years, 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 designed to meet alternative standards. These 

standards have been proven in foreign operating conditions but not under the more severe 

regulations in the United States. 

In general, requests to FRA for use of alternative designs have been handled through the waiver 

process. When a waiver request is initially proffered, the entirety of the information needed to be 

evaluated under the waiver request, and the potential impact of the waiver determination on the 

planned operation can be difficult to foresee. The waiver process also increases the workload for 

FRA, since the details of each operation must be collected, studied, and reviewed prior to making 

a determination on each waiver petition. The crashworthiness aspects have often required the 

most effort to address, with 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 and crashworthiness. For instance, Crash Energy Management (CEM) 

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

around the world. Although it can be, and has been, overlaid on rail equipment designed to be 

compliant with FRAôs structural standards (compliant designs, as used herein), it is more 

commonly available on equipment designed to meet alternative standards. Under FRA 

sponsorship, the John A. Volpe National Transportation Systems Center (Volpe Center) has 

completed significant research into the effectiveness of CEM technology. 

Through that research 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, train collision dynamics, and 

occupant dynamic response have been developed through research. Test techniques for 

measuring structural impact response, including component and substructure testing, and for 

measuring occupant kinematics and the likelihood of injury have also been developed. The 

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 the crews who transport the public becomes an ever greater priority. FRA 

recognizes that safety regulations appropriate for a wider variety of passenger rail operations are 

necessary for the passenger rail industry to efficiently and safely grow. To provide for safety 

while making 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 
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assessing the crashworthiness of rail passenger equipment, applicable to a wide range of 

equipment designs. 

1.2 Objective 

This research was conducted to develop criteria and procedures for assessing the crashworthiness 

and occupant protection performance of alternatively designed trainsets to be used in Tier I 

service. Alternative designs include trainsets originally intended for operation in foreign 

countries that may not be compliant with current FRA Tier I crashworthiness regulations. As 

defined in Part 238, Tier I service includes intercity passenger and commuter rail service 

operating at speeds up to 125 mph. FRA notes that as part of its High-Speed Passenger Rail 

Safety Strategy, FRA intends to utilize appropriate safety standards and apply system safety 

program techniques to enhance safety while meeting transportation objectives. The strategy is 

available on FRAôs Web site at 

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

safety strategy, FRA has retasked the ETF to develop recommendations for engineering 

standards related to the safe operation of high-speed rail equipment at speed up to 220 mph. This 

effort may separately lead to the development of such alternative criteria and procedures for 

assessing the crashworthiness and occupant protection performance of rail passenger equipment 

intended for operation at speeds above 125 mph. 

Criteria are defined by the conditions to be evaluated and the critical results from the evaluation. 

A classic example in the rail industry is the 800-kilopound (kip) buff strength requirement. The 

condition is an 800-kilopound load applied to the buff stops. Buff stops are design elements that 

support compressive loads into the carbody from the coupler components. The critical result is 

the deformation of the carbody, which must not be permanent. In other words, the carbody must 

return to its original shape when the load is removed. The conditions and critical results make up 

the criteria. 

Procedures are defined as the analysis and test techniques applied to demonstrate compliance 

with the criteria. Continuing with the above example, compliance with the 800-kilopound buff 

strength requirement is typically demonstrated with a test. The coupler hardware is removed for 

the test, which allows access to the buff stops. During the test, the load is applied to the buff 

stops and incrementally increased until the total load reaches 800 kip. After the test, the load is 

removed, and the instrumentation is checked for indications of permanent deformation. The car 

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

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

The criteria and procedures are intended to provide an engineering-based methodology for 

comparing the crashworthiness and occupant protection performance of alternatively designed 

equipment with that of compliant designs. Examples of analysis and test procedures that have 

been used to evaluate the performance of equipment are included in this document. The results of 

evaluations of alternatively designed equipment, applying such techniques, can be compared 

with the criteria values supplied in this document for compliant designs. In this manner, the 

performance of alternatively designed equipment can be assessed relative to the performance of 

compliant designs. 

http://www.fra.dot.gov/downloads/safety/HSRSafetyStrategy110609.pdf
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FRAôs primary mission is to provide for the safety of Nationôs railroads by administering the 

railroad safety 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 apply to rail passenger 

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 ETFôs efforts have resulted in this reportôs guidance to the rail industry on what 

information FRA needs to make collision safety determinations on Tier I passenger equipment 

waiver requests. 

FRA notes that, for purposes of obtaining a waiver, it is not necessary that every aspect of the 

crashworthiness 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 FRA in making a waiver 

determination. For example, temporal separation has been used on the New Jersey Transit River 

Lineðprimarily to address the lower OVI (buff strength) of the equipment. With temporal 

separation, the likelihood is significantly reduced of a collision 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 of system 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: 

§ 238.203 Static end strength. 

§ 238.205 Anticlimbing mechanism. 

§ 238.207 Link between coupling mechanism and carbody. 

§ 238.209 Forward end structure of locomotives, including cab cars and MU 

locomotives. 

§ 238.211 Collision posts. 

§ 238.213 Corner posts. 

§ 238.215 Rollover strength. 

§ 238.217 Side structure. 

§ 238.219 Truck-to-car-body attachment. 

§ 238.233 Interior fittings and surfaces. 

In accordance with requirements in § 238.111, the equipment is subject to the prerevenue service 

acceptance testing. Pursuant to that section, a test plan is required for passenger equipment that 

has not been used in revenue service in the United States. Although the criteria and procedures 

are generally applied to the applicable individual structures of the trainset undergoing analysis, 

the overall intent of § 238.111 is to result in a cohesive design in which all parts function 

appropriately together. FRA notes 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. 
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These trainsets may require similar treatment under American Public Transportation Association 

(APTA) standards, such as APTA SS-C&S-016-99, 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 

RSACôs advice and guidance have been integrated into these criteria and procedures. FRA 

established ETF of RSACôs Passenger Safety Working Group for this purpose. This task force is 

made up of members from the rail industry and FRA, with support from the Volpe 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 that the information requested for demonstrating 

compliance with the alternative safety criteria is reasonably obtainable for submission to FRA. 

The labor organizations have helped to ensure that the resulting criteria and procedures are 

suitable for providing sufficient crashworthiness and 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 appropriate, the 

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 into five principal sections: 

Section 1 ï Introduction 

1.1 Background 

1.2 Objective 

1.3 Scope 

1.4 Overview of Development 

1.5 Document Organization 

1.6 Guidance Summary 

Section 2 ï Technical Basis 

2.1 Background 

2.2 Rail Equipment Crashworthiness Technology 

2.3 Technical Basis for Criteria 

Section 3 ï Criteria 

3.1 Requirement: Collision with Conventional Equipment 

3.2 Requirement: Occupied Volume Integrity 

3.3 Requirement: Colliding Equipment Override 

3.4 Requirement: Connected Equipment Override 

3.5 Requirement: Fluid Entry Inhibition 

3.6 Requirement: End Structure Integrity of Cab End 

3.7 Requirement: End Structure Integrity of Noncab End 

3.8 Requirement: Roof Integrity 

3.9 Requirement: Side Structure Integrity 

3.10 Requirement: Truck Attachment 



 

7 

3.11 Requirement: Interior Fixture Attachment 

3.12 Requirement: Occupant Protection Features 

Section 4 ï Example Procedures 

4.1 Introduction 

4.2 Guidance Summary 

4.3 Requirement: Collision with Conventional Equipment 

4.4 Requirement: Occupied Volume Integrity 

4.5 Requirement: Colliding Equipment Override 

4.6 Requirement: Connected Equipment Override 

4.7 Requirement: End Structure Integrity of Cab End 

4.8 Requirement: End Structure Integrity of Noncab End 

4.9 Requirement: Truck Attachment 

4.10 Summary and Next Steps 

Section 5 ï References 
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1.1 1.6 Guidance Summary 

Table 1 contains a summary of the requirements, load cases, and criteria presented in this report. 

It is meant only as a summary of those requirements addressed in this report and is not meant to 

include all applicable requirements for passenger equipment. 
 

Table 1. Guidance Summary for Criteria and Evaluation  

Requirement Summary of Load Case Summary of Criteria 

Collision with 

conventional 

equipment 

Alternatively designed train in collision with 

conventional locomotive-led train: 

(a) 20 mph, cab car- or MU locomotive-led; or 

(b) 25 mph, conventional locomotive-led. 

Preserve occupied volume for passengers 

Preserve survival space in operating cab 

OVI 

On the intended collision load path: 

(a) 800 kip; 

(b) 1,000 kip; and 

(c) 1,200 kip 

(a) No permanent deformation 

(b) Limited permanent deformation 

(c) Without crippling 

Colliding equipment 

override 

Alternatively designed equipment collision with 

conventional locomotive: 

(a) all equipment aligned; and 

(b) consists offset 3 inches (in) vertical and laterally. 

No override and 

wheel lift minimized 

Connected 

equipment override 

Alternatively designed equipment in collision with 

conventional locomotive, with 2-inch-vertical/2-inch-

lateral offsets of first car-to-car connection 

No override and 

wheel lift minimized. 

Fluid entry 

inhibition 
Based on design review 

(a) Equivalent to 0.5-inch steel plate with 25,000 

pounds per square inch (psi) yield strength; 

(b) Designed to inhibit the entry of fluids into the 

occupied area; and 

(c) Affixed to structural members. 

End structure 

integrity of cab end 

(a) Absorb minimum of 135 ft-kip of energy for 

impact offset 19 in from longitudinal centerline; 

(b) Absorb minimum 120 ft-kip of energy for impact 

aligned with sidewall. 

No more than 10 in of longitudinal, permanent 

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 deformation; and 

(c) Without failure. 

Roof integrity Equipment upside down, supported by roof 
(a) No occupied volume intrusion; and 

(b) No more than 1/2 yield or buckling 

Side structure 

integrity 

Design requirements on sidewall stiffness and 

material properties 

Vertical modulus (in3) > 0.3 × L 

Horizontal modulus (in3) > 0.2 × L 

Truck attachment 

Scenario 3.1 plus either: 

(a) 3g vertical, 1g lateral, 5g longitudinal; or 

(b) 3g vertical, 1g lateral. 

Static analyses: Without yielding; and 

(a) Scenario 3.1: Avg. acc. < 5g and 

Max. acc. < 10g; or 

(b) Scenario 3.1: Trucks remain attached 

Interior fixture 

attachment 

Fixtures: 8/4/4g Longitudinal/lateral/vertical quasi-

static load; and 

Seats: 8g longitudinal dynamic pulse 

Fixtures and seats remain attached 

Seats  
8g sled test with instrumented HIII ATDs per Rev. 2 

of APTA-SS-C&S-016-99 

Seats must meet requirements in Rev. 2 of 

APTA-SS-C&S-016-99, including injury criteria 

Note: Table for use as a summary only for the requirements noted.
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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 such things as 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 equipment crashworthiness adds train-oriented specifications and typically 

includes minimum survivability requirements for prescribed scenarios [1, 2, 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 CEM [4, 5, 6]. CEM improves 

crashworthiness with crush zones at the ends of the cars. These zones are designed to collapse 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 occupied volumes. CEM equipment has been demonstrated to 

protect all of the occupants in a train-to-train collision scenario for more than twice the closing 

speed of conventional equipment, when the CEM equipment has the same level of occupied 

volume strength as the conventional equipment [4, 7]. 

FRA Tier I 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 over a decade, FRA, with the assistance of the Volpe Center, has 

conducted significant research on rail equipment crashworthiness [4, 7, 8, 9, 10] to establish a 

base of information from which to evaluate, amend, and develop regulations, specifically more 

performance-based 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 highway-rail grade 

crossing scenario impacts, published on January 8, 2010 (see 75 Fed. Reg. 1180). Recognizing 

that railroads would like to use equipment designed to more performance-based, modern 

standards, FRA is accelerating its efforts to keep its crashworthiness regulations consistent with 

current safety technology. 

Because the traditional 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 cases, such as 

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 prevention, the modern approach of controlling 

the shape of carbody crush supersedes the traditional approach of prescribing a static load that 
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the carbody must be able to support. In the development of the criteria and procedures, the goal 

has been to maintain the level of crashworthiness provided by the Tier I 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 design for crashworthiness, the first objective is to preserve a sufficient volume for the 

occupants to ride out the collision without being crushed. Excessive forces and decelerations also 

present a potential for injury to the occupants. Relatively large forces and decelerations can 

occur when an unrestrained occupant strikes an interior surface. Occupant impacts with the 

interior or collisions between occupants and loose objects thrown about during the collision are 

usually termed secondary collisions. The second objective of crashworthiness is to limit these 

secondary collision forces and decelerations to tolerable levels. 

 

Preserving occupied volume is accomplished primarily with strength of the structure. If the 

occupant compartment is sufficiently strong, there will be sufficient, survivable space for the 

occupants. Secondary impacts are limited through a combination of structural crashworthiness 

and occupant protection measures. Allowing portions of the vehicle to crush in a predetermined 

manner can limit the forces applied to the structure surrounding the occupied volume and control 

the decelerations of the cars. Conventional 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 approach is train-oriented, 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 and strategies such as compartmentalization to literally contain the occupants within safe 

areas [11, 12, 13]. How hard the occupant strikes an interior surface during the collision depends 

on the deceleration of the train itself and the degree of ñfriendlinessò of that surface. There is a 

tradeoff between increased carbody crush strength and how fast an occupant strikes an interior 

surface. If a single car has a uniform crush strength, increasing the crush strength increases the 

deceleration rate of a colliding car. This, in turn, increases the speed at which an occupant 

impacts an interior surface in the decelerating car. For a consist of cars in a train, the issue is 

more complex. The deceleration of any particular car within a train is affected by the cushioning 

of the car ahead of it as well as the deceleration of the car behind it. In general, any 

crashworthiness strategy that better preserves the occupied volume, such as CEM, will make the 

secondary impacts more severe for the occupants in the interior. To maximize survivability, 

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

crashworthiness strategies. 

This section includes descriptions of technologies for providing OVI, providing CEM, and 

providing occupant protection. 

2.2.1 Occupied Volume Integrity 

In the conventional approach to passenger vehicle crashworthiness in the United States, the 

underframe of the car must maintain its integrity when subjected to a large compressive load at 

the coupler locations at either end of the car. The present strength requirement is for a car to 

remain elastic when subjected to 800,000 pounds (lb) of 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 other). This load is shown 

schematically in Figure 1. 

 
Figure 1. 800,000 lb 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 early 20th century. At that time, the U.S. Post Office 

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

lighting installed so that postal clerks could sort mail while a train was en route. Unfortunately, 

in many railroad accidents of the day, these baggage cars offered little protection to the clerks 

inside, resulting in serious injuries and fatalities. To increase occupant protection, the Railway 

Mail Service (RMS) Specification was published in 1912. One requirement in this specification 

was for RPO cars to be capable of resisting 400,000 lb applied compressively along the line of 

draft without experiencing permanent deformation. In future versions of this specification, a 

factor of safety of 2 was included, bringing the effective load up to 800,000 lb [14]. 

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

Association of American Railroads (AAR) issued a Recommended Practice in 1939 to address 

carbody structure. This Recommended Practice adopted a number of requirements of the RMS 

Specification, including the compressive strength of the carbody. In 1945, this recommendation 

was adopted into Standard S-034, ñSpecifications for the Construction of New Passenger 

Equipment Cars.ò Federal law has applied this requirement to all multiple-unit (MU) 

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

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

238.203 expanded this 800,000-pound static strength requirement as a Federal regulation 

applicable to all intercity passenger and commuter rail equipment. 

This line of draft strength requirement has remained the cornerstone of OVI evaluation for nearly 

a century for several reasons. The pass/fail criterion of no permanent deformation anywhere in 

the car is straightforward to implement and can be readily examined visually and measured with 

strain gages. If the test is conducted properly and successfully, the vehicle remains in its original 

condition and can therefore enter service following the test. The nondestructive nature 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 

benefits. Although the 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 the car. For example, standards and 

regulations also specify the minimum strength of the corner and collision posts on a passenger 



 

12 

vehicle. For an end frame to be successful in preventing intrusion from impacts above the floor, 

the structure supporting the end frame must itself be sufficiently strong. A 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 the force-crush 

behavior of the equipment is engineered to take place in a controlled manner. Sacrificial crush 

zones can be designed into unoccupied locations in cars, such as brake and electrical service 

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

as vestibules and stairwells. These zones are designed to crush gracefully, with a lower initial 

force and increased average force. With 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 energy. The approach of including crush zones is termed CEM.  

Figure 2 is a schematic of the concept of CEM, with crush zones at the ends of all of the trainôs 

cars. 

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

Train  

 

CEM extends from conventional crashworthiness design practice. The carôs occupied volume 

must have sufficient strength to support the crush zones designed into it without collapsing. 

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. 

Figure 3 shows the prototype cab end crush zone design that was developed as part of FRA 

research. The cab car crush zone includes four key elements: 

¶ A pushback coupler mechanism 

¶ A deformable anticlimber arrangement 

¶ An integrated end frame, which incorporates an engineerôs compartment 

¶ Roof and primary energy-absorbing elements 
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Figure 3. Cab Car Crush Zone 

Each component is designed to operate in sequence during an impact. The pushback coupler 

accommodates the coupler of the impacting equipment such that the anticlimber and integrated 

end frame engage the vehicle. As the anticlimber deforms, it conforms to the impacting 

equipment and distributes the load over the integrated end frame. The integrated end frame 

transmits the impact load to the energy absorbers. The engineerôs compartment can be pushed 

straight back into unoccupied space designated for service closets. 

Superior crashworthiness performance of CEM equipment has been demonstrated with full-scale 

impact tests. In the train-to-train test of conventional equipment, the colliding cab car was 

crushed by approximately 22 feet (ft) and overrode the locomotive, eliminating the space for the 

engineerôs seat and for approximately 47 passenger seats [15]. During the train-to-train test of 

CEM equipment, the front of the cab car was crushed by approximately 3 ft, and the crush was 

propagated back to all of the unoccupied ends of the trailing passenger cars. The controlled 

deformation of the cab car prevented override. All of the space for the passengers and crew 

remained intact [16]. The impact speed for both train-to-train tests was 30 mph. Figure 4 

includes frames from high-speed movies showing the colliding equipment interactions. 
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Figure 4. Frames from High-Speed Movies of Conventional (top) and CEM (bottom) 

Train -to-Train Tests 

Compared with CEM-designed equipment, the interactions of impacting conventional North 

American passenger rail equipment are more likely to be uncontrolled, because of more 

haphazard structural damage (crush), override, or buckling between cars. Structural 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 space. Override is often associated with substantial loss of 

occupied volume and consequent fatality. The coupling arrangement between cars can lead to 

lateral buckling of the trainset. Examples of uncontrolled car-to-car interactions are shown in 

Figure 5. 

 
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 by using equipment structures that are designed to gracefully deform when 

overloaded. Within the capabilities of the CEM design, graceful deformation 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 the train. Management of the impact 

interface is essential to preventing override. Such management can be effectively accomplished 

with a pushback coupler mechanism, a deformable anticlimber arrangement, an integrated end 

frame, and energy-absorbing elements. Pushback coupler mechanisms are effective in preventing 

lateral buckling of coupled equipment. Deformable anticlimber arrangements promote the 

engagement of vehicle ends, preventing override. Integrated end frames and energy-absorbing 

elements are essential to distributing crush to the unoccupied areas. Examples of controlled car-

to-car interactions are shown in Figure 6. 

 
Figure 6. Examples of Controlled Car-to-Car Interactions 

 

2.2.3 Occupant Protection 

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

this happens, the train occupants continue moving at the trainôs initial speed while the train 

rapidly decelerates. A secondary impact occurs when an occupant collides with an interior 

surface, such as the seatback in the row ahead, as shown in Figure 7. An occupant may survive a 

collision with an interior surface (e.g., seat back, 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 Illustrating Occupant Kinematics 

 

The methods of protecting occupants and minimizing 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 deceleration is a function of the structural design of the carbody. The gentler the 

initial deceleration of the vehicle, the lower the speed at which the occupant will strike the 

interior. (Section 3 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 protection during a collision by 

limiting the occupantôs range of motion. If the distance an occupant can travel in free-flight is 

limited, the occupantôs speed relative to the interior can be limited, resulting in a more benign 

secondary impact. Compliant impact surfaces are those that are sufficiently soft and/or 

deformable, which can absorb energy and limit forces imparted to the occupant during the 

secondary collision. If  the interior surfaces are made sufficiently compliant, the maximum forces 

and decelerations experienced 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 the car. Once the motion of the occupant is 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 factors: the secondary 

impact velocity (SIV) and the force-deflection behavior of the impact surface. As described 

above, the SIV is generally a function of distance traveled, which is related to seating 

configuration. Figure 8 shows an SIV plot that corresponds to an 8g, 250-millisecond 

acceleration pulse.
1
 The figure correlates SIV with the approximate travel distance associated 

                                                 
1
 The 8g crash pulse is specified for seat testing requirements in 49 CFR 238.233, Interior Fittings and Surfaces, and 

in APTA-SS-C&S-016, Revision 2, Standard for Passenger Seats in Passenger Rail Cars. 
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with various seating configurations. Typically, a shorter travel distance correlates to a lower SIV, 

because relative velocity generally increases with distance traveled. 

 
Figure 8. Representative SIV Plot Corresponding to Various Seating Configurations 

SIV can be used to assess the crashworthiness and occupant protection performance of different 

interior configurations. The plot in Figure 9 identifies SIV severity ranges and possible measures 

for minimizing the risk of injury. SIVs of less than 10 mph are generally survivable with 

conventional interior equipment. For SIVs between 10 and 25 mph, the interior environment is 

deemed survivable if compartmentalization is ensured, and passive safety modifications are 

provided in the seat and table designs. Above 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 research has mostly focused on strategies of 

compartmentalization to reduce injury risk. SIV has been used during the research process to 

develop energy-absorbing seats and tables that would limit injury indices to within human 

tolerance levels during full-scale testing. Prior to testing, the longitudinal acceleration-time 

history, or crash pulse, of each car was predicted using a collision dynamics model. The crash 

pulse was integrated to calculate velocity and displacement, which were then cross-plotted to 

evaluate 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 United Kingdom [18]. RSSB and FRA have shared the results of ongoing 

work to improve the safety of passengers seated at tables. RSSB has loaned FRA its 

anthropomorphic test dummy (ATD), the H3RS. This test dummy includes abdominal sensors to 

measure the loads imparted by workstation tables under collision conditions. This test dummy 

has been used to measure the performance of a baseline table and an improved table during full-

scale impact tests of CEM equipment. 

The improved workstation table was designed to meet crashworthiness and occupant protection 

performance, functionality, and geometry requirements [18]. Several tables were fabricated and 

tested both quasi-statically and dynamically, including two occupant experiments on the full-

scale train-to-train impact test of CEM equipment. Figure 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 support I-beam, which is cantilevered from the car wall, and 

extends laterally from the wall to the aisle. The center support I-beam is designed to remain 

attached under the impact loads from two occupants during a collision to help ensure that the 

occupants remain compartmentalized. It also supports the table under service loads. The tabletop 

is constructed of a crushable, energy-absorbing aluminum honeycomb, oriented so that cells are 

aligned in the vertical direction. This 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 provides a rigid surface to preserve the functionality of the table. During 

impact, the melamine top is designed to separate from the honeycomb in such a manner that it 

will not adversely affect the force-crush characteristic. The rubber edge distributes the load 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 CEM train-to-train test [17]ðthe test 

shown in the lower portion of Figure 4. The objective of the table experiments was to 

demonstrate the performance of this improved table design. The primary crashworthiness and 

occupant protection requirement is that the occupant is compartmentalized. A secondary 

objective was to evaluate the table against the crashworthiness and occupant protection design 

requirements. These requirements, determined during the development of the improved table, 

were designed to help ensure that the upper abdominal injury risk to the occupant is reduced 

without introducing other injury risks. The test dummy was outfitted with instruments to make 

the measurements needed to evaluate the potential for injury. A pretest MADYMO [18] 

computer model was used to simulate the occupant response for each table experiment using the 

predicted crash pulse from the pretest collision dynamics model [19]. All of the predicted 

measurements were below the maximum acceptable injury criteria values. 

Figure 11 shows pre- and 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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occupants. The table edge performed as intended. The melamine top separated from the 

aluminum honeycomb and folded along the scored edges. The aluminum honeycomb crushed 

between 5 and 6 in, with a peak force of roughly 2,000 lb. This is a significant reduction from the 

peak load measured in the baseline table test. All of the computed injury criteria values were 

within accepted limits [18]. 

 
Figure 11. Pre- and Posttest Photos of Table Test 

Improved Commuter Seats 

An optimized commuter seat was developed to help protect occupants under the severe collision 

conditions expected in the leading cab car of a CEM train-to-train impact test. The results from 

the two-car CEM test indicated that an improved seat design was necessary to meet occupant 

protection requirements in the leading cars of a CEM consist. Pretest computer modeling 

indicated that the SIV in the cab car of the CEM train-to-train test could approach 25 mph, 

depending on the seating configuration. For this reason, rear-facing seats were proposed in the 

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

in the first passenger car behind the cab car. 

 

 



 

21 

During development of the new seat, several requirements were established for occupant 

protection and seat performance under test conditions similar to those expected in the CEM train-

to-train test [16]. To meet the occupant protection requirements, the ATDs must be 

compartmentalized, and the head, neck, chest, and femur injury criteria must be within the limits 

defined in 49 CFR Part 571, 208 - Occupant Crash Protection [21], which is used by the 

automotive industry. The standards in the APTA Standard for Row-to-Row Seating in Commuter 

Rail Cars [22] must also be met, which include seat 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 fastened to the seat frame. 

The new seat design is based on an existing two-passenger seat design that meets the APTA 

standard for row-to-row seating in commuter rail cars. The principal modifications to this design 

are a third passenger seat, stronger seat backs, taller headrests, and reinforced attachments to the 

floor and wall. When compared with the M-style 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 into the seat frame. Figure 12 shows a schematic of the prototype seat structure. 

 
Figure 12. Schematic of Prototype Commuter Seat 

Sled tests were conducted using three instrumented ATDs in each test. The rear-facing seat was 

tested using a 12g, 250-millisecond (ms) triangular crash pulse, which approximates the collision 

conditions in the leading cab car of the CEM train-to-train test. The forward-facing seat was 

tested using the standard 8g, 250-milli second triangular crash pulse, which approximates the 

collision conditions in the first passenger car behind the cab car. Figure 13 and Figure 14 show 

pre- and posttest photographs from the 8g forward-facing sled test and the 12g rear-facing sled 

test, respectively. 
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Figure 13. Pre- and Posttest Photos of Forward-Facing 8g Sled Test 

 

 

  
Figure 14. Pre- and Posttest Photos of Rear-Facing 12g Sled Test 

The final test results indicate that all test requirements were met: the 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 

The criteria are both the conditions to be evaluated and the metrics for assessment. One example 

is the traditional buff strength requirement [23] in which a load of 800 kip applied to the buff 

stops is the condition to be evaluated, and no permanent deformation is the assessment metric. 

Another example is FRAôs Tier II CEM scenario [2] in which a collision at 30 mph with similar 

like train is the condition to be evaluated, and preservation of the occupied volume is the 

assessment metric. This style of criteria separates out the procedure used to evaluate the 

condition(s) and to determine the value of the metric(s). In theory, one could use either analysis 

or testing to evaluate either example. 

The criteria are influenced by the current Tier I regulations [23], which apply to passenger 

equipment operated at speeds up to 125 mph, and by the current Tier II regulations [2], which 

  

  






























































































































































































































































































