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September 18, 1996

The Honorable Albert Gore, Jr.
President of the Senate
Washington, D.C. 20515

Dear Mr. President:

I am pleased to submit the enclosed report prepared by the Federal Railroad Administration
(FRA) on “Locomotive Crashworthiness and Cab Working Conditions,” as requested by the
Rail Safety Enforcement and Review Act, Public Law 102-365. This report responds to the
congressional mandate to report on issues related to:

. health and safety of locomotive cab working conditions;
. effectiveness of Association of American Railroads (AAR) Specification
$-580; and

. benefits and cost of additional locomotive crashworthiness features.

The report summarizes the findings of FRA’s study, which included research on locomotive
crashworthiness features, extensive consultations with a wide range of interested parties; and a
-field survey of actual locomotive working conditions. These findings indicate that a number of
the crashworthiness features and working condition improvements identified in the Act merit

further action by FRA in cooperation with the private sector. Identified priority safety
improvements include implementation of stronger collision posts and full height corner posts,
incorporation of a crash refuge, improved fuel tank design, and improved methods to control
noise and temperature levels inside the locomotive cab.

Consistent with FRA’s emphasis on promoting a collaborative approach to railroad safety,
FRA will seek the participation of railroads, employee representatives, manufacturers and
suppliers, and other interested persons in determining the specific actions that may be
appropriate to advance the safety and health of railroad crew members, based on the results of
this study and other information that the parties may make available. FRA expects to refer
locomotive crashworthiness issues to the newly constructed Railroad Safety Advisory
Committee. That committee will make recommendations on the best course of action to
implement the recommendations of this report, including voluntary initiatives, and regulatory
standards where appropriate. -
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The U.S. rail industry has experienced significant growth over the past 15 years. The
railroads are using larger, heavier locomotives which are more effective and efficient than the
locomotives they are replacing. This growth has already been accompanied by some
improvements in locomotive design and crew working conditions. I am confident that
further improvements will be forthcoming if those most affected work together toward
specific objectives that they participate in defining,

I look forward to working with the Congress to advance our shared objéctivé of improving
safety in the railroad industry.

An identifical letter has been sent to the Speaker of the House of Representatives.
Sincerely, :
Federico Pefia

Enclosure
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September 18, 1996

The Honorable Newt Gingrich
Speaker of the House of Representatives
Washington, D.C. 20515

Dear Mr. Speaker:

I am pleased to submit the enclosed report prepared by the Federal Railroad Administration

(FRA) on “Locomotive Crashworthiness and Cab Working Conditions,” as requested by the-
Rail Safety Enforcement and Review Act, Public Law 102-365. This report responds to the

congressional mandate to report on issues related to:

. health and safety of locomotive cab working conditions;
. effectiveness of Association of American Railroads (AAR) Specification
S-580; and

. benefits and cost of additional locomotive crashworthiness features.

The report summarizes the findings of FRA’s study, which included research on locomotive
crashworthiness features, extensive consultations with a wide range of interested parties, and a
field survey of actual locomotive working conditions. These findings indicate that a number of
the crashworthiness features and working condition improvements identified in the Act merit
further action by FRA in cooperation with the private sector. Identified priority safety
improvements include implementation of stronger collision posts and full height corner posts,
incorporation of a crash refuge, improved fuel tank design, and improved methods to control
noise and temperature levels inside the locomotive cab. '

Consistent with FRA’s emphasis on promoting a collaborative approach to railroad safety,
FRA will seek the participation of railroads, employee representatives, manufacturers and
suppliers, and other interested persons in determining the specific actions that may be
appropriate to advance the safety and health of railroad crew members, based on the results of
this study and other information that the parties may make available. FRA expects to refer
locomotive crashworthiness issues to the newly constructed Railroad Safety Advisory
Committee. That committee will make recommendations on the best course of action to
implement the recommendations of this report, including voluntary initiatives, and regulatory
standards where appropriate.
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The U.S. rail industry has experienced significant growth over the past 15 years. The
railroads are using larger, heavier locomotives which are more effective and efficient than the
locomotives they are replacing. This growth has already been accompanied by some
improvements in locomotive design and crew working conditions. I am confident that further
improvements will be forthcoming if those most affected work together toward specific
objectives that they participate in defining. '

I look forward to working with the Congress to advance our shared objectiV‘e of improving
safety in the railroad industry.

An identical letter has been sent to the President of the Senate.

Sincerely,

Federico Peifia

Enclosure
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Executive Summary

INTRODUCTION

The Rail Safety Enforcement and Review Act (RSERA) mandated that the Secretary of
Transportation conduct a proceeding to determine the need for action on locomotive
crashworthiness and cab working conditions. This mandate followed frequent expressions of
concern by employee organizations, congressional members, and recommendations of the
National Transportation Safety Board.

The Federal Railroad Administration (FRA) convened public conferences and listening sessions,
surveyed actual working conditions through field observations on a significant number of '
locomotive assignments, conducted research and analysis, and developed engineering concepts for
further consideration and refinement. As a result of these efforts, FRA finds that, while ’
locomotive cab crashworthiness has been significantly improved through the adoption of new
industry standards, additional improvements in crew protection can be realized—and must be
pursued. Implementation of selected measures including, but not limited to stronger collision
posts, full height corner posts, creation of a crash refuge, and improved fuel tank design appear to
be feasible options for future engineering improvements. Although locomotive cab working
conditions are steadily improving, FRA finds that additional steps are warranted to safeguard the.
safety and health of crew members.

Recent accidents, both in the freight and commuter rail operating environments, have prompted a
renewed interest and stimulated a heightened public awareness concerning locomotive design,
crashworthiness, and railroad operating practices, and their associated roles in these accidents.
This report addresses many of the specific issues that have been raised during the ongoing
investigations of these accidents, and clearly establishes that alternatives for improvement exist
and should be evaluated. FRA calls for a collaborative effort by rail labor, the railroad companies,
the rail supply industry, and government to fully exploit the opportunities for further progress that
are documented in this report.

THE STUDY

In September 1992, as a part of RSERA (Public Law 102-365), Congress required the Secretary
of Transportation to conduct an inquiry into locomotive crashworthiness and the safety effects of
locomotive cab working conditions on productivity. The Act required an investigation of health
and safety working conditions in locomotive cabs, an evaluation of the adequacy of the
Association of American Railroads (AAR) Locomotive Crashworthiness Requirement
Specification S-580, and consideration of the benefits and cost of implementing additional
locomotive crashworthiness features.



On behalf of the Secretary, FRA conducted an inquiry which included: discussions with rail
management, labor, and suppliers; creation of a locomotive collision data base; development and
validation of a computer model to predict the results of locomotive collisions; conceptual
implementation of each of the crashworthiness features listed in the Public Law into the design of
a locomotive; use of a computer model to predict the benefits of each crashworthiness feature
listed in the public law; conduct of a field survey of working conditions—including temperature
and noise measurements of cab air quality made in both lead and trailing locomotives of trains
traversing the Cascade Tunnel; and review of human factors (ergonomic) guidelines for the
evaluation of locomotive cabs.

FRA recommends that promising safety measures identified by this report be further developed in
active consultation with all of FRA’s customers.

LOCOMOTIVE CRASHWORTHINESS

FRA determined that AAR Specification S-580—which provides for improvements in collision
posts, anticlimbing arrangements and other safety features—represents a significant step on the
part of the railroad industry to improve crashworthiness. Research and analysis shows that AAR
S-580 can be further improved to reduce causalities without significantly impacting locomotive
design. Modifying front-end structural design to incorporate stronger collision posts, full height
corner posts with increased strength, and utilization of roof longitudinal strength to support
structural members from crushing may provide opportunities for additional protection for crew
members. The potential exists to create a designated crash refuge within the space that these
measures would help to protect. FRA believes that fuel tank design can be significantly improved
to minimize the number and severity of future fuel spills from locomotives based on
accident/incident experience with respect to the nature, location, and cause of fuel tank ruptures
and recent advances in fuel tank design being undertaken by the industry. Additional concepts
that appear to warrant further exploration include cab emergency lighting and more reliable means
of rapid egress during derailments and collisions. '

Concurrent with the efforts of the research program undertaken to respond to this Congressional
mandate, FRA worked in partnership with Amtrak in the development of their design specification
for the High Speed Trainset, specifically in the areas of safety and crashworthiness design. During
this effort, FRA and Amtrak jointly developed minimum design parameters for the High Speed
Trainset relating to locomotive cab crashworthiness and cab survivability that addressed features
not specified for evaluation in the Congressional mandate—most notably, crash energy _
management. Crash energy management is a design technique in which a structure, such as a
locomotive, is designed to crush and absorb energy in a controlled manner by "zones" when
subjected to significant end loads in a collision. Designated sections in unoccupied spaces or
lightly occupied spaces are intentionally designed to be weaker than heavily occupied spaces so
that during a collision, portions of the unoccupied spaces will deform before the occupied spaces.
This allows the occupied spaces of the locomotive initially to decelerate more slowly and
minimize the uncontrolled deformation of occupied space. Modeling has shown that
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implementation of crash energy management design techniques offers significant benefits with
respect to occupant survivability in the event of a collision. Amtrak incorporated such
requirements in their procurement specification for the High Speed Trainset.

FRA also evaluated the crashworthiness of control cab cars used in commuter services. This
evaluation clearly demonstrated that, in a head-on or offset collision with a freight locomotive, the
control cab car experiences a significant loss of survivable space due to crushing at very low
closing speeds. Further modeling shows that substantial increases in the strength of the control
cab car structure yield only small improvements in protection of the crew in the case of a cab, car-
leading train-to-train collision. However, improvements in corner post strength warrant further
exploration as a means to mitigate accidents at lower speeds or with objects of lesser mass, such
as highway vehicles.

While this report details a number of specific safety features which would markedly improve
locomotive crashworthiness, other initiatives would not yield the same positive benefits. After
careful study, FRA recommends not pursuing further action on rollover protection, deflection
plates, and uniform sill heights. Rollover protection costs would be substantial, and no material
need for such protection is demonstrated by the accident data. Deflection plates cannot be
designed to function practically within the design limitations of multi-use freight locomotives, and
a successful deflection device would cause collateral safety problems. Uniform sill heights would
not significantly reduce life threatening crash damage, would have a high cost, and any benefit
would accrue only after an extended period which older standard locomotives would retire. The
perceived benefits of uniform sill height might be more reliably achieved by improved anticlimbing
arrangements, and this report proposes that development and evaluation of a design concept be
explored.

Many of the proposed measures are practical for application only to newly constructed
locomotives. Further, additional information and research is required to determine the cost-
effective basis of these concepts, and the acceptance of these measures by locomotive crews.
Crew members must have confidence in whatever protection is provided, rather than jumping
from the locomotive which results in certain injury and possible death.

LOCOMOTIVE CAB WORKING CONDITIONS

FRA conducted a nationwide, 2-year study into the working conditions of locomotive crews. The
investigation encompassed over 200 locomotives belonging to 13 Class 1 Freight Railroads and
Amtrak. The study found that locomotive cab working conditions need improvement.
Considerations of the report included crew hours, cab temperature, cab noise, cab air quality, cab
sanitary facilities, cab ergonomics, and cab vibration. : : ‘

" The study found temperatures varied greatly, from 30 to 120 °F. During summer months, crews

are required to work for long periods of time in an environment that would be expected to
accelerate fatigue. Cab temperatures were greater than outside temperatures due to heat from the
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engine. Railroads and operational employees recognize that this environment is far from optimal,
and efforts to alter the designs of new locomotives to prevent fatigue persist. In extreme hot
weather, temperatures in a locomotive cab reach levels associated with the risk of heat exhaustion
and reduced crew performance. High temperatures also cause train crews to open windows,
which increases noise exposure and partially obviates the benefit of safety glazing. Current
mandates require protection from excessively low temperatures. However, FRA's in-cab
requirement of 50 °F is much lower than U.S. Military guidelines and other accepted standards.

FRA employed state-of-the-art electronic measurement equipment aboard approximately

350 locomotive assignments to conduct a noise survey. The noise level in many locomotives was
sufficiently high to interfere with normal voice communication. A significant minority of
locomotive cabs had noise levels high enough to contribute to long-term hearing loss after long-
term repetitive exposure, and in the absence of personal protective equipment. Some companies
have implemented rules requiring hearing protection and have instituted hearing conservation
programs.. However, these are not universal in the industry, and increased attention to the issue is
warranted during the phase-in period of newer locomotives with quieter cabs.

Sanitary facilities in many locomotives are in deplorable condition. The industry needs to improve
these conditions. - :

Other issues were identified that could potentially affect crew performance, and include vibration

and ergonomic cab design. Continued attention to the maintenance of equipment, and engineering

innovations for new locomotives, can offer assurance that these issues will be successfully
_addressed.

FRA's investigation does not indicate that locomotive crews are subject to any risk of exposure to
airborne asbestos contamination. Modern locomotives are built without the use of asbestos. In
older units, asbestos is believed to be limited to components housed in engine compartments and
encapsulated in a manner not presenting a risk to operating employees.. FRA will continue to
respond to any concerns related by individual locomotive series, though prior complaint
investigations have not indicated the presence of asbestos in the cab.

FRA's investigation was unable to determine—in any quantitative way—the effect of adverse
locomotive working conditions, such as noise, temperature, vibration, or sanitary conditions on
the productivity of crew members. However, it is reasonable to infer from the study findings and
available literature that extreme conditions encountered in some locomotive assignments can
adversely impact crew performance, and accordingly must be addressed to improve safety.

FINDINGS AND IMPLEMENTATION STRATEGY

Based on the study findings, several issues bearing on locomotive crashworthiness and working
conditions clearly warrant further exploration. Responses to the findings of this inquiry will
reflect the nature of the opportunity for further risk reduction, the ability of government to
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positively influence the subject matter, and the extent to which private parties initiate responsive
action of their own. However, the findings also indicate the areas of uniform sill heights,
deflection plates, and crew asbestos exposure do not warrant further action.

FRA will pursue opportunities for safety improvement in partnership with its customers. Since
1993, FRA has been taking action to promote earlier and more extensive participation by all
interested parties in the agency's regulatory processes. In 1993, the Administrator initiated a--
series of roundtables on all aspects of FRA's safety program. In 1994, FRA initiated its first
formal negotiated rulemaking on roadway worker safety. . ;

During the same period that this study has been concluded, FRA has conducted outreach and a
review of its regulatory program under the President's Regulatory Reinvention Initiative and the
National Performance Review. FRA concluded that railroad safety will be best served if the
agency moves from a traditional "hear and decide" regulatory paradigm to a new paradigm that is
founded on consensus among those who are benefitted and burdened by the agency's regulations.

Implicit in this “paradigm shift” is the concept that decisions regarding the best approach to
resolution of safety issues should be made with the full participation of all affected parties.
Although FRA has included affected parties in the factfinding portion of this report, and has
invited comment on the engineering research reported within these covers, this document is a
status report regarding an ongoing activity. Accordingly, it contains some information and
analysis not previously shared with interested parties. Dissemination of this report will set the
stage for further conversation that will inform public and private actions over the next few years.

In order to promote productive conversation among interested persons, FRA has sought to avoid
unilateral declarations that might create polarization and chill dialogue regarding appropriate
options. However, where our study findings indicate that particular measures are clearly
impractical or ineffective, we have so stated. By separating potentially helpful ideas from those
that will not bear close scrutiny, we seek to focus future discussions on those measures that offer
real promise for risk reduction.

FRA has established a Railroad Safety Advisory Committee (RSAC), which will provide a forum
for consensual rulemaking and program development. The Committee includes representation
from all of the agency's major customer groups, including railroads, labor organizations, suppliers
and manufacturers, and other interested parties. FRA intends to task the Committee with
consideration of the major issues identified in this report. Through appropriate working groups,
the Committee will evaluate the results of this study, determine what additional facts or analysis
may be required, consider relevant benefits and costs of alternative actions, and recommend an
appropriate approach to address each area of concern. That action may take the form of
continued implementation of existing measures, voluntary initiatives by individual parties,
concerted voluntary initiatives by several parties, amendments to existing regulations, or new
regulatory requirements, as appropriate.



ACTION PLAN

FRA will refer the issues identified in this report to the RSAC for consideration. The Committee
will be asked to fashion a strategy with milestones for advancing locomotive crashworthiness and
cab working conditions. Approaches to improved locomotive crashworthiness and cab working
conditions may include cooperative projects involving the industry parties and FRA, development
of voluntary industry standards, issuance of new or revised regulations, and further research.
Through RSAC and other cooperative forums, FRA and our partners will identify the most useful
approaches to meet particular needs and opportunities.

Next steps to advance resolution of these issues are as follows:
0 ~ Disseminate report and seek initial action proposals from RSAC members.
0 Request that RSAC establish an informal working group to review and
recommend actions and milestones for implementation, as appropriate, of

recommendations identified in this report (done at July 1996 RSAC meeting).

o Receive and act on recommendations for actions and milestones
(October 1996).

0 Implement recommended actions according to the timetable determined with
RSAC participation.

0 Initiate or complete research and development to:
° improve and validate the analytical methods used in the study; .
° investigate the effectiveness of interlocking anticlimber designs, and

° publish guidelines for the cab working environment.
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The Mandate

Section 10 of the Rail Safety Enforcement and Review Act (Public Law 102-365;
September 3, 1992), entitled "Locomotive Crashworthiness and Working Conditions,"
provides as follows:

Section 202 of the Federal Railroad Safety Act of 1970 (45 U.S.C 431), as amended by
this Act, is further amended by adding the following new subsection:

"(t) LOCOMOTIVE CRASHWORTHINESS AND WORKING CONDITIONS.--
"(1) The Secretary shall, within 30 months after the date of enactment of this subsection,
complete a rulemaking proceeding to consider prescribing regulations to improve the safety
and working conditions of locomotive cabs. Such a proceeding shall assess--

"(A) the adequacy of Locomotive Crashworthiness Requirements Standard S-580, or
any successor standard thereto, adopted by the Association of American Railroads in 1989, in
. improving the safety of locomotive cabs; and

"(B) the extent to which environmental, sanitary and other working conditions in
locomotive cabs affect productivity, health and the safe operation of locomotives.

"(2) In support of the proceeding required under paragraph (1), the Secretary shall conduct
research and analysis, including computer modelling and full scale crash testing, as
appropriate, to consider--

"(A) the costs and benefits associated with equipping locomotives w1th--

"(i) braced collision posts;
"(ii) rollover protection devices;
"(iii) deflection plates;
"(iv) shatterproof windows;
"(v). readily accessible crash refuges;
"(vi) uniform sill heights;
"(vii) anticlimbers, or other equipment designed to prevent overrides resulting
from head-on locomotive collisions;
"(viii) equipment to deter post-collision entry of flammable liquids into
locomotive cabs;
"(ix) any other devices intended to provide crash protection for occupants of
locomotive cabs; and
"(x) functioning and regularly maintained sanitary facilities; and

"(B) the effects on train crews of the presence of asbestos in locomotive components.
"(3) If on the basis of the preceding required under paragraph (1) the Secretary determines not
to prescribe regulations, the Secretary shall report to Congress on the reasons for that
determination”.
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CHAPTER 1

Introduction

0

In response to the mandate of Section 10 of Public Law 102-365, the Federal Railroad
Administration (FRA) prepared a plan of action and milestones for the research and
analysis necessary to determine (a) the health and safety effects of locomotive cab
working conditions, (b) the effectiveness of Association of American Railroads (AAR)
Specification 5-580, and (c) the benefits and costs of additional locomotive
crashworthiness features. In an effort to fully address the broad range of issues
presented in the Act, FRA outlined a multi-faceted approach that included the following:

conduct of an industry-wide public meeting to gather information from all
segments of the industry regarding the areas of concern identified in the
Act; -

establishment of a comprehensive locomotive collision data base based on
detailed accident information gathered during actual collisions,

establishment of a research contract to develop and verify a computer

model capable of predicting how each of the crashworthiness features in
AAR S§-580 and in the Act affect the collision dynamics and probability of
crew injury,; and

conduct of a detailed survey of the locomotive crew’s cab working
conditions and environment.

This report presents the results of the above research and analysis on locomotive
crashworthiness and locomotive cab working conditions, and lays out an implementation
strategy to address each of the issues raised by the Act.

In response to the mandate of Section 10 of Public Law 102-365, the Federal Railroad
Administration (FRA) prepared a plan of action and milestones for the research and analysis
necessary to determine:

o

(0]

health and safety effects of locomotive cab working conditions;

effectiveness of Association of American Railroads (AAR) Specification S-580;

and

benefits and cost of additional locomotive crashworthiness features.
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The research and analysis done focuses on the cost and benefits of changes to conventional
locomotives operating at speeds of less than 80 mph. The work done to meet the
requirements of the Act is not intended to address safety concerns unique to high speed rail
transportation. FRA addresses high speed rail safety concerns through a cooperative effort
with Amtrak to procure high speed trainsets and through the development of a set of high

- speed passenger trainset safety standards.

The Starting Point

As part of the information gathering process to prepare the research and analysis plan, FRA
determined that the following factors needed to be considered at the outset of the effort:

0.

Very little quantitative information has been recorded on the effect of cab
working conditions on crew health or productivity.

Accident/incident statistics do not explicitly show cab working conditions to be
the cause of, or a contributing factor to railroad accidents. '

Efforts to correlate the working environment to health or productivity in other
industries invariably resulted in qualitative rather than quantitative links that
lead to wide interpretation and controversy.

Current FRA research budgets are limited and will not support the cost of full
scale crash locomotive testing as contemplated by the Act.

Amhysis by computer modeling and small scale component tests will be the
only means available to predict the benefits and costs of the locomotive
crashworthiness features enumerated in the Act.

Past accident investigations and reports of locomotive collisions do not contain
the precise information necessary for the accident to be used as a validation
scenario for a computer model to predict the results of locomotive collisions.

A widely accepted, validated analysis tool (computer model) to predict the
results of locomotive collisions based on input parameters characterizing the
collision must be developed.

Research done by the automobile industry on the motion of the human body
and the injuries caused by impact have the potential to be adapted to predict
injuries to crew members in a locomotive cab.

To predict the benefits and costs of the crashworthiness features listed in the

Act, requires each of the features to be conceptually designed into the structure
of an existing locomotive and then the locomotive must be subjected to one or
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more computer modeled collision scenarios with and without the
crashworthiness feature included in the design.

The Plan

The plan FRA developed to comply with the Act includes several-time consuming tasks
needed to build the data base and the tools necessary to perform the in-depth analysis
required to predict costs and benefits. The need to build the data base and the analysis tools,
and the need to stretch out limited research budgets and limited FRA resources forced FRA
to develop a plan that meets the intent, but not the schedule, required by the Act.

FRA planned a two-phase effort. This report is the culmination of the first, or research and
analysis phase. The plan laid out in Figure 1.1 shows that FRA completed the detailed
research and analysis phase within the 30-month schedule mandated by the Act. Drafting
and approval of the report, which addresses each issue raised by the Act and additional safety
concerns identified by FRA, extended beyond the 30-month schedule.

As noted in the Executive Summary, FRA has determined that further development of these
issues can best be managed within a very inclusive consensus process that taps the knowledge
and energies of a wide range of interested parties. Acting through a new Railroad Safety
Advisory Committee, FRA and these customer groups will chart a program for completion of
the work contemplated by the Congress. The results of the research and analysis phase
forms the foundation for the. second—rulemaking and guideline development—phase of the
effort.

This report gives a plan and description of the rulemaking and guideline phase in Chapter 12.

As shown in Figure 1.1, the research and analysis follows two separate paths, one for cab
working conditions and one for locomotive crashworthiness. The main body of this report to
Congress is organized along these lines; it reports—in separate chapters—the results of the
research and analysis on locomotive crashworthiness and on locomotive cab working
conditions.

Railroad Industry Meetings

Meetings with all segments of the railroad industry formed an essential part of FRA’s plan to
meet the requirements of the Act. FRA held an industry wide-public meeting on

June 23, 1993 to gather information from the industry on each of the areas of concern
identified in Section 10 of the Act and to inform the industry of FRA’s approach. This
meeting was well attended by all segments of the rail industry, including rail labor, freight
railroads, locomotive builders, Amtrak and commuter railroads.
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Rail labor emphasized the importance of improved working conditions within the cab. Rail
management argued that cab working conditions are not a safety issue and that improvements
in crash avoidance technology should be pursued in lieu of improved crashworthiness
features. Amtrak and commuter railroads expressed their desire to discuss their views in a
smaller forum not dominated by freight railroads.
Several participants in the public meeting expressed an opinion that a series of smaller,
informal meetings with the separate segments of the rail industry would provide more
detailed information regarding locomotive crashworthiness and cab working conditions. As a
result, FRA held such meetings with the following organizations:

0 General Electric Cbmpany (GE);

o Electromotive Division of General Motors (EMD);

o Morrison Knudsen (MK);

o E.I. Dupont De Nemours and Company (glazing);

0 Sierracin Transtech (glazing);

o Amtrak;

0 Brotherhood of Locomotive Engineers (BLE);

o United Transportation Union (UTU);

o Association of American Railroads (AAR);

0 American Short Line Railroad Association (ASLRA);

0 American Public Transit Association (APTA); and

o Burlington Northern (BN).
These meetings generated considerable discussion about the topics listed in Sectioh 10 of the
Act. During the meetings, FRA requested specific cost or test data to support the positions
taken by the various organizations. Some supply industry organizations were forthcoming

with this data, while other organizations were apparently unable or unwilling to respond.

The industry representatives provided several recommendations regarding locomotive
crashworthiness and cab working conditions including:



- Several segments of the industry expressed concern over the adequacy. of
current glazing requirements. . Specific concerns included a perceived need to
improve the anti-spalling characteristics of glazing and to test the glazing and
its frame as a system. The current glazing standards allow glazing
manufacturers to do a one-time test of their own products to ensure compliance -
with FRA rules. The industry questioned the wisdom of this practice. Several -
organizations recommended that all glazing manufacturers be required to
periodically have an independent testing organization recertify their products.
For front facing glazing, the concept of adopting a multi-tiered glazing

standard based on train speed is generally accepted within the industry.

Labor organizations strongly emphasized the potential for adverse cab working
conditions to cause medical damage to crew members. In their view,
improvements in cab working conditions should be an immediate and high
pnonty effort. Specifically, labor identified the inclusion of, or improvements
in cab air.conditioning systems as a primary concern with respect to the safety
and health of locomotive crews. Direct anticipated benefits of cab air
conditioning include increased protection from airborne objects, improved cab
air quality, and reduced cab noise levels.

Further, reduced noise levels in the cab directly impact communications
between crew members and dispatchers, increasing the probability of receipt
and correct execution of instructions. Labor organizations also believe that -
cab air conditioning could significantly reduce the number of medical claims
relating to hearing damage that constitute a large financial expense to many
railroads. Other safety benefits which are not easily quantified may be derived
from improved cab working conditions, such as reduced stress and increased
attentiveness of the crew resultmg from a more comfortable working
environment.

Locomotive manufacturers currently offer higher quality, more reliable air
conditioning systems as options on new locomotives. As a matter of policy,
'many major railroads are now procuring new locomotives with these systems.
Manufacturers estimate that more than 50 percent of new locomotives are
currently ordered with air conditioning. Maintenance of these units is a major
problem, but is improving. -

Locomotive manufacturers fear design solutions will be legislated in response
“to the list of crashworthiness features contained in Section 10 of the Act. The
builders strongly prefer that any new regulations identify performance
parameters which define a measure of when a design solution is adequate,
while leaving the specific design solution to the discretion of the designer.
The manufacturers offered no specific suggestions for the type performance
requirements that they favor.



FRA held a second public meeting in August 1994 to present the preliminary results of the
locomotive crashworthiness computer model development effort to the industry. Arthur D.
Little Inc. briefed industry representatives on how they put the model together, locomotive
collision scenarios used to validate the model, a comparison of results of a collision predicted
by the model to results of real collisions and preliminary computer predictions of the
effectiveness of crashworthiness features added to the design of the locomotive. Industry
representatives asked questions but had little reaction—either supportive or critical—of the
work done or methods used.

Definitions

Confusion over the meaning of terms used in the Act and used to describe locomotive
crashworthiness and working conditions arose during the meetings with industry
organizations. To help alleviate this problem, Appendix A gives definitions of terms used in
this report that may be unclear or subject to more than one interpretation.

Locomotive Collision Data Base

To compensate for the fact that earlier locomotive collision accident reports did not contain
the data necessary to support crash modeling, in December 1992 FRA instructed field
inspectors to investigate—without regard to monetary damage thresholds—all accidents
involving either a collision of two trains or a collision of one train with an object weighing
ten tons or more. FRA placed special emphasis on the investigation of accidents involving
trains including one or more locomotive(s) that comply with AAR Specification S-580.
These locomotives—built after August 1, 1990—are equipped with some of the

* crashworthiness features that are of Congressional interest. For comparison purposes,
accidents assigned for investigation by FRA involving only locomotives built prior to
specification S-580 taking effect that meet the collision of two trains or collision of one train
with a ten ton or greater object criteria are also included as part of this data collection
survey.

Locomotive collisions provide an unfortunate target of opportunity to partially compensate
for the inability to perform full-scale locomotive crash tests. Detailed full-scale crash
information is required to determine the effectiveness of AAR Specification S-580 and to
validate computer models that predict the results of locomotive collisions. FRA accident
investigators collected and documented detailed information, including photographs, on the
results of over 30 accidents involving collisions of locomotives. The results focused on the
parameters of the collision, the damage to the locomotives involved and the circumstances
and extent of injuries to crew members. Chapter 2 reports the detailed analysis of these
accidents.
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Locomotive Crashworthiness Research Contract

Through the Volpe National Transportation System Center (VNTSC), FRA contracted with
Arthur D. Little Inc. (ADL) to predict the benefit, if any, of each of the locomotive
crashworthiness features listed in Section 10 of the Act in providing additional protection to
personnel in locomotive cabs under realistic collision conditions. The contract called for
ADL to approach the problem in the following steps or tasks:

0o

Analyze the data compiled for each accident reported for entry to the data base
taking into account the dynamics of each situation to estimate:

° the total energy of the collision;

o how the energy was dissipated;

° the peak forces reached in the éontrol cab area;

o how and why structural damage occurred;

. how and why crew members were injured; and

° what existing features provided crew protection, and how.

Use the analysis of the collision data to develop a computer model to correlate
crew injury probability to the dynamic parameters of the collision. The model
should avoid unnecessary complexity to make first order predictions on how
changes to the locomotive structure change the dynamics of the collision and
thus affect the probability of crew injury.

Verify the computer model by using it to predict the results of accidents
contained in the data base. Compare the computer prediction to the real data.
Adjust the parameters of the model to make the predictions as accurate as
possible.

Use the model to predict how each of the locomotive crashworthiness
requirements of American Association of Railroads (AAR) Specification S-580
affects the collision dynamics and probability of crew injury.

Determine a means to conceptually implement each of the locomotive
crashworthiness features listed in section 10 of the "Rail Safety Enforcement
Act" into the design of a locomotive including an estimate of the cost of
implementation. :
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o Use the model to predict how each of the locomotive crashworthiness features
listed in Section 10 of the "Rail Safety Enforcement Act" affects the collision
dynamics and probability of crew casualties.

0 Estimate the cost of implementation of each crashworthiness feature.
Chapter 3 reports the details of the procedures used for and the results of each these tasks.
Chapter 3 also explains how National Transportation Safety Board (NTSB) recommendations

concerning locomotive fuel tanks, locomotive crash refuges and locomotive corner posts are
addressed by the locomotive crashworthiness research.

Locomotive Cab Working Conditions

FRA planned a detailed survey of the locomotive crew’s cab working conditions and
environment to meet the requirements of the Act. FRA inspectors travelled for long periods
of time aboard more than 230 locomotives, under a variety of ambient environmental
conditions, making observations and taking measurements to determine if working conditions
impair the crews’:

0 vigilance;

0 coordination;

0 timing behavior;

0 visual perception;

0 cognitive functions;

0  speech or ability to communicate;

0 hearing; or

0 ability to operate the locomotive safely.

The locomotive cab working conditions survey draws on field data and information gathered
by field professionals, and sources within the railroad and railroad supplier industries.
During the past five years, FRA investigated more than 100 complaints alleging poor
locomotive working conditions and received reports of several thousand injuries or illnesses
caused by locomotive cab working conditions. Chapter 4 presents this data and reports the
details of the procedures used for, and the results of, these locomotive working condition
SUrveys.
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The meanings of the cab working conditions survey results and the conclusions drawn by
FRA from the results are discussed by individual working condition factor or effect in the
following chapters of this report:

o

o

0

¢

Cab Temperature - Chapter 5

Cab Noise Level - Chapter 6

- Cab Air Quality - Chapter 7

Cab Sanitary Facilities - Chapter 8
Cab Layout (Ergonomics) - Chapter 9
Other Factors Affecting Cab Working Conditions - Chapter 10

Effect of Cab Working Conditions on Locomotive Productivity - Chapter 11

Chapter 12 summarizes FRA findings and lays out an implementation strategy to address
each of the crashworthiness features and working condition improvements covered by the
Act. Additional supporting information and suggested guidelines for industry action are
given in appendices to this report.
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CHAPTER 2

Locomotive Collision Data

Prior to enactment of RSERA, the collision data base used by FRA was not designed to
fully support locomotive crashworthiness analysis, and shortcomings in this data base
made it impossible to accurately evaluate the effectiveness of the crashworthiness features
identified by Congress. As a result, FRA developed a group of accident report forms to
be used as a guide by accident investigators to collect the necessary information relating
to locomotive crashworthiness and associated parameters following a collision. FRA
accident investigators provided 30 complete reports for inclusion in the locomotive
crashworthiness data base used for this report.

As the locomotive crashworthiness data base established in response to RSERA described
above is very limited in scope, FRA also researched trends in train collisions and
associated fatalities and injuries to railroad personnel over the 10-year period covering
1983 to 1992.

Establish Collision Data Base

Following the enactment of Public Law 102-365, the Rail Safety Enforcement and Review
Act (RSERA), the Federal Railroad Administration (FRA) initiated an effort to develop a
detailed data base containing information relating to locomotive crashworthiness acquired
from investigations of train collisions. Locomotive collisions provide an unfortunate target
of opportunity to collect full-scale crash information. Of particular interest were collisions
involving locomotives built after August 1, 1990. These locomotives comply with the
Association of American Railroads (AAR) Specification S-580 (see Appendix B), which calls
for some of the same crashworthiness features specifically addressed by the Act.

FRA directed its inspectors to investigate—without regard to monetary damage
thresholds'—all collisions involving either (a) two trains, or (b) one train with an object
weighing ten tons or more, having one or more locomotives built in compliance with
AAR S-580. In an effort to ascertain the effectiveness of AAR S-580, FRA also investigated
collisions involving locomotives built prior to S-580 that met the above criteria.

"Typically, a railroad company must report all accidents involving on-track equipment
resulting in $6300 or more damage to railroad property to the FRA. Reportable damages
include the cost of labor and the cost of repairing (or replacing in kind) damaged on-track

equipment, track, track structures, or roadbed.
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FRA developed a group of accident report forms to be used as a guide by the accident
investigators to collect information relating to locomotive crashworthiness. FRA instructed
accident investigators to record all required information on these forms, take photographs of
the collision site, and comment on the perceived effectiveness (or lack thereof) of
crashworthiness features included on the locomotives involved in the collision. Figures 2.1
through 2.3 illustrate the Locomotive Crashworthiness Data Collection Forms provided to the
investigators.

‘The data base used by FRA prior to the creation of the data base described above was not
designed to fully support locomotive crashworthiness analysis. Numerous key collision
parameters were not included, the description of structural damage to the locomotives was
incomplete, and the injury and fatality data included passengers. These shortcomings in the
prior data base had to be corrected to evaluate the crashworthiness features specified by
Congress.

Analysis of Data Base

FRA accident investigators provided 30 complete reports for inclusion in the locomotive
crashworthiness data base for this report. These accidents have been divided into five
distinct groupings by accident type as follows:.

o head-on collisions involving two trains—with both trains in motion at impact;

o head-on collisions involving two trains—with one train stationary at impact;

o rear end collisions involving two trains;
0 head-on collisions with one train and another vehicle at a highway-rail grade
crossing; and

0 collisions of two trains at a railroad grade crossing.

Table 2-1 summarizes the collisions included in the data base.
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ACCIDENTS INVOLVING ONE TRAIN

(Form A)
FRA INSPECTOR: r l LOCATION OF ACCIDENT: |
A1: . A2:
DATE OF ACCIDENT: l J DATE OF INVESTIGATION: |
A3: A4:
Operating Railroad: g .
P g AS: J Type Train: . Ag:
(Pass., Coal, Grain, etc)
Tonnage
Including Locos: AT: Number of Cars: A8:
Slack Action***:
A9: Direction of Travel: Ata:
Speed at Impact: At Track Curvature: Al2:
Track Grade: Type Collision:
(% Ascend/Descend) A3 (Head-On, Side, Rear) A4
Total Number Number of
of Locos: Crashworthy* Locos:
A15: A16:
D Number Built Date: Manufacturer Model or Type Crashworthy* Damaged** Operating Direction
Lead Loco AT Al8: A19: A20: A21: Yes  No A22Yes  No Az3forward  Reverse
Second Loco. | A24: A25: A26: A27: Aze: Yes No A29Yes  No A3pForward Reverse
Third Loco, A31: A32: A33: A34: A3s;  Yes  No AseYes  No - | pgyForward  Reverse
Fourth Loco. A38: A39: A40: A4t Ad2;  Yes  No A43Yes  No A4qForward  Reverse
Fifth Loco. A4S: Ads: A4T: Ad8: Age: Yes  No AsoYes  No asiforward  Reverse
* Crashworthy means Locmotives Built in Accordance with AAR Specification $580
** Complete a separate St y of L D ge form for each damaged Locomotive,
*¢* Slack Action is the total change in length of the train from compression to tension.
OBJECT OF COLLISION
Type Object: [A”: J Weight: IAS"’ —l
Direction of Travel: I“"’“ J Speed at Impact: LA53= '

Distance Moved by TrainJ“m

]

Figure 2.1
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FRA INSPECTOR NO.:

DATE OF ACCIDENT:

ACCIDENTS INVOLVING TWO TRAINS

(FORM B)

|

1
LOCATION OF ACCIDENT:

DATE OF INVESTIGATION:

L

First
Train
Operating Railroad: 1 .
, E5= I Type Train: . |£6: J
Tonnage (Pass., Coal, Grain, etc)
Including Locos: LB"’ l Number of Cars: Ija: l
. | | irectl 1 e |
Slack Action™**: BS: Direction of Travel: B10:
1 e
Speed at Impact: Bt Track Curvature: B12: I
1 .
Track Grade: T oo 1
e Collision
9 B13: ype L - B14:
(% Ascend/Descend) (Head-On, Side, Rear)
Total Number Number of
of Locos: B15: Crashworthy* Locos: B16:
ID Number Built Date: Manufacturer Model or Type Crashworthy* Damaged** Operating Direction:****
Lead Loco B17: B18: B19: B20: B21: Yes No B22: Yes No B23: Forward Reverse
. . . . . Yes No . )
Second Loco. B24: B2S: B26: B27: B28: B29: Yes No B30: Forward Reverse
Third Loco. B31: B32: B33: B34: B3s:  Yes No B36: Yes No B37: Forward Reverse
Fourth Loco. | B38: B3s: B40: Ba1: B42: Yes No B43:Yes No | B44:Forward  Reverse
Fifth Loco. B45: B46: B47: B48: B49: Yes No B50: Yes No B51: Forward Reverse
Second
Train
(o} Railroad !
erating Railroad: .
P g B52: | Type Train: . BS3: I
Tonnage (Pass., Coal, Grain, etc)
Including Locos: B54: Number of Cars: BS5: |
y S i I;s. . . » 1 |
Slack Action™**: : Direction of Travel: BST7:
1 1
Speed at lmgaact: B5s: Track Curvature: B59:
Track Grade: T o1
e Collision:
9 B60: yp . B61:
(% Ascend/Descend) (Head-On, Side, Rear)
Total Number Number .of
of Locos: B62: Crashworthy* Locos: B63:
ID Number Built Date: Manutacturer Model or Type ‘Crashworthy* Damaged** Operating Direction:****
Lead Loco B64: B65: B66: B67: pes: Yes No B69:Yes No | B70:Forward  Reverse
Second Loco. | B71: B72: B73: B74: B7S: Yes No B76: Yes No B77: Forward Reverse
Third Loco. B7S: B79: B8O: B81: ps2: ves . No B83:Yes  No B84:Forward  Reverse
Fourth Loco. B85: B86: B8T: B88: BE89: Yes No B90: Yes No B91: Forward Reverse
Fifth Loco. B92: B93: B94: B95: BS6: Yes No B97: Yes No B98: Forward Reverse

* Crashworthy means Locmotives Built in Accordance
y of L

*** Slack Action is the total change in length of the train from compression to tension.
**** Forward means the nomhal or shdmits !Eggi end of the locomotive is leading.

Reverse mans the long hood en ng.
Figure 2.2

with AAR Specification S580

** Complete a separate St tive D

24

form for each damaged Locomotive.

a

Use same codes as Accident/incident Report or inspaction Report.




SUMMARY OF LOCOMOTIVE DAMAGE
(FORM C)
(Complete one summary form for each locomotive damaged in-the accident.)

Locomotive ID No.fe | Type:[c= | Manufacturer:[cs_____|Buiit Date:IL__—l Crashworthy*?

CIRCLE DESCRIPTION Numbers
i " None Moderate ~ Describe .
ce: Short End Facing Damage |,. Slight  Extensive |°* Damage: cs:
cto: Collision Post Damage 1y, None Moderate | ¢,,. g:rsn":b; .
* Slight Extensive 9e: :
None Moderate D ib
cu: Control Cab Damage ©1%: glight Extensive |S'* D:smc:g: e
c1e: End Facing c21; None Cracked Shattered Spalled Caused Injury
c18: Glazing Damage - . c23:
c20: Side Facing c22: None Cracked Shattered Spalled Caused Injury
] ] Uniform Damage Duse to czr:
cz2e:  Sill Height . |cas: Not Uniform €26:  Non-Uniform Sills:

. Describe Role
cas: Did Over Ride Occur? - czn: Yes No |®" Anti-Climbers Played:

c3a: Describe Damage

€32 Did Rollover Occur? €33: Yes No Due to Rollover:
. . Describe Damage
c38: Did Side Impact Occur car: Yes  No “* Due to Side Impact: cse:

: Fuel Tank Capacity
c41: Yes No c42; & cas:

c4: Did a Fuel Tank Rupture? Extent of Soill
xtent of Spill:

ces: Did a flammable liquid . Yes ces: Fluid Spilled & '
Other than fuel spill? s No Extent of Spill: car:
N . on . .
4 Did a Fire Occur? ca:  Yes No cso: Sf Fisr::q“"“ cst:

. Was a Fuel Tank Design . Describe

c82: cs3: C54: "
Weakness Revealed? Yes No Weakeness: ces:

css; Location When Injured: NO PHOTOGRAPHS

cse: Did a Crew Casualty Occur? | csr: Yes No

css:  Extent of Injury:

*Crashworthy means the locomotive was bullt in accordance with AAR Specification S$5§80.

Figure 2.3



HEAD ON COLLISIONS - TWO TRAINS, BOTH IN MOTION AT IMPACT

- LOCOMOTIVE INFO
YR $-580 | wag
BLT | cOMPL | HT.
RNt NS)
B-02-93 BN 17 1753 416 9 9.4862 2.2512 BN 7072 | sD40-2 1978 NO 208
01/20/93
BN 7180 | sD40-2 1979 NO 208
SSW9710 { GP60 1990 NO 143.2
SP | RVCHX 9262 887 21 272.879 26.133 5
-14
CSX 8444 | SD40-2 1990 No 195
CSX 6077 | GP40-2 1972 NO 138.7
5
SP9287 | SD4ST- 1973 NO 205
2
SP9346 | SD4sT- 1975 NO 205
2
B-03-94 Ic | MENL- 6829 396.1 25 285.1437 16.5391 IC6152 | SD40-2 1976 NO 208
02/26/94 2
IC 6061 SD-40 1966 NO 188.1
IC | BRME2 8847 396.1 34 683.2515 30.5907 IC6131 | SD40-2 1976 NO 208
5
IC 6033 SD-40 1975 NO 188.1
TABLE 2-1




HEAD ON COLLISIONS - TWO TRAINS, BOTH IN MOTION AT IMPACT

B-11-91
08/30/91

BN 2275 GP38-2 EMD 1973 NO 133.2
BN 602 2533 530.77 18 54.8286 11.4889 5
BN 8009 SD4¢-2 EMD 1977 NO 206.3
5
BN 6909 SD40-2 EMD 1973 NO 191.1
7
BN 603 8048 915.34 35 658.644 74.9109 BN 6905 SD40-2 EMD 1973 NO 191.1
7
BN 6901 SD40-2 EMD 1973 NoO - 191.1
7
BN 2287 GP38-2 EMD 1973 NO 133.2
s
BN 2283 GP38-2 EMD 1973 NO 133.2
L)
BN 2274 GP38-2 EMD 1973 NO 133.2
s
BN 2289 GP38-2 EMD 1973 NO 133.2
5

B-12-91 NS 6207 SD40-2 EMD 1980 NO 195

USED

09/17/91 NS 62914 12566 526 26 567.506 23.7552
NS 8642 C39-8 GE 1986 NO 195
NS 4636 GP59 EMD 1989 NO 136
NS 22714 1256 195 35 102.7904 15.9587 NS 6134 SD40-2 EMD 1975 NO 195
NOTES: 1) * INDICATES THE PRE-COLLISION KINETIC ENERGY OF THE TRAIN OR LOCOMOTIVE CONSIST
2) WHERE LOCOMOTIVE WEIGHTS WERE NOT PROVIDED IN ACCIDENT REPORTS, BASELINE CONFIGU.

RATION WEIGHTS PROVIDED BY THE MANUFACTURERS WERE




HEAD ON COLLISIONS - TWO TRAINS, ONE STATIONARY AT IMPACT

s-s80 | wa
m ' csxs813 | B3 | GE | 1985 No 140
0212194 cs | m2212 4006 483.75 68 13.114 1.5836
XT : - csx6300 | Grao2 | EMD [ 1980 | No | 1387
s
csx7663 | cwao- | GE | 1991 208
8

csx7576 | ceo8 | GE [ 199 | No 205

cs | uses-10 11632 615 0 0 0 -
XT csx7632 | ce08 | GE _ 205

CSX 7117 CW40- GE 1991 | 205

C-72-93 UP CIRBD- m 400 24 UNKNOWN 15.3925 UP 9504 C41-8 GE 1993 S 200

10/01/93 30 w
UP9502 | cC41-8 GE | 1993 “| 200
w
uvp | crom- m 405 0 UNKNOWN o | uposer | caos GE | 199 205
27 :

UP 9420

B-01-91 CSX 7564

01/19/91 Ccs R - 3836 548.75 35 313.9362 44.9094

X 691-17 CSX 7627 C40-8 GE 205
CSX 6648 GP-40 EMD 1969 NO 138.7

5

) CSX 8475 SD-40- EMD 1966 NO 210

CS U 2658 . 615 0 0 0 2
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HEAD ON COLLISIONS - TWO TRAINS, ONE STATIONARY AT IMPACT

C-40-91
03/28/91

' C-58-91
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CR 6726
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. DRGW SD-45 EMD 1967 NO 194.5

5321

CSX 5816 | B-36-7 GE 1985 NO
cs’ 411 411 18 8.8964 8.8964 a1
X ‘ CSX 5883 | B-36-7 GE 1985 NO (TOT
: AL)
CSX 5863 | B-36-7 GE 1985 NO
; ] CSX 5723 | U-36-B GE 1970 NO
cs . 546 546 0 0 0 546
X CSx 5898 | B-36-7 GE 1985 NO (TOT
AL) .
CSX 5878 | B-367 GE 1985 NO

: CSX 6134 SD40-2 EMD 1975 NO
MI
B-8-91 BN 9950 288 - 34 768.4359 22.2422 LMX D8-40B GE 1987 NO 144

8518
. IMX D8-40B GE 1988 NO 144
8568
BN 840 138.75 0 0 0 BN 3502 GP40 EMD 1988 NO 138.7

_

5




REAR END COLLISIONS - TWO TRAINS

m CR COBU-8 10995 400 30-32 705.9035 25.6809 CR 6207 C-40-8 GE 1993
03/28/94
CR 5573 SD60 EMD 1993
CR VAT-13 7473 UNKNOWN -0 NOT APPLICABLE NOT INVOLVED IN COLLISION
|
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X -
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X

C-71-92 1986

10/28/92 o 6019
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REAR END COLLISIONS - TWO TRAINS

s-s80° |
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HEAD ON COLLISIONS - ONE TRAIN AND ANOTHER VEHICLE
’ - ~ AT A GRADE CROSSING
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- HEAD ON COLLISIONS - ONE TRAIN AND ANOTHER VEHICLE AT A GRADE CROSSING
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TWO TRAINS - COLLISION AT GRADE CROSSING
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TWO TRAINS - COLLISION AT GRADE CROSSING
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The sample size of locomotives built in accordance with AAR S-580 involved in collisions to
date is small. Only 12 of the 122 locomotives (9.8 percent) identified in the data base are
known to comply with AAR S-580. Additionally, only four of these 12 (33 percent)
locomotives were located in the lead position of the consist. It is interesting to note that of
the nine locomotive consists involved in collisions which had locomotives compliant with
AAR S-580, five of these consists (56 percent) had a locomotive that was compliant with
AAR S-580—and presumably better equipped to survive a collision—following another
locomotive in the consist which did not necessarily incorporate the crashworthiness features
specified in AAR S-580. While sufficient information is not yet available to determine
whether it would be cost effective to require that an AAR S-580 compliant locomotive be
placed in the lead position of the consist (if one is part of the train), it would appear that this
is a common sense approach to improve occupant survivability in the event of a collision that
should be considered by the railroads as an internal operating procedure to be employed
whenever possible.

A total of six fatalities and 14 injuries (of varying severity) were reported for the four head-
on collisions with both trains in motion at impact. Eighteen of these casualties resulted from
the three collisions with closing speeds above 50 miles per hour (mph). It is very interesting
to note that of these 18 people,.a total of 14 (78 percent) jumped from the locomotive prior
to impact. This indicates that occupants of the locomotive cab have little or no confidence in
the ability of a locomotive to withstand a collision at these speeds. Further, this shows that
in most cases when a collision is known to be imminent, locomotive crew members have
some amount of time in which to evaluate options and react. This supports the feasibility of
- creating some form of a crash refuge in the locomotive cab, in which occupants may protect
themselves from the decelerations and secondary impacts resulting from collisions.

In the four locomotive consists with an AAR S-580 compliant locomotive in the lead position
involved in a collision, two of nine crew members jumped prior to the point of impact.
These two crew members sustained serious injuries, while the seven crew members who
remained in the cab reported minor or no injuries. However, the injuries sustained in any
collision are a function of numerous varying factors and conditions of that particular
accident, including closing speed, the type of accident, and whether or not a fire ensued
among others. Accordingly, it should not be implied that the two crew members who
jumped and sustained serious injuries would have fared better by staying in the cab during
the collision. Photographs of the accident scene following the subject collision indicate that
survivability in the lead locomotive would have been improbable, as the cab structure was
crushed by a loaded coal car that came to rest on the roof as a result of the impact.

An understanding of how the energy is dissipated during a collision is a vital part of
understanding and predicting occupant survivability. Table 2-2 provides several parameters
associated with the kinetic energy of trains involved in head-on collisions, both before and
after impact.

2-16



HEAD ON COLLISIONS - BOTH TRAINS IN MOTION AT IMPACT

REGION WHERE CRUSH OCCURS

2) COLLINEAR VEHICLE IMPACT :

3) VEHICLES REMAIN IN CONTACT AFTER COLLISION AND ACQUIRE A COMMON; POST-IMPACT
VELOCITY '

4) NEGLECT ENERGY DISSIPATED BY FRICTIONAL FORCES

B-2-93 9 416 2.2512 28.3842 32.0 30 17.0271 11.4
1/20/93 21 887 26.133 219
B-3-94 25 396.1 16.5391 47.1298 | 42.2 59 46.0581 4.5
2/26/94 34 396.1 30.5907 ' L 422
B-1191 18 530.77 © 11.4889 86.3998 49.4 53 63.0472 15.5
8/30/91 35 915.34 74.9109 37.6
B-1291 26 526 23.7552 39.7139 33.6 61 35.3648 9.5
9/17/91 35 195 15.9587 55.2
ASSUMPTIONS: 1) STRUCTURES OF BOTH VEHICLES POSSESS TOTALLY PLASTIC MATERIAL PROPERTIES IN THE

TABLE 2-2a
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HEAD ON COLLISIONS - ONE TRAIN STATIONARY AT IMPACT

7 483.75 1.5836. 1.5836 7.0 7 0.8864 3.08
2/12/94 0 615 0 6.2
C-72-93 24 400 15.3925 15.3925 24.0 24 7.7441 11.93
10/1/93 0 405 0 239
B-1-91 35 548.75 44.9094 44.9094 35.0 '35 23.733 16.5
1/19/91 0 615 0 : 33.1
C-40-91 40 390.25 41.7147 41.7147 40.0 40 21.1017 19.77
3/28/91 0 399.5 0 39.5
C-58-91 18 411 8.8964 8.8964 18.0 18 5.0757 1.73 FI
4/21/91 0 546 0 15.6
B-8-91 34 288 22.2422 22.2422 34.0 34 7.2316 22.95
7/30/91 0 138.75 0 49.0
ASSUMPTIONS: 1) STRUCTURES OF BOTH VEHICLES POSSESS TOTALLY PLASTIC MATERIAL PROPERTIES IN THE i
REGION WHERE CRUSH OCCURS
2) COLLINEAR VEHICLE IMPACT
3) VEHICLES REMAIN IN CONTACT AFTER COLLISION AND ACQUIRE A COMMON, POST-IMPACT
VELOCITY
4) NEGLECT ENERGY DISSIPATED BY FRICTIONAL FORCES

TABLE 2-2b
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In general, transport vehicle kinetic energy is dissipated during an accident by means of
mechanical and frictional work. For wheel-on-rail vehicles, this energy is consumed by the
following physical processes:

o controlled vehicle structural deformations (i.e., crush without buckling and/or
fracture);

o structural buckling;

o slidihg/rolling (e.g., vehicle wheels cutting through track ties, ballast,
sunQunding roadbed surfaces, etc.); and

o impacts with wayside structures.

While only a few percent of the kinetic energy of a collision can be absorbed by the vehicle
structures in a reasonable crush distance, an accurate representation of the potential damage
that can be inflicted on vehicles by a collision may be shown through calculation of the total
energy dissipated in the two vehicles during the crash as a result of permanent deformation
of their structures. This parameter can be approximated through application of two
fundamental physical concepts that govern the overall response of vehicles involved in a
collision: the laws of conservation of momentum and conservation of total energy.

Appendix C shows the derivation of the parameter of total energy dissipated by
vehiclestructures in collisions using these fundamental physical laws for the case of collinear
impact? between two ground vehicles. e

The derivation of the total energy dissipated in the two vehicles during the crash as a result
of permanent deformation of their structures provided in Appendix C illustrates many
interesting relationships regarding collisions in general. It is shown that the masses of the
trains involved play an important role, as there will be less energy available to damage the
trains for the case where one or both trains are lightweight compared to the case where both
are heavy®. It is also shown that the final common velocity of the two vehicles after impact
and the associated kinetic energy that must be dissipated in both vehicles is determined only
by the masses and pre-collision velocities of the two vehicles, and are totally independent of
their individual crush characteristics. This relationship clearly demonstrates that the
management of energy, along with designing for structural protection at higher closing
speeds, is a key parameter in designing for crew survivability within the cab of a locomotive.

2A collinear intervehicular impact is one in which the longitudinal axes of both vehicles
are aligned along the same straight line at the moment of impact. Examples of such crash
configurations are a head-on frontal collision and an aligned, front-to-rear impact.

3Computer modeling developed by Arthur D. Little (as detailed in Chapter 3) shows that
when trailing cars have lower crush strength than the locomotives, trailing vehicles
(nonlocomotives) and the effects of derailment are minor with respect to the additional energy
generated that must be dissipated, and need not be modeled to predict the crush response of the
lead locomotives. . Accordingly, in the derivation of total energy absorbed in a collision, only
the mass of the locomotive consist is considered.
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For every collision, there is a fixed magmtude of kinetic energy that can be absorbed by the
two vehicle structures. How this energy is distributed between them depends on the
structural design and material used in their construction. -

FRA has attempted to correlate this parameter of total energy absorbed in a collision to
actual results from accident investigations included in the data base to show that a direct
relationship exists. This is a very complex relationship that is affected by numerous external
parameters that cannot be quantified via accident reports. Due in part to the complexity of
this relationship, and in part to the limited data available from accident reports, FRA has not
yet defined such a correlation.

As the locomotive crashworthiness data base established in- response to RSERA is very
limited in scope, Figures 2.4 through 2.15 are provided to illustrate trends in train collisions
and associated fatalities and injuries to railroad personnel over the 10-year period covering
1983 to 1992. These ﬁgures reveal the following information regarding general trends over
the past 10’ years ‘

o Flgures 2.4 through 29 provrde data for all types of train collisions, including
head-on, rear end, side, raking, broken train, and highway crossing collisions.
Figure 2.4 shows that the total number of train collisions per year has
decreased by nearly 30 percent over the past 10 years. This decline can be
attributable to a combination of many factors, including more capable signal
systems, tighter operating rules, computer-aided dispatching (CAD), improved

. voice radio communication, reductions in the use of alcohol and drugs, and
increased professionalism of railroad operating employees. Accordingly,
Figures 2.6 and 2.7 show that the number of casualties (injuries and fatalities)
to crew members and passengers has decreased by over 40 percent in the same
time period. While this progress is noteworthy, these numbers indicate that
room exists for additional technological improvements to further reduce the
number of collisions and casualties.

o Figure 2.9 clearly shows that a large percentage of train collisions occur at
very low closing speeds, likely within yard limits. While these collisions do
not typically result in major injuries and/or fatalities, there have been
collisions investigated that resulted in override of one locomotive onto another
at these low closing speeds. Chapter 3 will show that collisions, even at
moderate (i.e., 30 mph) closing speeds, generate very large amounts of kinetic
energy and impact forces that can lead to massive structural collapse and
serious and/or fatal injuries to crew members. The crashworthiness features
evaluated in this report address the threat posed by increasing train speeds, and
the ability of these proposed designs to protect cab occupants in these collision
scenarios.
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Figures 2.10 through 2.12 indicate that head-on and rear end collisions, and
the associated crew and passenger casualties, have-also decreased over the 10-
year time period reviewed. Again, this improvement can be directly related to
various technological advances listed previously, but implementation of
additional measures as identified in Chapter 3 will allow these numbers to
decrease further. ~ L

Figures 2.13 through 2.15 illustrate the 10-year trends for highway crossing
collisions only. This collision scenario is typically much less severe for the
locomotive due to the large differential in pre-collision kinetic energy
developed by the train as compared to the highway vehicle. It is somewhat
alarming that, while all other collision types have decreased significantly over
the 10 year period examined, highway-rail crossing collisions have increased
slightly. The Department of Transportation (including the Federal Highway

" Administration, the National Highway Traffic Safety Administration, the
Federal Transit Administration, and FRA) is currently addressing this area of
concern through improved warning systems, heightened public awareness and
education, more effective law enforcement, and other initiatives.
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Ten Year Trend of Collisions of Trains
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Ten Year Trend of Collisions of Trains
Total Number of Crew & Passengers Injured
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Ten Year History of Frelght Traln Collisions
By Weight in 1000 Trailing Ton Increments
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Ten Year Trend of Collisions of Trains
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Ten Year Trend of Collisions of Trains
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CHAPTER 3

Locomotive Crashworthiness

Section 10 of the Act required FRA to conduct research and analysis, including computer
modeling and full scale crash testing, as appropriate, to determine the benefit, if any, of
each of the listed locomotive crashworthiness features in providing additional protection
to personnel in locomotive cabs under realistic collision conditions. Full scale crash
testing to determine the benefits of the crashworthiness features listed in Section 10 of the
Act is unduly expensive. As such, FRA conducted a research and analysis program that
consisted of (a) review of recommendations made by the National Transportation Safety
Board (NTSB) regarding locomotive crashworthiness, (b) review of previous studies on
the subject, (c) establishment and review of the data base discussed in Chapter 2, and
(d) execution of a research contract to develop and validate a computer model used to
predict the results of locomotive collisions.

FRA determined that AAR Specification S-580 represents a significant step on the part of
the railroad industry to improve the crashworthiness of locomotives. However, research
and analysis has shown that S-580 may be improved to further reduce casualties in
locomotive collisions without major impact on the design of future locomotives. This
chapter provides a comprehensive evaluation of each of the features identified in the Act,
including, but not limited to the following: braced collision posts, rollover protection
devices, deflection plates, shatterproof windows, readily accessible crash refuges, uniform
sill heights, anticlimbers, and fuel tank design. A review of the current industry and/or
Federal practice, a description of a proposed concept generated through the modeling
effort, and a technical evaluation of that concept is provided for each feature.

The evaluation process clearly indicates that implementation of selected crashworthiness
Seatures identified in the Act—including incorporation of stronger collision posts, creation
of a crash refuge, and design of a positive engaging anticlimber or other means to
prevent override—can significantly improve crew survivability in the event of a collision.
However, most of these measures are practical for application only to locomotives of new
construction. Additional information and research is needed to determine whether these
concepts can be implemented on a cost-effective basis. In addition, other concepts to
improve crew survivability, including mandated uniform sill height and deflection plates
at the front of the locomotive, were evaluated and found to be impractical or without
significant safety merit.

The railroad industry is fundamental to our Nation’s transportation system. Our economy
relies on railroad shipment and freight delivery, and intercity travelers in many portions of
the country count on Amtrak for their transportation needs. We depend on the railroads to
be reliable; but, most importantly, they must be safe. Chapter 2 showed that while train-to-
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train collisions have decreased steadily over the past 10 years, the number of locomotive
crew member and passenger fatalities has not reached the desired goal—zero fatalities. Even
at moderate impact speeds, collisions can generate extremely high kinetic energy levels and
impact forces that produce massive structural collapse, and subsequently lead to serious and
fatal injuries to the train crew and passengers. This chapter focuses on possible
improvements in the crashworthiness design of locomotives that will ensure a safe
environment for its occupants during the crash-related events that occur in a given accident
scenario.

FRA recently reported to Congress on the status of advanced train control systems (ATCS),
and specifically positive train control (PTC)!, as a valid means of enforcing speed and
movement restrictions on the railroads, potentially eliminating injuries and deaths caused by
train-to-train collisions. FRA'’s analysis clearly indicates that the cost of universal
implementation of PTC is not justified at this time based on accident avoidance alone.
Further, PTC strategies are not yet available to address collisions between trains and heavy
vehicles at highway/rail grade crossings. As such, pursuit of continual improvements in
locomotive crashworthiness, and consequently crew survivability should a collision occur,
has been a long standing National Transportatlon Safety Board (NTSB) concern and is an
ongoing FRA priority.

Section 10 of the Rail Safety Enforcement and Review Act (RSERA), enacted

September 3, 1992, requires the Secretary of Transportation to "complete a rulemaking
proceeding to consider prescribing regulations to improve the safety and working conditions
of locomotive cabs." Specifically with respect to locomotive crashworthiness, this mandate
requires the following:

o an evaluation of the adequacy of Locomotive Crashworthiness Requirements
Standard S-580, or any successor standard thereto, adopted by the Association
of American Railroads (AAR) in 1989, in 1mprov1ng the safety of locomotive
cabs; and :

o conduct of research and analysis, including computer modeling and full-scale
testmg, as appropriate, to consider the costs and beneﬁts associated with
equipping locomotives with: :

o braced colhs1on posts

° rollover protection dev1ces,

-1 Railroad Communications and Train Control (Report to Congress pursuant to the Ra11
Safety Enforcement and Review Act, Public Law 102-365 - Federal Railroad Administration,
Office of Safety, July 1994)



° deflection plates;

o shatterproof windows;

° readily accessible crash refuges;

° uniform sill heights;

o anticlimbers, or other equipment designed to prevent overrides resulting

from head-on locomotive collisions;

o equipment to deter post-collision entry of flammable liquids into
locomotive cabs; and

® any other devices intended to provide crash protection for occupants of
locomotive cabs.

Due to the high cost of full scale testing and the limited funding available to perform this
research and analysis, FRA did not undertake full scale crash testing of locomotives. FRA’s
efforts focused on using information gathered from locomotive collision investigations to
develop a computer model to predict the benefits—if any—of the locomotive crashworthiness
features specified in the Act. The costs associated with implementation of each of the
crashworthiness features were also estimated in an effort to determine whether identified
changes would be economically practical.

Background
National Transportation Safety Board (NTSB)

Consideration of the recommendations made by the National Transportation Safety Board
(NTSB) on locomotive crashworthiness forms an important part of the analysis done to
support the Act. NTSB’s interest in locomotive crashworthiness dates to 1970, and NTSB
has made several safety recommendations to FRA and the industry conceming increased
protection for the crew members in the cab.

- On September 8, 1970, a collision between an Illinois Central (IC) and an Indiana
Harbor Belt (IHB) train occurred at Riverdale, Illinois. The collision caused the IC
caboose to override the heavy underframe of the IHB locomotive demolishing the
control cab of the locomotive. Two following cars continued in the path established
by the caboose completing the destruction of the locomotive cab. The IHB engineer
was found dead in the wreckage. NTSB recommended that FRA and the industry
expand their cooperative effort to improve the crashworthiness of ra11road equipment
(NTSB Safety Recommendation R-71-44)
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- An accident on October 8, 1970, involving a Penn Central Transportation Company
freight train and a passenger train near Sound View, Connecticut, again demonstrated
the weakness of the locomotive crew compartment. This collision caused NTSB to
reiterate its recommendation to improve the crash resistance.of locomotive cabs
(NTSB Safety Recommendation R-72-005). This recommendation was ulnmately
classified as "Closed—No Longer Applicable" followmg the issuance of Safety
‘Recommendation R-78-27, which addressed the same issue.

- . The 1nvest1gat10n of the colhsron of three freight trams near Leetonia, Ohro on .

. June 6, 1975, again prompted the safety board to recommend increased cab
crashworthiness, including consideration of a readily accessible crash refuge (NTSB
Safety Recommendation R-76-009). This was classified as "Closed—Acceptable

- Action” on August 6, 1978, following FRA’s assurance that studies were continuing
in this area. ‘ ~

= . . On September 18, 1978, a Louisville and Nashville (L&N) freight train collided head-
on with a yard train inside yard limits at Florence, Alabama. : The lead unit of the
yard train overrode the lead unit of the freight train. The cab provided no protection
. for the head brakeman and engineer, who jumped but were run over by their train. .

- On. August 11, 1981, a Boston and Maine Corporation freight train and a .
Massachusetts. Bay Transportatlon Authority commuter train collided head-on near
Prides Crossing, Beverly, Massachusetts. The lead car of the commuter train -
overrode the freight locomotive pushing components of the locomotive into the cab
killing three people. ,

NTSB’s investigations. of the above accidents resulted in recommendations to FRA regarding
crashworthiness protectlon to the locomotive operating compartments (NTSB
Recommendations R-77-37, R-78-27, R-79-11, and R-82-34). As a result of the FRA-
sponsored report, "Analys1s of Locomotlve Cabs"2 NTSB classified these four
recommendatlons "Closed—Acceptable Action” on November 24, 1982

- A rear end colhsron of two Burhngton Northern (BN) freight trains occurred near
Pacific, Junction, Towa on April 13, 1983. The operating compartment of the lead
locomotwe on BN train 64T85 was overridden by the caboose of train 43J05 when the
trains collided. - The locomotive operating compartment was crushed. In general
-when a locomotive strikes a caboose or a light freight car, the hghter vehicle .
overrides the locomotive—frequently with devastating results. Asa result-of this
accident, NTSB issued a recommendation that FRA initiate and/or support a design

.. 2. Anaglysis of Locomotive Cabs (Report No. DOT/FRA/ORD-81/84, National Space.
Technology Laboratories, September 1982) . X



study to provide a protected area in the locomotive operating compartment for the
crew when a collision is unavoidable (NTSB Recommendation R-83-102). This
recommendation was subsequently classified as "Closed—Unacceptable
Action/Superseded” based on a future investigation that reiterated similar concerns
regarding locomotive crashworthiness.

- On July 10, 1986, Union Pacific (UP) freight train CLSA-09 struck a standing UP
freight train near North Platte, Nebraska, at a speed of approximately 32 mph. Three
locomotives and 11 cars from both trains were derailed, and the accident resulted in
one fatality and three injuries. This accident, in which the locomotive cab section of
train CLSA-09 was destroyed on impact, probably would have resulted in fatal
injuries to the engineer and head brakeman of train CLSA-09 had they not jumped
from the cab prior to the collision. As a result, NTSB issued Safety Recommendation
R-87-23, which recommends that FRA:

Promptly require locomotive operating compartments to be designed to provide
crash protection for occupants of locomotive cabs.

NTSB firmly believes that locomotive collision investigations continue to demonstrate that
improvements are needed in the crashworthiness design standards of locomotives. This
recommendation is currently classified as "Open—Acceptable Response” based on the
adoption of AAR Specification S-580 for road locomotives built after August 1, 1990, and
the work being done in the area of locomotive crashworthiness for this study.

NTSB has also issued recommendations in other areas addressed in the Act as follows:

- A head-on collision between Iowa Interstate Railroad Limited freight trains Extra 470
West and Extra 406 East on July 30, 1988 within the yard limits of Altoona, Iowa
resulted in the derailment of all five locomotive units and 14 cars, including two tank
cars containing denatured alcohol. The denatured alcohol was ignited by the fire
resulting from the collision of the locomotives. Both crewmembers of Extra 470
West were fatally injured, and the two crewmembers of Extra 406 East were slightly
injured. The covered hopper car behind unit 470 apparently elevated on impact,
slipped by the standard type E (nonshelf) coupler and overrode the short hood of the
locomotive, completely destroying the cab area. As a result of this accident, and in
light of a 1982 study prepared for FRA® which identified the installation of shelf
couplers on locomotives as one possible means of mitigating the problem of override,
the NTSB issued Safety Recommendation R-89-51, which recommends that FRA:

3 Analysis of Locomotive Cabs (Report No. DOT/FRA/ORD-81/84, National Space
Technology Laboratories, September 1982)



Promulgate regulations requiring that locomotives be equipped with shelf
couplers compatible in strength with the main frame sill of the locomotive.

On June 15, 1987, Southern Pacific Transportation Company (SP) freight train Extra
7791 West collided head-on with SP freight train Extra 7267 East near Yuma,
Arizona, resulting in the death of the engineer of Extra 7267. The locomotive control
compartment of Extra 7267 East was crushed and pushed rearward about 22 feet by
impact forces. NTSB determined that all occupiable space was eliminated, thus
rendering the accident unsurvivable from any position within the locomotive control
compartment. It is NTSB’s position that the sill is the strongest section in the
structural design of a locomotive, and as such, there should be a Federal standard
governing locomotive sill height. Accordingly, NTSB issued Safety Recommendation
R-88-20 which recommends that FRA:

Modlfy Title 49 Code of Federal Regulations Part 229 to require compatible
main frame sill height standards.

On January 18, 1993, Northern Indiana Commuter Transportation District (NICTD)
eastbound commuter train 7 and NICTD westbound commuter train 12 collided in a
corner-to-corner impact in Gary, Indiana, resulting in seven passenger fatalities and
95 injuries. The damage that both trains sustained after the initial impact resulted
from the action of dynamic forces that caused the left front corner and sidewall of the
passenger compartment of each car to experience a complete structural failure and
intrude inward. Because no structure was available in the comer post areas to
successfully absorb the crash forces of the collision, the substantial car body intrusion
into each car left no survivable space in the left front areas of either car.
Consequently, NTSB issued Safety Recommendation R-93-24, which recommends that
FRA:

In cooperation with the Federal Transit Administration and the American
Public Transit Association, study the feasibility of providing car body comer
post structures on all self-propelled passenger cars and control cab locomotives
to afford occupant protection during corner collisions.

While the above recommendation specifically addresses self-propelled passenger cars and
control cab locomotives—and not freight locomotives—current freight locomotive cab
structures are similarly vulnerable to corner impacts.

NTSB has become increasingly concerned about the potential for diesel fuel fires resulting
from collisions and derailments of locomotives, and the subsequent potential for these fires to
fatally injure trapped crew members, consume cargo, contribute to hazardous materials fires
in the train, and endanger nonrailroad property near the accident site. As a result of three
accidents investigated by NTSB involving diesel fuel fires during 1990, NTSB issued the
following Safety Recommendations to FRA:

3-6



Safety Recommendation R-92-10: Conduct, in conjunction with the Association of
American Railroads, GE, and EMD, research to determine if the locomotive fuel tank
can be improved to withstand forces encountered in the more severe locomotive
derailment accidents or if fuel containment can be improved to reduce the rate of fuel
leakage and fuel ignition. Consideration should be given to crash or simulated testing
and evaluation of recent and proposed design modifications to the locomotive fuel
tank, including increasing the structural strength of end and side wall plates, raising
the tank higher above the rail, and using internal tank bladders and foam inserts.

Safety Recommendation R-92-11: Establish, if warranted, minimum performance
standards for locomotive fuel tanks based on the research called for in
recommendation R-92-10. '

Past Studies of Locomotive Crashworthiness
Boeing Vertol

In the 1970’s, the Boeing Vertol Company conducted two study programs for FRA*
which included work related to the protection of crew members in locomotive cabs.
The first study was conducted in three phases to evaluate and improve the
crashworthiness of passenger-carrying vehicles in intercity service. Phase I surveyed
the accident data and identified those areas responsible for the majority of accidents
involving human injury. Phase II extended the structural survey to the caboose and
the locomotive cab. Phase III developed a preliminary design for a crash-survivable
locomotive cab and included both static and dynamic analyses of crash scenarios.

Boeing Vertol analyzed the structure of a GP40 locomotive in Phase II of the study.
The analysis showed that the cab and superstructure of the locomotive were
understrength compared to the structure of an overriding vehicle whether it be another
locomotive or a freight car. This led to the examination of ways to increase the
resistance of the cab to crushing. The model used for analyzing collision effects
included representation of the couplers, draft gear, and trucks. The superstructure
was represented by several lumped masses. ‘

Phase III of the program involved a detailed study of the locomotive cab. It included
the design of a deflection shield, a cab protective superstructure, and the forward
section of the underframe. The work included analytical studies to establish the crash
environment and to develop a simple dynamic analysis of the collision.

4 A Structural Survey of Classes of Vehicles for Crashworthiness (Edward Widmayer, Report
No. FRA/ORD-79-13, Boeing Vertol Company, September 1979)
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The summary report presented a sketch of a proposed structural arrangement for the
front end of a locomotive which would protect the occupants of the cab in almost all
accident situations. The proposed structural arrangement was a radical departure

from ‘present design practice and included heavy structural members around the cab.

The second study concerned itself with the safety aspects of the interior environment
of rail vehicles and addressed the problem of secondary impact effects on the
occupants of locomotives, cabooses; and passenger cars. This study also included an
analysis -of railcar accidents mcludmg passenger railcar collisions, derailments, and
motions causing occupant injuries.

~ As a result of these studies, locomotive manufacturers in the U.S. and Canada worked
‘closely with the Locomotive Control Compartment Committee (LCCC) to develop and
test mock-ups of locomotives that incorporated improved structural protection for
crew members in the event of a collision. The LCCC is a group that was formed in
June 1971, consisting of representatives from FRA, AAR, UTU, and BLE, whose
stated purpose is to:

"explore the possibility and/or feasibility of effective improvements in the
design, location, and construction of locomotive control compartments to
enhance the safety of cab occupants in the event of collisions or derailments,
and to achieve an optimum environment under normal operating conditions. "

With support from the LCCC, this work by locomotive manufacturers to develop
improved locomotive designs—prompted by both the NTSB recommendations
regarding improved crashworthiness and the findings of the subject Boeing
reports—led to the adoption of AAR S-580 in September 1989.

IOT Research Institute (II'TRI)

Under support from FRA, IITRI analyzed head-on collisions between various
combinations of two types of locomotives—a General Motors Corporation Electro-
Motive Division model SD60M and a General Electric Company model C40-8°. The
locomotives were assumed to be equipped with the crashworthiness features specified
by AAR Specification S-580. The collision of single locomotives, three locomotive
unit consists, and three locomotive, 100 loaded car trains were analyzed. The
analyses were used to establish the speeds at which one locomotive would be expected
to override the other and penetrate the cab of the overridden locomotive. Results of
the analyses indicated that override and cab crush could occur in a head-on collision

5 Assessment of Crashworthiness of Locomotives (Milton R. Johnson, IIT Research Institute
Project V06200, September 1993)
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between freight trains at closing speeds as low as 22 mph in selected collision
scenarios.

Additional analyses were conducted to determine the effects on collision phenomena
of raising the peak collision force that could be tolerated and the absorption of more
energy. Results showed that if protection is to be afforded to cab occupants in the
relative collision speed range of 60 to 80 mph, major structural modifications would
be required. These modifications would have to provide design features which would
allow colliding locomotives to pass by one another, either side-to-side or by override,
and yet maintain the structural integrity of the cab space.

Peer review of this research indicated disagreement regarding its immediate

applicability to development of performance criteria, and led to development of the
more detailed research design discussed below.

Approach

To meet the crashworthiness investigation requirements of the Act, FRA planned a further
research and analysis program consisting of the following tasks:

Establish and maintain a locomotive collision data base. The need for this data
base and its uses are discussed in Chapter 2.

Analyze the data compiled for each accident reported for entry into the data base,
taking into account the dynamics of each situation to estimate:

0 the total energy of the collision;

0 how the energy was dissipated;

0 the peak forces reached in the control cab area;

o how and why structural damage occurred;

o how and why crew. members were injured; and

0 what existing features provided crew protection and how.
Develop a computer model using the analysis of collision data to correlaté crew
injury probability to the dynamic parameters of the collision. The model should avoid
unnecessary complexity to make first order predictions on how changes to the

locomotive structure change the dynamics of the collision and thus affect the
probability of crew injury.
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The model shall predict the dynamic motion and structural response of locomotives to
the forces developed during collisions. The model shall account for how all the
kinetic energy of the train(s) involved in the collision is dissipated. Using only that
portion of the kinetic energy that is transmitted to the structure of each locomotive
involved in the collision, the model shall predict the structural damage to each
locomotive as a result of the collision.

Verify the computer model by using it to predict the results of accidents contained in
the data base. Compare the predicted motion and structural damage to the motion or
position of the locomotives after the collision and the structural damage actually
observed as part of the accident investigation. Adjust the parameters of the model to
make the predlcuons as accurate as possible.

Determine the effectiveness of AAR Specification S-580. Through evaluation of
‘accident reports used in the formation of the data base, assess the effectiveness of
each of the locomotive crashworthiness requirements of AAR Specification S-580 in
lessening the effects of collision dynamics and decreasing the probability of crew
injury or fatality.

Model crashworthiness features specified in Section 10 of RSERA. Determine
how to practically and economically implement each of the listed crashworthiness
features into the design of a locomotive. Sketches and conceptual specifications must
be developed to describe how each feature is incorporated into the structure of the
locomotive. How a crashworthiness feature is implemented into the design of a
locomotive strongly influences how effective that feature will be in providing
additional protection to cab occupants. As such, a balance of effectiveness against
cost and practicality of 1mplementat10n must be established for each crashworthiness
feature modeled.

Predict how crashworthiness features affect structural damage. The model shall
predict and compare the structural damage, particularly in the cab area, for
locomotives equipped with each crashworthiness feature to the baseline case of the
same locomotive without the feature included.

Prediction of additional protection provided to cab occupants. A means to predict
the extent of injury likely to occupants of the locomotive cab based on the structural
damage to the cab and the accelerations imparted to cab occupants due to forces
generated during a collision will be established. The model shall predict and compare
the likelihood and extent of injury for cab occupants for the baseline cases to the
likelihood and extent of injury predicted for locomotives equipped with each of the
crashworthiness features in the Act.

Prioritization of features and recommended future locomotive design. Based on
the potential to provide additional protection to cab occupants as shown by the results
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of the modeling, estimated cost to implement, and practicality to implement, a
prioritized list of crashworthiness features and specific recommendatlons for future
locomotive design requirements will be established.

FRA established and maintains the locomotive collision data base described above. FRA
contracted the other tasks to Arthur D. Little, Inc. (ADL).

Model Development

FRA did not conduct full-scale crash testing of locomotives due to its prohibitive cost. A
single crashworthiness test using two structurally modified locomotives tested at two crash
speeds (35 mph and 50 mph) is estimated to cost between 1.5 and 2 million dollars. This
estimate does not include possible representative scale testing used to simulate crash
scenarios. For these reasons, the primary function of the collision data base became to
provide a means to validate the accuracy of computer models developed by ADL to predict
the results of collisions in terms of damage to the locomotives and injuries to crew members.

The development of a computer model and the choice of accident types to which it should be
applied was guided by many aspects of train collisions, including the possible and likely
collision modes, locomotive structural design, and considerations on how colliding
locomotives interact. Three primary types of collisions between two trains exist: (1) head-
on; (2) rear-end; and (3) side impact. Of these, the head-on collision represents the greatest
threat to the locomotive crew. Grade crossing accidents and rear-end collisions in which a
lead locomotive is involved also challenge the front end, but less seriously than in a head-on
collision. The AAR S-580 specification, with its emphasis on front-end components, is
clearly directed toward protection against the head-on collision. For these reasons, the head-
on collision scenario was selected as the primary crash scenario type with which to evaluate
crashworthiness design concepts. '

Three different computer models were developed to evaluate the effectiveness of the various
crashworthiness features identified in the Act. The structural damage model generates the
load-crush curves for the important front-end structural components. These curves are used
as input to the lumped mass collision dynamics model, which calculates the amount of cab
crush and the cab acceleration vs. time, also called the crash pulse. The crash pulse is the
primary input to the occupant survivability model that determines accelerations that a
simulated occupant could experience. Each of these three models must be exercised to
predict the results of a given collision scenario. A brief description of each of the above
models is provided as follows:

o Structural Damage Model. The structural damage model is based on elastic-
plastic finite element analyses carried out using the commercially available
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computer program ABAQUS®, Analyses were conducted for three sets of
components: (1) the draft gear support structure/underframe; (2) the
anticlimber/underframe; and (3) the short hood structure/collision posts.
Analyses included the effects of plastic deformation and elastic and plastic
buckling with crush values in excess of one to eight feet. Analyses made for
actual components used on currently manufactured locomotives showed that
the strength requirements of AAR Standard S-580 for anticlimbers and
collision posts are substantially exceeded.

0 Collision Dynamics Model. The collision dynamics model is a lumped mass
model carried out using the commercially available computer program
ADAMS’. Each locomotive in the consist is modeled as having three masses:
the body and two trucks. These masses are connected by springs and dampers
that include, for example, the effects of lift-off from the trucks during an '
override. The lead locomotives in the model include three impact elements to
represent the important structural elements described in the previous
paragraph. '

An important feature of the collision dynamics model is that override is
purposely initiated by including a ramp on one of the lead locomotive
anticlimbers. This is based on the assumption that, given sufficient collision
force, the asymmetric deformation of components that occurs on impact leads
to initiation of override. However, in the model as developed, override arrest
will be predicted as long as the structural energy absorption capability exceeds
the energy available to be absorbed.

For most of the calculations, motion is restricted to a vertical plane that
includes the track; that is, no lateral motion is allowed. Separate calculations
made by ADL in the study show that lateral buckling or derailment of trailing

- vehicles has little effect on the crush and crash pulse of the lead locomotive.
However, such a derailment has a substantial effect on dissipating the energy
of trailing vehicles and is nearly always associated with head-on collisions of
significant closing speed. Separate calculations in this study also showed it
was not necessary to include non-locomotive trailing vehicles in the collision’
dynamics model to predict the collision effects to the lead locomotive. ‘

¢ ABAQUS. Hibbitt, Karlsson & Sorensen, Inc., 1080 Main St., Pawtucket, RI 03860

7 ADAMS, Solver Reference Manual, Mechanical Dynamics, Inc., 2301 Commonwealth
Blvd., Ann Arbor, MI 48105, 1993
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0 Occupant Survivability Model. The occupant survivability model is based on
the commercially available program ATB? (Articulated Total Body). The
occupant is simulated by a set of connected lumped masses designed to
represent anatomical behavior of a SOth percentile male. For most of the
analyses, the occupant was modeled as lying face down, transverse to the
direction of travel, and in the rear of the cab to ride down the collision. The
cab surfaces modeled included two seats with posts, two side-walls and a front
panel with an opening to represent the stairs down to the nose of the hood.
The model uses the crash pulse as input and calculates the trajectory of the
occupant and various force and acceleration values to which the occupant is
subjected as he/she impacts various surfaces.

Occupant Survivability Measur

The potential benefit of the crashworthiness design features examined required definitive
measures and standards by which occupant injury potential in a train accident could be
evaluated. Such methods and criteria, however, have yet to be formulated for occupied rail
(and, in general, all guided ground transportation) vehicles. Consequently, selected protocols
which assess occupant survivability in other types of civilian passenger transport vehicles
were employed for this purpose.

Three occupant survivability measures were used to evaluate the relative risk of injury or
fatality: cab crush, the Head Injury Criterion (HIC), and the Resultant Chest Acceleration
(Cp). A crush of 6 feet beyond the tip of the short hood was taken as the value that would
eliminate survivable space in the cab. This value corresponds approximately to crush up to
the front console; however, it was assumed that for this crush, the debris forward of the
console would be pushed into the cab, eliminating the survivable space.

As no secondary impact measures have been adopted for guided ground transportation, two
quantitative injury-indicator parameters widely accepted for use in analyzing highway
accidents were employed: (1) an acceleration-based algorithm called the Head Injury
Criterion (HIC), and (2) the resultant translational acceleration of the center of gravity of the
chest (Cg). Table 3-1 defines these measures and specifies commonly accepted thresholds
that should not be exceeded. Both measures are currently prescribed in the U.S. Department
of Transportation (DOT)/National Highway Traffic. Safety Administration (NHTSA) as part
of Federal Motor Vehicle Safety Standard (FMVSS) 208°. This standard includes a

§ Obergefell, L.A., Gardner, T.R., Kaleps, 1., and Fleck, J.T., Articulated Total Body
Enhancements, Volume 2, User’s Guide, Harry G. Armstrong Aerospace Medical Research
Laboratory, Wright-Patterson AFB, OH, Report No. AAMRL-TR-88-043, January 1988

® Title 49, Code of Federal Regulations: Part 571
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Body Region ; , Requirement

Head The resultant scceleration at the center of gravity
of the head shall be such that the expression
(the Head Injury Criterion, HIC):

l: Lol
[,71-7 [ -d:} = 1)

b

shall not exceed 1,000, whera a is the resultant
transiational acceleration expressed a3 3 miudtiple
of g (the acceleration of gravity), and ty and 1
are any two points in time during the crash of
the vehicle which are separatad by not more
than a 36 millisecond time interval and which
maximizes the integral

Chest (Thorax) The resuttant transiational acceleration at the center
of gravity of the upper thorax shall not exceed 60 g's,
except for intervals whose cumulative duration is

not more than 3 milliseconds

Table 3-1  Selected Biomechanical Measures of Occupant
Survivability

rigorous full-scale crash test of a vehicle into a flat, rigid barrier at 30 mph. Body region
accelerations recorded by instrumentation embedded in two front-seated dummies are used to
calculate the HIC and C;. All small-cabin volume motor vehicles and certain classes of
buses must demonstrate compliance with FMVSS 208 in order to be sold and allowed to
operate on U.S. roadways. The DOT/Federal Aviation Administration (FAA) also utilizes
the HIC as part of its injury criteria for the occupants of various civil aircraft under
applicable Federal Aviation Regulations!®. The HIC acceptance value for both NHTSA and
FAA is 1000, as this is the level above which serious injury will likely occur. As stated
above, similar acceptance measures have not been developed for guided ground
transportation modes, and FRA currently has no regulations regarding acceptable levels of
occupant injury potential. Although there exists some controversy regarding the meaning and
utility of the HIC and the C, measures, they appear to constitute the best available means of
quantifying the severity of typical secondary-contact type injuries that could occur in the cab
of a locomotive. '

It should be noted that the maximum allowable thresholds listed in Table 3-1 actually
represent a single coordinate on a specific injury risk function curve. Various injury risk
functions exist; they are derived using inputs from biomechanical test data and accident
statistical analyses and reflect a prescribed Abbreviated Injury Scale (AIS) classification. As
such, they define the full range of injury probability over a continuum of index values

10 Title 14, Code of Federal Regulations: Parts 23, 25, 27, and 29
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ranging from nearly zero to well beyond the maximum human tolerance limits stipulated in
Table 3-1. Risk functions were employed in this program to compute the probability of
moderate or serious injury to the cab occupant corresponding to calculated HIC and Cg
values provided by ATB.

The risk function selected for assessment of possible head injury is depicted in Figure 3.1. It
relates the magnitude of the HIC to the probability of sustaining a minimum AIS =2 level
(moderate) injury, i.e., the occurrence of linear skull fracture and/or a state of
unconsciousness lasting less than one hour. Examination of this curve indicates that 90
percent of the general population would not be expected to sustain such injury (i.e., only 10
percent would be expected to incur AIS =2 trauma) if the HIC did not exceed 262. In the
context of the tolerance limit defined in Table 3-1, a 1000 HIC is associated with a 44
percent probability that the general population would be likely to suffer injuries of this

nature.
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Figure 3.2  Probability of Thoracic Trauma as a
Function of Resultant Chest
Acceleration

Figure 3.2 shows the risk function selected for evaluation of possible chest injury. It relates
the magnitude of Cy to the probability of sustaining a minimum AIS =3 level (severe)
general thoracic trauma, i.e., the occurrence of various rib fracture mechanisms with or
without hemothorax or pneumothorax. This curve indicates that 90 percent of the general
population would not be expected to be injured in this manner (i.e., only 10 percent would
be expected to suffer such trauma) if the Cy remained below 8 g’s. Inspection of this profile
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shows that there is a 57 percent probability that the general population would be likely to
incur this type of injury if subjected to the 60 g Cy tolerance limit noted in Table 3-1.
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Figure 3.1 Probability of Head Trauma as a Function of the Head
Injury Criterion

Probability curves are available for other injury, or AIS, levels. However, the AIS =2 level
for HIC and AIS =3 for Cy were chosen because they seemed to best correspond to the
onset of "serious" injury. Table 3-2 illustrates the relationships between the AIS Code, the
HIC value, and the C; value as they relate to specific injuries.

For modeling purposes, it is very difficult to specify a typical initial baseline occupant
configuration and position in the cab, as unrestrained occupants of the cab have the freedom
and space to do virtually anything just prior to a head-on collision. A "defensive" mode,

“which modeled the occupant lying on the floor near the rear of the cab in a lateral, prone,
face-down posture, with outstretched arms, was selected for this purpose. Preliminary
exploratory analyses demonstrated that the injury indicating parameters generated by ATB
were sensitive to the exact location of the occupant relative to cab interior systems such as
seats and the front walls. Consequently, ATB was exercised with four different lateral
occupant positions in the cab in an effort to obtain an average and range of calculated
survivability measures.
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Table 3-2 AIS Code, HIC, and C; Relationships
AIS Code HIC Head Injury Chest Chest Injury
Deceleration
(Co)
1 135 - 519 Headache or 17-37g’s Single rib fracture
dizziness
2 520 - 899 Unconscious 38 -54 g’s 2 to 3 rib fractures;
less than 1 [ sternum fracture
hour; linear
fracture
3 900 - 1254 Unconscious 1 55-68¢g’s 4 or more rib
to 6 hours; fractures; 2 to 3 rib
depressed fractures with
fracture hemothorax or
pneumothorax
4 1255 - 1574 Unconscious 6 69-79 g’s greater than 4 rib
to 24 hours, fractures with
open fracture hemothorax or
pneumothorax; flail
chest
5 1575 - 1859 Unconscious 80-90g’s , Aorta laceration
more than 24 (partial transection)
hours; large
hematoma
6 > 1860 Fatality >90¢g’s Fatality
o In two of these simulations, the occupant was positioned to ensure that head
and/or upper torso contact with some part of the engineer’s seat assembly
would occur dunng crash ridedown. In one, the occupant was nearly touching
the wall, while in the other, the occupant was positioned 10.5 inches forward
of the wall.
o The other two baseline simulations were conducted with the occupant

positioned near the center of the cab to avoid head and torso contacts with the

seats in the cab. The same spacings described above were used in these runs.

3-17




ADL selected three head-on collisions from the FRA collision data base for comparison to
results generated by the computer models. To the extent possible, actual masses and
component strengths were used for the specific locomotives involved in the accidents.
Comparison of the model predictions to the actual observations for the three

accidents chosen demonstrate a high degree of similarity, and are in good agreement with
respect to the extent of longitudinal crush and crash pulse for overridden locomotives.

(A)

®

©

FRA Report C-58-91. This accident was a head-on collision between a

~ stationary train and another moving at 18 mph. The stationary consist had
three locomotives and the moving consist only one. None of the locomotives
- satisfied AAR S-580. The collision, for which there are no photos available,

resulted in only minor damage to the front-end components. There was no
override and no injuries.

The results from the ADAMS model are similar to the observations for this
accident. The model predicted less than 1 inch of crush in the draft gear
support structure at the point of maximum crush.

‘FRA Report B-02-93. This accident was a head-on collision of two trains,

the first with two locomotives traveling at 9 mph and the second with five
locomotives traveling at 21 mph for a closing speed of 30 mph. Again, none
of the locomotives satisfied the requirements of AAR S-580. The collision
resulted in override of the lead locomotive of the 9 mph train onto the lead
locomotive of the other tram causing substantial crush to the cabin and an
occupant fatality.

The ADAMS model predicts override and substantial crush of the short hood
structure and cab. The model predicts approximately 10 feet of crush beyond
the tip of the short hood, compared to approximately 7-8 feet actually observed
from examination of photographs of the accident.

FRA Report C-10-94. This accident was a head-on collision between a single ..
locomotive consist traveling at a speed of 25 mph colliding with a three
locomotive consist traveling at 18 mph for a closing speed of 43 mph. The
lead locomotive of the 18 mph consist, which was built in early 1991 and
satisfied the requirements of AAR S-580, was overridden but the collision
posts were effective in arresting the override. There were only minor injuries
as a result of the accident. From photographs, it appears that the short hood
has been crushed about 2 feet.

The model results show that override is expected to occur, and the predicted
crush of the short hood/collision post structure is about 4.5 feet.
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An important result of the model validation simulations is the prediction of complete failure
of the draft gear support structure of the overriding locomotive. This failure is largely
responsible for enabling complete override to occur, since the anticlimber/underframe of the
overridden locomotive encounters no resistance below the underframe of the overriding
locomotive since the trucks are not secured to the underframe. Side view photographs of the
overriding locomotives in representative accidents also show complete failure of the draft
gear support structure.

In general, both model results and photographs from the three chosen accidents show that the
anticlimber of the overridden locomotive is not challenged vertlcally during the head-on
collision. Rather, it is crushed and then sheared by the opposing anticlimber/underframe
structure. This suggests that the anticlimber is not effective in preventing override, and is
confirmed to some extent by examining two head-on collisions studied by ADL in which
override occurred at medium (30 and 43 mph) closing speeds. However, the anticlimber is
probably very effective in preventing the rise of debris from grade crossing type accidents.

Baseline Crash nari

ADL used an actual head-on collision (accident (B) as described above) as a basis to model a
"baseline” crash scenario—one that predicts the amount of cab crush and the loss of
survivable space for a locomotive just meeting the requirements of AAR Standard S-580. In
this collision, a train with two locomotives and 15 trailing vehicles traveling at a speed of 9
mph collided head-on with a train with five locomotives and 92 trailing vehicles traveling at
a speed of 21 mph giving a closing speed of 30 mph. In this collision, the lead locomotive
of the 21 mph train was overridden by the lead locomotive of the 9 mph train resulting in
one fatality in the overridden locomotive due to about 10 feet of cab crush. Although the
lead locomotive did not strictly satisfy the requirements of AAR Standard S-580—its
anticlimber at the short hood end did not extend across the entire width of the
locomotive—calculations suggest that the resulting crush would have been comparable had
the lead, overridden locomotive satisfied AAR S-580. This is primarily due to the
assessment presented in the previous paragraph that the anticlimber as specified by

AAR S-580 is ineffective in preventing override. '

Summary of Results
Effectiveness of AAR Specification S-580

In 1989, AAR adopted Specification S-580 which defined minimum standards for collision
protection on new road locomotives built after August 1, 1990. The specification requires
that all road locomouves built after this date be equipped with the followmg crashworthiness
design elements:!!

"AAR Specification S-580 is provided in its entirety in Appendix B.
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0 An anticlimber arrangement attached to the short hood end of the locomotive
designed to withstand a minimum of 200,000 pounds without exceeding the
ultimate strength of the material, when applied vertically and uniformly
between the center sill webs under the anticlimbers of the locomotive. This
anticlimber arrangement is attached to the underframe end plate in line with
the center sill webs..

o A minimum of two collision posts, located on the underframe longitudinals
(center sills), designed to withstand a longitudinal force of 200,000 pounds
each at 30 inches above the deck and 500,000 pounds each at the underframe
deck without exceeding the ultimate strength of the material.

o A short hood end-facing skin consisting of the equivalent of 1/2-inch steel
plate with a 25,000 psi yield strength.

Throughout the informal industry meetings, each of the locomotive manufacturers (General
Electric (GE), General Motors Electro-Motive Division (EMD), and Morrison Knudsen
(MK)) clearly stated that they felt AAR S-580 is effective in improving locomotive
crashworthiness. ‘The manufacturers did not, however, substantiate this with post-accident
evaluations or analytical comparisons to pre S-580 locomotive designs. As noted in
Chapter 2, crash data is very limited for locomotives built in compliance with the
requirements of AAR S-580. Because of this limited data sample, a clear evaluation of the
level of effectiveness of the crashworthiness features implemented via this standard is
difficult. In the limited number of collisions involving locomotives built to AAR S-580,
these locomotives have demonstrated improved protection to crew members over previous
designs.

‘While the adoption of AAR S-580 requirements in locomotive design is a definite
improvement over previous designs, this report identifies both strengths and weaknesses in
the specification as currently written. Specifically:

o The anticlimber described in AAR S-580 provides effective protection only at
very low speeds. The computer model shows that the anticlimber of an
overridden locomotive is not challenged vertically during the head-on collision.
Rather, it is crushed and then sheared by the opposing anticlimber/underframe
structure. While the present anticlimber design may be effective in limiting
the damage sustained in grade crossing type accidents, improved anticlimber
designs are needed if they are to aid in protection of the crew in head-on
collisions.

o The collision posts, with strength as stipulated in AAR S-580, have proven to
be beneficial with respect to protecting crew members. However, this report
will clearly show that collision posts can easily be made stronger and more
effective with minimal cost and weight penalties.
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The short hood steel plate has been effective, in part, in preventing the entry
of flammable liquids spilled as a result of a collision or derailment into the
locomotive cab.

FRA followed a three step process described below to compare the effectiveness of
AAR S-580 and the specific crashworthiness features identified in the Act.

(3]

FRA applied the baseline crash scenario used to validate the model to a
locomotive simulated to just satisfy the requirements of AAR S-580. From
this, a measure of the cab crush and the predicted loss of survivable space was
determined for the locomotive just meeting AAR S-580.

Subsequently, a collision of a locomotive equipped with one of the
crashworthiness features listed in the Act, in addition to just satisfying the
requirements of AAR S-580, was modeled and evaluated to determine the
measure of cab crush and the predicted loss of survivable space. This was
done separately for each of the crashworthiness features specified in the Act.

The values obtained for cab crush and loss of survivable space for g
implementation of each of the crashworthiness features were compared to the
corresponding values for the baseline condition of the locomotive which just
satisfied the requirements of AAR S-580.

Application of the baseline crash scenario described previously; toa locomotive simulated to
just satisfy the requirements of AAR S-580 yielded the following measures of ’
crashworthiness:

o

Total short hood/collision post crush of 8 feet. This exceeds the estimate
identified earlier that a crush of 6 feet beyond the tip of the short hood is
taken as the value that would eliminate survivable space in the cab. This value
of 6 feet corresponds approximately to crush up to the front console; however,
it was assumed that for this crush, the debris forward of the console would be
pushed into the cab, eliminating the survivable space.

Peak cab acceleration of 11 g’s. This peak acceleration, illustrated in the

locomotive crash pulse in Figure 3.3, occurs early in the collision due to the
stiff draft gear support structure.
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0 Secondary impact'? measures as follows, and as detailed in Table 3-3:

® HIC values ranged between 11 and 260 for the four simulations run
using different occupant positions as described previously, with an
average value of 159. This average HIC value of 159 corresponds to a
less than 5 percent probability of moderate head injury for the
simulated occupants.

o Cr values ranged between 16 and 27 for the same four simulations,
with an average value of 20. This average level of acceleration is
associated with serious thoracic trauma for about 27 percent of the
simulated occupants.
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Figure 3.3 The Locomotive Cab Crash Pulse for the Baseline Crash
Scenario

12 These secondary impact measures are provided to illustrate that such a collision may be
survivable if cab crush can be prevented. However, as cab crush of 8 feet is predicted for this
collision, the secondary impact measures become irrelevant as the survivable space in the cab
is eliminated thereby crushing cab occupants.
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Table 3.3. Locomotive Cab Occupant Response to the Baseline Crash Scenario

These HIC and Cy values are directly influenced by the location, nature, and timing of
multiple body region contacts with cab interior surfaces. The four simulations indicated that
a variety of direct and indirect impacts (i.e., contact cushioned by an arm) could occur.
Head contacts were made with the floor, engineer’s seat support, and front cab wall. Torso
contacts were made with the floor, underside and exterior (unpadded) back surface of the
engineer’s seat, and front cab wall. '

The occupant survivability measures calculated for this baseline case, while demonstrating
some probability of severe injury, generally suggest the crew remaining in the cab in this
collision could have survived had override and substantial crush not occurred.

Braced Collision Posts

Collision posts are members of the end structure projecting upward from the underframe to
which they are securely attached, and provide protection of occupied compartments from
penetration during a collision.

Current Practice AAR Specification S-580 requires that collision posts have an ultimate
strength of 500,000 Ibf each for a longitudinal load applied at the deck level and an ultimate
strength of 200,000 1bf each for a longitudinal load applied 30 inches above the deck.
Current freight locomotives in the United States achieve these strengths by utilizing a solid
plate element welded to the underframe in some manner. The plate material is an alloy steel
ranging in yield strength from 50 ksi or higher. Calculations suggest that the ultimate load
carrying capacity of currently employed posts exceeds the S-580 requirement by more than a
factor of two. For example, Canadian National requires that each post sustain a longitudinal
load of at least 800,000 Ibf at 30 inches above the deck. This is achieved by using high
strength material with conventional geometry. The posts currently used (two per locomotive)
are estimated to weigh between 600-900 pounds each depending on the manufacturer and
model. :
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Behind engineer’s seat, 260 16
against rear wall
Behind engineer’s seat, 11 18
forward of rear wall
Center of cab, _ 166 18
against rear wall
Center of cab, 197 27
forward of rear wall




Concept Description The collision post geometry selected for analysis and modeling is
illustrated in Figure 3.4. It is tapered in the vertical direction with a cross section that
resembles a structural wide flange beam, and has a total height of 71 inches. This represents
a significant increase over the current AAR S-580 requirement of 30 inches. It appears
feasible to fix this revised post in the same location as the current posts—it would also be
welded to the short hood structure. This geometry was found to provide a good balance
between minimum weight and maximum load carrying capacity. The tapered geometry takes
advantage of the need for greater bending resistance at the base than at the point of load
application. The same 50 ksi yield strength material used for the baseline case was used in
this geometry. The post was designed to provide the same weight as the collision post
analyzed for the baseline scenario.

Various forms of collision posts were considered before selecting the geometry shown in
Figure 3.4. These included posts of similar geometry made of higher strength materials,
posts of similar materials with cross sections providing larger plastic bending strengths, and
multiple posts to even out the load crush curve and provide a deliberate ramping action for a
potentially overriding locomotive.

Details for the method of welding such a post to the underframe
were not investigated. However, one possibility is to weld the
proposed web directly over the web of the primary underframe
beams and to carry the post flanges through the deck for welding
along the web of the underframe beam webs. Some builders are
currently using such attachment methods for collision posts.

Quotes obtained from vendors for the welded collision post
structural shapes suggest a price of about $500/post. An estimate
of the differential cost over current designs, including welding to
the underframe, is about $1,000 for both posts.

As a note, there is a strength limit for the collision posts beyond
which bending of the underframe, rather than the posts, will
occur. This limit is about 1,500,000 1bf per post at 30 inches
above the deck.

Evaluation The load-crush curve for the concept collision posts is
shown in Figure 3.5, indicating that the ultimate strength is
800,000 Ibf per post for a load applied 30 inches above the deck.
This value is four times the value specified in AAR S-580.
Recalling that such a strength is currently achieved through
utilization of high strength material with conventional geometries,
substantially higher collision post strengths are likely achievable
via alternate designs.

Figure 3.4 Finite
Element Mesh
Depiction of the
Concept Collision Post
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Figure 3.5 Calculated Load-Crush Curve for the
Concept Short Hood/Collision Posts

The collision dynamics model results indicate that cab crush is substantially reduced when the
concept collision post replaces the post that just satisfies AAR S-580 in the baseline scenario.
The predicted short hood/collision post crush for this concept is only 1 foot compared to the
baseline value of 8 feet. Peak acceleration in the simulated collision with the stronger
collision posts is the same as for the case that just satisfies AAR S-580. However, the pulse
shown in Figure 3.6 differs from the baseline crash pulse at later times in the collision.
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Figure 3.6 Cab Crash Pulse for the Concept Collision
Post Locomotive
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Four ATB simulations were conducted using occupant positions in the cab identical to those
employed with the baseline crash scenario, with the results shown in Table 3-4. The HIC
exhibited a wide range of values from a low of 55 to a high of 725; the average magnitude
was 332 compared to 160 in the baseline scenario. The injury risk function indicates that
approximately 12 percent of the simulated occupants would be likely to suffer a minimum
level AIS >2 head trauma for this average exposure. The Cy values displayed a relatlvely
narrow variance—from a low of 27 to a hlgh of 44 g’s. The average Cy value was 37 g’s,

as compared to 20 g’s in the baseline scenario. This magnitude of acceleration would subject
about 43 percent of the simulated occupants to the chance of sustaining a minimum level

AIS =3 general thoracic trauma.

Table 3-4.  Locomotive Cab Occupant Rosponse for the Braced/Higher Strength
Collision Post Concept

Occupant Position in Cab Head Response - HIC Torso Response - Cy, (g’s)

Behind engineer’s seat, 725 36
against rear wall
Behind engineer’s seat, 55 27
forward of rear wall '
Center of cab, | 157 ‘ 39
against rear wall |
Center of cab, 390 44

forward of rear wall

As was the case with simulations conducted with the baseline locomotive crash pulse, the
above two injury parameters were highly dependent on secondary impact considerations.
Key head impacts occurred with the floor, support, underside, and exterior (unpadded) back
surface of the engineer’s seat and front wall. The severity of some of these contacts were
mitigated by the cushioning presence of an arm between the head and a cab interior surface.
The torso contacted the floor and front wall of the cab.

The results presented above are based on the baseline crash scenario, utilizing a 30 mph
closing speed to determine measures of crush and occupant survivability. Further
calculations were conducted at higher closing speeds for the baseline scenario (a two
locomotive consist colliding with a five locomotive consist) in which the lead locomotives
were equipped with the concept improved collision posts having a strength of 800,000 1bf
each at 30 inches above the deck. Computations at higher closing speeds show that the
survivable cab volume is consumed at a closing speed of about 40 mph for this configuration.
This represents an increase in closing speed at which survivable volume remains of about

10 mph over that predicted to be provided by a locomotive whose collision posts just satisfy
AAR S-580.
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Rolldver Protection Devices

Rollover protection devices are structural reinforcement of the sides and/or roof of the
locomotive. These devices are intended to make the cab volume less vulnerable to crushing
or penetration in the event the locomotive rolls during a collision, and to a lesser extent in
the event the locomotive is struck from the side."

Current Practice There are no current industry or Federal specifications for rollover
protection in freight locomotives. While it is commonly accepted that existing hardware such
as engine components and the electrical cabinet located at the rear of the cab could provide
some protection in the event of rollover, such protectlon has not been verified through testing
and/or actual accident evaluation.

Concept Description Figure 3.7 illustrates the roll bar concept generated and analyzed
through the modeling effort. It is essentially a structural frame located near the front of the
cab attached to the underframe at each side of its base. The estimated structural member
sizes required to support rollover loads are large enough to require some redesign of the
front cab—otherwise, there would be some obstruction of vision. An additional frame
located at the rear of the cab was contemplated, but was not included due to the added
weight and the likelihood that the equipment in the long hood would provide some support
during a rollover.

Figure 3.7 Illustration of the Roll Bar Concept
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The estimated cost and weight associated with the front cab roll bar are $10 000 and 3,000
pounds respectively.

Evaluation The formulation of the selected roll bar concept was guided primarily through
selection of a loading designed to provide some equivalence to that which would occur in a
rollover situation. . This loading is shown in Figure 3.8. Top loading is similar to the
Federal standard for school buses which-requires that the roof not compress by more than 5
inches when subjected to a vertical load equal to. 1.5 times the bus’ empty weight applied
over a prescribed area of the roof. The load used for the locomotive roll bar strength
analysis was taken to be equal to one-half times the locomotive weight. This represents the
belief that one-half of the locomotive weight will be.supported by some other part of the
body. Side loading was also investigated in selecting roll bar section size, and ultimately
was the determining load. In this case, the roll bar was required to also sustain one-half the
locomotive weight at the roof line. This is the static load that would have to be supported if
one-half the load was supported by the underframe and the other half was totally supported
by the roll bar. Figure 3.8 shows.that a design crash load of 200,000 pounds is necessary to
provide this level of protection at the roof line. By comparison, analysis of a structure that
approximately represents that found in currently manufactured locomotive cabs indicates that
the ultimate side load, at the roof line, is less than 20,000 Ibf.

"Rollover Loads

Vertica!l Load

Side Load
F-Mb

Figure 3.8 Design Crash Loads for the Roll
' " Bar Concept
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A 14x14x1/2-inch square tube section which weighs 90 Ib/ft will provide sufficient support
for the side loads illustrated in Figure 3.8.

It should be noted that extensive review of accident reports and accompanying photographs of
the respective collision sites revealed no cases in which a locomotive rolled past one of its
immediate sides (i.e., had done a complete, 360-degree roll). This accident history tends to
support the loading scenario presented above for the roll bar concept selected.

Deflection Plates

The purpose of deflection plates is to deflect another train or road vehicle laterally from the
path of the lead locomotive to reduce the energy which must be dissipated by the collision
and minimize damage to the cab.

Current Practice There are no current industry or Federal requirements related to
deflection plates. While a deflection plate may seem like a beneficial concept, the potential
exists for deflection plates to cause more harm than good. If trailing cars do not follow the
locomotive off the track, trailing cars could be subject to a more severe collision. Obvious
examples of such incidents include the hazard of collisions on bridges, danger to structures
next to the track or potential casualties in populated areas, and the possibility of deflected
locomotives falling great distances in elevated terrains. These scenarios may likely increase
casualties or cause more severe hazardous material spills.

Concept Description The deflection plate concept analyzed is very similar to the
interlocking anticlimber discussed in a following section. It is intended to act as an
anticlimber, to include the interlocking lips and to form a point in plan view as shown in
Figure 3.9. The surfaces forming the point were selected to have a 12.5 degree angle with
respect to the usual front plate, because this was felt to be the largest possible angle without
substantially extending the length of the locomotive underframe.

The estimated cost and weight for this concept is $5,000 and 2,000 pounds, respectively.

Evaluation The collision dynamics model was first modified to treat lateral motion of the
vehicles in the consist. A lateral ramp, rather than a vertical one, was placed on the lead
locomotive of the 21 mph consist in the baseline crash scenario. In addition, coupler .
interaction between the lead locomotives was not included and motion was only permitted in
a plane parallel to the ground—in other words, there was no pitch. The load-crush response
of the deflection plate/underframe was taken the same as the underframe as was done with
the interlocking anticlimber crashworthiness concept.

Calculations were first conducted to determine whether the 12.5 degree deflection plates
would cause lateral deflection. Only the two lead locomotives of the baseline consists were
modeled and no resistance to lateral motion was included. The results showed that the
collision was nearly identical to that of the interlocking anticlimber—no significant lateral
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Figure 3.9 llustration of the Deflection Plate Concept

deflection occurred prior to arrest. In fact, the deflection angle had to be increased to nearly
45 degrees before substantial lateral deflection of the type envisioned occurred. Figure 3.10
is a plot of longitudinal load vs. lateral deflection for the 45 degree case, showing that a
collision force of nearly 6x10° 1bf resulted prior to substantial lateral deflection. These
calculations strongly suggest that very large deflection plate angles, and consequently, a large
increase in underframe length, would be required to overcome the lateral resistance that
exists in track and to significantly deflect the train before inducing excessive crush of the
lead locomotives. For this reason, no further calculations were conducted.
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Figure 3.10 Load-Lateral Deflection Curve for the
45 Degree Deflection Plate Concept
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Shatterproof Windows

Shatterproof windows are intended to make a locomotive less vulnerable to penetration by
foreign objects striking the windows. While no glazing can be completely shatterproof,
increased levels of shatter resistance can be achieved through alternate designs. Front end
glazing for locomotives must provide high impact resistance to provide adequate occupant
safety from numerous threats including, but not limited to, the following:

0 low mass objects, such as ballast, thrown up from the tracks by passing trains;

0 vandalism, including thrown objects and items suspended or dropped from
overpasses; and

0 guns fired at passing trains or oncoming locomotives.

Accident statistics in this area are somewhat ambiguous. While it is certain that objects such
as ballast, cinder blocks, and bullets have impacted, and will continue to impact locomotive
glazing, there have been very few reportable injuries requiring treatment resulting from
failure of the glazing from these incidents. This low rate of reported injuries seems to
indicate that current glazing designs, manufactured in accordance with applicable FRA
regulations, have provided reasonable protection to locomotive cab occupants. However,
many of these incidents could be classified as "near misses” in which impact and even
penetration could have occurred, but no injury was reported. As train speeds continue to
increase, and as vandals become increasingly creative in their efforts, the risk associated with
one of these incidents causing permanent blindness or a fatality becomes of greater concern.

Laminated glazing, as used in numerous transportation applications such as military vehicles,
aircraft, and naval vessels, is typically two or more sheets of glass bonded together under
pressure at an elevated temperature with a sheet of plastic, typically polyvinyl butyral (PVB),
between them. When this laminated glazing is broken, the pieces tend to remain attached to
the plastic, reducing the risk of flying glass. The laminated structure also tends to remain
intact, thus providing some limited protection from further impact and protection from the
elements. However, penetration of the impacting object does not pose the only concern with
respect to the design of glazing systems for locomotives. If the inner surface of the glazing
is glass, impact of an object at sufficient velocity, while not penetrating the glazing, may still
cause a chipping, or spallation, of the inner glass surface and shower cab occupants with
small glass fragments which have the potential to cause lacerations and eye injuries. This
has prompted some railroads to require that locomotive crews wear safety glasses when
operating the locomotive.

Current Practice The current Code of Federal Regulations (49 CFR 223) states the
following requirements imposed by the FRA for window glazing in locomotive cabs:
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o All locomotives built after June 30, 1980 must be equipped and all locomotives
built before this date must be retrofitted with certified glazing in all cab
windows.

o Glazed windows must be able to deflect with no penetration a 24 1b cinder
block (8 inch x 8 inch x 16 inch) at 44 ft/sec (30 mph).

o Glazed windows must be able to sustain with no penetration a 0.22 caliber
bullet at 960 ft/sec.

0 Additionally, a witness plate constructed of 0.006 inch thick aluminum
mounted parallel to, and 6 inches behind, the test item must resist penetration
from spalling effects for each of the tests described above.

It is not clear with what margin these requirements are being met by the locomotive
manufacturers.

During the informal meetings held by FRA with industry representatives, several segments of
the industry expressed concern over the adequacy of current glazing requirements. The
adequacy, accuracy, and repeatability of the cinder block test has been questioned for a
number of reasons. Current CFR requirements call for the comer of the cinder block to
impact the center of the glazing sample, but due to the frangible nature of the block, it
shatters upon impact.. In spite of the American Society for Testing and Materials (ASTM)
standard cinder block specification, these blocks shatter in different ways during different
iterations of the same test scenario. The way in which the cinder block fractures upon
impact is directly dependent on the precise orientation of the block as it hits. Additionally,
as the cinder block breaks upon impact, it produces a lower effective mass than a non-
shattering object. The corner impact called for in the current regulation also insures that the
block will shatter before its full force is delivered to the glazing, and thus reduces the
penetrability in comparison to a contact. of a flat side of the block.

Current European standards do not incorporate a large object (such as the 24 pound cinder
block) impact test for their glazing systems. Instead, a steel, geometric (cube, cylinder, etc)
test object weighing approximately 2 pounds is impacted into a glazing sample at speeds far
exceeding the 30 mph required for the cinder block—and usually closer to the maximum
speed of the train. Studies have approximated that the penetration resistance of glazing for a
small object at high speed, or a large object at low speed but the same kinetic energy is
approximately equivalent. Additionally, as the cinder block shatters upon impact, it may
have a lesser penetration than the small steel test device utilized by the Europeans.

Specific concerns identified following the informal industry meetings also included a
perceived need to improve the anti-spalling characteristics of glazing. The current witness
plate of 0.006 inch thick aluminum mounted 6 inches behind the glazing sample does not
detect spallation of small glass particles that can still cause significant injury and lacerations,
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particularly to the eyes. Numerous glazing specifications exist that employ much more
stringent requirements with respect to spallation, including the following:

0

British Railways Board, BR 566: High Impact Resistant Windows. A 0.0005
inch thick aluminum foil witness plate is used, 15.7 inches behind the sample,
which receives an impact of a 2 pound steel cube moving at 137 mph. No
marks are allowed on the witness plate after the test.

ASTM F 1233-89, Standard Test for Security Glazing: A 0.0009 inch
aluminum foil witness plate is used to test spallation from bullet impacts on
"bullet proof” glazing. After 5 shots, there can be no penetratlon of the
witness plate. ;

UNI (Italian) Standard for bullet proof gl‘a'zing:— A 0.0008 inch aluminum
witness plate is used, with no penetration following 3 shots.

H.P. White Laboratories, Standard Test for Ballistic Threat: A 0.001 inch
aluminum witness plate is used, 6 inches from the sample, with no penetration
allowed of the witness plate after 3 shots.

The industry also questioned the wisdom of the current glazing standards, which allow
glazing manufacturers to perform a one-time test of their own products to ensure compliance
with FRA rules. Several organizations recommended that all glazing manufacturers be
required to periodically have an independent testing organization recertify their products.

Concept Description

There are a number of commercially available glazing systems that can meet and/or exceed
the current Code of Federal Regulations requirements listed above. As discussed above,
laminated glazings are able to resist higher levels of impact than pure glass, while at the
same time reducing the risk of flying glass through the incorporation of a polyvinyl butyral
interlayer. However, even laminated glass has limited impact resistance, which necessitates
the use of thicker, heavier cross sections to achieve higher levels of protection. Additionally,
laminates with an interior layer of glass toward the operator present the possibility of
spallation problems at high impact levels for the cab occupants. There are several alternative
methods of achieving greater levels-of protechon that can be used w1thout sacnﬁcmg welght :
and size cons1derat10ns ,

Many high-level secunty institutions, military vehicles, and marine craft incorporate a
glazing design that utilizes a layer of polycarbonate sandwiched between two layers of glass.
Polycarbonate has an impact resistance. that is 250 times greater than that of glass, has good-
light transmission, is much lighter than glass, and is economically feasible. However, .
polycarbonate scratches easily and is attacked by a range of chemicals and cleaning fluids..
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Thus, the glass-clad polycarbonate system combines the increased strength properties of
polycarbonate with the scratch and chemical resistance of glass.

The glass-clad polycarbonate laminate described above still presents a spallation hazard to
cab occupants at higher impact levels, as it incorporates a glass inner layer. This hazard can
be significantly reduced through the addition of a plastic layer to the inside surface of the
glazing. This almost totally stops spallation from entering the occupant compartment if the
laminated glazing is thick enough to prevent penetration of a rock or bullet. In many cases,
this additional plastic layer will also contribute to the penetration resistance of the glazing.
Alternatively, a polycarbonate layer may be used as the spall ply, although other limitations
are introduced due to an unsymmetrical cross-section.

Table 3-5 lists four glazing options with increasing resistance to shatter and penetration as
demonstrated by impact of a 2-inch diameter, steel, hemispherical dart at 30 mph'®. The
options are listed in order of increasing effectiveness and cost. The first glazing type, which
apparently just meets current FRA requirements, consists of layers of tempered glass between
which is laminated a relatively thick layer of polyvinyl butyral (PVB). The second system is
identical to the first, but includes a spall resistant layer applied on the interior surface which
raises the level of protection modestly. On the other hand, the third system is a glass-clad
polycarbonate glazing that utilizes a polycarbonate inner core, and demonstrates substantial
improvements over the first system with about a 50 percent increase in cost. Greater
improvements can be realized through the incorporation of a spall resistant layer on the
interior of the glass-clad polycarbonate laminate as shown for the fourth system at an
additional cost as shown in the table.

It is important to note that while glazing systems are being developed that have the ability to
withstand very high impact forces, the associated frame and mounting techniques used to
secure the glazing in place may become the "weak link" in protecting cab occupants when
subjected to these increased forces. If the glazing support or bonding methods used to secure
the glazing in place are inadequate, penetration may occur through failure of the attachment
structure and not through failure of the glazing itself. Consequently, as the threats associated
with locomotive glazing continue to become more severe, increased attention regarding
framing and mounting design is necessary.

13 Advanced Windshield Design for Rail Transportation, Kane, D. and Hayward, D., ASME
Paper, 1994, 6 pages
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Table 3-§ Repmentative' Glazing Options

Impact Properties of Various Windshield Designs -
2.0 Inch Diameter Hemispherical Tipped Steel Dart, Impact Velocity = 30 mph
Price for a Glxm'hg ) Witness Approximate
Physical Make-Up Representative Penetration (ft- Plate Relative Resistance
Locomotive Ibs.) Damage to Penetration
Window (ft-Ibs.)
——-——r—————_ — e :
Semi-Tempered $200 _ 381.3 < 777.8 1 X FRA Standard
Glass/PVB Laminate
As above, with interior $280 457.5 > 777.8 15 percent over
spall resistant layer FRA Standard
Semi-Tempered $300 No penetrationup | > 1,500 34 X FRA
Glass/Polycarbonate to 1,500 Standard
Inner Core
As above, with interior $325 No penetration up > 1,622 5 X FRA Standard
spall resistant layer to 1,622

Evaluation Table 3-5 clearly shows that improved glazing designs are available that
significantly increase the level of protection afforded the locomotive cab occupants in the
event of an impact, especially with respect to protection from the hazards of spallation.
These improved designs provide this increased protection with no significant increase in =
overall weight, and at moderate costs that are not prohibitive. Comparison of occupant
survivability measures, as compared to the baseline scenario, were not performed due to the
lack of definitive accident statistics relating to injuries sustained as a result of glazing
penetration. '

The glazing requirements specified in the performance specification for Amtrak’s High Speed
Trainset directly support concerns that current glazing standards provide inadequate
protection given the increasing speeds of trains. This performance specification includes
increased awareness with respect to framing requirements, more stringent witness plate
requirements, and more severe ballistic and large object impact resistance requirements. The
incorporation of these more demanding glazing requirements, due largely to increased train
speeds, directly parallels the recommendations provided during the informal industry
meetings. :

Readily Accessible Crash Refuges

The crash refuge feature refers to a safe and sturdy area or volume into which crew members
can position themselves to be protected from secondary impact, crush, or both.
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Current Practice  Currently there are no U.S. standards requiring a crash refuge for a rail
vehicle. This topic was the subject of some prior work on freight locomotive
crashworthiness which recommended that the cab consist of a strong structural "cage" that
could also act as a ramp to vertically deflect an overriding locomotive or other vehicle. The
vertical strength of the cab in this cage-type structure is necessary to protect cab occupants in
the event of a rear-end collision in which cars are pushed to the top of the cab, thus crushing
the cab.

Some high speed rail vehicles are now designed with what one could consider a crash refuge.
In this case, a length of the car is reinforced to have greater longitudinal crush strength than
the parts of the vehicle on either side of it. In the event of a collision with substantial crush,
the zones on each side of this protected length would crush sacrificially. In conducting
interviews with railroad personnel, it became very evident that there would be great
resistance to a refuge that would be totally enclosed. This perception affected the choice of
concepts.

Concept Description Three crash refuge concepts were considered for analysis in this
study. The first two are related and utilize the crew member’s seat as shown in Figure 3.11.
In both cases, protection against secondary impact is provided by rotating the seat so that the
occupant can ride down the collision with his or her back to the oncoming vehicle or
obstruction. Connecting the occupant to the vehicle in some manner as quickly as possible is
one of the primary crashworthiness goals for passenger restraint systems in motor vehicles
and aircraft. In one of the seat crash refuge concepts studied here, the seat simply rotates
and locks to face aft; in the other, the seat rotates, locks and drops in order to place the
occupant closer to the floor, at which the chances of survivable volume are greater. The
need for somewhat more robust seats and a stronger seat support to absorb the shock of the
collision is anticipated. Seat belts are not necessary to provide the basic protection against
secondary impact with the rotating seat concept, even though there is likely to be some recoil
action of the impact as the locomotive comes to rest. However, a seat belt would minimize
the risk of injury from this event.

The third crash refuge resembles a trench. It is located at the rear of the cab and is formed
when a lever is pulled and a floor panel drops down toward the rear to expose a padded
space between the cab floor level and the sill of the underframe as shown in Figure 3.12.
Current locomotives include some crawl space in this area for access to various mechanical
and electrical components. However, some modification to increase this space as well as to
provide a shock absorbent wall facing frontwards would be required. Placement of the
trench crash refuge concept provides somewhat of an advantage over alternative concepts
presented in that it is located lower with respect to the locomotive structure. This lower
location translates into an increased probability of maintaining a survivable volume in the
event that the locomotive cab is crushed due to any number of collision scenarios.
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Figure 3.11 Illustration of the Rotating Seat Crash Refuge
Concept

Figure 3.12 Mlustration of the Trench
Crash Refuge Concept
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All three of these crash refuge concepts protect the occupant against secondary impact, but
provide limited or no protection against crush. Thus, some other feature would be required
to protect the crew in the baseline scenario, for which a crush of 8 feet is predicted.

Estimates of weight and cost increases associated with these three concepts are listed in
Table 3-6. Pictorial views of each of the three concepts evaluated are provided in
Figures 3.13 through 3.15.

Table 3-6.  Estimates of Weight and Cost Increase Over the Baseline Locomotive for
the Three Crash Refuge Concepts Analyzed

" Crash Refuge Concept

Rotate Seat Only Rotate & Drop Seat Trench
Weight 300 600 400
Cost Increase - $15,000 $20,000 $2,000

e

Now:  Cab Right Sidewall And Rear Planes
Inciuded in ATE Mode! But Not
Shown in VIEW Drawing

Figure 3.13 Occupant Position in the Rotate and Loc

k Seat Crash Refuge Concept
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Figure 3.14 Occupant Position in the Rotate, Lock, and
Drop Crash Refuge Concept

Front

Figure 3.15 Occupant Position in the Trench Crash Refuge Concept
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Evaluation In making evaluations of the crash refuge concepts, recall that any of these
refuges alone would not protect the occupant against the crush of the baseline crash scenario,
since they add no strength or crush resistance to the front end components. Therefore, the
evaluation is made to determine what, if any, reduction in secondary impact measures is
provided by the crash refuge concept. If there is a reduction, then the concept could be of
practical use when combined with other crashworthiness features that induce more severe
crash pulses, such as the interlocking anticlimber or stronger collision posts.

Finite element analyses and collision dynamics calculations were not needed to evaluate these
concepts. Instead, approximate hand calculations were made to estimate the strength
required for rotating seat support posts, and support channels for the trench concept. The
crash pulse generated for the baseline crash scenario was also used for each refuge concept.

The rotating seat models utilized seat geometry and cushioning (i.e., force-deflection and
energy absorbing) material properties indicative of seat characteristics found on a late model
domestic light truck. Padding characteristics used in the trench refuge model were given a
stiffness roughly mid-way between that specified for the seat cushioning material and cab
floorpan.

ATB-predicted occupant response for the crash refuge concepts are presented in Table 3-7.
Minimum-level HICs were recorded for all three concepts, indicating that most of the general
population would not be exposed to even moderate head trauma. Chest accelerations ranged
between 15 and 28 g’s. These levels correspond to about a 20 to 36 percent chance of
incurring severe general thoracic trauma.

It should be noted that while all three crash refuge concepts provide exceptional protection
with respect to head injury, the HIC value associated with the trench concept is noticeably
higher than that for either of the seat concepts. This is a direct result of the occupant
position prior to impact, with the head forward and towards the knees, as shown in

Figure 3.15. In this case, the head is not supported at the point of collision, and is free to
impact the padded wall of the trench. It may be possible to incorporate some type of head
support in conjunction with other forms of occupant restraint within the trench crash refuge
concept to further reduce the severity of head impacts.

The seat-type crash refuge simulations shared one extremely important commonality: no
body region contacts occurred with cab interior surfaces other than the floor (feet only) and
the padded seat cushion and seat back components. In the trench crash refuge simulation,
the occupant stayed within the confines of the protective trench during the collision ridedown
period. A crash refuge eliminates or greatly mitigates of uncontrolled kinematics resulting in
potentially damaging secondary impacts of cab occupants with hard cab interior surfaces.
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Table 3-7. Locomotive Cab Occupant Response for the Crash Refuge Concepts
: (Baselme Crash Pulse)

Occupant | Head Response | Torso Response Remarks
Position in Cab HIC Cr (@) '
Engineer’s seat ' 95 28 Occupant slid on the seat

(rotate only) , (towards the rear of the
" R ' ' ‘ cab) during the latter
stages of the crash
ridedown
Engineer’s seat 62 21 Occupant slid on the seat
(rotate, drop, - . (towards the rear of the
- and lock) . cab) during the latter
S : » stages of the crash
ridedown
In trench located 165 . 15
at rear of cab

ATB calculations were also conducted to assess the benefit provided by the crash refuges for.
the more serious crash pulse provided by the interlocking anticlimber. Table 3-8 lists the
secondary impact values obtained for two of the crash refuge concepts when modeled using
this more severe crash pulse. The HIC values measured are higher than when modeling the .
baseline crash pulse, but still relatively low. The value of C; using the interlocking
anticlimber crash pulse is low for the seat refuge and relauvely hlgh for the trench when
compared to that measured using the baseline crash scenario.

Tabié 3-8. Locomotive Cab Occupant Response for the Crash Refuge Concepts
(Interlocking Anticlimber Crash Pulse)

Occupant Position in Cab |  Head Response - HIC | Torso Response - Cy (g’s)
- Engineer’s seat 247 ‘ 30
(rotate only) - .
In trench located at rear of | 404 | A 55
cab
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Anticlimbers/Uniform Sill Heights

Anticlimber devices are intended to counter the tendency for one locomotlve to override the
underframe of the other during a head-on collision. If override occurs, much of the
protection provided by the structural strength of the underframe is bypassed.

NTSB has specifically addressed the issue of override, and the important role that a
structurally strong underframe can play in inhibiting such override from occurring during
collisions, in Safety Recommendation R-88-20. It is the Safety Board’s position that since
the sill is the strongest section in the structural design of a locomotive, a standardized
compatible main frame sill height would help prevent locomotive override during collisions.
NTSB has called for FRA to establish a regulatory standard mandating compatible sill heights
in the design of locomotives.

Current Practice Anticlimbers on locomotives that satisfy AAR Specification S-580 are
required to sustain a vertical load of 200,000 Ibf applied under the anticlimber, uniformly
distributed between the center sill webs. The specification also requires that the anticlimber
shall be attached to the underframe end plate in line with the center sill webs. No indication
is given for the longitudinal location under the anticlimber at which the load is to be applied,
although manufacturers use the very front as the conservative position. There is also no
requirement on the longitudinal strength of the anticlimber. The technical basis for the
anticlimber vertical strength required by AAR S-580 is not certain. Discussions with
locomotive and railroad personnel suggest that the anticlimber was originally concewed to
protect agamst debris rising toward the cab from grade crossing colhs1ons

The 200,000 Ibf strength is achieved using several plates angled down from the horizontal
surface, or top plate, of the anticlimber to the underframe front plate. Figure 3.16 shows the
geometry analyzed for the baseline case. Analysis suggests that anticlimbers on locomotives
built after AAR S-580 was implemented achieve a vertical strength more than 50 percent
greater than that required.

Uniform sill heights are not currently specified by AAR S-580 or any other U.S standard.
The main frame platform height on railway equipment has traditionally been determined by
the design and placement of such elements as the truck and suspension system, traction’
motors, electrical apparatus, and the configuration of the cooling air ducts. There is °
approximately a 6-inch difference in the height of the platform between locomotives built by
the two major U.S. manufacturers, GE and EMD, as well as a difference in platform heights
on six-axle and four-axle locomotives of the same manufacturer. Review of head-on
collision accident reports, including one in which the sill heights differed by less than 1 inch,
indicates that uniform sill height with current front-end arrangements will not necessarily
prevent override. This is due to the fact that asymmetric shear deformations between
interacting anticlimbers during a collision can permit one anticlimber to ramp over another.
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Figure 3.16 Finite Element Mesh of the Anticlimber Modeled to Satisfy
AAR S-580 Requirements (looking forward from sill end; only
left half of anticlimber structure is shown)

In a study assessing improvement in crashworthiness of locomotive cabs attributable to the
implementation of AAR S-580 performed for AARY, a study of 10 head-on collisions
showed that override occurred in six cases, did not occur in one case, and could not be
‘determined in three cases. In the six cases of override, there were four in which the
underframe heights were similar, and two in which they were dissimilar. In the one case
where no override was observed between lead units, the underframe heights were dissimilar.
This study also notes that in one of the cases examined, the rear end of an EMD unit
overrode a trailing GE unit which would have a higher underframe than the EMD unit.
From this, it was concluded that a difference in height of the underframes of colliding
locomotives is not of itself a sufficient condition for override to take place.

An important result of the modeling effort and validation performed is that the anticlimber
will, in general, not experience a significant vertical load in a head-on collision and,
consequently, provides little or no protection against override. Photographs of actual head-
on collisions as well as model results indicate that deformation of the anticlimber and the
draft gear support structure occurs primarily in shear. In addition, the time required to have
the coupler of one locomotive vertically challenge the anticlimber of the other locomotive in
a head-on collision appears too long to be physically possible in all but the slowest
collisions. Even if the coupler, or another component, did exert a vertical force on

4 4ssessment of Improvement in Crashworthiness of Locomotive Cabs Attributable to the
Implementation of AAR Specification S-580, Radford, R.W., March 8, 1994

3-43



the anticlimber during a collision, the force required to lift the end of a locomotive would be
much larger than one-half the locomotive body weight because of inertial effects.. For these
reasons, anticlimber concepts that provided a more positive interlocking engagement in a
head-on collision than afforded by current designs were-sought.

As the current anticlimber design provides limited resistance to vertical loads except at very
low closing speeds, its primary benefits lie in (1) restricting debris from rising toward the
cab in a grade crossing type accident, and (2) acting as a form of "crash energy
management" whereby the anticlimber structure absorbs a portion of the collision energy
which will typically reduce the severity of secondary impact injuries. The current
anticlimber was not designed to function as a structure to absorb energy. If this is to be the
function of an anticlimber, a complete redes1gn will be necessary to maximize the
effectiveness of this feature.

Concept Description The alternative anticlimber analyzed here has the geometry depicted in
Figure 3.17. Itis a cast steel or fabricated piece welded to the underframe front plate that
consists of integral, protruding shelves such that two opposing interlocking anticlimbers
would fit together and provide substantial resistance to relative vertical motion. The concept
interlocking anticlimber is intended to project out beyond the front plate enough to provide
protection against rising debris from grade crossing collisions and to have a positive
engagement when two opposing locomotives are in a full buff position. This engagement in
the buff position may not result in longitudinal load between anticlimbers. :

Figure 3.17 lustration of the Interlocking
Anticlimber Concept
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This alternative anticlimber, by the nature of its design described above, would require
nominally equal sill heights for its implementation to ensure a positive engagement of the
protruding shelves when two locomotives are in a full buff position. It is important to note
that compatible sill heights—in and of themselves—have not demonstrated the ability to
provide additional crashworthiness protection in the event of a collision, but ensuring that the
protruding shelves on opposing anticlimbers fully engage to provide resistance to relative
vertical motion would require compatible sill heights. '

There will always be some difference in vertical height between locomotives—even with
uniform sill heights—as a result of manufacturing tolerances, wheel wear, the effects of
vertical height differences and coupling in curves, the amount of fuel remaining in the fuel
tanks, and dynamic motion prior to a collision. If sill heights were uniform, this difference
could amount to between 2 and 4 inches and a comparable vertical tolerance in the shelves of
the interlocking anticlimber would be required. In the absence of uniform sill heights, a
tolerance of between 6 and 9 inches would most likely be required. Additionally, in order to
prevent contact between anticlimbers for coupled locomotives in curves, the anticlimber
width would have to be narrower than the full locomotive width.

In order for this concept interlocking anticlimber to be effective, comparable anticlimbers
would need to be installed on all locomotives. This poses a commonality problem in the
short term with respect to retrofitting the current fleet of locomotives. Obvious time and
monetary constraints would limit the full implementation of the interlocking anticlimber
described above, which, in turn, limits the effectiveness of the feature. Additionally, all
future locomotive procurements would need to specify inclusion of the selected anticlimber
arrangement to ensure effectiveness of the feature in the event of a collision.

Tough, castable or high strength steel materials are available with the strength and toughness
needed for this design to resist over 1,000,000 Ibf vertically without fracturing on impact.
The increase in weight resulting from use of this interlocking anticlimber over current
designs is about 2000 pounds. Quotes from vendors for a cast piece with the approximate
geometry shown in Figure 3.17 total $5,000. Interlocking anticlimbers fabricated from high
strength steel may be less costly and weigh less than the above estimates.

Evaluation Structural deformation analyses were not conducted for the interlocking
anticlimber. Rather, the structure was assumed to have compressive strength sufficient to
transfer all of the longitudinal collision load to the underframe.

The collision dynamics model was run by assuming that once the two colliding locomotives
interlock, there would be no relative vertical displacement between them at the anticlimbers.
Relative rotation was allowed. As a result, there was no loading of the short hood/collision
posts structure and, therefore, no crush. On the other hand, there was a significant increase
in the peak acceleration as expected as shown in the crash pulse of Figure 3.18. A
maximum acceleration of about 12 g’s acting over about 150-msec period is predicted for this
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collision as compared to the 11 g value over a 60-msec period for the locomotive that just
satisfies AAR S-580, both in the baseline crash scenario.
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Figure 3.18 Cab Crash Pulse for the Interlocking Anticlimber
Concept ' : A

The occupant survivability model was again exercised with occupant positions identical to
those used for the baseline crash scenario. Table 3-9 presents the occupant performance
predictions generated by ATB. The HIC parameter displayed disparate values between 56
and 1830, with an average of 925. This magnitude would be likely to cause about 43 percent
of the populace to incur moderate head trauma.

Occupant chest response also varied significantly, ranging from 17 to 73 g’s. Average Cy “
was 50 g’s, indicating that about 53 percent of the public would be exposed to severe
thoracic trauma.

The varied nature of the secondary impacts in the cab again played a major role in generating
the injury-indicating parameters listed in Table 3-9. Both direct and indirect head contacts
occurred with the front wall as well as with the support, underside and exterior back surface
of the engineer’s seat. The torso impacted the floor, front wall and the seat support (indirect
via arm).
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Table 3-9. - Locomotive Cab Occupant Rosponsé for the Interlocking Anticlimber

Occupant Position in Cab Head Response - HIC Torso Response - Cy (g’s)
Behind engineer’s seat, 809 45
against rear wall
Behind engineer’s seat, 56 17
forward of rear wall
Center of Cab, 1830 73
against rear wall
Center of cab, 1005 66

forward of rear wall

Calculations were performed for higher closing speed collisions using the Accident Scenario
"C" (43 mph closing speed) locomotive consist configuration as a baseline, while maintaining
the ratio of the two consist speeds constant. The resulting comparison of short hood
structure/collision post crush and closing speed showed that a peak in cab crush is attained.
This peak, which is less than the 6 feet of crush corresponding to the elimination of
survivable space, is due to the effects of locomotive body rotational inertia. This inertia,
which becomes dominant as closing speed increases, prevents significant pitching motion
and, hence, override from occurring before there is substantial crush of the underframe,
whose energy-absorbing capability is simulated to be far greater than that of the short
hood/collision post structure. The important implication of this predicted behavior is that
greater deformation of the underframes is likely at higher closing speeds even in the absence
of an interlocking anticlimber, provided the colliding underframes are approximately at the
“same height.

Effects of Underframe Bending The results provided above for the concept interlocking
anticlimber were obtained from modeling that simulated the two underframes locking
together with no deformation other than axial crush. In actual crash scenarios, however, it is
extremely unlikely that two underframes will load each other perfectly symmetrically through
their neutral axes during a collision. Such asymmetries arise from manufacturing
differences, wheel wear, and dynamic vertical motions just prior to the collision. As a
result, there will be some bending component of the load into the underframes.

To examine these effects, the collision dynamics model was modified to allow underframe
bending about a point on the underframe located a specified distance from the tip of the
anticlimber. In the revised model, only the underframe of one of the lead locomotives was '
permitted to bend—an assumption was made that there would be enough difference between
impacting underframes to preferentially induce bending in one of the underframes over the -
other. An initial vertical offset between the neutral axes of the underframes was simulated,
and was selected to induce downward rotation of the bending underframe. In this simulation,
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there is a limit of downward rotation at which the underframe or its attached components will
contact the track, and thus limit the energy absorbing capability of the structure.

Calculations were performed using the baseline locomotive consist configuration (two
locomotives colliding with five locomotives), keeping the ratio of the speeds the same for
each closing speed evaluated and using an initial vertical offset of 4 inches. The results of
this simulation indicate that substantial rotation of the bending underframe is predicted at a
closing speed at about 43 mph. This demonstrates that the effects of underframe bending are.
likely to limit the closing speed at which interacting underframes can dissipate energy in a
collision. Additionally, increased vertical offset between the two underframes will cause this
limiting rotation to occur at a lower closing speed.

Equipment to Deter Entry of Flammable Liquids

Current Practice Current Federal standards do not provide explicit requirements for
equipment to deter post-collision entry of flammable liquids. However, the AAR
Specification S-580 requirement for a 0.5-inch wall thickness, 25 ksi yield strength material
for the short hood end-facing skin provides a degree of protection. The penetration
resistance of the glazing can also be considered to provide protecnon against the i mgress of
materials in a collision, provided that they remain intact and in their frames.

Concept Description FRA did not perform detailed assessments of any alternative concepts
with respect to deterring post-collision entry of flammable liquids into the locomotive cab.
Accident reports indicate that current design features are sufficient, and have not identified
weaknesses in this area. Implementation of improved glazing designs and strengthened frame
requirements for the glazing will also inherently improve the ability of the cab to resist
penetration following a collision.

Other Findings
Corner Posts

Evaluation of the current locomotive cab roof has shown that it is structurally inadequate to
protect occupants in many collision scenarios. While the Act mandates evaluation of braced
collision posts and rollover protection, accident experience has suggested that attention
should also be given to cab corner post and roof strength. From the point of view of
efficiency and weight, a unitized, or monocoque end structure design that is tied together and
acts as a single structure during a collision may be preferable to a design incorporating
collision posts, corner posts, and/or rollover protection that is not unitized. The Amtrak
High Speed Trainset specification identifies specific loading requirements for an end structure
that acts as one unit to protect the crew members. A similar approach is worthy of
consideration for conventional locomotives.
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On January: 18, 1993, Northern Indiana Commuter Transportation District (NICTD)
eastbound commuter train 7 and NICTD westbound commuter train 12 collided in a corner-
to-corner impact in Gary, Indiana, resulting in seven passenger fatalities and 95 injuries.
The damage that both trains sustained after the initial impact resulted from the action of
dynamic forces that caused the left front corner and sidewall of the passenger compartment
of each car to experience a complete structural failure and intrude inward. Because no
structure was available in the corner post areas to successfully absorb the crash forces of the
collision, the substantial car body intrusion into each car left no survivable space in the left
front areas of either car. NTSB concluded that the use of collision energy absorption
structures in the corner post assemblies of these rail cars would have decreased the impact
intrusion in this collision and may have prevented or substantially reduced the number of ’
fatalities and serious injuries. Consequently, NTSB issued Safety Recommendation R-93-24
which recommends that FRA: :

In cooperation with the Federal Transit Administration and the American Public
Transit Association, study the feasibility of providing car body corner post structures
on all 'self-propelled passenger cars and control cab locomotlves to afford occupant '
protection during corner collisions. :

While the above recommendation specifically addresses self-propelled passenger cars and
control cab locomotives—and not freight locomotives—FRA believes that current freight
locomotive cab structures are similarly vulnerable to comner impacts. Given the continuing
occurrence of accidents involving shifted lading, equipment fouling the track, and side
incursion accidents, consideration should be given to costs and benefits of improved corner
post arrangements on freight locomotives.

Fuel Tanks

Background Due to the location of locomotive diesel fuel tanks—beneath the underframe
and between the trucks—they are exposed and vulnerable to damage due to collisions,
derailments and debris on the roadbed. Damage to the tank frequently results in spilled fuel,
creating the safety problem of increased risk of fire and the environmental problem of clean-
up and restoration of the spill site.

NTSB has identified and pubhshed concerns regarding the safety problems caused by diesel
fuel spilled from ruptured or punctured locomotive fuel tanks in their report
NTSB/SS-92-04, PB92-917009, entitled Locomotive Fuel Tank Integrity Safety Study. As the
basis for this report, NTSB reviewed 29 accidents that they had investigated during 1991 that
resulted in one or more derailed locomotives. These 29 accidents resulted in a total of 83
derailed locomotives. Fifty-five of the derailed locomotives experienced definitive fuel tank
damage, and 43 lost fuel as a result. Twenty-five of these locomotives that lost fuel also
experienced fires resulting from diesel fuel ignition.
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As a result of this study, NTSB recommended that the railroad industry undertake a
cooperative research effort to improve the ability of fuel tanks to resist puncture and rupture
due to collisions or derailments. Further, NTSB recommended that FRA establish, if
warranted, minimum performance standards for locomotlve fuel tank desxgn based on the

results of this research.

In response to the NTSB recommendation regarding fuel tank integrity, AAR published
Report WP-161, Locomotive Fuel Tank Integrity Study, in February 1994. This report is
based on a fuel spill survey conducted by AAR for the 3-year period from 1991 through
1993. This survey reported 221 instances of diesel fuel spilled from locomotives during this
time period. From the survey, AAR estimates 100,000 gallons of diesel fuel per year leaks
from damaged locomotive fuel tanks. Figure 3.19 graphically presents the distribution of the
sizes of fuel spills reported to AAR during the survey. The total number of instances -
depicted is less than 221 because the size of the spill could not always be quantified.

DISTRlBUTION OF LOCOMOTIVE FUEL TANK SPILLS
AAR Survey: 1991 - 1993

Number of Spilis
8 8 -] 8

-t
o

'PPEOSEFEPIOFEEFPIPEPTE

' Size of Fuel Spill (Gallons)

Figure 3.19 AAR Fuel Tank Spill Survey
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From this survey, AAR drew the following conclusions:

0 -Locbmotive fuel spills are not a widespread problem.
0 Fires resﬁltirig from locomotive fuel spills are rare.
0 ' The need for additional fuel tank research is questionable.

However, on _November 30, 1-994; AAR issued Circular Letter C-8292 pfoposing
performance requirements for diesel electric locomotive fuel tanks. Table 3-10 summarizes
the standards proposed by AAR for recommended practices to its membership.

FRA searched its accident/incident data base for instances of locomotive fuel leaks or spills -
reported by railroads to FRA for the same 3-year period from 1991 through 1993,

Table 3-11 summarizes these incidents. Several reasons exist for the discrepancy between
AAR and FRA data on the number of locomotive fuel spills during this 3-year period. FRA
has only required that fuel spill information be included as a part of the accident reporting
system since January 1, 1993. Data provided in Table 3-11 prior to this date was gathered
from various sources, primarily from narrative provided with accident reports. Additionally,
railroads are not required to report incidents to FRA unless the damage to on-track
equlpment track, track structures, and/or roadbed exceeds $6300. The cost of dlesel fuel
clean-up is not considered by railroads to be damage to their property Cq
FRA also requested that inspectors investigating locomotive accidents carefully document any
fuel tank damage. Figures 3.20 through 3.22 illustrate typical fuel tank damage resulting

. from locomotive accidents found by FRA inspectors.

Current Practice Current FRA regulations do not address the design, size, locations, or
performance of locomotive fuel tanks, nor do they require a regularly scheduled or periodic
inspection of fuel tanks to ensure no safety hazards are present. 49 CFR 229.71 does require
a minimum clearance of 2.5 inches between the top of the rail and the lowest point on a fuel
tank. ~

Until very recently, industry practice has dictated that fuel tank designs be a lightweight
structure adequate to support the weight of the fuel and to accommodate sloshing. Fuel tank
design factors have not been based on safety. As a result, current fuel tanks are typically
constructed with end plates of 3/8-inch steel with 25,000 psi yield strength and bottom and
side walls of 3/16-inch with 25,000 psi yield strength. The tank often extends out to the side
past the carbody in an effort to maximize the tank capacity. Current practice shows most
freight locomotive fuel tanks are suspended approximately 6 inches above the top of the rail.
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SUMMARY OF AAR FUEL TANK PERFORMANCE REQUIREMENT RP-506

Ability to Load Case | - minor dersilment: Support on the end plate of the

Support a fuel.tank one half the weight of the car body at a vertical

vertical load acceleration of 2g without exceeding the ultimate strength of the
material.

Load Case 2 - Jackknifed Locomotive: Support on the fuel tank
transversely at the center a sudden loading equivalent to a vertical
acceleration of 2g without exceeding the ultimate strength of the

m.lmul
Ability to The fuel tank shall withstand, without exceeding the ultimate
Resist a strength, a 200,000 pound side load distributed over an area of 6°
Horizontal inches by 48 inches at a height of 30 inches above the rail.
Side load ' I
Tank Consideration should be given in the design of the fuel tank to
Location . maximize the vertical clearance between the top of the rail and the
bottom of the fuel tank.
Sliding - | No requirement.
Contact ’
Protection
Interior Internal structures of the tank must not impede flow of fuel through
Compartment | the tank while fueling at a rate of 300 gpm. .
alization )
Spill Vents and fills llull be designed to avert lpllllge of fuel even in the
Resistance event of a roll over. .

lieliﬂlnce to To minimize fuel tank damage from side swipes, no tank component

Trapping shall extend beyond flush with the side of the tank or shall be

Foreign adequately protected from catching foreign objects or breakage. All
Objects | seams must be protected or flush to avoid catching foreign objects.
Material The minimum thickness of sides bottom sheet end plates shall-be -
Propertics equivalent to 5/16-inch steel with 25,000 PSI yield strength. The

lower 1/3 of the end plates shall have the equivalent penetration
resistance of 3/4-inch steel with 25,000 PSI yield strength. This
may be accomplished by any combmluon of materials or mechamcal

pmtecuon
Tank No Requirement.
Securement
to Carbody

Table 3.10
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Fuel Spills Reported To FRA By Railroads 1991-1993
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mmmuccmmr RAILROAD FIRE Y:N*
2131 9:00AM up 2F ) No
oM . 6:28AM BN 2F 3 NO
1Ime 9:40AM BN #F % | GRADECROSSING | UNKNOWN NO

T omme $:30PM vp uE 0 | GRADECROSSING | UNKNOWN NO
91792 3:20PM SO0 OF s GRADE CROSSING 2500 NO
usm3 2:40AM ARR 10F = DERAILMENT 3766 NoO
171393 12:25AM K oF ) VANDALISM 2500 NO
127283 12:50AM 500 8 COLLISION 15 NO
1nsme BA DERAILMENT ) NO
1252 BA DERAILMENT UNKNOWN No
M1 AMTRAK DEBRIS UNKNOWN NO
Mem AMTRAK DEBRIS UNKNOWN NO
2481 AMTRAK DEBRIS UNKNOWN NO
81351 AMTRAK DEBRIS UNKNOWN No
10119t AMTRAK DEBRIS UNKNOWN NO
12111 AMTRAK Jr— UNKNOWN NO
2N AMTRAK DEBRIS UNKNOWN NO
s AMTRAK COLLISION UNKNOWN NO
s AMTRAK DEBRIS UNKNOWN NO
em AMTRAK UNKNOWN UNKNOWN NO
M8 AMTRAK UNKNOWN UNKNOWN NO
102491 u TURNTABLE UNKNOWN NO
81292 L1 3d.RAIL ARC UNKNOWN NO
10/692 u UNKNOWN UNKNOWN NO
102092 u UNKNOWN UNKNOWN NO
w2 MNCW DERAILMENT - NO
101091 MNCW DEBRIS UNKNOWN NO
we9z MNCW DEBRIS UNKNOWN NO
onom MNCW DEBRIS UNKNOWN NO

Table 3.11



Fuel Spills Reported To FRA By Railroads 1991-1993

.

' parEGRACCDET | 3 ——

SN/ NITR DEBRIS UNKNOWN NO

/41 NITR DEBRIS UNKNOWN NO

" NITR DEBRIS UNKNOWN NO
173092 w DEBRIS UNKNOWN )
sm ST BROKEN RAIL UNKNOWN NO
snsmt sT BROKEN RALL UNKNOWN NO
912 ST BROKEN RAIL UNKNOWN NO
$n293 1:57AM ARR ». MUD SLIDE 2000 NO
v, wP DERAILMENT UNKNOWN NO
DM up BROKEN RAIL 1400 NO
R uP GRADE CROSSING ) NO
1172092 1:53AM up DERAILMENT 1300 NO
813091 BN COLLISION 30000 NO
61991 BN COLLISION 200 YES
1283 3.10AM UP 12 ROCK SLIDE 5000 NO
1263 10:30PM osx DERAILMENT 3000 No
nem BN UNKNOWN 2000 NO
s sp GRADE CROSSING 1200 NO
n/2m sP ROLLOVER 2100 NO
11191 sP SIDESWIPE 400 NO
mnam sp DRAFT FORCES 1100 NO
1see ATK GRADE CROSSING | UNKNOWN NO
11/5M2 ATSF SIDE COLLISION UNKNOWN NO
12593 9:38AM sp 9 DERAILMENT 200 NO
12593 9:38AM sP 9 DERAILMENT 2500 NO
127593 %:MAM . SP 9 DERAILMENT 2500 NO
12159 9:3AM sp 9 DERAILMENT 200 NO
“199 10:00AM sp 2 DERAILMENT 1800 NO
1z sP COLLISION 8000 NO
672091 sp GRADE CROSSING 2500 YES

—

Table 3.11 (continued)
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Figure 3.21 Fuel Tank Penetrated by Broken Rail
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Figure 3.22 Damage Due to Motor Vehicle Collision with Fuei
Tank

Some significant, but not widespread, improvements to current practice have recently taken
place. Conrail ordered locomotives from GE with 1-inch thick steel end plates and 3/4-inch
thick bottom and side walls. The new Amtrak AMD 103 locomotives have what is
essentially an internal, compartmentalized fuel tank that is much higher off the rail and part
of the carbody structure. However, such a change may not be practical for the higher
capacity fuel tanks required for freight locomotives. The Long Island Rail Road is
conducting experiments with three 1,200-gallon capacity tanks with a stronger steel shell that
is lined with a carbon composite (kevlar) fiber bladder inside the tank. This tank is designed
to support the weight of the locomotive sliding on the rails, and to withstand a 250,000 Ib
horizontal load without failure. Application of this technology may require some research
and development for implementation to a 4,000-5,000 gallon tank typical of a modern freight
locomotive.

Evaluation Past locomotive fuel tanks have not been designed to be structurally strong,
using safety and environmental concerns as design drivers. Data collected by NTSB, AAR,
and FRA show fuel leaks or spills to be frequent when damage to a locomotive occurs. The
possibility of fire resulting from the ignition of spilled fuel is increased in these instances,
and frequently increases the number and severity of casualties resulting from accidents
involving locomotives. Both AAR and some individual railroads have responded to
environmental and safety pressures and costs created by diesel fuel spills by taking steps to
improve current locomotive fuel tank design practice. FRA believes that an industry
standard for fuel tanks can be practically implemented and will result in safer and more
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environmentally sound railroad operations. Based on accident/incident experience with
respect to the nature, location, and cause of fuel tank ruptures, and the recent advances in
fuel tank design being undertaken by industry as discussed above, FRA believes that the
following objectives need to be addressed and standardized to reduce the probability of future
fuel spills from locomouves ' ‘

o)

By v1rtue of their location beneath the - underframe and between the trucks,

. locomotive fuel tanks are vulnerable to damage from impact during a
derailment or collision, or by debris and loose.equipment on the roadbed. As

such, fuel tanks need to be structurally designed to withstand the probable
loads and forces that result from these occurrences. Examples of improved
structural design mclude

L : The material used for construction of tank exterior surfaces other than
end bulkheads should as a minimum provide penetration resistance
equivalent to that of 0. 25-inch thick 50,000 psi yield strength steel.

° The material used for end bulkhead construction should as a minimum
provide penetratlon resistance equivalent to that of 0.5-inch thick,
50,000 psi yield strength steel.

° The tank should be securely attached to the body of the locomotive in a
manner that prevents tank sag over time. -

e The material used for construction of fuel tank exterior surfaces should

not exhibit a decrease in yield strength or penetration resistance in the
temperature range of 0 to 160 dégrees Fahrenheit.

o The bottom surface of the fuel tank should be equipped with wear skid

surfaces to prevent sliding contact with the rail or ground to easily
wear through the tank.

o The end bulkhead surfaces should be arranged to ‘deflect downward any

projectile and be designed to be a uniform surface in a single plane
with no projections, protrusions, wells, lips or joints to catch and hold
a broken rail or other object that may stnke that surface of the tank.

Following a derailment or collision, a locomotive often comes to rest outside
of the track structure causing the weight of the locomotive to be supported—at
least in part—by the structure of the fuel tank. To prevent subsequent rupture
and spillage, the structural strength of the tank should be adequate to support
1.5 times the dead weight of the locomotive without deformation of the tank.
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0 Current fuel tank designs provide a very limited distance between the bottom
of the fuel tank and the top of the rail. Collision and derailment experience
has clearly shown that fuel tanks contact the rail structure in these scenarios,
causing rupture and spillage. An effort to vertically raise the position of the
locomotive fuel tank would reduce the probability of such impacts. With all
locomotive wheels resting on the ties beside the rail, the lowest point of the
fuel tank should clear an 8.5 inch combined tie plate/rail height by a minimum
of 1.5 inches. This requirement results in a minimum 10 inch vertical distance
from the lowest point on wheel flanges to the lowest point on the fuel tank.

o In the event of a fuel tank rupture, measures need to be taken to minimize the
quantity of fuel that spills. Such measures can be accomplished through
design efforts as follows:

° The interior of fuel tanks should be divided into a minimum of four.
separate compartments designed so that a penetration in the exterior
skin of any one compartment shall result in loss of fuel only from that
compartment.

° Fuel tank vent systems should be designed to prevent them from
becormng a path of fuel loss in the event the tank is placed in any
orientation due to a locomotive over turning.

FRA believes strongly that fuel tank design has a direct impact on safety. Minimum
performance standards for locomotive fuel tanks should be incorporated into Federal safety
regulations. Although differences exist between the AAR proposed recommended practices
and the above recommendations, FRA is committed to working closely with AAR to resolve
the differences between the two sets of standards.

Emergency Lighting

Current locomotive cabs are not equipped with emergency lighting to aid in egress in the
event of a collision. NTSB has addressed the need for Amtrak passenger cars to be equipped
with portable emergency lighting for passenger safety when exiting the train as a result of its .
investigation report of the Amtrak accident near Mobile, Alabama. As a result of that
accident, the Safety Board recommended on September 30, 1994, that Amtrak equip cars-
with portable lighting for use by passengers in an emergency (Safety Recommendation
R-94-8). Amtrak has included requirements for such lighting in their High Speed Train Set
performance specification, and FRA recommends that similar requirements be considered on
freight locomotives. Such a system would:

o be energized upon power loss;

o clearly illuminate and mark all exits and the location of emergency equipment;

.
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0 provide adequate illumination that operates in all possible orientaﬁons of the
: unit for a period of at least two hours; and

0 provide a minimum illumination level of 5 ft-candles at floor level for all
potential locomotive evacuation routes.

Attachment of Interior Equipment

The computer modeling performed for the improved collision posts and crash refuge concepts
identified a maximum acceleration of approximately 11 g’s given the baseline crash scenario.
Given this threshold, it is recommended that all ancillary equipment within the interior of the
cab be designed to withstand 12g longitudinal acceleration (along the train principal axis), 4g
vertical acceleration, and 4g lateral acceleration without structural failure that will free any
item restrained or secured in the cab. This will further limit the possibility of flying debris
within the cab in the event of a collision. The maximum acceleration associated with the
interlocking anticlimber concept as modeled is 15g, but may be reduced to a level closer to
the other concepts through additional design efforts to maximize the effectiveness of the
anticlimber arrangement. '

Optional Egress

Current wide cab freight locomotives do not incorporate an optional opening in the roof
structure to be used for egress following a collision, especially in the event of rollover
whereby access to the cab doors is often blocked and/or crushed as a result of the collision.
Implementation of a crash survivability strategy should include consideration of an optional
egress path in the roof of the cab to be used as an emergency exit. In order to be useful,
such an opening would need to be a minimum size of 30 inches in diameter or 30 inches long
by 30 inches wide, clearly marked and posted with clear, simple instructions for use from
both inside and outside of the cab.

Crash Energy Management

FRA recently worked with Amtrak in the development of their design specification for the
High Speed Trainset, specifically in the areas of safety and crashworthiness design. During
this effort, FRA and Amtrak jointly developed minimum design specifications for the High
Speed Trainset relating to locomotive cab crashworthiness and cab survivability that
addressed features not specified for evaluation in the Congressional mandate.

To make a collision of a locomotive survivable, two design features are required: (1) the
spaces occupied by people must be strong enough not to collapse, crushing the people, and
(2) the initial deceleration of the people must be limited so they are not thrown against the
interior of the train with great force. The first of these objectives is addressed by
requirements currently contained in 49 CFR 229.141 and the locomotive crashworthiness
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rulemaking proposed in this report. Achieving the second of these general objectives is the
more challenging and requires technology that is just starting to be developed for
locomotives. .

This technology to limit secondary impacts during collisions is called crash energy
management. Crash energy management is a design technique whereby unoccupied spaces -
are intentionally designed to be slightly weaker than occupied spaces. This is done so that
during a collision, the unoccupied spaces will deform before the occupied spaces, absorbing
energy and allowing the occupied spaces to be decelerated more slowly.

The value of crash energy management design is not in the energy absorbed—only a few
percent of the kinetic energy of a collision can be absorbed in a reasonable crush distance.
The real safety benefit comes from allowing the occupied spaces to decelerate more slowly.
If the occupied spaces are decelerated more slowly, people will be thrown about the interior
of the cab with less force resultmg in fewer and less severe injuries.

ananly from experience gained in work related to the High Speed Trainset, FRA
recommends that consideration of crash energy management design parameters similar to the
following be included in future locomotive design:
Locomotives shall be designed to crush and absorb energy in a controlled manner by
"zones" when subjected to end loads in collisions which exceed the static load of the
structure. The zones shall be as follows, from highest to lowest priority:
Zone A: High density crew space
Zone B: Low density crew space, such as toilets and entryways
Zone C: Unoccupied space
Zone D: space occupied by large, solid-mass, relatively uncrushable equipment

A more detailed description of recommended crash energy management guidelines is
prov1ded in Appendix D.

Representation of AC Locomotive Effect

It is expected that locomotive units equipped with AC traction motors will come into
widespread use in the freight motive power fleet by the end of the 1990’s. This may have an
indirect beneficial effect on crashworthiness because fewer such units are needed to move a
train than the present units equipped with DC traction motors, and the results already shown
in this report indicate that crashworthiness is most directly affected by the number of
locomotives involved in a head-on collision.
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One ADAMS analysis was conducted to examine the effect of fewer locomotives involved in
a collision scenario using the baseline scenario based on FRA Report B-02-93. This
ADAMS analysis retained the same parameters that were used to validate the simulation
model with respect to this scenario, except that the number of locomotives in the eastbound
consist was reduced from five to two, and the number of locomotives in the westbound
consist was reduced from two to one. Evaluation of the effect of the reduced numbers of
locomotives was accomplished by comparing the crush and crash pulse for the overridden
locomotive, as calculated form the revised analysis, with the corresponding results already
obtained from the validation analysis.

The amount of predicted cab crush for this revised scenario is just 1.2 feet, compared to the
value of 8 feet for the baseline scenario. This value of 1.2 feet is comparable to the
predicted cab crush for the baseline crash configuration—seven locomotives total—in which
the lead locomotives were simulated to have the concept collision posts, whose strength is
four times that currently required by AAR S-580.- The cab crush for this case was predicted
to be 1.3 feet. Thus, the model predicts that reducing the number of locomotives in a consist
can have dramatic effects in reducing the severity of head-on collisions, comparable to the
effect of implementing other crashworthiness features such as the strong collision posts
evaluated earlier in this report.

Control Cab Cars (Cab Cars)

Background While the modeling described to this point focuses primarily on the
development of methods to improve the crashworthiness of conventional locomotives in
response to the requirements of the Act, FRA proceeded with a logical extension of this
work to examine the crashworthiness of commuter train cab cars. With increasing
frequency, commuter railroads are operating trains in a push-pull configuration, with a.
control car at one end of a train of several passenger cars that has a locomotive at the other
end. This push-pull configuration requires a single locomotive that generally pulls during
outbound trips and pushes during inbound trips so that the exhaust and noise of the
locomotive does not enter the terminal building of the primary metropolitan station.
Additionally, the time and scheduling impacts associated with switching the locomotive such
that it is at the lead end of the train for each trip are viewed by the commuter railroads as
operationally unacceptable and unnecessary given the accident history. However, an obvious
concern with this type of train configuration is that the occupants of the relatively exposed
cab car—including the engineer—are vulnerable to serious injury or fatality in the event of a
collision with either a vehicle at a grade crossing or with another train.

On January 18, 1993, Northern Indiana Commuter Transportation District (NICTD)
eastbound commuter train 7 and NICTD westbound commuter train 12 collided in a corner-
to-corner impact in Gary, Indiana, resulting in seven passenger fatalities and 95 injuries.
The damage that both trains sustained after the initial impact resulted from the action of
dynamic forces that caused the left front corner and sidewall of the passenger compartment
of each car to experience a complete structural failure and intrude inward. Because no
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structure was available in the corner post areas to successfully absorb the crash forces of the
collision, the substantial car body intrusion into each-car left no survivable space in the left
front areas of either car. Consequently, NTSB issued Safety Recommendation R-93-24,
which recommends that FRA:

In cooperation with the Federal Transit Administration and the American Public
Transit Association, study the feasibility of providing car body corner post structures
on all self-propelled passenger cars and control cab locomotives to afford occupant-
protection during corner collisions.

Following the general approach that was used to evaluate locomotive crashworthiness, an
evaluation of the crashworthiness of cab cars was performed to assess the level of protection
provided for the engineer in a typical existing cab car, and the potential for improvements.

Current Practice Cab cars are built to the same standards applicable to electric multiple-
unit (MU) as provided in 49 CFR 229.141 as follows: :

(a) MU locomotives built new after April 1, 1956 that are operated in trains having a
total empty weight of 600,000 pounds or more shall have a body structure designed of
meet or exceed the following minimum specifications:

(1) The body structure shall resist a minimum static end load of 800,000
pounds at the rear stops ahead of the bolster on the center line of draft,
without developing any permanent deformation in any member of the body
structure.

(2) An anti-climbing arrangement shall be applied at each end that is
designed so that coupled MU locomotives under full compression shall mate in
a manner that will resist one locomotive from climbing the other. This
arrangement shall resist a vertical load of 100,000 pounds without exceeding
the yield point of its various parts or its attachments to the body structure.

(3) The coupler carrier and its connections to the body structure shall be -
designed to resist a vertical downward thrust from the coupler shank of
100,000 pounds for any horizontal position of the coupler, without exceeding
the yield points of the materials used. When yielding type of coupler carrier is
used, an auxiliary arrangement shall be provided that complies with these
requirements. '

(4) The outside end of each locomotive shall be provided with two main
vertical members, one at each side of the diaphragm opening,; each main
member shall have an ultimate shear value of not less than 300,000 pounds at
a point even with the top of the underframe member to which it is attached.
The attachment of these members at bottom shall be sufficient to develop their
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Jull shear value. If reinforcement is used of provide the shear value, the
reinforcement shall have full value for a distance of 18 inches up from the
underframe connection and then taper to a point approximately 30 inches
above the underframe connection.

Though not required by 49 CFR 229.141, it is not uncommon for cab car specifications to
include a corner post structure with an ultimate strength requirement of 150,000 Ibf at the
underframe level.

Evaluation Two specific accident scenarios were developed for the evaluation of cab car
crashworthiness based on review of accident reports and consideration of the manner in
which typical commuter trains operate.

The first is based on the August 11, 1981 head-on collision between the Boston and Maine
Corporation’s Extra 1731 East and the Massachusetts Bay Transportation Authority’s Train
No. 570, in Beverly, Massachusetts, which caused several serious injuries. This accident, in
which a freight locomotive collided head-on with a control car, occurred at a closing speed
of approximately 31 mph. The result was the severe deformation and fracture of the cab car
underframe followed by override of the cab car onto the locomotive.

In the case of a collision between a locomotive and a cab car whose longitudinal centerlines
are collinear as above, it appears that the crush load in the cab car will be transferred to the
overall structure primarily through the underframe. Because the underframe in cab cars is
generally lower than that for locomotives, it is likely that—subsequent to coupler impact and
deformation—the cab car underframe will be trapped between the protruding draft gear
support structure and the underframe or anticlimber of the locomotive. The draft gear
support structure in locomotives has an ultimate strength of 2 to 3x10° Ibf, and the
locomotive underframe strength exceeds this range considerably. On the other hand, the cab
car underframe, whose yield-based design strength is 0.8x10° 1bf, has an ultimate strength of
less than 2x10° Ibf. The consequence of the trapping phenomenon and the locomotive/cab
car structural strength difference is that the cab car underframe will be the primary
component crushed. Such a loading situation appears to have occurred in the accident
described above.

The second is based on the Gary, Indiana accident described earlier in which two commuter
trains collided, resulting in a direct impact between the comers of the two lead cab cars that
resulted in destruction of the corner posts, crush of approximately 25 feet on each vehicle
side, and seven passenger fatalities.

In the case of a collision between a locomotive and a cab car whose longitudinal centerlines
are parallel but offset laterally causing the corner post to be directly loaded, similar to above,
the locomotive draft gear support structure can be completely to the side of the cab car
underframe. As a result, there is little opportunity for trapping and the locomotive
underframe is likely to challenge the corner post directly, just at or above the cab car
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underframe. A similar situation occurred between the two cab cars in the accident in Gary,
Indiana.

The two baseline crash scenarios used for evaluation of cab car crashworthiness are based on
the first accident described above, utilizing the same train configuration and initial speeds.
The second baseline crash scenario is different in that it incorporates a lateral offset at the
point of impact.

Finite element models for the major structural elements of a typical cab car were developed

~ and utilized to compute the load versus deformation characteristic curves for each element.
These characteristics were used as input to the train collision dynamics model developed
previously for locomotives. The collision dynamics model was modified to represent a -
typical passenger train with a cab car at the head end, instead of a freight train with
locomotives at the head end. The occupant survivability model was also modified to
represent the control cab interior in place of the road freight locomotive interior. These new
and modified models were then validated by comparison of predicted results with the actual
damage and injuries documented in the actual collisions in Beverly, Massachusetts, and
Gary, Indiana. '

In the centered collision crash scenario, modeling predicts 1 foot of cab car underframe crush
at a closing speed of about 25 mph (for a velocity ratio as given in the baseline scenario).
However, the cab car underframe crush becomes very large—greater than 6 feet—at closing
speeds above approximately 35 mph. This behavior is a result of the assumed underframe.
load-crush curve, which decreases monotonically after the peak strength is achieved. The
closing speed at which substantial crush occurs would be increased if the cab car structure
was somehow designed and built to maintain the peak load for substantial crush. The
-predicted response for underframe crush is in reasonable agreement with the outcome of the
accident on which the simulation was based. In the actual accident, which is reported to
have occurred at a closing speed of about 31 mph, there was also substantial underframe
crush, including fracture between the underframe and superstructure.

In the offset collision crash scenario, the closing speed at which substantial crush of the
corner post occurs is much lower than that corresponding to underframe crush. Modeling
shows that substantial corner post crush occurs when the closing speed is above 15 mph.
Although an actual accident involving a locomotive and a cab car in a corner post accident
could not be found for comparison, the Gary, Indiana accident in which destruction -of the
comner posts followed by 25 feet of crush along the sides of each cab car can be used.
Although the predicted results of this evaluation do not extend to 25 feet of crush, substantial
crush would certainly be predicted at a closing speed of 32 mph.

In an effort to determine whether significant structural modifications made to the cab car
body would preserve a survivable volume in the above collision scenarios, the model was
modified to assess the effects of increasing component strength on the degree of crush.
These were:
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.0 an ‘increase in underframe strength of 50 percent, applied over the entire range
of crush. This corresponds to a peak underframe strength of 2.6x10° Ibf, and -

.0 an increase in the corner post strength by a factor of four, to 60,000 Ibf, thus.
matching the combined, currently required strength of two collision posts..

For the centered collision, the closing speed at which very large vehicle crush will occur is
in the range of 40 to 45 mph, only about 10 mph greater than that for the baseline
component strengths. Similar increases in the closing speed needed to induce substantial
crush were obtained for the offset collision scenario, for which the range is increased to 20
to 25 mph, again only 10 mph greater than that of the baseline evaluation. These results
suggest that only a small improvement in protection is possible through structural changes for
the case of a cab car-leading train-to-train collision. However, these structural changes may
provide a much more significant increase in protection for-the less severe scenarios of a
grade crossing collision, a collision with debris (including lading that falls from frexght
trains), or a colhsmn with an object overhanging the track.

Conclusnons

‘Table 3-12 provides a comparative summary of the crashworthiness concept evaluation -
results with respect to weight increase, cost increase, and occupant survivability measures.
Each of these various concepts was evaluated in terms of the likelihood to provide practical, =
cost-effective benefit to the crew in the event of a collision. The results illustrated in

Table 3-12 clearly indicate that implementation of some of the crashworthiness concepts
specified in the Act will provide added protectlon to locomotlve crew members involved in a-
collision. : -

From the modeling and evaluation performed, incorporation of stronger collision posts
appears . to be the method that is most effective for maintaining a survivable space inside the -
locomotive while minimizing associated weight and cost penalties. Most significantly, the
model results for the simulated crash scenario show a decrease in cab crush from 8 feet to

1 foot. Remembering that cab crush in excess of 6 feet beyond the tip of the short hood is
assumed to begin the elimination of survivable space in the cab, incorporation of stronger
collision posts as modeled renders such a collision survivable as opposed to the baseline
crash scenario in which approximately 2 feet of survivable space would be expected to be
crushed. The occupant survivability measures calculated as a result of the modeling effort
are moderately higher than those calculated for the baseline scenario using a locomotive that
just met the strength requirements of AAR S-580 with respect to collision posts. However,
these occupant survivability figures are well within the accepted range in which crew
members would be expected to escape senous injury as a result of secondary impacts.

Current collision post designs are often stronger than those requxred by AAR S-580, and

some also extend above the required total height of 30 inches. The modeling effort provides
only one variation of geometry that significantly increases the strength, providing increased
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TABLE 3-12. Summary of Crashworthiness Concept Evaluation Results
Concept Description Weight Cost Occupant
' Increase | Increase Survivability
A (Ibs) Measures
Baseline Collision post strength = 200,000 1bf (each) N/A N/A Crush: 8 feet
(S-580) at 30 inches Max acc: 11 g’s
Anticlimber vertical strength = 200,000 Ibf HIC (avg): 160
Short Hood: 0.5 inch x 25,000 psi yield Cr (avg): 20
Strong Collision Posts Increase strength from 0-400 | $1,000 Crush: 1 foot
200,000 Ibf/post at 30 inches ~ | Max acc: 11 g’s
to 750,000 1bf/post HIC (avg): 330
total height = 71 inches C: (avg): 36
Roll Bar Structural frame near front of cab 3,000 $10,000 not calculated
Deflection Plates Angled plates on front of locomotive intended | 2,000 $5,000 | analysis suggests
to derail one or both lead locomotives that this feature
is not effective
Shatterproof Windows Semitempered glass/polycarbonate Minimal | $1,000 provides 4-5 \

times the impact
resistance over
current designs

Notes: Maximum cab crush allowable before elimination. of survivable space = 6 feet
50% probability of serious injury values: HIC = 1090 and C; = 46
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TABLE 3-12.

Summary of Crashworthiness Concept Evaluation Results (continued)

Concept Description Weight Cost Occupant
Increase | Increase Survivability
(Ibs) Measures
Rotating Seat Crash Requires locking mechanism and 300 $10,000 Crush: varies with
Refuge some other protection measure : to associated design
identified in this study $15,000 _feature
Max acc: 11 g’s
HIC (avg): 95
Cr (avg): 28
Rotate & Drop Seat Crash Requires locking and drop 600 $15,000 Crush: varies with
Refuge mechanism as well as some to associated design
other protection measure $20,000 feature
Max acc: 11 g’s
HIC (avg): 62
C, (avg): 21
Trench Crash Refuge Lever-action drop down floor 400 $2,000 Crush: varies with

panel in rear of cab exposes
trench

"associated design

feature
Max acc: 11 g’s
HIC (avg): 165
Cr (avg): 15

Notes: Maximum cab crush allowable before elimination of survivable space = 6 feet

50% probability of serious injury values: HIC = 1090 and C; = 46
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TABLE 3-12. Summary of Crashworthiness Concept Evaluation Results (continued)

Concept Description Weight |- Cost Occupant
' ‘ Increase | Increase Survivability
(tbs) o Measures
Interlocking Casting or fabricated piece | 2,000 | $5,000 Crush: 0
Anticlimber = welded to front of o “ Max acc: 15 g’s
' locomotive I . HIC (avg): 925
_ ' Cy (avg): 50
Equipment to Deter. | = Covers for openings in minimal | $1,000 | Provides 4-5 times
Post-Collision Entry of | short hood, doors that open B same as | the impact resistance
Flammable Liquids out, shatterproof windows for over current designs
. . : | windows | '

Notes: Maximum cab crush allowable before elimination of survivable space = 6 feet

. 50% probability of serious injury values: HIC = 1090 and C; = 46
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protection to the crew. The tapered, wide flange geometry collision post modeled has a total
height of 71 inches, more than double the current AAR S-580 requirement. It is certain that
other design concepts can be generated that similarly minimize space and weight impacts
while still improving structural strength over current designs. The added protection afforded
to locomotive crew members, with minimal weight penalties and little additional cost as
identified, clearly demonstrates that a reevaluation of appropriate dimensional and structural
requirements for collision posts should be pursued.

The modeling performed for this report identifies a weakness regarding current anticlimber
design. AAR S-580 currently requires that locomotives be equipped with anticlimbers
designed to withstand a minimum of 200,000 pounds when applied vertically and uniformly
between the center sill webs under the anticlimber of the locomotive. The intent of this
requirement is not completely clear. It has been assumed that the requirement is an attempt
to limit or prevent override during collisions, which in most scenarios results in significant
cab crush and the elimination of survivable space. The model shows that the anticlimber of
an overridden locomotive is not heavily loaded vertically during hiead-on collisions, except at
very low closing speeds. Instead, the model predicts complete failure of the draft gear
support structure of the overriding locomotive together with ramping between coupler or
anticlimber components in colliding locomotives permits a path for override to occur. This
has been confirmed through examination of several collisions in which override occurred at
moderate closing speeds.

It has been suggested that the intent of the AAR S-580 requirement for anticlimber vertical
strength is to prevent the rise of debris from grade crossing type accidents. As substantial
cab crush is typically associated with override of one locomotive onto another, the arrest of
override by whatever means possible is an important design goal. It has been shown that
current anticlimber designs are inadequate to resist override even at medium closing speeds,
and as such, a new approach needs to be taken to limit the relative vertical motion of
locomotives during collisions. '

The interlocking anticlimber concept modeled yielded significant results in that cab crush was
eliminated under the crash scenario evaluated. The occupant survivability measures
significantly increased over those calculated for the baseline crash scenario, but still remained
in the acceptable range with respect to the expected resultant injuries as defined earlier.
Successful operation of the interlocking anticlimber concept modeled for this report is
dependent on other factors, including the need to equip all locomotives with this feature.

Modeling results for the improved collision posts and for the interlocking anticlimber yield
one very important, common result—either of these crashworthiness concepts nearly
eliminates cab crush at moderate closing speeds. The preservation of a survivable volume
for the locomotive crew is obviously a desirable design goal, as crew members would not be
crushed and design of the locomotive cab interior to be more "user-friendly" with respect
tosecondary impacts could be emphasized. In this respect, incorporation of both stronger
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collision posts and an interlocking anticlimber in future locomotive designs may be somewhat
redundant.

While few reportable injuries have been directly attributable to inadequate glazing designs,
the possibility exists to significantly increase the level of protection afforded to the
locomotive cab occupants in the event of an impact, especially with respect to protection
from the hazards of spallation. These alternative designs provide improved protection with
no significant increase in overall weight and at moderate costs that do not appear to be
prohibitive.

Evaluation of the current locomotive cab roof has shown that it is structurally inadequate to
protect occupants in many collision scenarios. While the Act mandates evaluation of braced
collision posts and rollover protection, accident experience has suggested that attention
should also be given to cab comer post and roof strength. From the point of view of
efficiency and weight, a unitized, or monocoque end structure design that is tied together and
acts as a single structure during a collision may be a preferable to a design incorporating
collision posts, corner posts, and/or rollover protection that is not unitized. The Amtrak
High Speed Trainset specification requires an end structure which incorporates corner posts
in addition to the collision posts mandated by AAR S-580. Amtrak has identified specific
loading requirements for these corner posts and collision posts, both at the underframe and at
the roofline, in an effort to provide maximum protection to the cab occupant. A similar
approach, or incorporation of a monocoque end structure design as described above, is
worthy of consideration for conventional locomotives. Appendix E provides conceptual end
structure strength and roofline loading strength requirements for consideration.

NTSB, AAR, and FRA have all identified deficiencies with respect to the current design of
locomotive fuel tanks. While AAR Recommended Practice RP-506 represents a definite
advance in specifying design requirements for locomotive fuel tanks, FRA believes that an
industry standard for fuel tanks—developed jointly by FRA, AAR, and the railroad
industry— can be practically implemented and will result in safer and more environmentaily
sound railroad operations. ’

The incorporation of emergency lighting provisions and an optional emergency egress
opening in the roof structure of a locomotive cab could provide additional safety measures
beyond the structural improvements discussed above. These would be consistent with an
overall crash survivability strategy that encourages the crew to ride out the event, rather than
choosing the demonstrably unsafe option of jumping from the train. The implementation of
these features is both technically and economically feasible and practical, and would provide
cab occupants with additional resources.in the event of a collision.

Other crashworthiness concepts identiﬁed in the Act similarly demonstrate safety benefits to
the locomotive crew, but may not be as defined due to a lack of information regarding
specific crash scenarios or the lack of mature technology to practically implement the feature.

/
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Occupant survivability analyses were not conducted for the roll bar concept, as definition of
a specific crash scenario from which to evaluate its benefits against the baseline crash
scenario was not possible. Of all the crashworthiness features evaluated in response to the
Act, the roll bar concept evaluated as part of this study was by far the heaviest and in the
upper ranges for cost of implementation. Additionally, the estimated structural member sizes
required to support the rollover loads are large enough to require some redesign of the front
cab. Based on known accident experience, a roll bar requirement would not be justified.

None of the three crash refuge concepts evaluated provide improved protection to locomotive
cab occupants with respect to cab crush. Accordingly, evaluation was made to determine
what, if any, reduction in secondary impact measures is provided by each concept.
Evaluation results showed that each of the concepts evaluated provided sufficient levels of
protection against serious injury, either comparable to, or better than measures developed for
the baseline crash scenario. These results show that any of the crash refuge concepts
presented in this study can be beneficial when implemented in conjunction with another
feature that provides protection against cab crush.

Implementation of the trench crash refuge appears to provide the most beneficial approach to
providing a survivable volume inside the locomotive cab. While all three crash refuge
concepts provide exceptional protection with respect to secondary impacts, the trench is
located below the floor level of the locomotive cab, and thus, less likely than either of the
seat concepts to be crushed in the event the locomotive cab is crushed as a result of override
or another failure mode. Again, it is important to note that implementation of such a trench
would require use of another feature (i.e. improved collision posts) that limits the amount of
cab crush.

The effectiveness of a crash refuge concept can be greatly aided through implementation of
crash energy management techniques. By designing the unoccupied spaces to be slightly
weaker than occupied spaces, the unoccupied spaces will deform before the occupied spaces
. absorbing more energy and allowing the occupied spaces to be decelerated more slowly. If
these occupied spaces are decelerated more slowly, crew members will be thrown about the
interior of the cab with less force, resulting in fewer and less severe injuries. Thus,
implementation of crash energy management techniques in conjunction with a well designed
and properly placed crash refuge may greatly increase the probability of survival following a

collision. More detailed information regarding crash refuges, and concepts for consideration
are provided in Appendix F.

During the mformal industry meetings held at the inception of this locomotive
crashworthiness research project, industry representatives recommended that the current
glazing standards be revised to protect crew members from increasingly hazardous impacts .
attributable to increasing train speeds and the increasing creativity of vandals. The current
glazing standards listed in 49 CFR 223 were developed for locomotives traveling at 79 mph
or less, and may not afford the locomotive crew members adequate protection from today’s
hazards. Numerous industry groups have recommended that FRA adopt a multi-level glazing
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standard that ensures increased levels of protection as speeds increase. This "tiered"
approach appears to be logical, and previous sections have identified that improved glazing
options are available that provide much higher levels of protection with respect to impact and
spallation at minimal weight and cost penalties. Based on this information, Appendix G
provides detailed information regarding more stnngent glazing requirements for cons1derat10n
by the industry.

The modeling also identified features listed in the Act that do not demonstrate a direct safety
benefit to the locomotive crew, and/or are not economically or technically feasible to
implement. ‘While a deflection plate may seem like a beneficial concept, the potential exists
for deflection plates to cause more harm than good. If trailing cars do not follow the
locomotive off the track, trailing cars could be subject to a more severe collision. Obvious
examples of such incidents include the hazard of collisions on bridges, danger to structures
next to the track or potential casualties in populated areas, and the possibility of deflected
locomotives falling great distances in elevated terrains. These scenarios will likely increase
casualties or cause more severe hazardous material spills. Because of the above concerns,
FRA does not recommend further development of similar concepts.

Neither accident investigation data nor computer modeling shows conclusively that uniform
sill heights will help prevent override. However, correctly designed and installed
anticlimbers can be effective in preventing override up to a limiting maximum collision
closing speed. Further development in the area of antlchmbers should address the need for
compatible anticlimber engagement heights.

Summary and Recommendations

This portion of the report has evaluated the specific suggestions for improvement of
locomotive crashworthiness set forth in the Act and offered commentary on them
individually. As a result of this evaluation, FRA recommends no action on rollover
protection, deflection plates and uniform sill heights.

The accident data does not support a material need for rollover protection, and the costs of
providing for this contingency would be substantial. Deflection plates cannot be designed to
function practically within the design limitations of multi-use freight locomotives, and a
successful deflection device would induce collateral safety problems involving trailing
equipment. Uniform sill heights, without other measures, would not significantly reduce life-
threatening crash damage. The costs of making a conversion to a standard sill height would
be significant, and any benefits would accrue only after an extended period during which
older non-standard locomotives would be gradually retired. As noted below, compatible
anticlimbing arrangements may be achievable that accomplish the purposes sought by
advocates of uniform sill height.

Recent voluntary industry action has improved crash survivability by specifying minimum
crashworthiness standards that help to protect space needed for survival and resist intrusion

3-72



of flammable liquids. Research in support of this study suggests that strengthening of
collision posts beyond the minimum levels specified by the current industry standard could
produce a meaningful reduction in loss of cab volume in collisions at moderate speeds,
without incurring significant weight or cost penalties. Coupling this improvement with .
innovative crash refuge concepts and improved fuel tank survivability might encourage crew -
members to rely upon a more secure cab environment, in lieu of jumping from the train ,
under circumstances where fatal injury is a likelihood. Depending upon the results of further
research, more effective anticlimber mechanisms could further improve crash survivability. .
Innovative crash energy management concepts could offer alternatives to exclusive focus on
structural strength, if notable practical issues can be successfully addressed.

Improved corner post arrangements could reduce the risk of fatal injury to crew members
where objects (such as intermodal trailers and other shifted lading from passing trains) foul
the clearance envelope. Additional concepts that appear to warrant further exploration
include cab emergency lighting and more reliable means of rapid egress when locomotives
roll to their sides in derailments and collisions. Existing safety glazing standards appear to
warrant strengthening in light of evolving service environments, international standards, and
availability of improved materials.

Implementation of even the most attractive "crashworthiness" options should not be attempted
in isolation. A sustainable strategy for crew survival in collisions and other life-threatening
incidents must consider trends in pertinent risk factors, crew aceeptance compatibility of
new and existing equipment, operational practicability, initial and continuing costs, and other
factors.

FRA recommends that the promising safety measures identified by this report be further
developed in active consultation with those who would be benefitted or burdened by
implementation of such measures, including employee representatives, railroads, and
equipment manufacturers. The objective of these consultations will be to identify a cost
effective array of further safety measures for implementation through appropriate means.

Such means would likely include Federal rulemaking where clearly justified, development of
private voluntary standards, and further research and development. Inclusion of industry
parties in program development will ensure that issues of cost, effectiveness, and
practicability are adequately explored and that, where feasible, resulting standards are stated '
as flexible performance obJectlves
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CHAPTER 4

Locomotive Cab Working Conditions

FRA conducted a nationwide investigation into the working conditions of locomotive crews
aboard trains. This investigation encompassed a 2-year period and over 200
locomotives—belonging to 13 Class 1 Freight Railroads and Amtrak—selected as
representative of both cold and hot weather operations. Key areas addressed were
temperature, noise, air quality, sanitary facilities, ergonomics, vibration and asbestos.

Each key area is provided as a separate chapter and includes current FRA regulations,
applicable industrial and governmental guidelines, effects of exposure on human
performance, injuries/illnesses reported to FRA, measurements, and observations. For
each key area, FRA provides conclusions concerning the impact of the working condition
on crew performance, health, and safety.

Background

To ensure that railroads provide a safe and healthy working environment for train crews,
Congress enacted the Rail Safety Enforcement and Review Act (RSERA) of 1992, The Act
became effective in September 1992, and requires FRA to initiate rulemaking and/or report
to Congress on several aspects of locomotive cab working conditions. Specifically, Section
10 of the Act requires the Secretary to address, at a minimum:

o the extent to which environmental, sanitary, and other working conditions in
locomotive cabs affect the crew’s health, productivity, and the safe operation
of locomotives;

o the costs and benefits associated with equipping locomotives with functioning

and regularly maintained sanitary facilities, and

o the effects on train crews of the presence of asbestos in locomotive
components.

In addition, the Act invites the Secretary to consider other factors that affect the working
environment of locomotive cabs.

This chapter introduces the subject of locomotive working conditions and describes the
procedures used by FRA to conduct a large-scale locomotive cab working condition
evaluation program. The purpose of this chapter is to present the broad survey results that
are difficult to separate by individual working condition effect in a single location in the
report. Subsequent chapters, addressing each of the individual factors affecting locomotive
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working conditions in greater detail, will make reference to the procedures and results .
described in this chapter. These subsequent chapters include:

o

(4]

(0]

Locomotive Cab Temperature - Chapter §;
Locomotive Cab Noise Level - Chapter 6;

Locomotive Cab Air Quality - Chapter 7;

Locomotive Cab Sanitary Facrhtles Chapter 8;

Locomotive Cab Layout (Ergonomlcs) Chapter 9

Other Factors Affecting Locomotive Cab Workmg Conditions - Chapter 10;
and

Effects of Cab Working Conditions on Locomotive Productrvrty Chapter 11.

Each of these chapters provrdes a discussion of the following areas w1th respect to the
particular working condition being addressed:

o -

-0

" current FRA regulatlons if any, covering the working condmon

standards, guidelines, and practices from other industries or government
agencies that may be applicable or similarly applied to locomotive cabs;

effects of exposures that exceed established limits on human performance;

complaints alleging problems directly attnbutable to the speclﬁc working
condition;

incidents of injuries or illnesses reported to FRA by railroads due to each
working condition;

FRA measurements and observations made during an extensive locomotive cab
working condition survey;

‘meaning of FRA measurements and observations from this survey; and

conclusions drawn by FRA concerning the impact of the working condition on
crew performance, health and safety.

During informal industry meetings held by FRA, railroad labor organizations strongiy
emphasized the potential for adverse cab working conditions to cause medical damage to
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crew members. In their view, improvements in cab working conditions should be an
immediate and high priority effort. Labor organizations identified specific examples of
current conditions that they believe degrade the health of crew members, including illness
caused by excessive temperatures, hearing loss caused by long duration exposure to high
noise levels, and illness linked to inhalation of diesel exhaust fumes.

Over recent years, there have been numerous instances of rail labor—either directly or via a
member of Congress—stating concern with respect to existing in-cab working conditions.
Examples of letters addressing such concerns include the following:

(0]

United Transportation Union letter, dated March 12, 1988, addressed to
Mr. John Riley, FRA Administrator. In this letter, Mr. James M.
Brunkenhoefer urged FRA to initiate a locomotive environmental study that
would review certain problems, such as the long-term health effects of crew
member’s exposure to diesel exhaust;

Senator J. James Exon letter, dated 1993, wrote on behalf James M.
Brunkenhoefer regarding the effects of locomotive cab air quahty on crew
members;

United Transportation Union letter, dated August 1993, addressed to

Ms. Jolene M. Molitoris, Administrator, FRA. In this letter, William R.
Ralls, Esq., requested information regarding the status of FRA mandating
locomotive sanitation and toilets, and who had jurisdiction (either FRA or the
State of Michigan) over this matter in the State of Michigan;

United Transportation Union letter, dated August 30, 1993, addressed to

Ms. Jolene M. Molitoris, Administrator, FRA. In this letter,

Mr. James M. Brunkenhoefer asked FRA to examine crews working in
excessive cab temperatures (130°F) in the Texas summer heat, and consider
mandating air conditioning umts on trains, especially where needed on a daily
basis;

U.S. Representative Al Swift letter, dated November 17, 1993. In this letter,
Congressman Swift wrote on behalf of Norfolk and Western Railroad
locomotive crews regarding the need for safe and sanitary toilets;

Maine Attorney General Linda Conti letter, dated December 21, 1993. In this
letter, issues were outlined regarding regulations covering locomotive toilet
sanitary conditions (OSHA, FRA and the State of Maine); and

U.S. Representative Sanford D. Bishop, Jr. letter, dated November 6, 1994.

In this letter, Congressman Bishop wrote on behalf of a crew member from
Georgia regarding cab temperatures and crew safety.
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Some of the data developed in response to these and other individual inquiries is included in
this report. Where information from complaint-based investigations is included in our
findings, the data are so identified.

Approach

To investigate these and other concerns, and to provide Congress a detailed report covering
the working conditions aboard locomotives, FRA conducted the following research and
analysis on cab working conditions and their effects on crew productivity, health, and safe
operation of locomotives as mandated in the Act:

0 review of complaints and fepbrted incidents of injury or illness;

o survey of cab working conditions; |

0 cab air quality tests under conditions of restricted outside air exchange;
o investigation of cab sanitary facilities and toilet chemicals;

0 hurrian factors evaluation of locomotive cabs; and

o stﬁdy of the effects of working conditions on productivity.

The locomotive cab working condition survey forms the basis for the majority of FRA’s
findings. This survey, which was conducted by FRA inspectors, covers 17 separate sets of
measurements or visual observations made on locomotives. The cab air quality tests and cab
sanitary facility and toilet chemical investigation are expansions of the general survey to
focus on a specific problem. The human factors evaluation of locomotive cabs is a separate
research effort performed by the Volpe Center for FRA. In response to the Act, FRA’s
Office of Policy conducted a separate study on cab working conditions effects and their
impacts on productivity. Each of these efforts will be introduced in this chapter.

Review of Complaints and Accidents/Incidents

Complaints submitted to FRA alleging violations of safety standards pertaining to locomotive
cab working conditions, and reports of injuries or illnesses directly attributed to cab working
conditions are both indications of the extent of the problem caused by poor cab working
conditions. FRA compiled complaints due to working conditions from 1989 to 1993, and
injury/illness reports attributable to cab working conditions for the time period between 1990
and 1994,

FRA investigated over 100 complaints of alleged violations regarding cab working

conditions. ‘These complaints are itemized and discussed by working condition in the
respective chapters covering each individual working condition.
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Figure 4.1 provides a graphic depiction of the number of incidents of injuries or illnesses
reported to FRA by railroads between January 1990 and November 1994, It should be noted
that temperature and noise criteria do not include the mental effects to report when _]udgment
and attention might be affected. The physical effects will appear long after these mental
processes are influenced.

Cab Injurylill'ness Data for 1990 - 1994*

M 1990
— L P19t
Tomperatrels | i {11 [Mee
S S : : : | N 1993
Nosejgmas: | i i 1 i EB1ee4

0 50 100 150 200 250 300 350 400
# Injuries/llinesses
“Jan. 1990 - Nov. 1994 |

Figure 4.1 Cab Injury/Illness Data for 1990 - 1994

FRA compiled the information contained in Figure 4.1 in the following manner:
0 all events connected with the operation of a railroad reported to FRA that
resulted in one or more of the followmg consequences (and reported on form
FRA F 6180-55a):
® - death of a person within 365 calendar days of the accident/incident;

" ® ' injury to a person, other than a railroad employee, that requires
medical treatment;

° injury to a railroad employee that requires medical treatment, results in
' ~ restriction of work or motion for one or more work days, the loss of
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one or more work days, termination of employment, transfer to another
job, or loss of consciousness; and

° any occupational illness of a railroad employee which is reportable
when it is diagnosed as being work-related by a physician or other
qualified health care professional.

0 The following FRA illness/injury codes were used to develop the charts:
Tempera isord hysical agen

° 1141: Heat stroke/sun stroke (a 'serious heat-related condition in
which the patient often stops sweatmg and experiences a marked
rise in core temperature).

° 1142: Effects of ionizing radiation (refers to the various effects
- of ionizing radiation, e.g., gamma rays or x-rays).

° 1143: Effects of non-ionizing radiation (refers to effects of
electro-magnetic radiation, e.g., radio waves, microwaves,
welding flash, ultraviolet rays of the sun, etc.).

L 1144: Heat exhaustion (a heat-related'condition of moderate
degree which, if not treated, may legd to heat stroke).

® 1145: Freezing/frostbite (freezing of tissue with disruption of
the blood supply). '

® 1146: Other disorders due to physical agents other than toxic
materials.

[ 1149: Death resulting from physical agents (other than toxic
materials).

Noi isor due tra

° 1151: Noise induced hearing loss (A Standard Threshold Shift
(STS) is a change in hearing threshold relative to a
baseline audiogram that averages 10 decibels or more at 2000,
3000, and 4000 hertz in either ear. Documentation of a 10 dB
shift is not, of and by itself, reportable. There must be a
determination by a physician (or a railroad may choose to
delegate decision authority to another qualified health care
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Air Qualit

professional) that environmental factors at work were a
significant cause of the STS.)

-However, if an employee has an overall shift of 25 dB or more
-above the original baseline audiogram, then an evaluation must

be made to determine to what extent it resulted from exposure to
work. Any conclusion that the shift was not significantly caused
by factors at work must be supported by an evaluation/diagnosis
of either a QHCP or a physician.

Note: The change in hearing may be adjusted for aging. A
case does not need to be reported if a retest conducted within

30 days does not confirm the original STS. Once a reportable
STS has occurred, the current baseline should be adjusted to
reflect the test result. A subsequent test revealing an additional
STS from this baseline value is a new case. Additional
information concerning occupational noise exposure, monitoring,
age corrections, etc., can be found in 29 CFR 1910:
Occupational Noise Exposure; Hearing Conservation
Amendment; Final Rule, as published in the Federal Register,

. Vol. 48, No. 46, on March 8, 1983.

espirat nditions due to toxic agents):

1121: Pneumonitis (inflammation of the lungs).

1122: Pharyngitis (inflammation of the throat).

1123: Rhinitis (inflammation of the nose).

1124: Acute congestion due to chemicals, dust, gases, or fumes.

1129: Death resulting from respiratory conditions due to toxic
agents. '

1132: Poisoning by carbon monoxide, hydrogen sulfide or other

gases.

1139:. Death resulting from poisoning.

il in_rnlmi'

101: Burn or electrical shock (equipment standing).



e  101IT: Burn or electrical shock (equipment moving).

° 102: Striking parts of body against equipment while moving
about locomotlve (equipment standmg)

L 102T: Striking parts of body against equipment while movmg
about the locomotive (equipment movmg)

] 103: Struck by tools or other falhng obJects (equxpment
standmg)

® - 103T: Struck by tools or other falling objects (equipment
moving).

] 104: Stumbled, slipped, fell or stepped on foreign object or
irregular surface (equipment standing).

o 104T: Stumbled, slipped, fell or stepped on foreign object or
irregular surface (equipment moving). :

° 119: Other accidents/incidents whlle operating Jocomotive
(equipment standing).

° 119T: Other accidents/incidents whlle operatmg locomotive
(equipment moving).

L 914: Opening or closing locomotive doors (equipment standing).

o 914T: Opening or closing locomotlve doors (equlpment
moving).

® 915: Opening or closmg locomotlve wmdows (equipment’
standing).

° 915T: Opening or closing locomotive windows (equipment
moving).

il rati r on locomotive):
° 110: Defective locomotive seat (equipment standing).

o 110T: Defective locomotive seat (equipment moving).
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® 111: Adjusting locomotive seat (equipment standing).
° 111T: Adjusting locomotive seat (equipment moving).

These reported injuries/illnesses are discussed in the individual chapters devoted to each
working condition.

Survey of Cab Working Conditions
To comply with the Act, FRA collected data aboard locomotives in a variety of operating
situations, and under a broad range of ambient conditions. FRA inspectors made specific
measurements and observations on how each of the following cab working environment
factors affects the performance of the crew:

0 cab temperature;

o cab noise levels;

0 cab air quality;

0 cab sanitary facilities;

0 cab layout; and

0 general work environment.
Appendix H contains the guidance given to inspectors on how to conduct this survey. FRA
conducted a broad, formal survey of the cab working conditions during 1993 and 1994 by
. having inspectors travel aboard locomotives—during environmental extremes and various
working conditions—to determine whether existing in-cab working conditions impair the

crew’s health or ability to operate the locomotive safely.

The survey consisted of the following phases:

o fall/winter season measurements and observations;
0 summer season measurements and obscrvations;

o Ca@de Tunnel tests; and “
0 toilet chemical evaluation. |



The survey included a broad spectrum of locomotives in operational service.

the survey with care to include locomotives representing different:

o)

o

0

o

makes and models;

years in service (from 1950’s to 1990’s);

types (road or sWitéh);

location m train (lead or trail);lq

owners and operators (both major and smaller carriers); and

operation locations across the United States.

The survey included locomotives operated by the following railroads:

o

o

Atchison, Topeka and Santa Fe Railway Co;npany;
Burlington Northern Railroad Company;

Chicago and North Western Transportation Company;
Consolidated Raii Comoﬁﬁon;

CSX Transportation;

Florida East Coast Railway Company;

Grand Trunk Western Railroad Company;

Illinois Central Railroad Company;

Kansas City Southern Railway, Company;

National Railroad Passenger Corpqration (AMTRAK);
Norfolk Southern Co@mﬁon;

Soo Line Railroad Company;

Southern Pacific/ DRGW Companies;

Union Pacific Railroad Company.
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FRA Motive Power and Equipment (MP&E) inspectors took actual measurements and made
the field observations under the guidance, and with the assistance, of MP&E Specialists and
headquarters technical personnel. Measurements were taken at environmental extremes when
the ambient outside temperature was below freezing in the northeastern United States to over
100°F in southern Texas.

Figure 4.2 illustrates the form used by FRA inspectors to collect and record the data and
observations for each cab working condition evaluated. The inspectors recorded data and
observations regarding each of the following areas affecting cab working conditions:

0 heater condition 0 air conditioner condition (if equipped)
o toilet condition (if equipped) o water cooler condition
0 food storage condition 0 seat(s) condition
o visor(s) condition (if equipped) o glazing condition
I |
0 Noise level (in-cab, decibel level) o temperature level (in-cab)
0 diesel fumes and/or odors o toilet ventilation (if equipped)
(if present)
o floor condition
0 passageway condition
0 overall cab maintenance
0 cab cleanliness
0 air valve exhaust (vented to inside or outside of cab; or in control stand).

Fall/Winter Measurements and Observations

FRA conducted a portion of the survey during the months of October 1993 through

January 1994 to obtain data under cold weather working conditions. Each of the eight FRA
regions conducted a locomotive cab environmental survey that included cab noise :
measurements (via calibrated, electronic recording-equipment) and thermometer readings.
Due to cold weather, the cab windows were usually closed to keep the heat in the cab, and
noise measurements during open cab window conditions were not obtained. During the
winter phase of the survey, 204 locomotives were evaluated. Appendix I gives a summary of
the evaluations of the locomotives surveyed during this time period. Additionally,
Appendix I describes and explains a five-point scale used to quantify the observations made
by inspectors. Table I-1 gives the ratings on this scale for each locomotive for the winter
survey.
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Department of Transportation

Federal Railroad Administration

LOCOMOTIVE CAB ENVIRONMENTAL SURVEY

Motive Power & Equipment
Pubiic Law 102-365 Sect, 10

1. Inspector's Name: 2. Inspector's |.D. No. [3. Region: |4. Date of Insp 5 1 Owner’'s Full Corporate Name: 6. Location or Trip of Inspection:
7. Locomotive Manufacturer: 8. Model Number & Built Date: 9. L Number: | 10. L tive Service: (Circle) 11. Locomotive Power: 12 Locomotive Position:
Road Switching Diesel LNG Lead Trailing
Yard Out of Service Electric Other
Cab Equipment
Equipment | Type/Manufacturer Capacity/Size | Condition Maintenance Program | Cleanliness/Odors
Heater: 13. 14. . 15. 16. 7.
Air Conditioner: | '& 1e. 20. 2. 72
Toilet: 23. 24. 75. 76 =
Water Gooler: | 2% 29. 30. 31, 32,
Food Storage: 83 34. 35. JE; A
Seats: 38. 3g. 40. a1, Y
Sun Visors: a3 44, 45, 8. rva

Glazing Condition

Glazing Location

— | Operating Mode:

Type? Clean? Cracked? | Spalled? | Describe Other Damége or Condition:
Side Glazing 48 48. 50. 57 52 -
Front/Rear Glazing |* g . 5. 5.

Noise Measurements (Circle) Powered: Thrgttla Position _ Braking Idling At Rest
Time | Location of Measurement| Train Speed | Measured Value Source of Noise? | Annoyance Level?
58. 59. 60. 81. 62. 83. K
84, 65. 66. 67. [:4:3 60,
70 71. 72. 73. 74. 75.
76. 77. 78. 79. 80, 81.
82. 83. 84, 85. 86. 87.
88. 89. 90. 91. 92. 93.
O ti Mode: . )
Tem peratu re Measurements p?:;r':'i) ode Powered: Throttle Position ____ Braking Idling At Rest
Time | Location of Measurement | Measured Value | Outside Temperature Comfort Level
94, 95, 96. 97. BB
99. 100. 101. 102, 103
104. 1085. 106. 107. 108
109, 1'10. TT17. (EFA 3
114. 115. 116. 117. 118
7. 120. T2T. 122 123.
Fumes/Odors
Location of Fume/Odor|Locomotive Operating Conditions| Describe Fume/Odor | Effect of Fume/Odor on Crew
124, 125. 726, 127.
128. 129. 130. 131.
132. 133. 134, 135.
136. 137. 138. 139,

Other Cab Interior Features

Area:

o TypuVentitatiomot-Tottet

141,

General Cab Interior Cleanliness:

142. Condition of Cab Floor:

143. General Impression of Quality of Cab interior Maintenance:

144. Condition of Passageways:

145. Location of Brake Valve Exhaust

Train?:

1468. How Do Cab Environmental Factors Appear to Affect the Ability of the Crew to Safely Operate the

Locomotive?

Figure 4.2
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Summer Measurements and Observations

The three southernmost FRA regions—regions 3, 5, and 7—conducted noise and temperature
measurements and observations on a total of 30 locomotives to obtain data under hot weather
working conditions. FRA attempted to select days and locations where the ambient outside
temperature could be expected to reach 95°F or more. The survey recorded the -

- noisemeasurements for both open and closed window conditions, and aboard locomotives
equipped with and without air conditioning to whether background noise levels are reduced
(by the windows being closed).

The same survey instructions and form were used for recordmg the observations and
measurements. Cab noise measurements were made via calibrated electronic recording
equipment. During the summer portion of the survey, some FRA inspectors who had been
trained in the use of Wet Bulb Globe Temperature (WBGT) meters were able to measure cab
temperature using a WBGT meter. This device measures temperature, humidity, and air
movement in combination to determine a heat stress value that more thoroughly addresses the.
effects of temperature on the locomotive crew.

As part of the summer survey, 30 locomotives were evaluated in the same categories used to

evaluate the 204 locomotives during the winter survey. Table I-2 of Appendix I gives the
full results for locomotives evaluated under summer operating conditions.
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CHAPTER 5

Locomotive Cab Temperature

FRA found greatly varying temperatures—from 30°F to 121°F—aboard locomotives,
depending on the age and condition of the locomotive, air-conditioning availability
(equipped and functional), season, and region of the country.

During the winter, crew members are protected from excessively low temperatures as
mandated by the FRA in-cab requirement to maintain a minimum temperature of S0°F.
The current FRA lower temperature limit does not provide sufficient protection when
compared with US Military guidelines or with widely-prescribed (and ideal) minimum and
maximum human performance extremes.

During the summer, in-cab temperatures were found to be greater than the outside
temperature—due to heat from the engine. Opening the cab windows permits a greater
air flow, but negates the glazing requirements—permitting projectiles, such as rocks,
bottles, and the like to enter the cabs—and permits diesel exhaust to enter the cab. In
addition, this practice does little to change the temperature. FRA found that crews can
experience heat stress, and may be subject to risk of heat exhaustion in extreme cases.

Additional effort should be made to ensure that crews are not subject to temperature
extremes.

Current FRA regulations regarding temperature levels in the locomotive cab address only a
lower limit, and provide no guidance regarding an upper limit or controlling the temperature
in the toilet compartment. Studies have shown that exposure to excessive temperature levels
in a working environment can directly accelerate the onset of fatigue, which causes a
deterioration in performance. During the informal industry meetings held by FRA, rail labor
organizations specifically identified the lack of, or improperly functioning, air conditioning
systems in locomotive cabs as a primary concern with respect to the safety and health of
locomotive crews. Many older locomotives are not equipped with air conditioning, and those
that are have typically experienced significant problems associated with the maintenance of
these units, often rendering the units partially or totally inoperable. An inability to
adequately control temperature within the locomotive cab, coupled with extreme
environmental conditions encountered by train crews, is a cause of concern with respect to
health and safety considerations. In an effort to assess the adequacy of current regulations,
FRA conducted a study that (1) examined the effects of temperature levels on human
performance, (2) reviewed past complaints and accidents/incidents attributable to temperature
extremes in the locomotive cab, and (3) measured actual temperature levels of 234
locomotive cabs in varying environmental and operating conditions.
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Review of Existing Regulations

The current FRA regulatlon regarding cab temperature is provided in 29 CFR 229.119(d) as .
follows:

Cabs, floors, a Wi

' The cab shdll be provided with proper ventilation and with a heating arrangement that .
maintains a temperature of at least 50°F 6 inches above the center of each seat in the
cab.

FRA also reviewed guidelines published by other government agencies and professional
society .sources, such as the U.S. Military and the American Conference of Governmental
Industrial Hygienists (ACGIH), regarding acceptable limits for exposure to temperature
extremes. ACGIH provides recommendations regarding temperature extremes, and
guidelines that identify heat stress conditions under which it is believed that nearly all
workers may be repeatedly exposed without adverse health effects.! A more detailed
description of these standardsl including specified limits, is included in the discussion of the
effects of temperature levels on human performance. .

Effects of Temperature Levels on Human Performan

Individuals differ greatly on what is perceived to be hot or cold?, and as a result, a
determination of one’s comfort level tends to be very subjective. However, effects of
temperature on human performance are well documented. Table 5-1 describes how humans
respond to various temperatures ranging from 50°F (the current FRA standard for the lower
limit of cab temperature), to 90°F (considered the upper limit for performing continuous light
work). At the lower limit of SO°F currently established by FRA, Table 5-1 shows the
locomotive crew can expect extreme stiffness and pain with strength applications after
exposure to this effective temperature for only a few minutes.

The U.S. Military has established the upper limit for continued occupancy over any
reasonable period of time to be 90°F in MIL-STD-1472, Human Engineering Design Criteria
for Military Systems, Equipment, and Facilities. The optimal temperatures for winter and
summer comfort are identified as 68°F and 70°F, respectively. MIL-STD-1472 also

! 1994-1995 Threshold Limit Values for Chemical Substances and Physical Agents and
Biological Exposure Indices, page 85.

2 "Number of Opinions verses Effective Temperature" in Advances in Human
Factors/Ergonomics, Book 4, Engineering Physiology: Physiologic Bases of Human
Factors/Ergonomics, 1986, by K.H.E. Kroemer, H.J. Kroemer, and K.E. Kroemer-Elbert of the
Ergonomics Research Institute, Inc. in Blacksburg, VA
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Table 5-1 *HUMAN PERFORMANCE EFFECTS AT VARIOUS EFFECTIVE

TEMPERATURES (PERCEIVED BY HUMAN BODY)?

EFF. °F | - HUMAN PERFORMANCE EFFECTS:"
90 Upper limit for continued occupancy over any reasonabie period of time
80-90 Expect universal complaints, serious mental and psychomotor performance decrement, and physical fatigue

80 Maximum for acceptable performance even of limited work; work output reduced as much as 40 to 50 percent;
most people experience nasal dryness

78 Regular decrement in psychomotor performance expected; individuals experience difficulty falling asleep and
remaining asleep; optimum for bathing or showering

75 Clothed subjects experience physical fatigue, become lethargic and sleepy, and feel warm; unclothed subjects
consider this temperature optimum without some type of protective cover.

72 Preferred for year-round sedentary activity while wearing light clothing

70 Mid-point for summer comfort; optimum for demanding visual-motor tasks

68 Midpoint for winter comfort (heavier clothing) and moderate activity, but slight deterioration in kinesthetic
response; people begin to feel cool indoors while performing sedentary activities

66 Midpoint for winter comfort (very heavy clothingj, while performing heavy work or vigorous physical exercise.

64 Lower limit for acceptable motor coordination; shivering occurs if individual is not extremely active.

60 Hand/finger dexterity deteriorates, limb stiffness begins to occur, & shivering is positive.

55 Hand dexterity is reduced by 50 percent, strength is materially lcss, and there is considerable (probably
uncontrolled) shivering.

50 Extreme stiffness; strength applications accompanied by some pain; lower limit for unprotected exposure for
more than a few minutes.

*Note—Table 5.1: These temperature effects are based on relatively still air and
normal humidity (40 to 60 percent). Higher temperatures are acceptable if airflow is
increased and humidity is lowered (a shift of from I°F to 4°F)]; lower temperatures
are less acceptable if airflow increases (a shift upward of 1 to 2°F). Effective
temperature means the temperature perceived by the human body.

provides detailed design guidelines for heating, véntilation, and air conditioning (HVAC),
stating "the crew compartment shall be provided with a heating system capable of
maintaining temperatures above 68°F during occupancy when personnel are not wearing

3 "Human Factors Design Handbook - Information and Guidelines for the Design of
Systems, Facilities, Equipment and Products for Human Use" by Wesley E. Woodson, 1986.
Woodson is one of the leading human factors engineering authorities in the world. He has

participated in two significant publications which are referenced throughout this report,

(1) Human Factors Design Handbook, and (2) Military Standard 1472 (MIL-STD-1472), titled

"Human Engineering Design Criteria for Military Systems, Equipment, and Facilities. "
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arctic clothing and exposure is for an extended duration (i.e., more than 3 hours). The
temperature is measured 24 inches above the seated crew position.” -

ACGIH uses a measure called the Wet Bulb Globe Temperature* (WBGT) to provide
guidance on acceptable workplace heat/cold stress levels. A WBGT meter measures
temperature, humidity, and air movement in combination to determine the permissible heat
exposure threshold for phy51ca1 labor. The acceptable heat level on the Wet-Bulb Globe
Temperature (WBGT) Index is 86 for a light, oontmuous workload by an acclimatized
worker wearing light-weight pants and shirt. : :

The WBGT index was originally developed to prov1de a convement method to quickly assess,
with a minimum of operator skills, -the conditions which posed a threat of thermal overstrain
among military personnel’. Because of its proven usefulness, it has been adopted as the
principal index for a threshold limit value (TLV) for heat stress by ACGIH. The index has
not been correlated with mental performance.

A well recognized guide for human factors design® recommends that the temperature should
not be allowed to fall below 65°F, or to exceed 85°F, and relative humidity values should be
controlled between 20 percent and 60 percent for maximized human performance.

Figure 5.1 provides a graphical comparison of the current FRA temperature lower limit, -
minimum and maximum human performance extremes, U.S. Military HVAC design
guidelines (upper and lower levels), and 1deal summer and winter temperature levels for
human performance. :

4 WBGT is computed by appropriate weighing of Vernon Globe (T,), dry bulb (T,), and
natural wet bulb (T,,,) temperatures. The natural wet bulb is depressed below air temperature
by evaporation resulting only from the natural motion of the ambient air, in contrast to the
thermodynamic' wet bulb, which is cooled by an artificially produced fast air stream, thus
eliminating the air movement as a variable: For outdoor use (in sunshine), the WBGT is
computed; WBGT = 0.7 (T,) + 0.2 (Tp) + 0.1 (T) and for indoor use, the weighing
becomes; WBGT = 0.7 (T,) + 0.3 (T)).

3 "The Industrial Environment -- its Evaluation .&Cdntrol,” U.s. Depdrtment of Health,
Education, and Welfare, Public Health Service, Center for Disease Control, National Institute
for Occupational Safety and Health, 1973 .

¢ Human Factors Design Handbook, Woodson
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Temperature Limits

Figure 5.1 Comparison of Temperature Limits

The U.S. Military design handbook provides several engineering guidelines that could be
similarly applied to locomotive cab temperature control systems as follows:

o

Based upon the locomotive crew’s working level and clothing type, the
allowable temperature should not exceed 86°F.

Air conditioning systems should be designed such that cold air discharge is not
directed onto personnel.

A relative humidity of 45 percent should be providéd at a temperature of 70°F.
This value should decrease with rising temperatures, but should remain above
15 percent to prevent irritation and drying of body tissues such as the eyes,
skin, and respiratory tract.

Temperature levels should be relatively uniform to prevent illness resulting
from the body compensating for a dramatic temperature range affecting the
body at a particular time. Measurements of air temperature at head level and
at floor level should not differ by more than 10°F.

Adequate ventilation should be assured by introducing fresh air into any
personnel enclosure. If the enclosure volume is 150 ft’ or less per person, a
minimum of 30 ft* of ventilation air per minute shall be introduced in the
enclosure. Approximately two-thirds of this should be outdoor air.
Ventilation or other protective measures shall be provided to keep gases,
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vapors, dust, and fumes within the Permissible Exposure Limits specified by
29 CFR 1910 and the limits specified in ACGIH TLVs. Intakes for ventilation
systems should be located to minimize the introduction of contaminated air
from such sources as exhaust pipes.

Heat Exhaustion/Heat Stress

Heat exhaustion is a combined function’ of dehydratlon and overloading of the circulatory
system which occurs when the human body strains to cool itself. This occurs frequently
when an individual is working in a hot environment. Associated effects of heat exhaustion
include fatigue, headache, nausea, and dizziness, often accompanied by giddy behavior.

- Heat syncope indicates a failure of the circulatory system, as demonstrated by fainting. Heat
stroke indicates an overloading of both the circulatory and sweating systems, and is :
associated with hot dry skin, increased core temperature, and confusion of the person.

Table 5-2 outlines the symptoms, causes, and treatment of heat stress disorders. Transient
heat fatigue can occur aboard an non-air-conditioned locomotive travelling in a hot climate.
The crew can expect to experience a temporary decrease in productivity, alertness,
coordination, and vigilance until they become acclimated. An 8- to 12-hour shift under such
conditions could cause the onset of heat exhaustion.

Work Regimen

The work regimen, or the percentage of work time verses the percentage of rest time, is also
a factor in determining the permissible heat exposure. Temperature exposure limits should
be adjusted accordingly depending upon the work regimen. Table 5-3 shows the permissible
ACGIH heat exposure limits based upon the work load (work regimen). The locomotive
crew operates in a continuous work regimen, which may be classified for use of this table as
"light work load." Based upon this calculation, 86°F is the appropnate TLV for the
locomotive cab crew.

Impact of Clothing On Temperature Limit

In addition to temperature level and work load, the type of clothing worn (and permitted) in
the locomotive cab has an effect on the allowable temperature level. Table 5-4 provides
corrections to the WBGT based upon clothing worn by the operators. The insulation value
of clothing is measured in units of CLO’. Consequently, the TLV (Note: the values in
Table 5-3) for cab temperature is adjusted depending upon the clothing type worn.

7 One Clo unit = 5.55 kcal/m?/hour of heat exchange by radiation and convection for each
°C of temperature difference between the skin and adjusted dry-bulb temperature
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HEAT STRESS DISORDERS*

Table 5-2
DISORDER  f. ~ . .~ SmproMs
Transient Heat Decrease in productivity, alertness, Not acclimated to hot environment Gradual adjustment to hot
Fatigue coordination and vigilance environment
Heat Rash Rash in area of heavy perspiration; Perspiration not removed from skin; Periodic rests in a cool area;
("Prickly discomfort; or temporary disability sweat glands plugged; sweat glands showering/bathing; drying skin
Heat") . : C ’ inflamed '
Fainting Blackout, collapse . Shortage of oxygen in the brain Lay down.
Heat Cramps Painful spasms of used skeletal Loss of salt; large quantities of Adcquate salt with meals;
S muscles water consumed quickly salted liquids (unless advised
o differently by a physician)
Heat Extreme weakness or fatigue; Loss of water and/or sait; loss of Rest in cool area; salted
Exhaustion giddiness; nausea; headache; pale or blood plasma; strain on the ‘liquids (unless advised
flushed complexion; body circulatory system differently by a physician)
temperature normal or slightly '
higher; moist skin; in extreme cases
vomiting and/or loss of
consciousncss
Heat Stroke Skin is hot, dry and often red or | Thermo-regulatory system breaks Remove to cool area; soak
spotted; core temperature is 105°F or down under stress and sweating clothing with cold water; fan
higher and rising; mental confusion; stops. The body’s ability to remove body; call ambulance
deliriousness; convulsions; possible excess heat is almost eliminated. immediately.
unconsciousness. :
——————— ——

# Advances in Human Factors/Ergonomics, Book 4, Engineering Physiology: Physiologic
Bases of Human Factors/Ergonomics by K.H.E. Kroemer, H.J. Kroemer, and K.E. Kroemer-
Elbert of the Ergonomics Research Institute, Incorporated in Blacksburg, VA 24060 (adapted
from Spain, Ewing and Clay, 1985) o
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Table 5-3 PERMISSIBLE HEAT EXPOSURE THRESHOLD LIMIT VALUES®
[VALUES ARE GIVEN IN °F AND °C]

Work-Rest | Work Regimen-

Regimen = | =: Light. ‘ feavy
Continuous Work 86°F (30.0°C) 80°F (26.7°C) 77°F (25.0°C)
75 percent Work, 87°F (30.6°C) 82°F (28.0°C) 78°F (25.9°C)

each hour

25 percent Rest
50 percent Work, | 89°F (31.4°C) 85°F (29.4°C) 82°F (27.9°C)
each hour
25 percent Rest
25 percent Work, 90°F (32.2°C) 88°F (31.1°C) 86°F (30.0°C)
each hour
75 percent Rest

Table 5-4 TLV WBGT CORRECTION FACTORS IN °F (°C) FOR CLOTHING"

Summer Work Uniform 0.6 , 0°F-(0°C)
) Cotton Overalls 1.0 -3.6°F (-2.0°C)
Winter Work Uniform 1.4 -7.2°F (-4.0°C)
Water barrier, permeable 1.2 | -10.8°F (-6.0°C)

A complete discussion of the thermal environment and its effect on the crew is provided in
Appendix J. :

% 1994-1995 Threshold Limit Values for Chemical Substances and Physical Agents and
Biological Exposure Indices by American Conference of Governmental Industrial Hygienists
(ACGIH), ISBN: 1-882417-06-2 '

1 Human Factors Design Handbook, Woodson
5-8



Review of Complaints and Accidents/Inciden

Complaints received by FRA from railroad employees or their representatives regarding
temperature extremes provide one indication of the extent of the problem that exists in
locomotive cabs. Table 5-5 summarizes the cab temperature complaints by locomotive
personnel that were investigated by FRA inspectors from 1989 to 1993. Upon receipt of a
complaint, FRA inspected the locomotive to determine whether the cause of the complaint
was still present. If the FRA found an unsafe or unhealthful condition, it was promptly
reported. However, because of the time that elapsed between the reported condition and the
time required for FRA to inspect the subject locomotive, the lack of electronic monitoring
equipment onboard the locomotive to provide real-time recording, and/or the lack of
appropriate equipment such as electronic analysis tools to evaluate the reported condition, the
cause could not be determined in many cases. Consequently, the complaint often could not
be verified.

Table 55 CAB TEMPERATURE COMPLAINTS: 1989 to 1993

5 Aug SP X Heat Freight Lead Yes No
93
7. Jan90 | ATSF | CA | Cab Heaters | - Freight’ | Lead | Ukn No
8 Nov SP OR | Cab Heaters Freight Lead | Ukn No
: 89 ‘ _
1 Dec 88 ST VT | Cab Heaters | Freight | Lead | Ukn No -

Three of the four cab temperature complaints received by FRA involved improperly
functioning heating units. Since FRA has an established standard for the lower limit
allowable of cab temperature, FRA was able to require the railroads involved to repair the
heaters. The fourth complaint alleged that the cab temperature reached 130°F in a
locomotive with an improperly functioning air conditioning unit during a hot summer dayin
southern Texas. If accurate, this is'an obvious unhealthy and unsafe working environment.

FRA Accident/Incident Data Base

FRA searched its accident/incident data base (1990 to 1994) for instances of railroads
reporting crew injuries or lost time due to the following:

0 heat stroke/sun stroke (a serious heat-related condition in which the patient
often stops sweating and experiences a marked rise in core temperature);

0 effects of ionizing radiation (referring to the various effects of ionizing
radiation such as gamma rays or x-rays); -
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o effects of non-ionizing radiation (referring to the effects of electro-magnetic
radiation such as radio waves, microwaves, welding flash, ultraviolet rays of
the sun, etc.);

o heat exhaustion (a heat-related condition of moderate degree which, if not
treated, may lead to heat stroke);

o freezing/frostbite (freezing of tissue with disruption of the blood supply);
o other disorders due to physical agents other than toxic materials; and
0 death resulting from physical agents other than toxic materials.

Figure 5.2 summarizes the results of this data base search. The search revealed lost time
due to exposure to temperature extremes. '

Cab Temperature: Casualties & Days Absent

M Casualties 7] Days Absent

o m—
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