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RAILROADS AND RESEARCH: SHARING TRACK

3 INTRODUCTION
Railroads and Research Sharing Track

John Tunna and Deborah Butler

The railroad industry successfully provides safe and efficient freight and passenger
transportation largely by implementing research results. Examples highlighted in this issue
are drawn from the disciplines of civil, mechanical, and electrical engineering and from the
science of human factors.

4 Crash Energy Management:
An Overview of Federal Railroad Administration Research

David Tyrell and Jeff Gordon

From 1999 to 2005, the Federal Railroad Administration, working with industry
stakeholders, conducted a series of six impact tests to assess the crashworthiness of rail
passenger equipment, both conventional and with crash energy management features.
The results can improve train crashworthiness significantly.

11 Realizing the Potential of Diesel Multiple-Unit Technology: Research Overcomes Barriers
Thomas C. Cornillie

12 Cooperative Research in Tank Car Safety Design: How Science and Engineering
Are Reducing the Risk of Rail Transport of Hazardous Materials

Christopher P. L. Barkan, M. Rapik Saat, Francisco Gonzalez, Ill, and Todd T. Treichel
Railroad tank car safety in North America has improved continuously through cooperative
testing, research, and standards development by industry and government. Recent design
advances have followed three approaches to enhance the safety of tank cars, which
transport more than 1.6 million shipments of hazardous materials each year: statistical
analysis and optimization of design, structural modeling, and physical testing.

20 Transporting Hazardous Materials by Rail: Identifying Feasible, Lower-Risk Routes
David Hunt, David Friedman, Mark Meketon, and Carl Van Dyke

22 Gaining Track Support to Improve Track Safety, Efficiency,
and the Competitiveness of the Rail Industry

Ted Sussmann, David Read, John Choros, and Shane M. Farritor

Track components have been hardened and strengthened to improve durability and
performance, but increases in train loads and speeds, coupled with recent extreme weather
events, have necessitated constant vigilance for track safety. The authors explore advances
in track support and measurement systems that are ensuring a more efficient and safe
performance from the track structure.

28 Evaluations of Demonstration Pilots Produce Change: Fourteen Years of
Safety-Culture Improvement Efforts by the Federal Railroad Administration
Joyce M. Ranney, Michael K. Zuschlag, Jonathan Morell, Michael K. Coplen, Jordan
Multer, and Thomas G. Raslear
To address the slow progress in reducing accidents, the Federal Railroad Administration
implemented an evaluation program to identify and test system-based safety-culture
interventions. The program produced four approaches and confirmed significant positive
results, particularly through change effected collaboratively by labor and management.

37 Fatigue Research Improves Regulatory Effectiveness
Thomas G. Raslear and Colleen A. Brennan

38 Success Factors in the Reduction of Highway-Rail Grade Crossing Incidents
Suzanne M. Horton and Marco P. daSilva
In the past 20 years, safety at public highway-rail grade crossings has improved
significantly. A two-phase study identified 11 factors as likely contributors, including
rulemakings, advances in the grade crossing and transportation environment, and political,
societal, and economic changes. Most of the 11 factors were associated with applications of
research findings.
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INTRODUCTION

Railroads and

Research
Sharing Track

JOHN TUNNA AND DEBORAH BUTLER

Tunna is Director,
Office of Research
and Development,
Federal Railroad
Administration,
Washington, D.C.
Butler is Executive
Vice President,
Planning, and CIO,
Norfolk Southern
Corporation, Norfolk,
Virginia, and Chair of
the TRB Executive
Committee.

Appreciation is
expressed to TRB
Senior Program Officer
Christine L. Gerencher
for her work in
coordinating this issue
of TR News.

Research has helped keep railroads running
efficiently and safely since the early days in
the 19th century, when August Woéhler conducted
fatigue tests on railway axles. This special issue of
TR News provides many examples of this tradition
continuing today. The railroad industry success-
fully provides safe and efficient freight and pas-
senger transportation largely by implementing
research results. Examples highlighted in this issue
are drawn from the disciplines of civil, mechanical,
and electrical engineering and from the science of
human factors.

David Tyrell and Jeff Gordon present the story
of improved passenger vehicle crashworthiness.
Incorporating results from 20 years of modeling,
testing, and analysis, new passenger vehicles are
entering operation in the United States with
inherently safe designs.

Improvements in tank car safety in the past 20
years have been a success story for the industry.
Christopher P. L. Barkan, M. Rapik Saat, Francisco
Gonzalez, 1ll, and Todd T. Treichel supply the
research and development perspective on this
achievement.

Ted Sussmann of the Volpe Center and coau-
thors David Read, John Choros, and Shane M. Far-
ritor describe the research and development
supporting inspections of track for quality and
defects. Of all railroad components, track has one
of the most demanding roles, as expectations
increase for higher axle loads, faster train speeds,
and longer service lives. Modern inspection meth-
ods have ensured the achievement of all three of
these goals.

Changing a safety culture modeled on a mili-
tary-style chain of command to become more
open and ready to share best practices is the focus
of an article by Joyce M. Ranney, Michael K.

Zuschlag, Jonathan Morell, Michael K. Coplen,
Jordan Multer, and Thomas G. Raslear. The
authors describe pilot programs that have
achieved impressive improvements in safety and
accident prevention. The industry is quickly
adopting and applying the proven procedures
and techniques.

Highway-rail grade crossings are the most sig-
nificant causes of railroad fatalities, second only
to trespassing. Research into grade crossing safety
brings together the science of human behavior
with engineering technology. Suzanne M. Horton
and Marco P. da Silva describe several success fac-
tors in improving grade crossing safety.

Larry Milhon describes the evolution of the
electronic train management system at BNSF Rail-
way. Through research and testing, this system is
gaining enhancements and is poised to become
BNSF’s solution in meeting the mandate for pos-
itive train control.

Anthony Perl, who contributed a Point of View
column in the TR News special edition on pas-
senger rail in 2002, offers a perspective on “the
forces that shape research performance.” How
have the hopes expressed 10 years ago been ful-
filled?

Some themes emerge from the articles assem-
bled in these pages. Research projects have long
life cycles. In a mature industry, the easy-to-solve
problems already have been addressed. Thanks in
part to Wohler’s early work, broken axles are rare
today. The remaining problems are tough and
call for the collaborative efforts of government,
railroads, suppliers, and academia to achieve solu-
tions. Continued funding for rail research is
needed, along with the support offered by the
Transportation Research Board and its associated
rail committees.
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The Metrolink train accident in
Glendale, California, in 2005
involved three trains and resulted
in 11 fatalities and many injuries.

Crash Energy Management
An Overview of Federal Railroad Administration Research

DAVID TYRELL AND JEFF GORDON

Tyrell is Senior Technical
Advisor, Structures and
Dynamics Division,
Volpe National
Transportation Systems
Center, Cambridge,
Massachusetts, and
Gordon is Program
Manager, Passenger
Equipment Safety
Research, Office of
Research and
Development, Federal
Railroad Administration,
Washington, D.C.

crashworthy vehicle preserves space for the

occupant to ride out a collision and limits

the forces imparted to the occupant to sur-
vivable levels. The foundation for crashworthiness is
achieved by designing and fabricating a strong prin-
cipal car body structure within the limits of space
and weight.

Crash energy management (CEM) is a design
technique that enhances crashworthiness. CEM
seeks to control the load path into the car body struc-
ture and to absorb the energy with components that
are outside the occupied volume. CEM is commonly
understood in the context of automobile designs that
incorporate “crumple zones” and passive safety fea-
tures—such as seat belts—to protect occupants. Pas-
senger rail car construction has adopted these
concepts, primarily as a result of European practice.

Crashworthy designs incorporating CEM can be
accomplished with computer-aided engineering.
For more than 100 years, conventionally designed
car bodies have been built to support high loads
without sustaining damage. This approach offers
advantages, such as ease of design and demonstra-

A frame from the conventional train-to-train impact
test captures the moment of override.
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tion of compliance, but has a limitation—only one
car may crush and absorb energy in a train-to-train
collision.

Conventional crashworthy designs can be accom-
plished with straightforward calculations. Compli-
ance can be demonstrated by applying a high load to
a car body and carefully inspecting the car body to
make sure it looks the same after the test as it did
before the test. Because only one car may crush in a
collision, the crush can be extensive, and occupied
volume may be lost.

Crashworthiness Research

For nearly 20 years, the Office of Research and Devel-
opment of the Federal Railroad Administration
(FRA) has been investigating crashworthiness strate-
gies that will ensure the preservation of occupied
space and limit the severity of the secondary impact
environment to which the occupants are exposed.
One effective crashworthiness strategy is to build car
body end structures that systematically collapse
when overloaded. CEM strategies have improved the
performance of freight locomotives (1), tank cars
carrying hazardous materials (2), and passenger
trains (3) in accidents.

The crashworthiness research by FRAs Office of
Research and Development assesses the likelihood
and extent of damage from accidents and develops
accident scenarios. Safety strategies to mitigate the
consequences of the scenarios—including the devel-
opment of technologies to improve occupied volume
preservation, injury prevention, fuel containment,
and glazing impact resistance—are considered, ana-
lyzed, and tested. This research produces the infor-
mation to understand and apply the technology to
the rail industry. The information may be used to
engineer equipment, verify performance, inform pol-
icy decisions, and support standards development.

From 1999 to 2005, FRA conducted a series of six
impact tests to assess the crashworthiness of rail pas-
senger equipment, both conventional and with CEM
features. The CEM designs included energy-absorb-
ing crush zones, located at the ends of each car. The
results showed that CEM features can improve crash-
worthiness significantly. Full participation by the rail
industry contributed to the success of these tests.

Implementing the Results

The Los Angeles commuter railroad Metrolink has
used the findings from the impact tests to develop
specifications for the crashworthiness features of new
equipment. The research also has helped lay the tech-
nical foundation for assessing the crashworthiness
and occupant protection performance of alternatively
designed train sets for Tier I passenger service, which

PHoTO: DON BARRETT

does not exceed 125 mph (4). In addition, the results
have assisted FRAs Railroad Safety Advisory Com-
mittee (RSAC) in developing recommended crash-
worthiness requirements for high-speed trains (5).

New equipment specifications increasingly are
incorporating CEM, as evidenced by a suite of spec-
ifications developed for the next generation of pas-
senger equipment. For example, the procurement of
a fleet of bilevel cars for California and the Midwest,
now under way, specifies CEM standards.

A crash energy
management (CEM)
impact test sequence
shows car body end
structures that
systematically collapse
when overloaded,
limiting the secondary
impact of the crash.

Metrolink and other
rail agencies are
incorporating CEM in
new equipment
specifications.
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An April 2002 crash in
Placentia, California.

Accident investigators on
scene at a 2008 rail
accident in Chatsworth,
California. Research and
application of results
progress through four
phases: accident
investigation; equipment
analysis and design
testing; development of
specifications and
standards; and improved
equipment design.

Stakeholder Involvement
Government and industry working groups are com-
mitted to increasing railroad safety. Some of these
groups are government-led, such as the RSAC (6);
some are industry-led, such as the American Public
Transportation Association’s (APTAs) Passenger Rail
Equipment Safety Standards Committee! (PRESS);
and others are jointly led, such as the Passenger Rail
Equipment and Improvement Act Section 305 Next-
Generation Corridor Equipment Pool Committee.?
Whatever their makeup, these groups include the
participation of all interested stakeholders: railroads,

! www.aptastandards.com/StandardsPrograms/PRESS
StandardsProgram/tabid/59/language/en-US/Default.aspx.
2 www.ngec305.org.

¥3INID 34O :0LOHd

suppliers, labor, government agencies, and consul-
tants. The groups address all aspects of railroad
safety, including equipment safety, track safety, and
operating practices, and have helped develop FRAs
passenger equipment safety standards (7), FRAs
locomotive crashworthiness standards (8), the Asso-
ciation of American Railroads’ locomotive crash-
worthiness standards,> FRAs cab car end frame
requirement (9), and APTAs standard for the design
and construction of passenger railroad rolling stock.*

A timeline for the formation of the various work-
ing groups, along with major passenger train acci-
dents and related crashworthiness research, is shown
on page 8. Accident investigations inform the
research, and the working groups apply the results to
develop regulations, standards, and specifications.
The new requirements in turn influence the next
generation of rail equipment.

Four-Phase Approach

The approach to research and the application of
results consists of four phases, illustrated in Figure
1 (page 7):

1. Accident investigations assemble a sequence
of events leading to injury or fatality.
2. The equipment performance is analyzed, and

3 AAR S-580, December 2004, revised 2008.

+ www.aptastandards.com/portals/0/PRESS_pdfs/
Construcstruct/construcstruct%20reaffirm/ APTA%20SS-
CS-034-99%20Rev%202-Approved.pdf.

¥3LN3D 3410/ 0LOHd
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FIGURE 1 Approach to engineering research on rail
equipment crashworthiness.

potential improvements are explored. Conventional
and improved designs are tested, and the results are
compared.

3. Specifications and standards are developed
from the results of the accident investigations, analy-
ses, and tests.

4. Improved equipment is designed according to
the evolving standards and is introduced into service.

As technological advances show promise for
improved performance, the phases can proceed in an
evolutionary fashion, with continuous research lead-
ing to continuously improving standards and safer
designs.

CEM Research Participants

The CEM research demonstrates FRAs work to
engage the full spectrum of stakeholders to ensure
the successful implementation of findings:

@ APTAs PRESS Committee coordinated industry
participation, including passenger railroad opera-
tors, suppliers, labor organizations, and consultants
to assist FRA in the planning and conduct of the
impact test program. The PRESS Construction and
Structural Subcommittee acted as a board of directors
for the tests.

@ Southeastern Pennsylvania Transportation
Authority, the Philadelphia commuter railroad; Long
Island Railroad, one of the New York City—area com-
muter railroads; and Amtrak provided the cars and
locomotives for testing.

@ Bombardier and ElectroMotive Diesel provided
structural information for the cars and locomotives.

# Tiax, with Taylor Raynauld Amar and Associ-
ates, consultants to FRA and the Volpe Center,
designed the detailed CEM modifications to the con-
ventional equipment.

¢ Transportation Technology Center, Inc., under
contract to FRA, performed the tests.

¢ Under the sponsorship of FRA, the Volpe Cen-
ter designed the tests and oversaw the engineering.

PHoTO: VoLPE CENTER

Full-Scale Tests

Six tests were conducted to measure crashworthi-
ness performance—three kinds of tests each for con-
ventional equipment and equipment incorporating
CEM features (10):

1. The impact of a single car into a fixed barrier,

2. The impact of two coupled cars into a fixed
barrier, and

3. The collision of a train led by a cab car into a
standing conventional locomotive-led train.

The single-car test recorded the force required to
reduce the length of the passenger car, as well as the
changes in the geometry of the car as its length was
reduced. The two-car test added information about
the interaction of coupled passenger cars. The train-
to-train test provided information about the interac-
tion of colliding cars, as a passenger car with an
operator’s control stand—that is, a cab car-led
train—collided with a locomotive-led train at 30
mph.

The six full-scale tests
consisted of three tests
each of conventional and
of CEM cars: a single car
into fixed barrier
(conventional, shown),
two coupled cars into a
fixed barrier, and one
train into another.

Cars used in CEM tests
were modified to include
crush zones and bolsters
on the ends.

¥3INID 3410 :0LOHd
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In tests of a single, conventional rail car crashing into a fixed barrier, the car body crippled haphazardly (/eft).
The CEM equipment systematically absorbed the energy from the impact (right).

For the CEM tests, cars used in the conventional
tests were modified to include crush zones on the
ends (11). The center portions of the cars, between
the body bolsters, were not modified, so that the
strength of the primary structures remained
unchanged.

Test Results

In the single-car test of conventional equipment, the
car body crippled haphazardly when the peak force
was reached (12). In the single-car test of CEM
equipment, the crush zone systematically absorbed
energy (13). The wheels remained on the track dur-
ing the single-car test of CEM equipment, but the
lead truck derailed during the single-car test of con-

ventional equipment.

Timeline of Working Group Formation, Significant Accidents, and
Related FRA Research and Development Activities

March 15, 1999

Bourbonnais, lllinois, passenger train—truck collision

May 12, 1999

Passenger Equipment Safety Standards Final Rule
published

November 16, 1999

Conventional design single-car impact test

April 4, 2000 Conventional design two-car impact test
January 31, 2002 Conventional design train impact test

April 23, 2002 Placentia, California, train collision

2003 FRA RSAC Crashworthiness—Glazing Task Force

December 3, 2003

CEM single-car impact test

February 26, 2004

CEM two-car impact test

2005

FRA-Federal Transit Administration-American Public
Transportation Association Ad Hoc CEM Working Group

January 26, 2005

Glendale, California, passenger train crash

September 17, 2005

Chicago, lllinois, passenger train derailment

March 23, 2006

CEM train impact test

2008

Waiver requests: Caltrain 2025, California High-Speed Train

Project, Dallas Area Rapid Transit, and others

September 12, 2008

Chatsworth, California, train collision

In the two-car test of conventional equipment, the
lead car crushed in essentially the same way as the
conventional car in the single-car test; the trailing car
suffered little structural damage (14). In the two-car
test of CEM equipment, the forward and rear crush
zones of the lead car and the forward crush zone of the
trailing car were activated; the cars remained in line,
and the loads transmitted between the cars remained
aligned with the stronger structural elements (15).

In the train-to-train test of conventional equip-
ment, the front third of the colliding cab car was
crushed, with little damage to any of the other equip-
ment. In the conventional train-to-train test, the cab
car lost the space for the operator and 47 passengers
(16). For the CEM equipment, the impacting CEM
cab car and conventional locomotive remained in-
line and engaged. The crush was distributed among
all of the cars of the passenger train. The CEM train-
to-train test preserved the entire occupied volume for
the passengers and crew (17).

CEM Specification

At the time of the Glendale incident in January 2005,
Metrolink was preparing to purchase new equip-
ment. The accident involved three trains, resulted in
11 fatalities and many serious injuries, and was
investigated in an ongoing FRA field study of occu-
pant injury in passenger train collisions and derail-
ments (18).

Metrolink sought to apply results from the FRA
crashworthiness research in the procurement. APTA
and Metrolink collaborated with FRA and the Fed-
eral Transit Administration (FTA) to form an ad hoc
CEM Working Group of stakeholders in May 2005.

In approximately four months, the group devel-
oped a detailed specification for a CEM cab car-led
train that was as crashworthy as a conventional loco-
motive-led train (19). Metrolink’s commitment, the
availability of well-developed technical information,
the sustained commitment to railroad safety by gov-
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ernment and industry groups, and the support of
FRA, FTA, and APTA management and representa-
tives contributed to this success.

The specification prescribes performance require-
ments for the train, the cab, the trailer cars, and the
CEM mechanisms. Each requirement includes quan-
titative criteria for evaluating compliance. Compo-
nents critical to the functioning of the crush zone
underwent destructive testing, to ensure that the per-
formance requirements were achieved.

Metrolink released the specification, including
the CEM recommendations, on September 16, 2005,
as part of an invitation for bids. The contract for the
equipment manufacturing was awarded to Rotem, a
division of Hyundai, now Hyundai Rotem Company.
Rotem developed a shaped-nose, CEM design for the
new Metrolink cab cars (see photograph, page 10).
This equipment went into service in December 2010.

Ongoing Activities
Until recently, the rail industry had relied on non-
destructive tests and manual calculations to demon-
strate crashworthy designs that complied with
regulations. Classical engineering beam and elastic
analyses have assured that the structures can sup-
port high loads without damage or “permanent
deformation.”

Much of the technology that was developed from
the test program has relied on computer simulations
and destructive testing of critical components to

PHoTO: VOLPE CENTER

demonstrate performance. Uniform practices are
being developed for applying computer simulations,
to assure a shared understanding by the railroads, rail
equipment suppliers, and FRA. The RSAC’s Engi-
neering Task Force is performing much of the work
for establishing industry best practices.

Related FRA research has addressed occupied vol-
ume integrity (20), to facilitate alternatives to the long-
standing end strength requirement of 800,000 Ib for
conventional equipment (4). Other research includes
the development of prototype CEM components for
locomotives (1). CEM research findings also have ben-
efited FRA research to improve the integrity of tank
cars carrying hazardous materials (2).

In the coupled-car tests
of conventional
equipment, the lead car
crumpled while the
trailing car stayed mostly
intact; the load path was
distorted.

The colliding CEM car
and conventional
locomotive remained in-
line and engaged in
train-to-train impact
tests.
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Metrolink’s new cars
feature a shaped-nose,
CEM design,
manufactured by
Hyundai Rotem
Company.

FRA and industry are working together to address

and cope with a range of safety concerns. The CEM
tests and the application of the research results to
improve railroad safety exemplify FRAs successful
influence on railroad safety culture.
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Realizing the Potential of Diesel Multiple-Unit Technology
Research Overcomes Barriers
THOMAS C. CORNILLIE

D esigners of railroad vehicles long have recognized
the efficiencies achievable by locating propulsion
within a passenger-carrying vehicle, eliminating the need
for a separate locomotive. Although various designs of
vehicles powered by steam- and gasoline-fueled engines
came into service starting in the 1890s, “diesel multiple
unit” (DMU) emerged as a term-of-art in the late 1930s to
describe vehicles that could operate as single cars or be
combined to form a longer train.

For the past 60 years, the rail diesel car (RDC) has epit-
omized DMU technology in North America. The Budd
Company of Philadelphia built nearly 400 RDCs between
1949 and 1962. These cars quickly gained a reputation for
reliability, for adaptability to a range of services, and for
the ease of making incremental technological upgrades.

As federal policy structures for supporting transit
investments solidified in the 1970s, DMU technology
offered a way to improve the efficiency of commuter rail
service. Revenue service demonstrations of European
DMUs were carried out with federal funding; however,
these efforts did not lead to the deployment of new tech-
nology. Moreover, in 1979, the Budd Company released
an updated version of the RDC, dubbed the SPV-2000, but
few orders and a checkered mechanical reputation lim-
ited the model’s role in the North American market.

In other nations, DMU designs continued to advance.
By the turn of the 21st century, DMUs were providing the
majority of nonelectrified intercity and commuter rail ser-
vices in Britain, and a significant portion of passenger ser-
vices across continental Europe and in Japan. Certain
Federal Railroad Administration (FRA) regulations affect-
ing North American design practices, however, slowed
efforts to import internationally developed vehicle
designs.

This situation changed with a confluence of research
by the U.S. Department of Transportation’s Volpe Center
using FRA funding, with input from the American Public
Transportation Association’s Passenger Rail Equipment
Safety Standards task force and with updated research
into the relative economies of DMU technology. Salient in
these efforts was the consideration of crash energy man-
agement (CEM) technologies, a standard in DMU vehicle
designs in international applications.

Research proving the effectiveness of CEM in meeting

The author is Principal, Thomas Cornillie Independent
Scholar, Alameda, California, and Chair of the Research
Subcommittee of the TRB Commuter Rail Committee.

The Denton County Transportation Authority operates DMU
vehicles between Denton, Texas, and a connection with the
Dallas Area Rapid Transit System at Carrolton. Couplings that
consolidate power and control connections into a single
couple—a standard feature on current DMU designs—
facilitate adapting train configuration to ridership demand.

the intent of FRA crashworthiness regulations, coupled
with regulatory reforms, has opened the door in Ameri-
can and Canadian cities to DMUs incorporating proven
Asian and European designs. Implementation of these
vehicles realizes long-sought cost efficiencies and pro-
vides other improvements, such as low-floor boarding,
which reduces dwell times and improves accessibility.
TRB meetings and publications have provided forums
for sharing news about emerging technologies and major
trends and for articulating research needs, identifying
applications for DMU technology in the United States.
Through TRB’s Commuter Rail Committee and its Self-
Powered Vehicle Subcommittee, research into the eco-
nomic characteristics of DMU operations and technology
innovations continue to be discussed and shared.

A DMU at an East Japan Railway Company station in
Hitachiomiya, Japan. DMUs provide a large share of intercity
and commuter rail services in Japan.
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Testing of tank car thermal protection at the
Transportation Technology Center near Pueblo,

Colorado, in the early 1970s helped quantify the rate of

heat transfer into a tank under intense fire conditions.

Sharing Track

Cooperative Research in
Tank Car Safety Design

How Science and Engineering Are Reducing the Risk
of Rail Transport of Hazardous Materials
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ailroad tank car safety in North America has improved continuously through
R cooperative testing, research, and standards development by industry and

government. Although much of this progress has been evolutionary, in recent
decades more revolutionary approaches have taken hold.

The railroad, tank car, and petrochemical industries have worked together with
the government to develop and improve safety design standards for tank cars since
the early 20th century (1). In 1903, the Master Car Builders’ Association formed the
Committee on Tank Cars, composed of the mechanical officers from several railroads
and a representative from Union Tank Line, then the major tank car owner. The com-
mittee recommended practices that were soon established as industry standards for
the construction and repair of tank cars.

The American Railway Association and its successor, the Association of American
Railroads (AAR), later adopted the standards. The AAR Tank Car Committee is
charged with reviewing and revising standards to advance tank car safety.
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The public’s interest was represented early on—
in 1912, the Interstate Commerce Commission ref-
erenced the tank car standards as the basis for federal
regulations. The public sector’s oversight role—now
under the auspices of the U.S. Department of Trans-
portation (DOT)—has expanded (2), as private- and
public-sector stakeholders work toward the com-
mon goal of ever-safer transportation of hazardous
materials.

Improving Tank Car Safety

The substantial economies offered by the safe, reliable
bulk transport of petroleum and chemical products led
to a proliferation of increasingly specialized tank car
designs to accommodate an extraordinary variety of
hazardous and nonhazardous liquid products. As the
tank car has evolved, new materials, designs, and man-
ufacturing technologies have contributed to technical
solutions for a variety of challenges.

Tank cars today are the second most common
type of railroad freight car in North America,
accounting for approximately 20 percent of the rail
car fleet. Each year, tank cars transport more than 1.6
million shipments of hazardous materials for a range
of products and processes essential to the nation’s
economy, public health, and quality of life.

Nearly all of these shipments arrive safely at their
destinations. Nevertheless, a train accident involving
tank cars may release a hazardous material with a
potential to harm humans, property, and the envi-
ronment.

Building on a century of cooperative efforts, gov-
ernment and industry continue working together to
improve tank car safety; recent design advances
have followed three parallel and complementary
approaches:

# Statistical analysis and optimization of safety
design,

# Structural modeling, and

@ Physical testing.

Quantitative Analysis
A series of catastrophic tank car accidents in the late
1960s and early 1970s released flammable gases and
toxic materials. Industry and government did not
sufficiently understand the factors affecting these
accidents and the principal failure modes that caused
the releases. Two new cooperative research programs
were initiated; one focused on train accident pre-
vention and the other on tank car safety improve-
ment.

The Railroad Tank Car Safety Research and Test
Project started in 1970 under the auspices of the
Railway Progress Institute—now the Railway Supply

Photo: AMERICAN CAR & FOUNDRY COMPANY, EDWARD S. KAMINSKI COLLECTION

Institute—and AAR. The project conducted research
and testing with U.S. DOT to identify and evaluate
design concepts for improving the damage resistance
of tank cars in accidents. This research led to such
now-common safety features as head shields, shelf
couplers, and thermal protection on tank cars carry-
ing materials that pose the highest hazard; these fea-
tures protect against the most likely failure modes.

U.S. DOT regulations and AAR standards incor-
porating these safety features have reduced tank car
releases in accidents substantially. As the first major
design elements with the sole purpose of protecting
tank cars from damage in accidents, these features
were revolutionary in their time.

Although effective in tests, the new design ele-
ments required proof on cars in service. The RSI-AAR
Safety Project therefore launched a parallel effort to
record extensive information about tank car perfor-
mance in accidents. In 43 years, the effort has col-
lected data on more than 40,000 damaged tank cars
and 26,000 accidents (3).

Complementing this database is the Railroad
Accident-Incident Reporting System, which the Fed-
eral Railroad Administration (FRA) revamped and
expanded in 1975 to improve analyses of accident
causes and trends.

Together, these two databases—one on accident
causes and characteristics, the other on damage to

Tank car built in 1924 by
American Car & Foundry
was state of the art for

rail transport of chlorine.

An accident at Crescent
City, lllinois, in 1970,
released and ignited
liquefied petroleum gas;
industry and government
soon launched new,
cooperative research
programs to improve
railroad and hazardous
materials transportation
safety.
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Physical tests of tank cars
with head shields (left)
and without head shields
(right) were conducted in
the 1970s. The head
shield is designed to
protect the end—or
head—of the tank car
from impacts in
accidents.

the vehicles involved—provide an inferential capac-
ity that is unparalleled in the safety databases for any
other U.S. transportation mode or in any compara-
ble rail safety database in the world. The databases
enable detailed quantitative understanding of the fre-
quency and severity of tank car accident failure
modes and of the effects of different design features.

Optimizing Safety Design
The expansion and refinement of the RSI-AAR data-
base has allowed increasingly robust statistical analy-
ses of the performance of tank car designs and
variations. For the first time, the relative benefits of
alternative tank car designs could be evaluated with
“what if” analyses. The combinations of changes
most likely to maximize safety benefits could be
quantitatively assessed, leading to a new approach to
improving tank car safety.

The traditional approach was to overpackage haz-
ardous products—that is, to transport them in tanks
with higher pressure specifications than necessary.

(Left:) Modern,
nonjacketed tank car
equipped with a half-
height head shield.
Many cars are built
with a full-height head
shield that is integral
with a steel jacket
enveloping the tank,
to provide insulation
or thermal protection.

(Right:) Double-shelf
couplers are designed
to prevent disen-
gagement during
derailments, so that
adjacent cars cannot
batter and puncture
the tank car.

Now that the performance of each part of the tank
car affecting safety could be quantified, an opti-
mization model could be developed, combining the
statistical estimates with data on tank car engineer-
ing design and economics, to assess the costs and
potential benefits of candidate designs (4). The com-
binations offering the greatest benefit for the least
cost—primarily represented as additional weight—
could be identified (Figure 1, page 15).

Most tank car safety design enhancements involve
thicker steel, which increases weight. Increasing a
car’s weight, however, reduces its carrying capacity
because of the maximum allowable gross rail load or
total weight. This in turn may require more ship-
ments and more railcars to move the same quantity
of goods.

Informing Standards

The optimization model revealed which combination
of design features offered the greatest safety benefit
for the least amount of incremental weight, helping
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to identify the most efficient approaches to enhanc-
ing safety. The AAR Tank Car Committee used the
tank car safety design optimization model results to
develop several new standards, including design
requirements for tank cars with higher carrying
capacity (5).

One petition for U.S. DOT rulemaking led to new
standards for toxic-inhalation hazard (TIH) tank cars
(Figure 2, below). More than 1,600 new cars have
been built since, and the risk of transporting TIH
products in these cars has dropped by an estimated
60 to 65 percent. The AAR Tank Car Committee has
used the results from the model to develop another
petition for rulemaking for new, improved standards
for flammable materials.

The optimization technique helps determine
which combination of features will most efficiently
achieve a given level of safety performance but does
not answer the question, “how safe is safe enough?”
Performance requirements of tank car designs vary

FIGURE 1 Pareto optimal analysis of various combinations of tank car safety
enhancements. The blue “nondominated” points represent the most efficient
family of options to improve safety, minimizing the increase in tank car weight

widely, depending on the hazards associated with
the material being transported. Industry and gov-
ernment have grappled with this question for
decades, as understanding of different hazards has
become more sophisticated, shipping patterns have
changed, and societal expectations of tolerable risk
have evolved.

Clarifying Trade-Offs

Assigning relative value to harmful impacts can be
technically challenging and sometimes controver-
sial. Nevertheless, with improved quantitative rigor,
decision making becomes more objective, traceable,
and accountable, so that all parties are informed
about the necessary trade-offs.

Analysis of the FRA and RSI-AAR databases yields
information about risk and helps determine an
appropriate level of safety to incorporate into tank
car design. Safety design should be commensurate
with the hazard posed by the materials, with more
hazardous materials warranting greater protection.

FIGURE 2 Results of
simulated rollover
analyses of (a)
conventional top-fittings
protection compared
with (b) a new design for
pressure tank cars.

and consequent loss in capacity (4).

As noted, tank cars can be made safer by increas-
ing the damage resistance of various components;
however, this generally can have the effect of mak-
ing the tank cars less efficient for transportation and
more costly to purchase. University of Illinois
researchers developed a quantitative framework to
assess the cost of losses of different hazardous mate-
rials—the incremental benefit of avoided costs was
compared with the cost of more robust tank cars.
Higher-hazard materials offered larger benefits for
an equivalent level of tank car safety improvement.

New Safety Design Concepts

From 1980 to 2012, the rate of hazardous materials
releases caused by train accidents declined by more
than 90 percent as a result of tank car safety enhance-
ments and of a dramatic reduction in accidents, as
shown in Figure 3 (page 16). Several accidents in
the mid-2000s, however, caused fatal releases of

(a)

(b)
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TIH tank car that
conforms to new, more
robust standards
required by AAR and
FRA. These cars are
approximately 60 to 65
percent less likely to
release their contents in
an accident than cars
conforming to the
previous standard.

(Below, left:) Thermal
protection can shield a
tank and its contents
from a buildup of heat-
induced pressure in an
accident that triggers an
engulfing fire.

(Below, right:) Lower-
profile protection for top
fittings of TIH tank cars.

FIGURE 3 The occurrence
of hazardous materials
releases caused by rail-
road accidents has
declined more than 90
percent since 1980, with
improvements in tank car
safety design and
substantial reductions in
accidents (Source: FRA).

UVYALINI] OLOH

hazardous materials and stimulated renewed interest
in tank car safety design.

Although further improvements were possible by
making tank cars thicker and heavier, statistical analy-
sis indicated diminishing returns to this approach. A
consensus emerged that a more effective approach
might be to consider new materials, structural designs,
and components that would yield substantial safety
benefits without as much additional weight.

In 2006 Dow Chemical, Union Pacific Railroad,
and Union Tank Car Company formed a partner-
ship to develop the next-generation rail tank car
(NGRTCQ). The coalition soon expanded to include
several other industry and academic partners, as well
as U.S. DOT and Transport Canada, with the goal of
improving tank car safety more effectively and
efficiently. Extensive research explored innovative
concepts in tank car crashworthiness, including
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computer modeling of the dynamics of train derail-
ment and tank car response (as shown in Figure 4,
at right), materials testing, full-scale crash testing,
and tank car design optimization modeling (4, 6, 7).

Impact Tests
This work included a series of full-scale impact tests
that examined the puncture resistance of the tank car
head and shell and evaluated the performance of sev-
eral designs hit by impactors with different sizes,
shapes, and speeds. Accelerometer measurements
were converted into force and displacement histories
to characterize the force-crush response of the tank.
The data were compared with results from finite ele-
ment analysis models developed to simulate the tests
and were found to be in reasonable agreement.
FRA also conducted impact tests on high-
strength, low-alloy steels in welded sandwich panels
as a possible means of protecting tanks during
impacts (8). In addition, FRA is studying the vul-
nerability of tank car fittings—such as valves and
other appurtenances—in accidents. Full-scale
rollover tests have quantified the nature and magni-
tude of the forces on the cars and appurtenances (9).
The test data can be used to refine and validate mod-
els now in development to predict tank car behavior
and performance in accidents (Figure 5, page 18).
Union Tank Car Company or UTLX has con-
structed several “Tank Cars of Tomorrow,” incorpo-
rating a tank-within-a-tank or sandwich design,
along with other new safety features derived from the

Hopper Car Model

Tank Car Model

(a)

(b)

FIGURE 4 Computer simulation models of the dynamics of train derailment were
developed to understand the force of impacts on different parts of tank cars in
accidents: (a) 36-car train model and (b) calculated response of train 25 seconds
after derailment (7).

Full-scale impact test setup at the Transportation
Technology Center for evaluating various safety
improvement concepts in the Next-Generation Rail
Tank Car project (7).
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FIGURE 6 The effect of
different sizes and
shapes of impactors was
modeled to understand
the relationship between
failure mode and the
geometry of objects that
might strike a tank car in
an accident: (a)
calculated puncture
behaviors with a 3-by-3-
inch and a 12-by-12-inch
impactor; and (b) initial
impact conditions (/eft)
and puncture response
of the head (7).

FIGURE 5 A finite element analysis model
simulating the response of the top fittings and the
tank structure during a tank car rollover after
derailment (9).

research and development under the Next-Genera-
tion Rail Tank Car Project.

Simulation Tests

In 2009 a larger coalition was formed to continue the
work on the NGRTC. The Advanced Tank Car Col-
laborative Research Program (ATCCRP) includes
AAR, RSI, the American Chemistry Council, the Fer-
tilizer Institute, and the Chlorine Institute—repre-

(a)

(b)

senting private-sector stakeholders—and U.S. DOT,
the U.S. Transportation Security Administration, and
Transport Canada.

Informed by the extensive safety data and by the
results of the physical testing and modeling research,
the ATCCRP partners developed an extensive list of
potential projects. The first two were (a) to identify
the most appropriate failure criteria in modeling the
performance of tank steels, as well as the material
properties to support accurate use of those criteria,
and (b) to simulate a variety of scenarios for tank
head and shell impacts, to estimate how much energy
each tank design could absorb.

Both projects aimed to improve assessments of
the relative performance of tank car designs by
improving the accuracy of the models in the finite
element software, providing greater fidelity in pre-
dicting the failure process. For each type of tank
steel, the most appropriate failure criteria—that is,
the set of assumptions about how that material’s fail-
ure will unfold at the microstructural level—were
identified for use in larger impact scenarios.

The tank impact simulation project sought to
refine the design of physical tests for developing a
performance standard and to understand the forces
acting on a tank in an accident. Many interesting
findings emerged. For example, the size and shape of
the impacting object in the tests started out as a
major topic of debate, but the simulations made clear
that larger impactors—including those with irregu-
lar shapes and angles—were essentially equivalent to
smaller, sharper impactors in this context (Figure 6,
at left). The element of a large impactor that makes
initial contact with the tank acts like a small, sharp
impactor, doing much of its damage quickly.

Follow-Up Projects
Several follow-up projects are now under way to

# Derive up-to-date, empirical estimates from the
RSI-AAR Safety Project and FRA databases for the
probability that a derailed car will lose some or all of
its contents or lading and through which components;

¢ Simulate the performance of tank protection
systems fabricated from composite materials and com-
pare the results with those for different types of steel,

@ Develop mathematical relationships between
the empirical lading-loss probabilities and the esti-
mated energy absorption results from tests and simu-
lations;

@ Develop testing protocols to determine whether
anew design meets specified performance criteria; and

¢ Evaluate new protective design systems, includ-
ing additional layers of protective material surround-
ing the tank.
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The findings from these research projects may be
used to design and build a prototype for a new gener-
ation of tank cars for TIH materials, with a much-
improved accident performance. The lessons learned
also can be applied to tank cars transporting other
hazardous materials. As these new design concepts are
developed, tested, and perfected for implementation,
the optimization techniques can help decide which
combinations will offer the most effective design for
tank car safety.

Impressive Advances
In 2012 the accident rate for mainline freight trains
reached an all-time low. Although technical challenges
remain, the vision is that when the new tank car design
concepts now under development are implemented,
further significant improvements will be possible.
Working together for more than a century, indus-
try and government have conducted research and
development that has generated impressive advances
in tank car safety. These advances have served the
public interest by making the transportation of haz-
ardous materials safer.

Dedication

The authors dedicate this article to the memory of the
late William J. Harris, Jr., who played a critical role in
establishing the modern era of cooperative tank car
safety research. Harris was a leader in the formation of
the Railroad Tank Car Safety Research and Test Proj-
ect of the Railway Progress Institute and the Associa-
tion of American Railroads. Much of the progress in
tank car safety improvements in the past four decades
can be attributed to his visionary leadership.
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Several “Tank Cars of
Tomorrow” were
constructed in 2012
applying findings from
the Next-Generation Rail
Tank Car project; the
tank cars are undergoing
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National Transportation
Safety Board personnel
investigate a rail crash
involving hazardous
materials in Paulsboro,
New Jersey. Federal
regulations require that
railroads must
determine—and obtain
approval for—the
routings for hazardous
materials.

Transporting Hazardous Materials by Rail
Identifying Feasible, Lower-Risk Routes
DAVID HUNT, DAVID FRIEDMAN, MARK MEKETON, AND CARL VAN DYKE

M ore than 5 percent of the carloads travel-
ing by rail in the United States contain haz-
ardous materials, including approximately 75,000
carloads of toxic inhalation hazards (TIH) per year
(7). Federal regulations enacted in 2008 specify
that railroads must determine the routings for
TIHs, as well as for certain classes of explosives
and high-level radioactive materials (2). These reg-
ulations require the generation of alternative
routes, which are subjected to a risk assessment
that considers the potential impacts on the pop-
ulation, the environment, landmarks, and rail
operations from an accident or an act of terrorism.
Any deviation from the minimume-risk route
requires justification—therefore a key challenge is
to generate routes that are cost-effective, opera-
tionally feasible, and sufficiently diverse to pro-
vide substantial alternatives.

The regulations have spurred the develop-
ment of a complex, interrelated suite of software
tools incorporating a k-alternate path algorithm,
risk assessment modeling, and data archiving.

Generating Alternative Routes

To comply with the federal regulations, railroads
must generate and evaluate a set of routes for
shipping hazardous materials. The routes must
be operationally feasible and must take into
account the existing or planned trains operated
by the railroad. Simply selecting the shortest path
as an alternative route for hazmat-loaded rail-

The authors are with Oliver Wyman, Princeton,
New Jersey: Hunt is Senior Specialist, Friedman
is Senior Manager of Operations, Meketon is
Vice President, and Van Dyke is Partner.
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cars would likely be infeasible from a rail opera-
tions viewpoint and would yield an assessment of
unacceptable risk.

All large railroads plan their operations with
specialized software tools. Several apply Multi-
Rail, developed by Oliver Wyman, to develop the
blocking plans, the train schedules, and the cor-
responding trip plans for moving shipments
through the rail network.? Working with the rail-
roads, Oliver Wyman extended MultiRail to
include a k-alternate path algorithm for routing
hazmat shipments. The algorithm generates

# The current railroad-operated route for the
hazmat traffic and

# A set of k-alternate paths—the user defines
the number represented by k—based on the exist-
ing blocking plan and train schedules, ensuring
that each alternative is a feasible route.

The routes generated are distinct and move
through different corridors wherever possible.
Planners are able to examine the routes graphically
(see Figure A, page 21) and to compare key statis-
tics such as distance, handlings, and geographic
diversity.

The planner selects routes for further exami-
nation and then begins a risk assessment with
the Rail Corridor Risk Management System
(RCRMS).b

Risk Scoring

The RCRMS is a web-based software tool devel-
oped through the Railroad Research Foundation,
with initial funding from the U.S. Department of
Homeland Security-Federal Emergency Manage-
ment Agency and CSX, and subsequent funding
from the Federal Railroad Administration (FRA)
and the rail industry.

Railroads submit the planned route and a set
of feasible alternative routes to the RCRMS,
which contains the necessary databases and risk
models to evaluate each route in terms of 27 fed-
erally specified factors, including traffic volume
and density; trip length; track type, grade, and

2 http://rail.railplanning.com/multi-rail/.
b www.railroadresearch.org/security.
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FIGURE A lllustrative example of four alternate
routes for a hazardous material shipment. Each route
(shown in a different color) is submitted to the
RCRMS for a risk score. (NoTe: The illustration overlays
hazardous material routes for a U.S. Class I railroad
onto a Google map of Brazil to avoid security issues.
The RCRMS is a U.S.-based risk model.)

curvature; proximity to iconic targets; population
density; environmentally sensitive areas; emer-
gency response capability along the route; pas-
senger trains; past incidents; and impact on rail
network congestion (2).

The RCRMS returns a score that incorporates
the risk factors that have been quantified by the
model, along with information on the risk factors
that have not been quantified.c The risk scores
and information output by the RCRMS allow rail
planners to develop comprehensive risk profiles
for each potential route.

Archiving Historical Routes

The planner selects a final route for the hazmat
shipment using the risk rankings from the RCRMS
and the operating statistics from MultiRail. To
comply with potential FRA audits, the railroads
must document why each route was selected. To
comply with another requirement, MultiRail can
archive the precise route for every hazmat ship-
ment so that the information can be provided
quickly to FRA on request.

Through evolving technology solutions and
advanced risk modeling, railroads are working to
provide safe, secure, and efficient transportation
of hazardous materials across the country.

References

1. Hazmat Transportation by Rail: An Unfair Liability.
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< Of the 27 factors, 12 are not currently quantified; efforts
are under way to quantify 7 of the 12.

To avoid
environmentally
sensitive areas,
proposed hazmat routes
must be evaluated
according to federal
standards; sensitive
environmental
resources along the

Fall River Line in
Massachusetts include
the Freetown-Fall River
State Forest, priority
habitats of state-listed
rare species, vernal
pools, and wetlands.
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Acela Express on the
Northeast Corridor.

Gaining Track Support to Improve Track

Safety, Efficiency, and the

Competitiveness of the Rail Industry
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JOHN CHOROS,

ailway track innovations historically have
R focused on track structure support.

Although track structure is simple, improv-
ing the performance and interaction of the compo-
nents under passing trains is a challenge.

From development of new rail sections to improv-
ing the tie and fastening systems, technological
advances have made rail competitive as a trans-
portation mode. Advances in track support and mea-
surement systems are ensuring a more efficient and
safe performance from the track structure. Structural
measures evaluate the geometric smoothness and
condition of track and provide the data for assessing
track performance.

The efficiency of track structure increases with

AND SHANE M.

FARRITOR

structural reliability brought about by improved
components and by diagnostic tools that can identify
zones of increased failure risk. These tools, along
with methods to improve track stability, are critical
to the competiveness of the U.S. rail industry.

Track diagnostic tools provide assessments of the
most common failure modes. Each tool has devel-
oped from an accident that exposed a particular vul-
nerability of the track structure, indicated in the
statistics of the Federal Railroad Administration’s
(FRASs) Railway Accident-Incident Reporting Sys-
tem.

Track components have been hardened and
strengthened to improve durability and performance,
but increases in train loads and speeds, coupled with
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recent extreme weather events, have necessitated
constant vigilance for track safety. Reducing the
stresses by ensuring proper performance of the track
structure is a key endeavor. Track structure diagnos-
tic tools can ensure that the track structure is work-
ing to reduce the stress on individual components
and can help avoid the stresses associated with the
deterioration of local track support.

Safe, Efficient Infrastructure

Safety and efficiency are often competing goals—
safety requires good track performance, but effi-
ciency requires low-cost track maintenance and
construction. The two goals must be addressed
together successfully and positively to ensure indus-
try competitiveness. The rail industry has accom-
plished this—rail is the leading transportation mode
in terms of safety and efficiency.

The industry has developed and implemented
technologies for safe operations, but at low initial
cost in response to pressure from competitors and
investors. Figure 1 (below) illustrates safety trends.
Periodically the industry has applied a long-term
perspective to the goal of keeping costs low and has
built infrastructure that will last, realizing that the
cost of replacement would be prohibitive.

The service life of railway track varies; many lines
have served for more than 100 years. The service life
of track components, however, generally extends
into tens of years. An increase in component life,
therefore, will yield an economic benefit.

An economic analysis of the life cycle of track
infrastructure should consider a period of more than
the typical 20 years and take into account the vari-

3,500 r

ability of service life among components. This type
of analysis places a premium on maintenance
throughout the service life. The economic goal
should be a predictable track life cycle in which no
single component fails or compromises the integrity
of the whole.

Performance Characteristics

One of the challenges facing the industry is the ini-
tial capital investment, which involves justifying the
increased initial costs to reduce life-cycle costs.
Therefore a premium, next-generation track struc-
ture is likeliest in a passenger corridor with strong
ridership and a tight operating schedule (1). Except
in California, most planned U.S. passenger projects
will be incremental—new service will be established,
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FIGURE 1 Track safety trends for the past 10 years show decreases in track-related derailments, which

nevertheless constitute 32 percent of rail accidents.

Workers from New York’s
Metropolitan
Transportation Authority
repair damage to Metro-
North’s Hudson Line after
Superstorm Sandy in
2012. Extreme weather
and increases in train
loads and speeds require
constant attention to
track safety.
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Transition from slab track
to ballasted track at
demonstration test,
Transportation
Technology Center, Inc.

High-speed rail in
France—a system that
shares features with
high-speed rail in the
United States—uses high-
performance ballasted
track.

and existing service will be improved, while major
infrastructure additions are undertaken.

Premium track designs—for example, direct fix-
ation concrete slab track instead of ballast (see pho-
tograph, above)—may be used in critical locations,
such as urban corridors, for which the primary con-
cern is service reliability, as in large portions of the
Japanese high-speed rail network. France’s high-
speed rail network, in contrast, has relied on bal-
lasted track (2),which is common on corridors with
speeds and traffic volumes similar to those of the
emerging and high-speed corridors in the United
States.

Required performance characteristics for high-
performance ballasted track are as follows:

1. Premium track components;

2. Good track support;

3. Open, maintainable track structure;

4. Realignment, repair, and maintenance flexibil-
ity; and

5. Surveys of the track location.

3d0¥N3 1IVY :0LOHd

Track constructed with these characteristics must
be monitored periodically to assess condition, to plan
maintenance, and to evaluate safety. The inspections
should apply measures of track structural condition
to identify any variations from the design at an early
stage, ensuring the effectiveness of repairs in achiev-
ing the desired long-term performance.

Structural Assessment

A structural assessment measures engineering prop-
erties or physical characteristics to assess the stabil-
ity and durability of the track. Track geometry
inspections, in contrast, focus on smoothness for
ride quality and on vehicle derailment risk. A trend
of deterioration in track geometry may indicate com-
promised structural integrity, but additional, appro-
priate data are needed to diagnose the cause or to
evaluate track load capacity or expected service life.
A structural assessment of track applies parameters
directly linked to failure mechanisms; it detects
emerging structural problems, evaluates stability and
durability, and enables timely repairs.

TABLE 1 Track Structural Parameters and
Failure Mechanisms

Parameter Failure Mechanism

Lateral track strength Track buckle

Rail pull-apart,
track buckle
Wide gage, wheel
drop, rail rollover

Rail neutral temperature

Gage restraint

Ballast condition Track instability,

geometry fault

Track deflection Track load capacity,

settlement

The parameters for track structural assessment
are linked to specific failure mechanisms and the
associated failure risks, as shown in Table 1 (above).
A derailment caused by track buckle or misalign-
ment will damage cars, equipment, and track exten-
sively, but a wide-gage track geometry—when rails
are spread wider apart, so that the wheelsets drop
between the rails—may be less destructive and may
cause less potential harm. The failure mechanisms
listed in the table either have a high likelihood of
occurrence—such as wide gage—or have the poten-
tial to be particularly destructive—such as track
buckle—and sometimes both.

Lateral Track Support

Lateral track strength is the resistance of track to lat-
eral movement. Passing traffic or built-up stress in
the rail generates lateral loads, which tend to deform
the track. Lateral track strength measurement
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FIGURE 2 Lateral track strength measurement.

addresses tie displacement under a lateral force
applied by a constant vertical load, as illustrated in
Figure 2 (above). Lateral resistance can be evaluated
with stationary tests or with moving loads, such as
the Association of American Railroads’ track loading
vehicle (TLV) (2, 3).

Lateral track strength decreases substantially after
tamping—a maintenance activity that raises the bal-
last layer to correct the track profile; tamping pre-
sents a particular risk to lateral track deformation
until the track is stabilized, as illustrated in Figure 3
(below) (2).

High strength
response has little
or no residual
displacement

Low strength has
large residual
displacement

Lateral Force

Lateral tie

Residual displacement

displacement

40 Pre-Tamp
Post-Tamp
30

20

10

Lateral Load (klb)

0
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Lateral Tie Displacement (in.)
FIGURE 3 Lateral track strength data recorded by a

track-loading vehicle before and after track
tamping.

Longitudinal Stability

Longitudinal rail movement changes both the rail
stress condition and the temperature, increasing the
risk that the track will buckle (3) or pull apart. The
track lateral resistance must be high enough to avoid
buckling; again, tamping may present a risk of buck-
ling until the track is stabilized.

New rail stress measures are in development to
address the effect of rail movement through the fas-
tener, as well as to evaluate the track position, both
of which are challenging tasks. Various rail com-
pression or tension measurements have emerged and
have been used in assessing rail stress, including the
Vortok Verse and a noncontact, ultrasonic device
pioneered by the University of California, San Diego,
under the sponsorship of FRA.

Gage Widening

Track gage strength is measured by applying a lateral
load to both rails under a constant vertical load and
then measuring the deflection. The strength is
assessed based on the difference in track gage before
and at the load application; the difference is known

Association of American
Railroads’ track-loading
vehicle.

Testing of University of
California-San Diego's
rail neutral temperature
measurement device on
continuous welded rail
with concrete ties at
Transportation
Technology Center, Inc.

Note the strain gauge on

each side for validation
and comparison.
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FRA DOTX-218 gage
restraint measurement
system with University of
Nebraska-Lincoln’s track
deflection system.

Radar

Air
Coarse

aggregate
ballast layer

Well-graded gravel
subballast layer

Fine grain subgrade soil

FIGURE 4 Ground-
penetrating radar signal
generation in response
to track substructure
boundaries.

as delta gage. Rail-bound vehicles that operate only
on track and high-rail vehicles that can operate on
road and track have been developed to measure gage
strength (4); examples include the TLV, the FRA
DOTX-218 gage restraint measurement system, and
the Holland Track Star.

Ballast Condition

Ballast is the track’s foundation, and the ballast con-
dition affects long-term performance of the track;
any settlement-related degradation of performance
will cause stress on track components and rolling
stock. As track degrades, ballast wear under load or
from contamination with material blown in or spilled
from passing trains can cause ballast fouling, which
can increase the rate of deterioration (5).

Track inspections can detect ballast fouling with
ground-penetrating radar (GPR), a nondestructive
technology that pulses electromagnetic energy into
the ground to develop an image of the subsurface (6,
7), as shown in Figure 4 (below, left). Although the
measurement of fouling has been a challenge with
GPR, methods have developed to analyze the differ-
ence in signal response between clean ballast and
highly fouled ballast and to correlate the result with
accepted measures of fouling condition (8, 9). GPR
also may assist in measuring the layer thickness, pro-
file, moisture content, and drainage of track sub-
structure and may detect buried objects.

Track Deflection

Track support is critical to track performance. The
best measure of track support is the vertical track
stiffness, analyzed with the track vertical load-deflec-
tion curve slope (9), as illustrated in Figure 5 (right).
Most important are the slope associated with the
seating deflection, which indicates gaps of slack
between track components, and the slope associated
with the contact deflection, which indicates the load-
deflection response of the track when all elements are
engaged. The contact deflection is associated with
variations in subgrade stiffness, track superstructure,
and the shallow substructure.

Challenges to measuring the full load-deflection
curve have led to the development of a system by the
University of Nebraska-Lincoln to survey the track
for locations of excessive track deflection (10). A

beam mounted to the side frame of a truck measures
the relative position of the wheel-rail contact and a
reference point on the rail 4 feet away. A high read-
ing indicates a large deflection, which implies track
support problems.

Measuring deflection will become increasingly
important for maintenance planning, because exces-
sive deflection increases stress in the rail, decreasing
service life (11, 12). Comprehensive testing of the
curve slope and of the measuring system developed
by the University of Nebraska-Lincoln has shown
that deflection measurements complement other
track measurements.

High Expectations

The rail industry anticipates growth in intermodal
traffic, both domestic and international, as public
entities and trucking companies turn to the railroads
to help solve problems of highway congestion, esca-
lating fuel prices, and driver shortages. Challenges
include issues associated with an aging infrastructure
and an aging workforce, along with a constant pres-
sure to maintain leadership in terms of safety and
efficiency. The pressure to do more with fewer
resources and less staff has never been greater.

Track structural assessment and inspection tools
present unique opportunities to respond to these
challenges. By providing timely and accurate safety
inspections, by guiding maintenance, and by ensur-
ing efficient use of resources, these technologies can
advance the efficiency and safety goals of the indus-
try. In addition, these technologies can assist in eval-
uating compliance with construction specifications,
so that new rail infrastructure can offer higher levels
of quality and uniformity.

The vibrant history of railway track research and
development has introduced many technologies that
have spurred further understanding of track behav-
ior and quality. Industry has applied these advances
to the training of inspectors and workmen in the
finer points of track behavior and inspection.

These efforts have produced high expectations

50
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Vertical Load (klb)
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Vertical Rail Deflection (in.)

FIGURE 5 Track vertical load-deflection curve slope.
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for industry safety and efficiency. Continuing this
trend will require research targeted at persistent and
unrelenting safety risks. Building higher-quality
infrastructure and using structural inspection tools
to monitor deterioration will ensure that the indus-
try can meet the ever-increasing safety and cost effi-
ciency expectations of modern railway track.
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IDEA Programs Seek Proposals
for Railroad Safety

he Transportation Research Board (TRB) is accepting proposals for proj-
ects to develop and test innovative methods to improve railroad safe-
ty or performance through the Safety Innovations Deserving Exploratory
Analysis (IDEA) Program. Proposals should seek to develop or test promis-
ing but unproved innovations to advance railroad practice and can be ap-
plicable to any type of railroad, including high-speed rail, intercity passen-
ger rail, or freight railroads.
Proposals are due September 16, 2013. The Federal Railroad Adminis-
tration (FRA) funds the Safety IDEA program, which is managed by TRB.
For instructions on preparing and submitting IDEA proposals, see the
IDEA Program Announcement on the IDEA website, www.TRB.org/IDEA.
Proposals are eligible for up to $100,000 in IDEA funds. Address questions
to Jon Williams, jwilliams@nas.edu, 202-334-3245.

Installation of
an IDEA project
at the Trans-
portation
Technology
Center, Inc., to
detect railroad
car truck
hunting, or
swaying.
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the steam engine. Reflecting the military back-

grounds of its early managers, the industry
adopted a command-and-control style that relied on
punishment and discipline to maintain smooth oper-
ations. The style, however, also fit an enterprise that
needed tight control to prevent widespread disrup-
tions and uncertain operating conditions. The result
was a reactive management style and adversarial rela-
tions between labor and management.

R ailroading began in the 1830s with the invention of Yo,

U.S. Army railroad operations in northern Virginia during

the Civil War. The military backgrounds of the rail K

industry’s early managers set the tone for employee
relations.


http://www.nap.edu/22530

The industry was so dangerous that a workman’s
compensation model of support for injured employ-
ees was not viable; between 1888 and 1894, for
example, more than 16,000 fatalities were associated
with the joining or coupling of cars. The Federal
Employers’ Liability Act (FELA) of 1908 based com-
pensation on the allocation of relative fault deter-
mined through legal proceedings.

This history prevented a culture of information-
sharing and problem solving. No framework arose
for understanding why railroad accidents occurred.
Instead, simplistic, superficial explanations pre-
vailed; today’s view is that accident causes are rooted
in systems—a complex of technology, business,
human behavior, process, and operating environ-
ments (1). The railroad industry was not set up to be
responsive to system-based safety approaches to min-
imizing risk.

As a result, the industry relied on technological
and procedural approaches. Technological approaches
deal with work-environment design, such as signals
or personal protection equipment; procedural
approaches address work practices, such as rules for
sounding a horn when approaching a crossing.

These targeted approaches have proved success-
ful—in the past 40 years, accidents have decreased
and have remained at low levels. The same statistics,
however, also indicate that technology and procedure
approaches, considered individually, are limited in
their ability to continue to improve safety. Analyzed
in terms of employee hours and of train miles, the
trends in accident reduction have slowed consider-
ably since 1985 (2).

A combination of business conditions, federal
policy, labor—-management relations, accident statis-
tics, evolving opinion, and research on the causes of
accidents encouraged the Federal Railroad Adminis-
tration (FRA), management, and labor to experiment
with system-based safety culture interventions.

Safety Culture Approaches

To address the slow progress in reducing accidents,
the FRA Office of Research and Development (ORD)
implemented an evaluation program from 1998 to
2012 to identify and test system-based safety culture
interventions: what would work and why, what ben-
efits could be expected, and how those innovations
could be maintained. The evaluation program pro-
duced four approaches to system-based safety culture
change:

# Participative Safety Rules Revision,

# Investigation of Safety-Related Occurrences
Protocol (ISROP),

# Clear Signal for Action (CSA), and

¢ The Confidential Close-Call Reporting System
(CRS).

FRA was a major driver of CSA and C*RS; the rail-
road industry initiated Participative Safety Rules
Revision and ISROP. ORD evaluated the programs
and analyzed what enhanced and what limited the
success.

The programs encompassed six aspects of sys-
tem-based safety approaches:

@ Risk identification,

¢ Collaborative problem-solving,

@ Root-cause determination,

# Peer-to-peer coaching and feedback,

¢ Implementation of corrective actions, and

¢ A mechanism by which dangerous and sensitive
conditions could be openly discussed without fear of
retribution.

In ISROP and C3RS, the dominant themes were
collective root-cause problem solving and implemen-
tation of corrective actions. CSA added the unique
element of peer-to-peer coaching and feedback. Par-
ticipative rules revision dealt exclusively with collab-
orative problem-solving by labor and management.

The testing and evaluations included 14 demon-
stration pilot sites; eight passenger and freight rail-
roads; one barge line; and workers in the
transportation, mechanical, track, signal, and passen-
ger-service unions (Table 1, page 30). ORD’ evalua-
tion program aimed at determining whether any of
these approaches would work in railroad settings.

A major wreck on the
T.P. & W.R.R. near
Chatsworth, lllinois, in
1887, was labeled “the
most appalling railroad
disaster on the
Continent.” In the late
19th and early 20th
centuries, the rail
industry was so
dangerous that
workman’s compensation
was impossible to
implement.
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ORD’s Program

Evaluators at FRA and the Volpe National Trans-
portation Systems Center examined the evaluations
and impacts and incorporated industry perspectives
on the lessons learned from each of the demonstration
pilot sites. Safety improvements were seen as the
approaches were implemented.

As aresult, the industry was educated on the value
not only of safety culture approaches but also of inde-
pendent, objective evaluations. To ensure the rigor of
the evaluations, FRA recruited and assembled a group
of experts with the working relationships and techni-
cal capabilities to design and execute a range of rail-
related evaluation projects (3).

Safety Rules Revision

Description of Approach

The many mergers in the railroad industry in the
1980s and 1990s led to a proliferation of operating
rules, some overlapping and some conflicting. The
rules are critical in directing safe behavior, but too
many can be counterproductive, with disagreements
about application and confusion about expectations.

TABLE 1 Chronology of ORD Pilots

Moreover, in the industry’s fault-based liability struc-
ture, rules violations can generate tension between
labor and management (4-6).

In the traditional approach to rules revision, man-
agers write rules without labor involvement. Stake-
holder involvement, however, is a key element and
strategy for evaluation; FRA therefore was interested
in demonstrations that involved a joint effort of labor
and management. Initially, the evaluations addressed
four questions:

@ Which rules should remain?

@ Which rules should cover all employees and
which should be craft-specific?

¢ What wording would make the new rules
observable and enforceable?

4 What wording would ensure that a rule is unam-
biguous and describes the only proper way to perform
a work activity?

Actively involving labor, with the support of man-
agement, is meant to generate labor’s ownership of
the rules, encouraging compliance, improving the

Approach Carrier Start Year  Population

Participative Safety Rules CSX Transportation 1991 Mechanical, track, engineering,

Revision transportation, signal
American Commercial 1999 All operating departments

Barge Lines*

Kansas City Southern

Canadian

2000 Mechanical, track, engineering,
transportation, signal

2001 Mechanical, track, engineering,

National-lllinois Central

transportation, signal

Root-Cause-Analysis Canadian Pacific 2003 Three mechanical departments
Problem Solving (3 sites)
Clear Signal for Action (CSA)
EAGLES (Employee Alliance for Amtrak 2001 Baggage, Red Caps, ticket and
Great Levels of Excellence in gate agents, customer service
Safety)
CAB (Changing At-Risk Union Pacific 2005 Road and yard crews
Behavior)
STEEL (Safety Through Union Pacific 2006 Yard crews
Employees Exercising
Leadership)
Confidential Close-Call Union Pacific 2007 Conductors, engineers
Reporting System (CRS)
Canadian Pacific 2008 Conductors, engineers
New Jersey Transit 2009 Conductors, engineers
Amtrak 2010 Conductors, engineers

* Not a railroad but a transportation carrier with workers subject to a rule structure similar to that of railroads.
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labor-management relationship, and strengthening
the safety culture.

The Participative Safety Rules Revision was applied
in two phases. The first comprised activities that made
clear management’s willingness to involve labor in
deciding which rules were worthy of retaining and
which should be removed from the rulebook. In the
second phase, labor and management collaborated to
simplify and reduce the rules and to make them more
objective and enforceable.

This project tested two hypotheses:

1. Labor involvement and collaboration with man-
agement would provide a better understanding of
which rules could be observed and enforced and
which could not, and

2. Collaboration would improve safety and safety
culture.

Methods and Findings

The evaluation involved interviews of participants in
the review and revision of the rules. The results sug-
gested that a successful approach requires both safety
leadership and collaborative problem solving by labor
and management.

Respondents from carriers that used both safety
leadership and participative rulemaking reported a
positive shift in safety culture. The work force experi-
enced a change in the value of rules—survey
responses transitioned from “mostly not helpful” to
“mostly helpful.” This is a major accomplishment—
an alteration in the way that labor historically had
viewed railroad industry rules.

The interviews also suggested improvements in
labor—-management relations and in rule compliance.
The number of rules dropped significantly at all four
participating transportation carriers, as shown in Table
2 (above, right).

TABLE 2 Number of Safety Rules Before and After Revision

Total Core
Rules Rules
Railroad After After
American Commercial 400 125 101 24
Barge Lines
Canadian National-lllinois 1,360 686
Central
CSX Transportation 900 17
® Transportation 36 19
e Mechanical 105 88
e Track and engineering® 105 88
Kansas City Southern 742 17
* Transportation 110 93
* Mechanical 259 242
¢ Track and engineering 244 227
e Clerical 115 98

* Informed estimate; specific count not available.

An analysis of FRA incident data showed that at
one railroad, the rules-revision approach resulted in a
drop of approximately 30 percent in reportable
injuries across all crafts. Two sites observed a decrease
in liability claims. In addition, the rules revision
approach added a previously unrecognized distinc-
tion between core rules and craft-specific rules.

Root-Cause Analysis

Description of Approach

Railroads were implementing different, innovative
risk-management and safety culture approaches.
Canadian Pacific (CP) Railroad, for example, had
established a program for investigating incidents,
Investigation of Safety-Related Occurrences Protocol

Canadian Pacific Railroad
allowed FRA to study its
incident investigation
program, which
comprised safety
leadership, root-cause
analysis of close-call and
incident investigations,
corrective actions, and
safety communication.
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FIGURE 1 Logic of
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12 (ISROP), which appeared to be influencing safety cul-
10 ture. Senior management at CP agreed to allow FRA
to evaluate ISROP, which combines labor—manage-
8 ment safety leadership, labor—-management root-cause
6 analysis of close-call and incident investigations, cor-
4 rective actions, and safety communication. As the pro-
gram was rolled out, senior management reviewed
2 investigation reports to ensure that the list of con-
0 tributing causes included such factors as company
Mmoo MM MOMISTIETTITTITINLOLLNLOLLL OOOOWOWONMNSMNMNMNMNSO O 00 0 0 . .
2222222222222 2222223223229229322%52¢  Dolicy, procedures, and management practices.
252 8285282858282 82853823855~ 82 FRA evaluated ISROP at three mechanical depart-
(a) ments at three locations. One site was a high user of
12 ISROP, one was a moderate user, and the third a low
10 user. Figure 1 (above) depicts a model of the ISROP
<
= process (7-9).
o 38
= o
5 6 Methods and Findings
Q 4 Quantitative measures included the numbers of
w
‘g investigations and injuries, as well as the scores on a
& 2 safety culture scale. Qualitative data included field
: 0 notes, analysis of corrective actions, and baseline and
o 88383883833 IITS8E888888888555555888888  follow-up interviews with workers and managers at
cCE >3 a2cEs>5az2cs>5a2cE>5a2cs>5a2cEs x50z .
%] 5338282238283 3°82832-8282323°428232=82 thethreesites.
(b) ISROP produced many investigations and cor-
1 rections of safety-related problems. Between April
2003 and January 2008, the site that used the proto-
10 . L .
col the most conducted 142 investigations; the site
8 that used it slightly less, 114 investigations; and the
6 site that used it the least, seven investigations. The
highest-use site experienced a 50 percent decrease in
4 L. .
injury rates; the sites that made less use of ISROP
2 experienced correspondingly smaller changes (Fig-
0 1 | | | | ure 2, at left).
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CE>~3D_gCa>~_30_8C‘f6>-3QBCE>~EQ_€CE>~3QBCE>~_§Q_B . .
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FIGURE 2 Injury reduction related to number of investigations: (a) Department 1:
many investigations, 50 percent (significant) reduction in injury rate; (b) Department
2: later start, 43 percent (significant) reduction in injury rate; and (c) Department 3:

few investigations, 4 percent reduction in injury rate.

Description of Approach
CSA integrates three processes that have worked in
other industries to improve safety:

® Peer-to-peer feedback (10, 11),
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@ Continuous process improvement (10-13),
and
& Safety leadership (14, 15).

With strong labor—management cooperation, the
three processes work together to address risks that
are within workers’ control, as well as systemic issues
that only management can correct. Outcomes of the
process include changes in worker practices, sys-
temic conditions, and management practices. In
turn, these changes result in improvements in safety
and safety culture (2, 16-21). Figure 3 (below) illus-
trates the CSA process.

Methods and Findings

Three demonstration pilot sites were evaluated. Quan-
titative measures included railroad safety outcomes
such as injuries, locomotive engineer decertifications,
derailments, and a pre- and postperception survey.
Qualitative measures included interview results and
analyses of project records to assess the extent of
implementation.

The first demonstration focused on baggage han-
dlers at Amtrak in Illinois and resulted in a 76 per-
cent reduction in injuries (12). The second
demonstration was with Union Pacific road crews in
Texas and resulted in a 79 percent decrease in loco-
motive engineer decertifications—considered a
proxy for collisions, because running through a red
signal risks crashing into another train. The third
demonstration was with Union Pacific yard crews in

Louisiana and recorded a 62 percent reduction in
derailments and a resulting increase in productivity,
with less time spent on repairs.

Interview and survey data suggested that safety
culture improved, although the three sites varied in
how effectively the local managers led the approaches.
Pilot sites with strong leaders improved safety culture
and had smoother implementations. The success of
the pilot sites encouraged Union Pacific and Amtrak
to expand CSA throughout their organizations.

Close-Call Reporting System

Description of Approach

CRS sends close-call reports through a neutral third
party to remove sensitive information and then

A pilot demonstration of
the Clear Signal for
Action approach with
Amtrak baggage
handlers led to a 76
percent reduction in
injuries.

FIGURE 3 Logic of
operation and impact:
Clear Signal for Action
(CSA) process. (PPF =
peer-to-peer feedback;
Cl = continuous
improvement; SLD =
safety leadership
development; PPE =
personal protective
equipment.)

NOSNHO[ LLV| :0LOHd

W ‘ €10 INN—AVIN 98¢ SMIN 4L


http://www.nap.edu/22530

w

‘ TR NEWS 286 MAY-JUNE 2013

Worker observes
close call

Worker reports
to BTS/NASA

PRT recommends
corrective actions

Railroad reports
to workforce

FIGURE 4 Confidential
Close-Call Reporting
System (C3RS) process.
(BTS = Bureau of
Transportation Statistics;
NASA = National
Aeronautics and Space
Administration; PRT =
peer-review team.)

FIGURE 5 C3RS impacts at
one site (percent change).

Human Factor
Derailments

0% 1T

-10% 1

-20% 1

-30% 1

_40% 31% Reduction

BTS/NASA debriefs
worker

D
BTS/NASA P

Peer-Review
Team

PRT makes custom
analysis request

PRT, company track,
evaluate changes
Management

transmits the case to a problem-solving peer-review
team of labor, management, and FRA representa-
tives. The reports allow railroads to learn more about
risks and to mitigate risks, while protecting employ-
ees from blame (22, 23). Figure 4 (above) depicts the
CRS process.

With CRS, the peer-review teams, trained in root-
cause analysis and continuous-process improvement,
analyze close-call events for the root causes of acci-
dents and recommend corrective actions. Interposed
between the worker and management is a neutral
third party—either the Bureau of Transportation Sta-
tistics or the National Aeronautics and Space Admin-
istration, depending on the railroad involved—that
collects event reports and communicates to the rail-
road, protecting employee identities.

Excess Speed
Reports

Disciplinary
Cases

-50%

-60%

48% Reduction

-70%

-80%

-90%

4 -100%

90% Reduction

Methods and Findings
Four pilot sites have implemented all elements of
CRS successfully, including third-party reporting,
close-call case analysis by labor—-management teams,
and corrective actions. A commonly reported prob-
lem was excessive speed on the mainline track dur-
ing “slow orders,” when multiple orders to slow
down because of track maintenance are grouped
closely together. The recommended corrective action
encouraged maintaining one speed—the lowest
velocity—throughout all adjacent slow orders.
Quantitative analysis of these sites showed a 31 per-
cent decrease in human factors—related derailments
for one railroad (Figure 5, below left). At the same site,
tests found positive changes in many validated sur-
vey scales of safety culture (Table 3, page 35). In in-
terviews, knowledgeable respondents indicated that
disciplinary cases decreased by approximately 90 per-
cent. Data indicated a 48 percent decrease in C°RS re-
ports related to excess speed.

Beyond the Pilots

ORD’s evaluation program has affected the industry
in many ways (Table 4, page 35). Many labor, man-
agement, and FRA personnel who were committed
to the demonstrations became advocates for system-
based approaches to reduce risk and to improve
safety culture. Relationships among these advocates
facilitated collaboration, coalitions, and gradual
industrywide culture change.

Knowledge about the demonstrations spread
within the industry through research briefs, confer-
ences and presentations, efforts of the C’RS national
steering committee, and other targeted meetings,
events, and activities that included labor, manage-
ment, and government stakeholders. The results
from the demonstrations have precipitated a variety
of changes within both the industry and the U.S.
Department of Transportation.

Evaluations of FRAs 14-year evaluation program
to test new approaches to improving safety and safety
culture confirm that the approaches can be imple-
mented successfully with (a) a high and sustained
level of commitment and championship by the
senior management of a carrier and (b) visible, active
leadership from labor and management at all levels.
Implementing the approaches required considerable
effort, formative evaluations improved the imple-
mentations, and the success of the implementations
was an accomplishment in and of itself.

The evaluations also confirmed significant posi-
tive results in improving safety and safety culture, as
well as the value of change effected collaboratively by
labor and management in these areas, as summa-
rized in Table 5 (page 36).
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The Sunnyside rail yard in
Queens, New York, was
the site of an Amtrak
pilot test of the
Confidential Close-Call
Reporting System.
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Fatigue Research Improves
Regulatory Effectiveness

THOMAS G. RASLEAR AND COLLEEN A. BRENNAN

he Rail Safety Improvement Act of 2008

(RSIA) authorized the U.S. Secretary of
Transportation to prescribe additional regula-
tions governing the hours of service by train
and engine employees in rail passenger trans-
portation. The Secretary delegated this author-
ity to the head of the Federal Railroad
Administration (FRA).

Before the RSIA, Congress had raised ques-
tions about the safety of split shifts in passenger
service. In split shifts, individuals work the morn-
ing peak period, have at least four hours off
duty in the middle of the day—called “interim
release”—and then return to work for the
evening peak. Employees working split shifts
therefore may be awake for long periods of
time, which may increase fatigue. When
employees are fatigued, human factors acci-
dents are more likely. FRA's regulatory impact
analysis, however, indicated that alternatives to
split shifts would require railroads to hire more
employees and would limit pay for current
employees.?

The RSIA required that the regulations con-
sider “scientific and medical research related to
fatigue and fatigue abatement [and] railroad
scheduling and operating practices that improve
safety or reduce employee fatigue.” To support
the rulemaking, FRA surveyed passenger train
employees about their work schedules and sleep
patterns.? The findings showed that employees
in split shifts worked 7.6 hours, compared with
7.9 hours by employees who worked straight
through, without an interim release.

Interim releases ranged from 4 to 9 hours,
with a median time of 5.1 hours. Two-thirds of
the interim release periods coincided with sleep,
as split-shift workers offset workday sleep
deficits by napping during the interim release.
FRA researchers analyzed the work and sleep
schedules with the Fatigue Avoidance Schedul-
ing Tool, a biomathematical model of perfor-
mance and fatigue, and concluded that
split-shift workers were less fatigued than pas-
senger train employees whose schedules did not
include an interim release.

aFederal Register, Vol. 76, No. 156, p. 50390.
bwww.fra.dot.gov/eLib/details/L01305.

A worker commutes on the Dallas Area Rapid
Transit Red Line in Texas. FRA researchers studied
fatigue impacts of split shifts, or shifts with long
off-duty breaks in between peak work periods, and
found that split-shift employees often were less
tired than workers on regular shifts.

The research revealed that the majority of
split-shift workers used the interim release for
napping and were less fatigued than other pas-
senger train employees. Consequently, FRA's reg-
ulation has allowed split shifts and interim
release to continue in passenger service, avoid-
ing the need for scheduling changes that would
have been costly for rail carriers and employees.

The RSIA had stipulated that if hours-of-ser-
vice regulations for passenger train employees
were not issued and put into effect within three
years, the statutory hours-of-service provisions
for freight train employees would apply to pas-
senger train employees as well. The RSIA was
enacted on October 16, 2008; FRA met the statu-
tory deadline, and the rule became effective on
October 15, 2011.

Raslear is Chief, Human Factors Research
Division, Office of Research and
Development, and Brennan is Trial Attorney,
Office of the Chief Counsel, Federal Railroad
Administration, Washington, D.C.
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drop in injuries, fatalities,
and collisions at
highway-rail grade
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Success Factors in the Reduction of
Highway-Rail Grade Crossing Incidents

SUZANNE M. HORTON AND MARCO P. daSILVA
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Research and Innovative
Technology Adminis-
tration, Volpe National
Transportation Systems
Center, Cambridge,
Massachusetts. Horton is
Operations Research
Analyst, and daSilva is
Engineer, Systems Safety
and Engineering
Division.

n the past 20 years, safety at public highway-rail
I grade crossings has improved significantly.

Despite increases in motor vehicle and train traf-
fic, collisions at grade crossings have declined by
approximately 65 percent, fatalities by approximately
63 percent, and injuries by approximately 65 percent
.

The collaboration of many agencies and organi-
zations that share the goal of reducing grade cross-
ing incidents, fatalities, and injuries has driven these
trends. In addition, major research initiatives by the
Federal Railroad Administration (FRA) have pro-

vided the information to support implementation of

industry guidance, policies, and rules, which have
provided a significant safety benefit.

The improvements in grade crossing safety were
evident, but the factors and initiatives that con-
tributed to the successes had not been identified.
FRA therefore funded a two-phase study to deter-
mine the safety factors that had an impact on the
reduction of highway-rail grade crossing incidents
from 1994 to 2007 (2, 3). The study identified pos-
sible factors in grade crossing incident reduction and
applied data from the FRA Railroad Accident-Inci-
dent Reporting System (RAIRS) to estimate the
impact of each factor. A similar study by Mok and
Savage focused on the reduction in grade crossing
incidents and fatalities from 1975 to 2001 and cred-
ited highway safety improvements as the greatest
influence on safety (4).
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Identifying Success Factors

Extensive reviews of the literature and discussions
with subject matter experts identified 11 factors as
likely contributors to the improvement in grade
crossing safety. The factors included rulemakings,
changes or advances in the grade crossing and trans-
portation environment, and political, societal, and
economic changes. Most of the 11 factors were asso-
ciated with a significant FRA research effort.

Commercial Driver Safety

During the period of study, national legislation
placed a greater emphasis on commercial driver
safety. The Motor Carrier Safety Improvement Act of
1999 established the Federal Motor Carrier Safety
Administration, with the primary mission of reduc-
ing crashes, injuries, and fatalities involving large
trucks and buses. In October 1999, the law on Com-
mercial Driver Disqualification stated that the
licenses of commercial drivers convicted of violating
warning devices at a highway-rail grade crossing
would be suspended.!

Locomotive Conspicuity

Making locomotives more conspicuous aids drivers
not only in seeing an oncoming train, but in judging
its distance and speed. The Locomotive Safety Stan-
dards, effective December 1997, stated that all loco-
motives that exceed 20 mph at a crossing must have
auxiliary alerting lights in addition to the headlights.?

169 Code of Federal Regulations (CFR) 48104.
249 CFR 229.

Before the rulemaking, FRA undertook research to
evaluate the effects of various locomotive headlight
configurations on motorists’ decision making and
published the results (5).

More Reliable Motor Vehicles

Automobiles manufactured during the period of
study increased in safety and reliability. A more reli-
able vehicle reduces the possibility of breaking down
or stalling while crossing railroad tracks and being
struck by an oncoming train.

Sight Lines Clearance

The clearing of vegetation and the removal of obstruc-
tions at grade crossings enables highway users to
observe the tracks and any oncoming trains at farther
distances from the crossing. Adequate sight distance
allows highway users to stop safely, reducing the risk
of collision with an unexpected or undetected train.
The U.S. Department of Transportation established a
technical working group in 2002 to determine calcu-
lations for adequate sight distance (6).

Grade Crossing Maintenance Rule

The final rule on Grade Crossing Signal System
Safety, issued in 1995, stated that railroads must
implement specific maintenance, inspection, and
testing requirements for active crossing warning sys-
tems.> Regular maintenance and inspection were
intended to reduce the risk of warning device mal-
function.

349 CFR 234.

FRA requires all
locomotives exceeding 20
mph at a crossing to have
auxiliary alerting lights—
which increase
perceptibility for
drivers—as well as
headlights.

bt ‘ €10 INN—AVIN 98¢ SMIN 4L


http://www.nap.edu/22530

3‘ TR NEWS 286 MAY-JUNE 2013

Street markings and
flashing lights at a
Washington State rail
crossing protect
pedestrian traffic.

Construction crews build
a bridge to grade-
separate a CSX crossing
in Bladensburg,
Maryland. U.S. Congress
appropriated funds to
improve highway-rail
grade crossings under
Section 130, Title 23, of
the U.S. Code.
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Freight Car Reflectorization

The final rule on Reflectorization of Rail Freight
Rolling Stock, effective March 2005, mandated the
application of retroreflective sheeting to the sides of
freight cars and locomotives in a specified color and
pattern. FRA conducted extensive research to deter-
mine the value of adhering reflectors to freight rail
cars and the optimal size and pattern for the appli-
cation.* The full research report was published in
1999 (7).

Pedestrian Safety

New devices and technologies installed at grade cross-
ings protect pedestrian traffic. The FRA Office of Safety
has worked with states, railroads, and other stake-

+49 CFR 224.
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holders to identify and catalogue pedestrian-specific
treatments at highway-rail grade crossings (8).

Crossing Closure and Grade Separation

In 1991, the FRA Administrator recommended the
closing of 25 percent of all crossings. Of the 292,839
public and private at-grade crossings at the end of
1990, 70,004 had been closed as of 2008. Closures
and grade separations reduce the risk of a collision
to nearly zero.

Warning Device Upgrades

Upgrading to crossing warning devices that have a
higher effectiveness value reduces the risk of a colli-
sion. States and communities routinely evaluate
warning devices at crossings for upgrades and safety
improvements.

Education and
Enforcement
Communities are taking a
proactive approach by ed-
ucating the public on the
dangers of highway-rail
grade crossings and by
discouraging risky behav-
ior at crossings with active
enforcement. Operation

—
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Lifesaver is an interna-
tional organization that
provides education and
awareness programs to
prevent tragic collisions,
fatalities, and injuries at
highway-rail grade cross-
ings and on railroad rights-of-way. The FRA-sponsored
Public Education and Enforcement Research Study
traced the effects of the initiatives on reducing risky
behavior at highway-rail grade crossings (9).

Operation Lifesaver
posters and other safety
resources bring public
awareness to safety at rail
crossings and railroad
rights-of-way.

Crossing Improvement Programs

Congress appropriates highway funds for safety
improvements to highway-rail grade crossings under
Section 130, Title 23, of the U.S. Code. States apply
the funds, and each state implements its own cross-
ing improvement plan. The Section 130 program
overlaps other success factors, since the funds are
used also to close, separate, and upgrade crossings.

Research Methodology

The first phase of the research on success factors
analyzed the reduction in highway-rail grade cross-
ing incidents from 1994 to 2003. The second phase
analyzed the continued decline in incidents from
2003 to 2007.
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Seven of the 11 factors considered in the study
were estimated with data from the RAIRS: commer-
cial driver safety, locomotive conspicuity, grade cross-
ing maintenance, more reliable motor vehicles, sight
lines clearance, freight car reflectorization, and
pedestrian safety. The remaining four were analyzed
qualitatively and with data from outside RAIRS:
warning device upgrades, education and enforce-
ment, crossing improvement programs, and crossing
consolidation—grade separation.

The RAIRS data fields indicated that the incident
characteristics implied the influence of one or more
of the factors. For example, an incident with a com-
mercial vehicle would be influenced by the com-
mercial driver safety factor. Assigning incidents to
the success factors made it possible to analyze the
factors’ impacts.

The impact of the factors analyzed with grade
crossing data from RAIRS was estimated with two
metrics—percent impact and percent reduction. The
percent impact is the percentage of incidents attrib-
utable to behaviors that the factor was attempting to
change. The percent reduction is the percentage of
incidents reduced that can be attributed to the safety
countermeasures. Together, these two metrics pro-
vided a complete estimate of the factors’ impact on
the reduction of incidents.

To estimate each factor’s contribution to improv-
ing highway-rail grade crossing safety, each inci-
dent during the study period was assigned to an
individual factor, to a combination of factors, or to
no identified factor. The assignment was made
based on the RAIRS data fields for each incident. If
the characteristics of the incident indicated multi-
ple factors, it was assigned to a combination of fac-
tors; if none of the factor characteristics was present
in the incident, it was assigned to no identified fac-
tor. This ensured that the incidents were not
counted multiple times for different factors, inflat-
ing the factors’ impacts.

The contributions of the factors that were not
analyzed with RAIRS data were investigated through
other relevant studies and with data available from
other sources, such as the National Highway—Rail
Grade Crossing Inventory.

Results and Analyses

The percent impact and percent reduction were cal-
culated for the factors in each phase of the study. The
results are shown in Table 1 (below).

During the first phase, from 1994 to 2003,
improvements in commercial driver safety and loco-
motive conspicuity made the largest contributions to
the reduction in incidents. The analysis during the
second phase revealed that the safety benefits from
regulations and measures introduced during the
1990s had been fully realized by 2007.

The study from 2003 to 2007 was a shorter
period, with fewer incidents included in the analy-
sis, which magnified any variability in the annual
data. Negative values in the results table do not imply
that the factor caused an increase in incidents, but
that no further benefits were derived from those fac-
tors after the first phase.

Two additional factors were included in the sec-
ond phase of the study: pedestrian safety and freight
car reflectorization. Neither the RAIRS Grade Cross-
ing database nor the Crossing Inventory indicates
the type of pedestrian warning device or treatment at
a crossing. Therefore, evaluating the effects of pedes-
trian warning devices was not possible; the data show
the trend of pedestrian incidents as a whole.

The increase in pedestrian incidents from 2003 to
2007 did not reflect the effectiveness of any particu-
lar warning device or safety program. This could be
a result of variability and fluctuations from year to
year because of fewer incidents during the second
phase of the study. The finding also could indicate
that the installation of new pedestrian devices should
be more widespread.

TABLE 1 Percent Impact and Percent Reduction for Identified Success Factors

Percent Impact

Percent Reduction

1994-2003 2003-2007 1994-2003 2003-2007
Commercial driver safety 21.8 18.7 34.6 1.02
Locomotive conspicuity 15.0 15.5 15.6 5.1
Grade crossing maintenance 1.2 1.4 3.1 4.6
More reliable motor vehicles 1.9 1.6 3.1 3.1
Sight lines clearance 2.6 1.8 3.7 4.6
Freight car reflectorization - 1.0 - 5.1
Pedestrian safety - 1.8 - -8.7

Warning device upgrades
were among the success
factors considered in the
FRA study.
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FIGURE 1 Although the time period for the second phase

Reflectorization incidents
and overall incidents,
2003-2007.

was shorter and the data set therefore less extensive,
the improvements from making freight cars more
visible with reflectorization were evident after the
passage of the 2005 rule. Figure 1 (above) presents
the impact of the improvements.

Although analyzed with a different methodology
and additional data sources, warning device upgrades
and crossing closures were effective strategies in
improving safety at grade crossings. Crossing clo-
sures eliminate nearly all risk of incidents, injuries,
and fatalities at that location; crossing closures
showed one of the strongest impacts on the reduc-
tion in incidents. The effects of education and
enforcement and of crossing improvements were dif-
ficult to analyze quantitatively, but other studies and
reports have indicated the effectiveness of these fac-
tors in improving highway-rail grade crossing safety.

Value of Research Investments

These findings highlight the value of several major
research initiatives undertaken by the federal govern-
ment and industry to improve highway-rail grade
crossing safety. During the study of success factors for
1994 to 2003, commercial driver safety and locomotive
conspicuity were the two greatest successes in reducing
incidents. Although the number of incidents related to
freight car reflectorization was relatively small during
the 2003 to 2007 study period, the data showed a dis-
cernible downturn after the final rule went into effect
in 2005. Crossing closures also showed a significant
impact on the reduction of incidents.

Many of the factors identified were the result of
major research initiatives by the federal government,
industry, or other stakeholders. The research invest-
ment in highway-rail grade crossing safety has pro-
vided significant safety improvement. The
implementation of the research investments, partic-
ularly for locomotive conspicuity and freight car
reflectorization, has yielded real-world safety bene-
fits. The study results also revealed factors that did
not have an impact on the reduction in incidents or
that have not fully realized the benefits. These results
highlight areas for new safety research efforts.

Investing in highway-rail grade crossing safety
research has reduced the number of incidents
between highway users and trains. FRA continues to
improve highway-rail grade crossing safety with
research and development.

This study underscores the value of investing in
safety-related research and using the results in regu-
latory, policy, or technological changes and advances.
The differing results from the two phases of the study
also show the need for research to evolve and to
identify and explore new means to improve safety at
highway-rail grade crossings.
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Grade Crossing Electronic Document Management Systems
Developing a Cost-Effective, Comprehensive Inventory and Project Management Tool
STEVE LAFFEY

H ighway-rail grade crossings are critical transportation
junctures. According to the Federal Railroad Adminis-
tration (FRA), 11,118 train—vehicle collisions occurred at these
sites between 2006 and 2011 that resulted in 4,637 injuries
and 1,403 fatalities to highway users, train passengers, and
railroad employees. Reducing the number of collisions is an
important public policy goal.

Maintaining accurate information about grade crossing en-
gineering, as well as operational and safety characteristics,
in an easy-to-use information management system can assist
in achieving this goal. The system could identify high-risk grade
crossings, as well as the most efficient, cost-effective im-
provements to reduce the risk of incidents.

The American Association of State Highway and Trans-
portation Officials (AASHTO) has established a technology
implementation group (TIG) to document and promote
state-of-the-art grade crossing information systems, known
as Grade Crossing Electronic Document Management Sys-
tems. The high-payoff, ready-to-use, innovative technology
already is proving highly beneficial to states and their indus-
try partners.

The systems are designed to collect and manage the day-
to-day highway-rail crossing inventory specified on the U.S.
Department of Transportation’s (DOT’s) form.2 The system pro-
vides electronic updates to the National Highway-Rail Grade
Crossing and Structure Inventory file, facilitating railroad-re-
lated internal communications, electronic document storage,

The author is Railroad Safety Specialist, Illinois Commerce
Commission, Springfield, and Chair, TRB Highway-Rail
Grade Crossing Committee.

Sample screen shot of an information system.

Accurate information about engineering and safety characteristics
of grade crossings can help reduce collisions.

and expedited external and interagency communications be-
tween the state DOT, the public utility commission (PUQ), rail-
road companies, and FRA.

Typically developed with the highway-rail crossing inven-
tory as the core module, the systems are designed to accom-
modate add-on data modules for improvement program
development, collision tracking, crossing inspections, and
geographic information systems mapping. The systems can
incorporate photographs, scanned images of documents,
and other information, and can link to other state DOT sys-
tems to share data. The systems also can be Internet- or
intranet-based and can communicate electronically with all
partners in the grade crossing arena—for example, railroads,
PUGCs, FRA, and the Federal Highway Administration.

Systems developed by Pennsylvania, Illinois, Virginia,
North Carolina, and several other states have realized these
communication benefits. The states’ systems have facilitated
internal communications about railroad crossings, as well as
external communications between the state DOT, FRA, and
railroad companies. The partners are able to submit and
view securely via the web all documents that pertain to joint
projects.

The TIG executive committee has formed a lead state team
including FRA, lllinois, North Carolina, Pennsylvania, and Vir-
ginia. The team has surveyed states and railroads to identify
the state of the art, as well as the components of an ideal sys-
tem. The survey results and complete information on the
Grade Crossing Electronic Document Management Systems
TIG are available at http:/ tig.transportation.org/Pages/Grade
CrossingElectronicDocumentManagementSystem.aspx.

2Crossing Inventory Form FRA F6180.71.
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On Track for Railroad Crossing Safety
North Carolina’s Sealed Corridor Program
PAUL C. WORLEY

I n 1992, the U.S. Department of Transportation (DOT) des-
ignated five national high-speed rail corridors, including
one connecting Washington, D.C., Raleigh, and Charlotte,
North Carolina. Since then, North Carolina has received funds
to improve at-grade railroad crossing safety along its portion
of the Southeast High-Speed Rail (SEHSR) corridor.

North Carolina DOT's Sealed Corridor Program aims to
improve or consolidate every public and private crossing
along the section of the SEHSR corridor connecting Raleigh,
Greensboro, and Charlotte. Although public agency involve-
ment in private crossings—which generally are under the
jurisdiction of the railroad companies—had no legal prece-
dent, the Private Crossing Safety Initiative has focused on the
same safety goals as for public crossings, has inventoried
and evaluated all private crossings on the corridor, and has
recommended signalization, signage, or closure.

North Carolina DOT also has conducted comprehensive
traffic separation studies to identify crossings for near- and
long-term improvements, including consolidation or replace-
ment with bridges or with safer parallel crossings.

The Sealed Corridor Initiative has demonstrated devices to
enhance safety at highway-railroad grade crossings. Video-
monitored tests in the 1990s documented a 67 percent to 98
percent reduction in gate violations, depending on the treat-
ments. An analysis by the U.S DOT's Volpe Center estimated
that a potential 19.7 lives were saved as a result of the proj-
ects implemented on the corridor through December 2007.

The enhanced devices and strategies that were evaluated
included the following:

¢ Median separators. Installed along the centerline of a
roadway and extending approximately 70 to 100 feet from

Four-quadrant gates block all lanes of travel across railroad tracks
when signals are activated.
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Median separators prevent motorists from crossing lanes to avoid
activated gates.

the crossing, the separators prevent motorists from crossing
lanes to get around the activated gates. The median devices
may be tubes, or flat delineator panels attached to a prefab-
ricated island, or a concrete monolith with tubes. The devices
have reduced crossing violations by 77 percent.

¢ Four-quadrant gates. The gates block all lanes of travel
across the railroad tracks when the signals are activated and
have decreased violations by up to 86 percent.

¢ Combinations of median separators with four-quad-
rant gates have reduced violations by 98 percent.

¢ Longer gates. Extending across three-fourths of the road-
way at a crossing, longer gates reduce a driver’s ability to dodge
around and have decreased violations by 84 percent.

In addition, special signage can indicate the stopping
point for vehicles, provide a phone number for reporting sig-
nal outages, or remind drivers not to stop their vehicles on
the tracks. Equipment monitoring was found to be a valu-
able part of a centralized communications system, notifying
railroad personnel in a timely way about malfunctions in
crossing equipment.

Federal Railroad Administration (FRA) grants and state
funds supported the initial projects of the Sealed Corridor
Program. Additional grade separations and closures are now
being built through FRA's High-Speed Intercity Passenger
Rail Program and are scheduled for completion by 2017.
Copies of FRA research and development reports are avail-
able at www.fra.dot.gov/Page/P0001.

The author is Rail Division Director, North Carolina
Department of Transportation, Raleigh.
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Sharing Track

Developing and Implementing Positive
Train Control at BNSF Railway

LARRY MILHON

The author recently
retired as Director, Train
Dynamics, BNSF
Railway.

A BNSF freight train in
the Tehachapi Loop near
Bakersfield, California.

NSF Railway began development of its elec-
B tronic train management system (ETMS) in

2003 to prevent train collisions and derail-
ments. The ETMS is a positive train control (PTC)
system, which works in conjunction with railroad
operations by interfacing with signal systems, way-
side devices, and office train dispatch systems via
communication links. A PTC system warns the loco-
motive engineer about the need for action and, if
necessary, will automatically stop a train to prevent
train-to-train collisions, overspeed derailments,
incursions into work zones, and movements through
improperly aligned switches.

Field signal systems and computer-aided dispatch
(CAD) systems—which assist dispatchers in autho-
rizing and monitoring train movement—generate
mandatory directives for a train’s movements, speed
restrictions, and work zone limits. The ETMS enforces
compliance; the field signals, which govern the crew’s
operation of the train, and the dispatcher still main-
tain train separation and protection.

The technology of the ETMS combines proven
products from other industries—such as the Global
Positioning System and very high frequency (VHF)

packet radio—with new tools that have a high poten-
tial for success in data collection and decision mak-
ing applications. The ETMS provides onboard
delivery and enforcement of authorizations and
speed restrictions, onboard display of a track map,
signal-aspect speed enforcement, switch-position
monitoring, track-integrity monitoring, and an
onboard braking system to prevent overspeeding and
authority violations. BNSF is working with Wabtec
Railway Electronics in the ongoing development of
the ETMS.

Initial Development

Initial ETMS development and implementation took
place on the Beardstown Subdivision in Central Illi-
nois, a territory with relatively light traffic that oper-
ates with centralized traffic control, which directs
the movement of trains with signals controlled from
a central location, and with track warrant control, in
which a dispatcher in a central location verbally
authorizes train movements by radio communication
with train crews. The ETMS implementation devel-
oped techniques for surveying and for identifying
critical features. Initial revenue service demonstra-
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A Metrolink video
demonstrates positive
train control (PTC).

tions began in 2004, and the ETMS received approval
in 2006 for grades of up to 1 percent on single track
with sidings.!

After gaining extensive experience in the Beards-
town Subdivision, BNSF implemented and tested the
ETMS on portions of the Fort Worth Subdivision in
Texas and the Red Rock Subdivision in Oklahoma,
including areas of double-track operation—that is,
with two parallel mainline tracks. As a result, the
ETMS was certified for operation in territories with
double track.

BNSF worked with Amtrak in 2008 to add ETMS
passenger operation on lines with centralized traffic
control with up to 1 percent grade. In winter 2009,
BNSF successfully conducted mountain-grade brak-
ing tests in the Stampede Subdivision in Washington
State, and the ETMS gained certification for freight
trains on grades of up to 2.2 percent.

Under the Rail Safety Improvement Act of 2008,
the next release of the ETMS must include features
for interoperability with other PTC systems. In 2010,
Version VI of the ETMS achieved certification as a
nonvital overlay PTC system.

Migration to I-ETMS
ETMS VII is the last version before a changeover to
Interoperable ETMS (I-ETMS), the industry standard.
ETMS VII introduced new 220-MHz radios, a new
messaging interface, and a wayside interface compat-
ible with the I-ETMS for major Class 1 railroads.
The Southern California passenger rail system
Metrolink is testing ETMS VII on the BNSF San
Bernardino Subdivision as an interim step toward
full I-ETMS compliance.>

149 CFR 236, Subpart H.
2 www.metrolinktrains.com/pdfs/Agency/PTC_Fact_Sheet
_l.pdf.
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Braking Algorithm

The braking algorithm is a fundamental component
of the ETMS. The calculation enables the system to
warn the engineer to apply the brakes and stop short
of a hazard. The development of the algorithm was
challenging—if the calculated stopping distance is
too small, the system will not stop the train short of
the hazard; but if the results are too conservative, the
system’s warning will force the engineer to slow the
train too soon. A slowdown reduces the railroad’s
average train speed and can lead to a dramatic loss
of capacity, critical on a busy line.

The Federal Railroad Administration’s (FRAs)
Office of Research and Development sponsored a
project to optimize the braking calculation. The
work is ongoing at the Association of American Rail-
roads’ Transportation Technology Center, Inc., near
Pueblo, Colorado, and continues to produce
improvements to the braking algorithm.

Because the cost of telecommunications is a sig-
nificant challenge for all mobile data systems, a deci-
sion was made early in the design process to
minimize the data traffic. Instead of sending infor-
mation about each car in the train, only a summary
of the train consist is sent—the train’s weight, length,
and number of loads and empties.

A braking algorithm, however, calculates the
train’s total brake force. With only summary infor-
mation about a train, the calculation of total brake
force could vary by as much as 50 percent, because
some cars have high-capacity brakes and some have
empty-and-load brake valves. BNSF decided to cal-
culate the total brake force in the central control or
back office, because detailed information about the
train consist is readily available via a mechanical
database known as UMLER.

The total brake force result is sent to the onboard
system as part of the message about the train’s con-
sist. The onboard system recognizes that 5 percent of
the brakes could be cut out in all calculations. With
this process, the braking algorithm can reduce the
safety margin or cushion and maintain the required
level of safety.

Distributed power offers another improvement
in the braking algorithm; locomotives are placed at
intermediate points within or at the ends of a train,
and the engineer in the locomotive at the front of the
train remotely controls the distributed locomotives.
A train with distributed power stops much shorter
than one without distributed power, because the
brake pipe reduction can be propagated from both
ends. This solution is in testing but should be incor-
porated in a future release of the ETMS software.

To enforce train operations, the ETMS currently
uses a full-service penalty brake application, actuated
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by a safety control device, which produces the max-
imum train-braking effort without engaging the
emergency brake system. More than 25 variables
must be considered in calculations for a penalty
brake application. Some of the values are well
known, but the exact value of each variable cannot
be known with absolute certainty; in some cases,
therefore, assumed values are used, relying on his-
toric norms.

If too many variables differ from the assumed val-
ues for any particular train, however, the train stop
distance calculation could fall outside the expected
range. To counter this, the safety cushion could be
increased. Another option would be for the train’s
emergency brake system to cover these rare events.
This approach has been pilot-tested and appears to
work well; a future release of the ETMS software will
include this solution.

Using the emergency brake, however, will require
a thorough investigation of the air brake interface to
guarantee that the train will have enough air left to
initiate the emergency brake, if needed.

Data Radio and Communications
The initial ETMS rollout used a 44-MHz radio net-
work to transmit data and a proprietary wireless
protocol developed by MeteorComm, a telecommu-
nications firm. The radio network had limitations in
throughput and message density and was not suited
for extensive deployment across multiple railroads or
for supporting interoperability with other PTC sys-
tems.

The Class 1 railroads have acquired 220-MHz fre-
quencies for an interoperable PTC spectrum. The
frequencies offer propagation characteristics that are
suitable for the fixed spacing of railroad signals and
other assets.

MeteorComm developed a software-defined radio
from specifications and requirements identified by the
Interoperable Train Control Technical Team, a rail-
road industry committee charged with establishing
standards and coordinating efforts for interoperability.
The software-defined radio, which automatically
achieves optimum communication performance,
operates in the 217- to 222-MHz spectrum range with
channel spacing of 25 kHz. The device is required to
support PTC subsystem integration, system qualifica-
tion testing, FRA system certification, and widespread
deployment by December 31, 2015.

A messaging protocol, developed by Meteor-
Comm to specifications and requirements from the
Interoperable Train Control Technical Team, is not
available as a commercial off-the-shelf product. With
support from FRA, MeteorComm developed a soft-
ware-defined radio that incorporated a messaging
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protocol and a wireless protocol for the interoperable
communication system.

Software-defined radio offers increased flexibility
for implementing changes in communications pro-
tocols, as well as simplicity of design, because the
radio functions can be implemented on general-
purpose processors. This flexibility also reduces
deployment risks, making it possible to deploy
expensive infrastructure or large numbers of mobile
devices without locking in a communications stan-
dard. This protects the user from potential changes
and market uncertainties. Designing a reliable, eco-
nomical radio that can operate over long periods in
the railroad environment has proved a challenge.

Employee-in-Charge Application

A potential enhancement to the ETMS involves
enforcement of the speed limits around a work zone.
Speed limits currently are relayed to the train via
voice communication; PTC systems, however, work
primarily with digital data.

The application in development therefore would
allow the employee in charge (EIC) of a work zone to
transmit entry permission electronically to PTC-
equipped trains, with speed and stop instructions. The
PTC system would enforce the instructions when the
train enters the work zone. The electronic permission
transmitted to the PTC-equipped locomotive would
supplement the standard voice communication.

Class 1 railroads operate
220-MHz frequencies for
an interoperable PTC
spectrum.
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Union Pacific’s Harriman
Dispatching Center.
BNSF's central control
plays a key role in the
employee-in-charge
enhancement to the
ETMS.

Track data from the BNSF
San Bernardino
Subdivision in California
were collected and
loaded into a simulator
program to study the
safety impacts of PTC.

Approaching a work zone, a PTC-equipped loco-
motive would send a request for entry to the PTC’s
back office segment—the central control location for
the equipment that electronically issues authoriza-
tions for train movements—which would forward
the request to the work zone’s EIC application. The
EIC would give both electronic and verbal permis-
sion for the train to enter the work zone in accor-
dance with the General Code of Operating Rules.?
The PTC-equipped locomotive would hold to the
specified speed, which may range from maximum
track speed to 5 mph, to a restricted speed, or to val-
ues in between. The EIC also may specify stop-and-
wait—the PTC locomotive would have to stop at a
certain location and await further instructions.

Transportation Technology Center, Inc., is devel-
oping the EIC application with funding from the
FRA Office of Research and Development and BNSE
BNSF plans to test the function in ETMS VII. The

3GCOR Rule 15.2.
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development and implementation of the interface
between the I-ETMS and the EIC application also is
planned, but not for the initial rollout.

Train Control Simulations

The PTC development process requires verification
and validation—which include a demonstration that
the key features are functioning. The FRA Office of
Research and Development sponsored the develop-
ment of the Generalized Train Movement Simulator
(GTMS) to simulate railroad operations with and
without the PTC system. The program showed that
PTC improved safety.

The program simulated the movement of all
trains across a specific territory and identified possi-
ble locations for incidents. The program modeled
the same trains with the PTC system in place and
analyzed the events to determine if a collision or
derailment would have resulted.

For example, statistics show the number of times
that a train not equipped with PTC may pass a red
signal without stopping; sometimes the failure to
stop will result in a collision and sometimes not. By
modeling historic traffic data, a rate can be developed
for the opportunity for collisions to occur. The same
trains are modeled in the simulations with the PTC
system in place, and a new opportunity value is
developed. The difference is the improvement in
safety. The regulations require a nonvital overlay PTC
system to show a risk improvement greater than 80
percent.*

BNSF worked with FRA and the program devel-
oper to evaluate the Mendota Subdivision in Illinois
and the San Bernardino Subdivision in California.
The track data were collected for each territory and
loaded into the GTMS program. Historic traffic data
were collected and modeled for a 25-year span to
develop the baseline opportunity values. The GTMS
program used safety statistics from the ETMS VII
Positive Train Control Safety Plan to determine the
improvement opportunities. Both studies showed
risk improvements far exceeding the 80 percent
requirement.

Making Progress

The ETMS has progressed a long way from initial
testing—data radios have been updated, braking per-
formance has improved, and EIC terminals are show-
ing great promise. Substantial work remains to reach
the interoperable safety system required by the Rail
Safety Improvement Act of 2008. The cooperation of
the Class 1 railroad community and the continued
support of the FRA Office of Research and Develop-
ment will achieve this goal.

449 CFR 236, Subpart L.
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Mobile Locomotive Simulator for Human Factors Research
The Federal Railroad Administration’s Cab Technology Integration Laboratory
GINA MELNIK

he Cab Technology Integration Laboratory (CTIL) is a

mobile, full-sized locomotive simulator configured with
tools for analyzing crew performance with new cab tech-
nologies and configurations. The CTIL is owned by the Federal
Railroad Administration (FRA) and housed and operated by
staff at the Volpe National Transportation Systems Center in
Cambridge, Massachusetts. Unlike most locomotive cab simu-
lators, the CTIL was designed specifically for human factors
research.

The CTIL provides a platform for research into human-
machine interface in relation to human performance, enabling
assessment of the safety impact of various technologies, proce-
dures, concepts of operations, and operating scenarios. The lab
is a national resource available to railroad, industry, academic,
and government researchers, facilitating collaborations.

CTIL's capabilities and features include the following:

& System mobility, which allows packaging and transport to
other laboratories, rail facilities, and demonstration venues;

& A reconfigurable cab, which can accommodate new con-
trol, display, and automation technologies, as well as compo-
nents such as new seating;

@ Scenario customization, which adjusts track, grade, signals,
signage, scenery, and more to create experimental scenarios for
any project;

& Postrun analysis, which allows for visualization of locomo-
tive crew performance based on the track, consist, and locomo-
tive state and compares crew performance against the standards
set for the scenario;

¢ Audio and video recording, which offers several video and
audio recording channels;

The author is Engineering Psychologist, Volpe National Trans-
portation Systems Center, Research and Innovative Technol-
ogy Administration, Cambridge, Massachusetts.

The Federal Railroad Administration’s Cab Technology Integration
Laboratory (CTIL) is a full-size locomotive simulator designed
specifically for human factors research.

¢ Video data analysis, which allows live coding of behavior
and environmental occurrences for analysis and aids in the
retrieval of relevant segments of video;

& High-fidelity head-and-eye tracking system, which can
identify, record, and analyze the engineer’s head and eye move-
ments;

& Anthropometric and behavioral modeling tools, which
allow for manipulation and animation of human manikins in a
three-dimensional representation of the cab, useful for evaluat-
ing control and display positions, visual angles, and other
ergonomic considerations; and

¢ Locomotive crew task and workload modeling software,
which permits the modeling of crew behavior and perfor-
mance—such as task completion times, workload, and the
potential for human error.

FRA and Veolia Transdev are collaborating on a CTIL project
to improve understanding of human error caused by distrac-
tion during locomotive railroad operations. The study examines
the effect of distraction on practicing locomotive engineers
who operate the simulator over animated track segments
while experiencing a variety of distractions. The goal is to
develop an effective, comprehensive training program in sus-
tained attention for railroad engineers and conductors. Mea-
sures of head and eye movement are being applied, as well as
other operator performance measures—such as speed main-
tenance, proper stopping distances, adherence to signals, and
temporary speed restrictions.

For more information about the CTIL or about collaboration
with FRA to use the CTIL, contact Michael Jones at michael.e.
jones@dot.gov.
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Trip Optimizer
Autocontrol System Saves Fuel
SUNEIL KUTHIALA

he Trip Optimizer, an autocontrol system

for locomotives, makes velocity calculations
that save fuel by minimizing brake applications
for a specific train and track topography. Figure
1 (below) presents a simplified block diagram of
the Trip Optimizer, which was developed in
1995 at the GE Research Center in Niskayuna,
New York.

Before departure, an off-board system pro-
vides the detailed train makeup and locomo-
tive information to the onboard systems via a
wireless link. Database information about the

Track Data
Loco/Train Makeup L.
Speed Limits ¢ Osptlmézgd P Driver kL
pee ~o
Requested Throttle Plan g .| Throttle
Trip Move + 7 Command

Trip
mmss-|  Planner —— k

Min Time
Timetable

T Updated
Loco Data Model Data

CSX has installed more than 1,300 Trip Optimizer
units on its locomotives.

track on the route is stored on board; the off-
board system transfers the current data as of
the start of the trip. When all the information is
mapped to the locomotive and validated by the
operator, the optimal velocity profile is calcu-
lated for the entire trip. This profile passes to the
locomotive’s control system, which drives the
train, so that the Trip Optimizer handles all
throttle control for motoring and for dynamic
braking—a closed loop operation.

Speed
Regulator

Grade + Drag

Location & Locos +
Model 7 Train
Estimator

FIGURE 1 Diagram of Trip Optimizer information and systems (min = minimum, loco = locomotive).
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FIGURE 2 The Trip Optimizer calculates different locomotive throttle settings to determine the best
configuration for fuel savings. As shown, the throttles of the two lead locomotives are set to idle on the
downgrade, while the remote locomotive remains in Throttle Notch 8 (N8) going up the grade.

Nearly 2,000 locomotives are equipped with the
Trip Optimizer, running on more than 45,000 miles
of track on several railroads in North America. Tests
have demonstrated fuel savings that range from 3
percent to 17 percent, depending on the train type
and the topography. The system operates on all
freight train types with con-
figurations that vary from
800 to 30,000 trailing tons,
up to 15,000 feet long, with
a horsepower per ton (HPT)
that ranges from 0.5 to 10
HPT.

The Trip Optimizer can
control conventional and
Locotrol distributed power
(DP) trains, which allow
the locomotives to operate
away from the lead con-
sist—for example, at the
end of the train—via a ¢ 17 percent.
radio link. The remote loco-
motive can push the cars, reducing the tensile
stress on the couplers throughout the train. Good
train handling techniques sometimes demand
that the DP locomotive operate at a power set-
ting different from that of the lead locomotive,
depending on the t