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ABSTRACT

OPTIMIZING RAILROAD TANK CAR SAFETY DESIGN TO
REDUCE HAZARDOUS MATERIALS
TRANSPORTATION RISK

Mohd Rapik Saat, Ph.D.
Department of Civil and Environmental Engineering
University of Illinois at Urbana-Champaign
Christopher P. L. Barkan, Ph.D., Advisor
The design of railroad tank cars is subject to structural and performance requirements and
constrained by weight. They can be made safer by increasing tank thickness and adding
various protective features, but these increase the weight and cost of the car and reduce
its capacity and consequent transportation efficiency. Aircraft, automobiles and other
vehicles are subject to a conceptually related set of problems and formal optimization
techniques have been used to develop optimized design solutions using various objective
functions. These general techniques can be adapted to solve a variety of tank car safety
design optimization problems in which the tradeoff between safety and transportation
efficiency is formally considered.

Hazardous materials are substances or materials capable of posing an
unreasonable risk to health, safety, and property when transported in commerce. However,
within this broad, general definition, the hazard posed by these materials varies widely in
terms of both the nature and magnitude of the hazard. Consequently, the benefit derived
from measures intended to prevent hazardous material releases also varies considerably.

Efficient allocation of safety resources requires quantitative understanding of the risks

and benefits associated with different hazardous materials and various approaches to



enhance safety. Addressing these questions in the context of railroad tank car safety
design optimization is the principal focus of this dissertation.

I develop a modeling approach in which tank car safety design optimization is
considered as a two-phase process. The first phase addresses the tradeoff between safety
and transportation efficiency by using Pareto optimization to identify the most efficient
design combinations to improve safety while minimizing incremental weight. The second
phase involves estimation of chemical-specific hazard levels and calculation of the
consequent benefits and costs to determine the optimal level of protection for tank cars
transporting different hazardous materials. This modeling approach is applied to two
different current tank car safety design problems; consideration of tank car safety design
enhancements to reduce the risk of transporting toxic inhalation hazard materials, and a
group of chemicals that pose risk to the environment. The framework presented in this
dissertation is can be used to assist industry and government policy makers to make

better-informed decisions for safer transportation of hazardous materials.
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CHAPTER 1

INTRODUCTION

1.1. INTRODUCTION

Chemical production and use in manufacturing are crucial for industrial society. While
people derive significant benefits from chemical use, there are also certain associated
safety and economic risks that must be managed and to the extent feasible, minimized. This
tradeoff is particularly relevant in the context of transportation of chemicals classified as
hazardous materials. In the U.S., a hazardous material is defined by 49 Code of Federal
Regulations (CFR 2009) as a substance or material that the Secretary of Transportation has
determined is capable of posing an unreasonable risk to health, safety, and property when
transported in commerce, and has designated as hazardous under section 5103 of Federal
hazardous materials transportation law (49 U.S.C. 5103).

However within this broad and general definition, the actual hazard posed by these
materials varies widely in terms of both the nature and magnitude of the hazard.
Consequently, the benefit derived from measures intended to prevent hazardous material
releases varies considerably. In order to allocate safety enhancement resources in the most
efficient manner possible requires quantitative understanding of the consequent risks and
benefits. Addressing these questions in the context of railroad tank car safety design is the

focus of my dissertation.



Enhancing the safety of hazardous materials transportation has been the subject of a
great deal of attention over the past three decades. Improvements have focused on all
aspects including packaging of the materials, loading and unloading practices,
transportation operations, routing of shipments, emergency response practices and
hazardous materials shipment information (TRB 1980; Glickman and Rosenfield 1984;
Harvey et al. 1987; Saccomanno et al. 1987; Glickman 1988; Abkowitz et al. 1989; Phillips
and Role 1989; Barkan et al. 1991; Saccomanno and Cassidy 1992; Purdy 1993; TRB
1993, 1994; Rhyne 1994; CCPS 1995; Erkut and Verter 1995; FRA 1996; Barkan et al.
2000; Raj and Pritchard 2000; Elliott and Mitchell 2002; AAR 2003; BOE 2003; Barkan et
al. 2007; Barkan 2008; CCPS 2008).

In North America, rail offers the safest and generally the most economical means of
transporting many of these materials. Nevertheless, in the event of train accidents releases
of hazardous chemicals can pose substantial risk to human health, property or the
environment (Dennis 2002). Since 1982, the rate of railroad accident-caused releases has
been reduced by about 93% (Barkan et al. 2000; BOE 2009) due to prevention of both
accidents and of spills from railcars involved in accidents (Harvey et al. 1987; Barkan et al.
1991; Gallamore 1999; Barkan et al. 2000; Barkan 2008; BOE 2009).

The principal objective of my dissertation research is to improve our understanding
of how to reduce the risk of transporting hazardous materials by rail through development
and application of operations research and decision analysis techniques to evaluate the
most efficient strategies to improve tank car safety design. The main contribution of my
dissertation research is in the development of a new, quantitative model to optimize tank

car safety design using a two-phase process. The first phase addresses the tradeoff between



safety and transportation efficiency, while the second phase accounts for chemical-specific
hazard levels and the consequent benefits and costs. Chapters in my dissertation focus on
development of models to assess the effects of changes in tank car safety design on
transportation efficiency and safety and to identify optimal designs for specific hazardous
materials. The chapters build upon each other by addressing a series of inquiries as follows:
e What are the factors affecting railroad hazardous materials transportation risk?
e How tank car safety designs affect the risk?
e What are the options or design variables to improve tank car safety?
e What tradeoffs are involved in optimizing tank car safety design?
e What optimization techniques are available to address the tradeoffs?
e What are the risks from transporting toxic inhalation hazard (TIH) materials in
railroad tank cars, and how to assess them?
e What are the optimal tank car safety designs to reduce the risk of transporting TIH
materials?
e How to incorporate material hazard and the consequent risk in tank car safety
design optimization?
e How to quantify the benefit and cost from tank car safety design enhancements?
e What decision criteria can be used to identify the optimal tank car safety design?
e What are the risks from railroad transportation of materials that pose hazard to the
environment, and how to assess them?
e s it cost-effective to replace tank cars transporting materials that pose risk to the
environment?

In the following discussion, I provide a background on optimization of vehicle



structural design, its history and applications in other fields including aircraft and
aerospace systems, automotive, and use of multicriteria optimization methods as a tool in
these fields. | develop the parallel between this research and my own, and consider how
they relate to the first chapter of my dissertation. I also discuss the background of railroad
tank car safety design optimization. In addition, I give an overview of hazardous material
transportation risk that serves as an introduction to the remaining chapters in this

dissertation.

1.1.1. Structural Optimization in Vehicle Design

The first analytical work in structural optimization can be traced back to research by
Maxwell (1869) in which the basic theory for optimal layout of minimum-weight
theoretical trusses under an ideal, single load condition was presented. Early research
related to vehicle design was done by Cox and Smith (1943) and Zahorski (1944) who
applied structural optimization techniques to identify the minimum-weight, optimal design
of basic aircraft structural components.

Vehicle structural designs are generally subject to both performance requirements
such as strength and stiffness, and to cost constraints like weight. For aircraft and most
other aerospace systems, conceptual design optimization has typically been based on
achieving efficient aerodynamics while minimizing weight configuration subject to
structural requirements (Schmit 1981; AIAA 1991; Sobieszczanski-Sobieski and Haftka
1997; Bartholomew 1998). With regard to automotive design, crashworthiness criteria to
maximize vehicle structural integrity for occupant safety in the event of a crash has been
considered together with the objectives to minimize noise, vibration, harshness (NVH),

and weight or other cost constraints (Sobieszczanski-Sobieski et al. 2001; Redhe and



Nilsson 2004; Kodiyalam et al. 2004; Hou et al. 2008). There are similar conflicting
criteria in tank car safety design optimization. Tank cars can be made safer by increasing
tank thickness and adding various protective features, but these increase the weight and
cost of the car and reduce its capacity and consequent transportation efficiency. Formal
consideration of this tradeoff between tank car safety and transportation efficiency, and use
of optimization techniques to address these questions are addressed in the first phase of the
tank car safety design optimization process in my dissertation.

Historically, the need to account for the tradeoff between structural weight and
structural integrity in aerospace applications has been the factor behind the development of
optimum design methods in structural optimization (Schmit 1981). A typical multicriteria
design optimization method used in the field is to convert the multi-objective optimization
to a single-objective problem. Using this approach, a primary criterion is selected as an
objective function while other, less significant criteria are used as functional constraints
(Sobieszczanski-Sobieski et al. 2001; Redhe and Nilsson 2004; Hou et al. 2008). Another
typical approach is to consider multiple design criteria simultaneously as the objectives for
optimization. In this multi-objective optimization framework, the decision space is
searched for a set of Pareto optimal solutions, from which the final design is chosen from.
This approach has its roots in mathematical consumer economics as considered by Pareto
(1896) and this type of optimization has been used extensively in vehicle safety and
crashworthiness design problems (Kasprzak et al. 1998; Andersson and Redhe 2003;
Hamza and Saitou 2005; Lee et al. 2006; Cristello and Kim 2007; Sinha 2007; Sinha et al.

2007).



1.1.1.1. Tank Car Safety Design Optimization
Evolution of tank car safety and efficiency has been underway for over a century (Heller
1970; Dalrymple 1997; Barkan 2008). Development of new and more robust safety
standards has been due to technology improvements in materials, manufacturing processes
and car components, and influenced by changes in the railroad operating environment, and
new safety expectations from industry, government and the public (Barkan 2008).
Optimality techniques were first applied to tank car safety design by Barkan et al. (2007)
who used minimization of conditional probability of release as the objective function to
calculate the optimal thickness of a tank. Their model took into account the tradeoff
between improved damage resistance of the tank versus the increased accident exposure
due to the reduced capacity of the car and the consequent exposure of other elements such
as fittings to damage in an accident. Saat and Barkan (2005) extended this work by
considering the effect of damage to different parts of a tank car and developed the concept
of “release risk” that combines accident-caused release probability with average amount
spilled to develop an expected value of quantity lost.

Barkan (2008) developed a goal programming approach that was used to assist
North American railroads in their development of specifications for higher capacity tank
cars for transportation of hazardous materials. A group of tank car safety design features or
“risk reduction options” (RROs) were analyzed with regard to their effect on the
conditional probability of release in an accident, and their incremental effect on tank car
weight. The Pareto-optimal set of options that provided the greatest improvement in safety
with the least amount of additional weight for any desired level of tank car weight increase

was identified. The model developed by Barkan (2008) considered a particular set of RRO



combinations addressing certain objectives defined by the railroad and tank car industries
regarding design attributes of 286,000 Ib. maximum gross rail load (GRL), non-pressure
tank cars. Chapter 2 of my dissertation builds on this work by improving our understanding
and by developing a general model that can be applied to any type of tank car or set of

RROs.

1.1.2. Hazardous Materials Transportation Risk

Precursors to contemporary risk analysis can be traced as far back as ancient Mesopotamia
(Oppenheim 1977), but it was not until Pascal introduced probability theory in 1657 that
the intellectual tools for quantitative risk analysis became available (Covello and
Mumpower 1985). The first framework of modern quantitative risk assessment was
presented by Laplace in 1792 in his analysis of the probability of death with and without
smallpox vaccination (Laplace 1812).

In the context of hazardous materials transportation, the history of quantitative risk
analysis dates back to 1971 when the National Transportation Safety Board (NTSB)
proposed the need for a risk-based approach to develop hazardous material transportation
safety regulations (NTSB 1971). In the late 1970s, Ang et al. (1979) introduced a general
framework for transportation risk analysis that includes identifying probabilities, level of
exposure and consequences from an undesirable event. Philipson and Napadensky (1982)
provided an overview of the general risk assessment problem, presented a structured
review of the types of risk estimation methodologies, and reviewed the procedures
available for risk evaluation and mitigation. Early attention focused on rerouting as a
means of managing hazardous materials transport risk. Glickman (1983) developed a

model for network-level analysis of rerouting traffic and Abkowitz et al. (1989) were



among the first to use Geographic Information Systems (GIS) to address risk and routing
questions. List et al. (1991) presented a comprehensive survey of early research on
hazardous materials transportation risk analysis.

Tank car safety design has also been studied in the context of risk analysis. Barkan
et al. (1991) conducted a risk analysis of a group of chemicals with the potential to cause
substantial soil and groundwater cleanup expense and calculated the costs and benefits of
using more damage-resistant cars. Dennis (1996) extended their work by using cost data
from U.S. Class 1 railroads to estimate the risk costs per unit of exposure due to hazardous
materials transportation. Saat and Barkan (2005) developed a release risk approach to
estimate the expected quantity of release from different tank car designs if they were
involved in an accident. My dissertation Chapters 3 and 5 describe two types of risk due to
rail transportation of hazardous materials. In Chapter 4 | present the second phase of the
tank car safety design optimization process that accounts for chemical-specific hazard and
consequent benefits and costs, and in Chapter 6 | apply that model to a group of hazardous

materials.

1.2. DISSERTATION ORGANIZATION
This dissertation is organized as a series of individual, publishable papers, plus an
introductory chapter and a discussion of future research needs in the final chapter.

Chapter 1: Introduction

This chapter presents the objectives of my dissertation, background on

optimization of vehicle structural design and multicriteria optimization applications in the



field, a brief overview of hazardous material transportation risk analysis, and a description

of each chapter.

Chapter 2: A Generalized Bicriteria Model for Optimizing Railroad
Tank Car Safety Design

In this chapter | present the first phase of the tank car safety design optimization
process by using a Pareto-optimization method similar to those discussed above to develop
a generalized model to quantitatively evaluate the tradeoff between weight and tank car
conditional probability of release, which essentially represents the tradeoff between
transportation efficiency and safety. | develop a new, modular approach in which | extend
and generalize the optimization techniques used by Barkan (2008). The model enables
evaluation of all of the current elements of tank car safety design, independently and in
combination. I also introduce a more detailed tank car sizing program to quantify the
changes in tank car weight and capacity, consider a wider range and finer increments of
tank head and shell thicknesses, and incorporate the latest statistical model of tank car

release probability (Treichel et al. 2006).

Chapter 3: Risk Analysis of Toxic Inhalation Hazard (T1H) Materials’ Transportation
on U.S. Railroad Mainlines

This chapter presents a nationwide analysis of the risk of transporting a group of
TIH materials by rail. This work was used to support the Association of American
Railroads (AAR)s initiative to develop new tank car design specifications for TIH
materials. Initially, the Pareto-optimization technique described in Chapter 2 is combined

with a utopia-point method to identify the most efficient approach to enhance the safety



design of tank cars and thereby reduce the risk. Tank car derailment rate from Anderson
and Barkan (2004) and a statistical model developed by Treichel et al. (2006) are used to
estimate the conditional probability of release from a tank car involved in an accident.
These probability estimates are combined with a hazard consequence model and a spatial
analysis of the chemical-specific rail routes using geographic information system (GIS)

data and software to estimate population exposure along the routes.

Chapter 4: Risk-Based Railroad Tank Car Safety Design Optimization

In Chapter 4 | present the second phase of the tank car safety design optimization
process that combines the optimization method from Chapter 2 with a benefit-cost
approach to determine what the optimal design tank car should be, based on maximizing
the net present value (NPV) as the objective function. The model enables incorporation of
chemical-specific hazard and risk to objectively determine the optimal tank car safety

design for each material.

Chapter 5: Environmental Risk Analysis of Rail Transport of Hazardous Materials

In Chapter 5, | describe a quantitative, environmental risk analysis of rail
transportation of a group of light, non-aqueous-phase liquid (LNAPL) chemicals
commonly transported in railroad tank cars in North America. The Hazardous Materials
Transportation Environmental Consequence Model (HMTECM) (Yoon et al. 2009;
Hridaya 2008; Schaeffer et al. 2008) is used in conjunction with a geographic information

system (GIS) analysis of environmental characteristics to develop probabilistic estimates
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of exposure to different spill scenarios along the North American rail network. The risk
analysis incorporates the estimated cleanup cost developed using the HMTECM,
route-specific probability distributions of soil type and depth to groundwater, annual traffic
volume, railcar accident rate, and tank car safety features, to estimate the nationwide
annual risk of transporting each product. Other release consequences including population

exposure and train delay costs are also considered.

Chapter 6: Tank Car Safety Design Optimization to Reduce the Environmental Risk
of Transporting Hazardous Materials

In Chapter 6, I use the risk analysis results from Chapter 5, and apply the
risk-based tank car safety design optimization model from Chapter 4 to identify possible
enhanced-design tank cars to reduce the risk of transporting a group of LNAPL
chemicals. A generalized tank car life-cycle cost model is presented to enable a
comprehensive tank car capital cost analysis to be used in tandem with the tank car fleet
financial cost model in Chapter 4. | then present a benefit-cost analysis and consider
maximizing the net present value (NPV) to identify possible optimal, enhanced tank car

safety designs to transport the chemicals of interest.

Chapter 7: Future Research

This chapter presents additional research needs based on the findings and
limitations addressed in my dissertation, and the next logical steps to expand the body of

knowledge presented in this dissertation.
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1.3. CONCLUSIONS

Tank car safety design optimization is presented in this dissertation as a two-phase process.
The first phase addresses the tradeoff between safety and transportation efficiency by using
Pareto optimization to identify the most efficient non-dominated design combinations of
safety performance and weight. The second phase involves incorporating
chemical-specific hazard level and the consequent benefit and cost to determine the
optimal level of protection for different hazardous materials. My dissertation research
provides decision tools and parametric models to assess hazardous materials
transportation risk, identify optimal tank car safety design, and estimate potential risk
reduction options and their associated benefit and cost. The framework presented in this
dissertation is intended to assist industry and government policy makers to make

better-informed decisions for safer transportation of hazardous materials.
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CHAPTER 2

A GENERALIZED BICRITERIA MODEL FOR OPTIMIZING
RAILROAD TANK CAR SAFETY DESIGN

2.1. INTRODUCTION

In 2007, there were approximately 2 million rail shipments of hazardous materials in the
U.S. and Canada, and approximately 72% of these were transported in tank cars (BOE
2009). For the past several years, the rate of railroad accident-caused releases of hazardous
materials has been fluctuating between 15 and 23 incidents per million carloads (BOE
2009). Although significantly lower than the rate of about 200 release incidents per million
carloads in 1982 (Barkan et al. 2000), further reduction of accident-caused hazardous
material releases remains an important objective.

Two of the principal elements affecting reduction of railroad hazardous material
transportation risk are prevention of accidents and prevention of spills from railcars
involved in accidents (Barkan et al. 1991). Due to improvements in track design and
maintenance, as well as improvements in equipment and training, train accidents declined
substantially in the 1980s and more gradually in the 1990s (Gallamore 1999; Dennis 2002).
The result is that the annual accident rate, excluding grade-crossing accidents, has been
reduced from approximately 12 accidents per million-train miles in 1980 (Harvey et al.

1987) to about 4 accidents per million-train miles in 2002 (Anderson and Barkan 2004).
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Changes in tank car design to increase resistance to damage in accidents have also
contributed to this improvement in safety (Barkan et al. 2000). Refinement of our
understanding of the degree of hazard posed by different products is ongoing, but in
general higher hazard materials are shipped in more robustly designed tank cars with tanks
constructed of thicker and stronger steels, and in many cases, head shields, thermal
protection and more damage-resistant top fittings protection designs.

Improving tank car safety design should be done in such a way that safety
performance is maximized while minimizing additional weight and cost. Each of the safety
design enhancements mentioned above has a unique functional relationship between its
incremental safety benefit and its effect on weight. This tradeoff must be accounted for
when optimizing the safety performance of a tank car.

Optimizing tank car safety design has certain parallels with other vehicle structural
designs in which there is a tradeoff between performance requirements such as strength
and stiffness, and cost constraints like weight. For aircraft and most other aerospace
systems, conceptual design optimization has typically been based on achieving efficient
aerodynamics while minimizing weight configuration subject to structural requirements
(Schmit 1981; AIAA 1991; Sobieszczanski-Sobieski and Haftka 1997; Bartholomew
1998). With regard to automotive design, crashworthiness criteria to maximize vehicle
structural integrity for occupant safety in the event of a crash has been considered together
with the objectives to minimize noise, vibration, harshness (NVH), and weight or other
cost constraints (Sobieszczanski-Sobieski et al. 2001; Redhe and Nilsson 2004; Kodiyalam

et al. 2004; Hou et al. 2008).
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Optimality techniques were first applied to tank car safety design by Barkan et al.
(2007) who used minimization of conditional probability of release as the objective
function to calculate the optimal thickness of a tank. Their model took into account the
tradeoff between improved damage resistance of the tank versus the increased accident
exposure due to the reduced capacity of the car and the consequent exposure of other
elements such as fittings to damage in an accident. Saat and Barkan (2005) extended this
work by considering the effect of damage to different parts of a tank car and developed the
concept of “release risk” that combines accident-caused release probability with average
amount spilled to develop an expected value of quantity lost.

Barkan (2008) described a goal programming approach that was used to assist
North American railroads in their development of specifications for higher capacity tank
cars for transportation of hazardous materials. A group of tank car safety design features or
“risk reduction options” (RROs) were analyzed with regard to their effect on the
conditional probability of release in an accident, and their incremental effect on tank car
weight. The Pareto-optimal set of options that provided the greatest improvement in safety
with the least amount of additional weight for any desired level of tank car weight increase
was identified. Barkan’s model considered a limited number of RRO combinations
addressing a specific set of objectives defined by the railroad and tank car industries
regarding design attributes of 286,000 Ib. maximum gross rail load (GRL), non-pressure
tank cars.

In this Chapter | develop a generalized model to quantitatively evaluate the tradeoff
between tank car weight and conditional probability of release, which essentially

represents the tradeoff between transportation efficiency and safety. | develop a new,
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modular approach in which | extend and generalize the optimization techniques used by
Barkan (2008). The model enables evaluation of all of the current elements of tank car
safety design, independently and in combination. | also introduce a more detailed tank car
sizing program to quantify the changes in tank car weight and capacity, consider a wider
range and finer increments of tank head and shell thicknesses, and incorporate the latest
statistical model of tank car release probability (Treichel et al. 2006). | illustrate the
generalized bicriteria tank car safety design optimization model by identifying a set of
Pareto-optimal solutions for a baseline tank car design in a multi-attribute decision

problem.

2.2. TANK CAR WEIGHT & CAPACITY MODEL

The volumetric capacity of tank cars is often optimized for the density of the specific
product they are intended to transport. The light or empty weight of a car consists of the
weight of its running gear and fittings, which are relatively constant, and the weight of the
tank that varies with its size. The maximum allowable operating weight of railcars in North
America is referred to as the maximum gross rail load (GRL). It is currently 263,000 Ibs for
a four-axle car, although 286,000-1b cars are now permitted if they comply with a set of
specifications defined by the Association of American Railroads (AAR) (2003a). The GRL
is the sum of the light or empty weight of a tank car plus its lading capacity.

GRL=LW+Cap (2.1)

where:
GRL = maximum total rail car weight in unrestricted interchange service
LW = tank car light weight
Cap = tank car maximum lading capacity
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The maximum GRL for cars in unrestricted interchange is fixed, so any increase in
a car’s light weight reduces its capacity. Employing more robust safety designs or RROs to
make a tank car less susceptible to damage in an accident will generally increase the weight
of the tank, thereby reducing its capacity. Consequently, more shipments and more
car-miles are required to transport the same quantity of lading over the same distance,
exposing it to greater likelihood of being involved in an accident. This can affect the risk
and should be accounted for when evaluating the effect of changes in tank car safety design
(Barkan et al. 2007).

Saat (2003) developed IlliTank, a tank car weight and capacity model, in a
Visual-Basic-in-Application (VBA) environment. The model presented in this Chapter is
an extension of IlliTank in a more formal mathematical environment to offer a
parameterized system that can be coupled with tank car safety performance, risk and cost

models as part of an integrated tank car optimization formulation.

2.2.1. Tank Car Components

General components of a tank car include the tank head, tank shell, top and bottom fittings,
running gear and other non-tank components (Fig. 2.1a). Some cars, including pressure
cars that transport liquefied, pressurized gasses, are also equipped with insulation and an
external steel jacket (Fig. 2.1b). Some designs have special thermal protection material
between the tank and jacket, and some also have a half-, or full-height head shield integral

to the jacket head.

22



Top Fittings
Shell

Head x ‘:@TZ
\

|

Draft Sill
& Coupler

\
Bottom Fittings ~ Trucks & Running Gear

a)

Fig. 2.1. Diagrams of a) a typical non-jacketed North American railroad non-pressure tank car and,
b) a typical jacketed North American railroad pressure tank car

2.2.2. Model Formulation

The general formulation for IlliTank is expressed by Equation (2.2) and requires a set of
input values to run (Table 2. 1). Based on the input, llliTank optimizes the size of a tank car
by identifying the optimal length of the tank shell to maximize capacity while staying
within the GRL limit and other clearance or tank diameter constraints. IlliTank assumes a
basic cylindrical tank with no slope and a two-to-one ellipsoidal head at each end. Tank car
builders typically have one or more design variations and corresponding tank size and

weight models that account for more complicated tank geometries. Individual builders can
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incorporate their own models, but IlliTank is satisfactory to illustrate the generalized tank
car safety design optimization model presented here.

Cap+LW <GRL (2.2)

where:
GRL = maximum rail car weight in unrestricted interchange service,
currently at 263,000 Ibs
Cap = tank car maximum lading capacity in Ibs
LW = tank car empty weight
= tank head and shell assembly + head shields + insulation + jacket

+ top fittings protection + bottom fittings + non-tank components
+ additional miscellaneous weight

Table 2.1
Variables for user-defined input in HliTank
Variable Description Input Range Unit
GRL maximum gross rail load Positive number, typically Ibs
263,000
productDensity product density Positive decimals Ibs/gallon
outage tank outage Positive number, typically %
2or5
insideDia tank inside diameter Positive decimals in.
headThick tank head thickness Positive decimals in.
shellThick tank shell thickness Positive decimals in.
insulatelThick ceramic fiber insulation thickness Positive decimals in.
insulate2Thick fiberglass insulation thickness Positive decimals in.
jacket tank jacket constant 0 =none, 1 = jacketed -
headShield head shield constant 0 = none, 1 = half-height, -
2 = full-height
bottomFit bottom fittings constant 0 =none, 1 = equipped -
topFitProtect  top fittings protection constant 0 =none, 1 = equipped -
addWeight additional weight increase/reduction  Positive/negative number Ibs

A detailed IlliTank model was developed using the General Algebraic Modeling
System (GAMS), and the optimization problem was solved with CPLEX 9.0, one of the

integrated solvers incorporated in GAMS (Appendix A).
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2.3. TANK CAR SAFETY PERFORMANCE MODEL

2.3.1. Tank Car Accident Database

Since the early 1970’s, tank car companies and railroads have been collaborating to record
data for tank cars damaged in accidents under the auspices of the Railway Supply Institute
(RSI)-Association of American Railroads (AAR) Railroad Tank Car Safety Research and

Test Project. The resultant database now has more than 40,000 damaged tank car records. It
enables robust statistical analysis of the accident performance of each of the principal tank
car components (Treichel et al. 2006) and permits development of probabilistic estimates

of transportation risk for tank cars in accidents (CCPS 1995; Barkan and Pasternak 1999).
Statistics from Treichel et al. (2006) can be used to develop an accident-caused release rate
metric to estimate the frequency of accident-caused release incidents for tank cars with

specific safety designs.

2.3.2. Accident-Caused Release Rate

This Chapter focuses on Federal Railroad Administration (FRA) reportable incidents on
U.S. railroad mainlines. The FRA database and reporting threshold" provides a standard
baseline accident rate upon which to base consistent risk estimates. Railroads are required
to report all accidents that exceed the FRA monetary threshold for damages to track,
equipment and structures (FRA 2003). Non-FRA-reportable accidents are by definition
limited in the extent of damage incurred, and rarely involve a release, and thus pose little

risk. As such, the regression model used by Treichel et al. (2006) to estimate the

! The threshold is equal to $8,900 in 2009
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probability of release is conditional on a tank car being damaged in an FRA-reportable
accident. This Chapter does not consider yard accidents because they are a relatively minor
source of risk for the types of tank cars being considered. However, the benefits of a safer
tank car can be expected to accrue for yard accidents as well as non-FRA-reportable,
mainline accidents. Throughout this Chapter, all derailment and accident terms refer to
FRA-reportable accidents.

The estimated rate of release for a tank car is defined as a product of the accident
rate and the conditional probability of release given that the car is derailed in an
FRA-reportable accident as follows:

where:
P; =tank car accident-caused release rate

Prja = conditional probability of a tank car release given the car is derailed
in an FRA-reportable accident

Z = accident frequency or exposure to accident
= P,M
where:

P, = tank car derailment rate per car-mile

M = number of car miles

2.3.2.1. Conditional Probability of Release
The source-specific conditional probabilities of release are calculated using the logistic

regression model developed in Treichel et al. (2006). The model takes the form:
Prja =l V/@+e" )] (24)

where ¢ is the mainline or yard multiplier used to normalize the conditional probability for

tank cars damaged to only include FRA-reportable accidents. This multiplier is equal to
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0.533 for mainline and 0.245 for yard accidents (Treichel et al. 2006). L(i) is a linear
combination of n statistically significant factors affecting release probability from source i,
tank head (H), tank shell (S), top fittings (T) and bottom fittings (B), each with its own
regression coefficient:

L(i) =bg + by +byX5 +...+ +b, X,
The regression equations for the four release sources for a mainline accident-caused release
are as follows:

L(H)=-0.4492-1.1672HST —1.9863HMT —0.9240JKT —0.4176SHELF
(0.2523) (0.3650)  (0.4609) (0.0914) (0.0948) (standard error)

L(S)=0.4425-0.6427JKT —4.1101STS
(0.2336) (0.0838)  (0.4595) (standard error)

L(T)=-1.0483— aPRESS —0.8388JKT +0.1809SHELF
(0.0559) (0.0876) (0.0704) (0.0070)  (standard error)

L(B) =-1.4399-0.3758JKT —0.5789SHELF
(0.0767) (0.1002) (0.1101) (standard error)

where:

HST = head shield type = 1 for full-height, 0.75 for half-height, O for none

HMT = head thickness, in inches

JKT = jacket/insulation identifier = 1 for jacketed, O for unjacketed

SHELF = shelf couplers identifier = 1 if equipped, 0 if unequipped

STS = shell thickness, in inches

o = top-fittings-protection style factor = -1.6991 for chlorine-car style, else -0.8354
PRESS = pressure car identifier = 1 if pressure car, 0 if non-pressure

The total conditional probability of release given a tank car is derailed in an

FRA-reportable accident is calculated as follows:

Pria =1-[A—PFryja)A—Prgja) A= Pr ja)d—Frga)l - (25)
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Appendix B provides coefficients of correlation tables for these regressions and a summary
of the procedures needed to calculate the standard errors and (1-a)100% confidence

intervals.

2.3.2.2. Relationship between Tank Car Safety Designs, Capacity, and

Number of Shipments
Changes in tank car safety design affect a tank car’s volumetric capacity. This can
potentially influence the overall risk because of the change in the number of shipments and
consequently the total car-miles required to transport the same quantity of lading over the
same distance.

Over the range of feasible tank car thicknesses, the relationship between reduction
in tank car capacity and the number of shipments can be approximated by a linear function
with a coefficient termed K in Barkan et al. (2007). K is an estimate of the proportional
increase in the number of shipments required as tank capacity is reduced due to changes in
design that affect its weight or maximum gross rail load. Consequently, K is unique for a
car’s product density, the GRL, and tank car light weight (Barkan et al. 2007).

In this Chapter, instead of using K to approximate the tradeoff between a design’s
performance and number of shipments, | directly compared the capacity of a baseline tank
car with alternate-designs using the estimated weight and capacity from IlliTank. This
approach provides greater precision and enhances the generality of the model. As a result,
the accident exposure term, previously defined in (2.3), is modified as follows:

Z=PMS (2.6

where:
S = shipment multiplier = Cap/Cap’
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Cap = nominal volumetric capacity of a baseline tank car
Cap’ = nominal volumetric capacity of an alternate-design tank car

With all elements in the release rate metric defined, the equation to evaluate a tank
car with a specific safety design can be summarized as follows:
Pr = PriaPaMCap/Cap’ (2.7)
Appendix C illustrates the calculations of the standard errors and (1-a)100%

confidence intervals for Pg.

2.3.2.3. Tank Car Derailment Rate
Anderson and Barkan (2004) developed estimates of Class 1 railroad mainline freight train
and car accident rates based on the FRA safety statistics. In the analyses described here 1
used their estimate of average railcar derailment rate per car-mile for Pa:

Pa=1.28x 107 (s.e. = 6.6327 x 10®).
Risk estimates for other, more route- or track-specific operations can be developed using

the approach described in Anderson and Barkan (2004).

2.3.2.4. Uncertainty
The statistically derived metric presented in this section is subject to error and some
uncertainty, primarily in the accident rate, P from Anderson and Barkan (2004) and the
conditional probability of release from a tank car derailed in an accident Pgja (Treichel et
al. 2006).

Paequals the accident rate, and is calculated by dividing the total number of freight
cars derailed by the total freight car miles operated between 1992 and 2001 (Anderson and

Barkan 2004). Subsequent changes in capital investment in infrastructure, safety
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technologies, maintenance schedules, other safety initiatives or changes in freight traffic
volume compared to the aforementioned period may introduce a bias in Pa.

For the Prja estimation, the method is based on regression analyses in Treichel et al.
(2006). Confidence intervals can be constructed around the estimates of Prja and Pr as
shown in Appendices B and C using estimated variances. Wider confidence interval

indicates lesser precision in estimating the true value of Pgja or Pr,

2.4. BICRITERIA TANK CAR SAFETY DESIGN OPTIMIZATION

In this section, | formulate a multi-attribute decision problem in which I consider RROs
that can reduce the likelihood of accident-caused releases from the principal release
sources of tank cars involved in accidents (Treichel et al. 2006). The weight and capacity
model presented in Section 2.1 is incorporated to estimate the relationship between
changes in a tank car’s light weight due to changes in its design. The conditional
probability of release, Prja, in Section 2.2 is used to estimate tank car safety performance in
an accident. Although Pg incorporates the change in weight and accident exposure
implicitly, Prja offers an objective metric to evaluate tank car safety performance with

various changes in design, independent of the change in weight.

2.4.1. Tank Car Risk Reduction Options

The primary sources of release for a tank car involved in an accident are the tank head, tank
shell, top fittings and bottom fittings (Fig. 2.1). The nature of damage to these components
is distinct, and different approaches are used to enhance different components. There is a
unique functional relationship between incremental safety benefit and weight for each

approach and this must be accounted for when optimizing the safety performance of a tank
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car. The usual approach to enhance damage resistance to the tank head and shell is to
increase the strength of these components and by using tank head protection, and/or
application of a tank jacket. Additionally, the tank material properties may be improved by
use of higher tensile strength and/or normalized steel. Enhancing damage resistance of the
fittings includes enclosing top fittings in a protective housing (AAR 2007b), adding bottom
fittings protection (Griger and Phillips 1992), and/or removing bottom fittings completely
(Barkan et al. 1991, 2007).
The set of tank car safety design features or “risk reduction options” to enhance

tank car safety design includes:

- Increasing tank head thickness (H)

- Increasing tank shell thickness (S)

- Adding an 11-gage (0.1196”) steel jacket and insulation (JKT)

- Adding either half- or full-height head shields to the tank head (HHP or FHP)

- Adding top fittings protection for non-pressure tank cars (TFP)

- Using enhanced top fittings protection for pressure tank cars (E-TFP)

- Removing bottom fittings for non-pressure tank cars (BFR)

- Combinations of any of the above
The feasibility of each RRO depends on the baseline design of a tank car under
consideration for improvement, and also the scope of the options specified by stakeholders

interested in a specific risk analysis.

2.4.2. ldentification of Pareto-Optimal Tank Car Safety Designs
To illustrate the bicriteria tank car safety design optimization model, a typical baseline

general-purpose, non-insulated, non-pressure tank car was evaluated for enhancement. The
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car has a 20,000-gallon capacity, has 0.4375 head and shell thicknesses, is equipped with
several top and bottom fittings and has a maximum gross rail load of 263,000 Ibs.

Fig. 2.2 shows a decision tree framework illustrating possible combinations of
RROs (for simplicity, only one branch is expanded at each decision node). For bottom
fittings removal and jacket options, the choices are binary; “yes” or “no”. For top fittings
protection, three options are considered; none, typical i.e., similar to the designs currently
in service, and enhanced i.e., any relatively new design that conforms to the latest
amendment to the Hazardous Materials Regulations (74 FR 1769)2. For head shields, three
options are considered; none, half- or full-height. The next two RROs, increasing tank head
and shell thicknesses are considered independently and are represented by a
two-dimensional matrix in which thickness of each is increased from the baseline thickness
of 0.4375” to 1.5, in 0.0625-inch increments. Collectively, this figure represents a total of

11,664 (2 x 2 x 3 x 3 x 18 x 18) unique tank car safety designs.

2 The amendment requires top fittings protection to withstand a rollover accident at a speed of 9 miles per
hour. An analysis of a new design developed by TrinityRail (authorized under U.S. DOT Special Permit
14167) found that the rollover velocity that caused top-fittings failure was 2.6 times higher for the
enhanced-design fittings compared to the baseline chlorine car design for top-fittings protection. | assumed
any enhanced design would reduce the probability of release from top fittings by 50%.

32



€€

No

Yes

Jacket JKT

Yes

Bottom Fittings

Removal BFR HaIf-.I-.|.eight

Enhanced Full-Height

1/16” increment from

Top Fittings 0.4375"t0 1.5”

Protection TFP Head Shield

HHP/FHP 1/16” increment from

0.4375"t0 1.57

Head Thickness
H

Shell Thickness
S

Fig. 2.2. Decision tree framework of possible RRO combinations



In general, implementing any RRO increases light weight, with the exception of
bottom fittings removal, which slightly reduces the weight. Each RRO has its own
characteristic relationship between changing light weight and conditional probability of
release given a tank car is involved in an accident, Prja (Fig. 2.3). The specific functional
relationship is also affected by the particular baseline car. Employing each of the
individual RROs gives different reductions in the conditional probability of release per unit
weight (Fig. 2.4). Instead of considering implementation of each RRO independently, the
generalized tank car safety design optimization model characterizes the weight and Pga for
all possible RRO combinations, and identifies a set of solutions that will provide the most
efficient reduction in the Prja With the increase in the light weight, similar to the approach

presented in Barkan (2008).

50% -
41.2%
40% -
. % Reduction in Pgs
30% 55 404 . % Increase in Light Weight

E-TFP TFP JKT HHP H FHP S BFR

-10%Toep Fittings Top Fittings Jacket Half-Height + 1/16" Full-Height + 1/16" Bottom
Protection - Protection - Head Shields Head Head Shields Shell Fittings
Enhanced Typical Removal

Fig. 2.3. The change in light weight and the Pgj for each RRO for a specific size of
baseline general-purpose tank car
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Top Fittings Top Fittings Jacket Half-Height + 1/16" Full-Height + 1/16"
Protection - Protection - Head Shields Head Head Shields Shell
Enhanced Typical

Fig. 2.4. Reduction in Pgja per unit weight for each RRO except bottom fittings removal (BFR) for
a specific size of baseline general-purpose tank car

2.4.2.1. Light Weight and Prja Enumerations

Let RRO be the set of all possible RRO combinations (Fig. 2.3). Each subset of RRO
represents any combination of each of the RROs in Fig. 2.3 except increasing the head and
shell thicknesses, hg is the baseline head thickness, h; is the first increment of the head
thickness, h, the second, and so on. Similarly, sq is the baseline shell thickness, s; is the first
increment of shell thickness, and so on. For each pair-wise combination of head and shell
thickness, the car light weight, W, and conditional probability of release, Prja were
enumerated (Tables 2.2 and 2.3). W and Prjao are the baseline light weight and conditional
probability of release, respectively. Percentage change in light weight, AW, for all
solutions i were calculated as follows:

AW, =100 x (Wi - Wo)/ Wy
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Table 2.2
Tank car light weight (W) enumeration for each RRO combination

So S1 S2

ho W(ho, So) W(ho, s1) W(ho, S2)

hy W(hy, So) W(hy, s1) W(hy, s2)

h, W(h,, so) W(h,, s1) W(h,, s5)

Table 2.3

Tank car conditional probability of release (Pgja) enumeration for each RRO combination
So S1 S2

ho Pria(ho, so) Pria(ho, s1) Pria(ho, s2) ...

h1 Pria(hy, so) Pria(hy, s1) Pria(hs, s2) ...

h, Pria(hz, so) Pria(hz, s1) Pria(hz, s2) ...

2.4.2.2. Analytical Solutions

A set of Pareto-optimal or non-dominated solutions was determined from the enumerated
Pria and light weight. By definition, a feasible solution, x* € X, is Pareto-optimal if there
does not exist another point, x € X, such that F(x) < F(xx*), and F; (x)<F; (x*) for at least one
objective function (Marler and Arora 2004). In other words, a feasible set of solutions is
called Pareto optimal if there is no other feasible solution that would improve some
objective function without causing a simultaneous decline in at least one other objective

function.
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The calculated Prja and AW were used in a stepwise decision process to determine
the Pareto-optimal (non-dominated) solutions. The decision criteria can be implemented
using an updated algorithm originally from Barkan (2008):

1) Compute W, Prja and AW for all RRO;; set i = 0 (base case); initialize the set of

Pareto-optimal solutions, S = {J}

2) From RRO;, find RRO with the closest AW and lower Pgja than current Pgjai
3) Insert solution RRO;.1 that has the minimum Prja among RRO identified in step 2
to the set of Pareto-optimal solutions, S

4) Repeat steps 2 and 3 until i =11,663 (total number of RRO combinations minus 1)

2.4.2.3. Graphical Solutions

Fig. 2.5 shows the decision space for a complete enumeration of percent change in light
weight and the Pgja for all RRO combinations and the identified Pareto-optimal solutions
for the baseline general-purpose tank car under consideration. From 11,664 enumerated
solutions, 161 solutions were identified as Pareto-optimal. All non-dominated solutions
correspond to designs with no bottom fittings (BFR). This strategy reduces the overall
probability of release while offering a slight increase in capacity with reduced light weight.
The predominant non-dominated solutions correspond to designs with no bottom fittings,
equipped with enhanced top fittings protection, jacket and either the half-height or
full-height head shields. These solutions are labeled in Fig. 2.6 as “H S BFR E-TFP JKT

HHP” or “H S BFR E-TFP JKT FHP.”
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Fig. 2.5. Decision space for the Pgja vs. the light weight for all RRO combinations

Fig. 2.6 shows the initial set of non-dominated solutions. Figs. 2.6 a) and b) show
different part of the same graph in Fig. 2.5. The BFR strategy was followed by the strategy
with the least increase in the car’s light weight while reducing the probability of release -
increasing tank head thickness. This corresponds to the first five solutions in Fig. 2.6a. As
the net weight of increasing the head thickness exceeded the net weight of adding
half-height head shields, the latter RRO entered the Pareto-optimal set. The next-most
efficient strategy was to use a typical top fittings protection followed by the use of
enhanced top fittings protection (Fig. 2.6a). Strategies to increase shell thickness and

adding a jacket enter the Pareto-optimal set in Fig. 2.6b.
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Fig. 2.6. Initial subset of non-dominated solutions for the baseline general-purpose tank car from a) -1.3 to
4.7, and b) 4.7 to 11 percentage change in light weight

2.4.2.4. Sensitivity Analysis of the Effect of Baseline Tank Car Size

The effect of tank car safety design enhancements on a car’s light weight is affected by

tank car size. | varied the capacity of the baseline tank car presented above from 20,000

gallons to 13,000 and 30,000 gallons to compare the Pareto-optimal sets. Both variations
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showed the same shape of dominated and non-dominated solutions as the 20,000-gallon
baseline case (Figs. 2.7 and 2.8). Further observations on the initial subset of the
Pareto-optimal solutions for both 13,000- and 30,000-gallon cases (Figs. 2.9 and 2.10)
show that the sequence of each individual RRO entering the Pareto-optimal set was

consistent with the 20,000-gallon baseline case.
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Fig. 2.7. Decision space for the Pgjs vs. the light weight for all RRO combinations for the 13,000-gallon
capacity general-purpose tank car
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Fig. 2.8. Decision space for the Pgjs vs. the light weight for all RRO combinations for the 30,000-gallon
capacity general-purpose tank car
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Fig. 2.9. Initial subset of the non-dominated solutions for the 13,000-gallon capacity
general-purpose tank car from a) -1.3to 4.7, and b) 4.7 to 11 percent change in light weight
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