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ABSTRACT

Railroad hazardous materials transportation roigk analysis is receiving considerable new
attention from industry and government. Such asedyare necessary for effective public policy
and development of rational risk management stiegegHowever, route risk analysis is complex
and generates results that can be difficult to @rgpinterpret. Risk analyses are intended to
provide risk managers with objective informatioroabhow to effectively manage risk and the
most effective options to reduce it. This papersusesults from a quantitative risk analysis of
hazardous materials shipped by rail to develop ilodtrate several new techniques to more
effectively present, interpret and communicate ressults. The analysis accounted for the major
factors affecting risk: infrastructure quality, fffa volume, population exposure along the
shipment routes, as well as tank car design anduptccharacteristics. Approaches for system
level and route specific analyses are presenteoth Bbsolute and normalized estimates of risk
provide useful information. The question of intdrend the user affects which type of information
is most useful for effective decision-making. \dais graphical techniques enable risk metrics to
be compared and contrasted, either in a geogrdptoodext or independent of it, depending on
which is most useful. Identifying the locationattaccount for the highest concentration of risk
and understanding the contributing factors willoat$arify the mutual roles of carriers, shippers
and municipalities along a route regarding risk aggament, reduction and mitigation options. In
addition, the techniques presented in this papsr atso be useful for regulators and researchers
who might be interested in a broader view of risklgsis at the network level.

Keywords: risk analysis, risk communication, radrsportation, hazardous material, Geographic
Information System, optimization
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INTRODUCTION

The risk associated with rail transport of hazasdmaterial is an ongoing subject of interest to
industry, government and the public. A variety ppeaches have been considered or adopted to
manage and reduce this risk including: special atpgy practices to reduce the likelihood or
severity of accidentgl), improved training of personnél), and enhancing tank car safety design
(3, 4,5, 6,7, 8, 9). Another approach receiving considerable attenorerouting of hazardous
material shipmentglO, 11, 12, 13, 14).

Rerouting hazardous materials shipments with thiective of reducing risk is complex
because of the many variables that interact tcctffee risk. Quantitative risk analysis (QRA) of
hazardous material transportation dates to thesl9Ahthough advances in methodology continue,
QRA has matured to the point that it is an effectivol and has been used to inform decisions in a
variety of contexts. However, risk analysis, egdBc route-specific analyses often requires
sophisticated analytical techniques, large quastidf data and can produce a bewildering amount of
numerical results. The challenge for risk analist® interpret these large quantities of resaitd
convert them into useful information and effectiwebmmunicate with risk managers and other
interested partied5, 16, 17).

In 2008, the US DOT issued the interim rule, HM2E3 requiring U.S. rail carriers to
gather information on the products, routes andfaskors related to shipments of Toxic Inhalation
Hazard (TIH) materials and to determine the segurisks to high-consequence locations.
Consequently, railroads and government are nowgatyen the process of conducting large-scale
route risk analyses and will soon be in the pasitb having to interpret the results and consider
their effect on policy. The purpose of risk analyss to provide decision-makers and others with
objective information about how to effectively mgearisk. In some instances, it may also be
used to help understand how to most efficientlyosigoamong options to reduce risk. If the results
are too complex to understand, or are presented nmanner that is prone to misinterpretation,
these objectives will not be achieved and couldnelead to inappropriate conclusions and
decisions. The objective of this paper is to tlate some of the approaches to the presentation of
route risk analysis results that will aid in thpipper interpretation and communication.

The results used in this paper are based on astadg of shipments of one hazardous
material on the North American railroad network.e Véview the basic risk analysis method used,
but more complete descriptions of risk analysihimégues can be found elsewhéi8, 19). Our
primary purpose here is to use the results totrdis the techniques we developed to organize and
present results to enhance communication and metiaton. Different metrics and approaches to
normalization of the results are introduced towalinsight into risk management and planning. We
developed a number of new graphical methods torexeheommunication of the risk results and to
facilitate more effective consideration of risk igétion options. A graphical approach to evaluate
the benefits of track infrastructure improvemenprissented for illustrative purposes, but it is not
our intention to emphasize any particular altexeatifor risk reduction in this paper.

This study aims to help risk managers evaluate idedtify the most effective risk
management options i.e. the use of resources tihtprmvide the most efficient means of
improving safety. Identifying the critical locatienon each lane that account for the highest
concentration of risk, and understanding the moxgiortant contributing factors will facilitate
more effective consideration of how to best mandig&ibution risk. It will also help clarify the
mutual roles of carriers, shippers and municigitalong a route regarding risk management,
reduction and mitigation options. The techniquessented in this paper can also be used by
regulators and researchers who may be interestdudgher-level questions involving multiple
carriers and commodities.
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SCOPE OF STUDY

The hazardous material traffic considered in thislg consists of transportation routes from a

single origin traveling to eight different destiigeis (Table 1). These eight lanes involve trackage
owned by several railroads, including three différ€lass 1 railroads and two non-Class 1

railroads. The major factors affecting risk coesetl in this analysis were: segment-specific track
infrastructure, traffic volume, and population egpe along the shipment lanes. Tank car design
and product characteristics represented constati® ianalysis.

TABLE 1 Shipment Lanes

Origin — Estimated Railroad Carriers
Destination Mileage Class-| Non Class-I
L-A 2,22¢ RR-1 RR-4

L-B 1,064 RR-1 -
L-C 1,403 RR-1 RR-4
L-D 1,966 RR-1, RR-2 -
L-E 2,048 RR-1, RR-2 RR-5
L-F 1,396 RR-1 RR-4
L-G 2,463 RR-1, RR-2 -
L-H 1,97¢ RR-1, RF-3 -

REVIEW OF RISK ANALYSISMETHODOLOGY

We used quantitative risk assessment (QRA) metloggdio develop numerical estimates of risk
(18, 19). The analysis includes three principal stagese lamalysis, determination of risk
parameters, and risk calculation.

For the first stage, the preliminary shipment lamese determined using rail routing
software, PC*Miler|Rail 13 based on the specifia@jin-destination (OD) and intermediate
location points. Geographic Information Systems J(Gtlata layers were then obtained and
prepared using GIS software, ArcGIS Desktop 9.hesE data layers include U.S. & Canadian
railroad network dat§20) and population census dg@d). After the preliminary lanes had been
determined, the final shipment lanes were creatdguArcGIS. In addition to its analytical
power for handling the data needed for route risélysis, use of GIS also enables creation of
maps to convey geographic information and resaltged to risK22).

The second stage involved estimation of risk patarse This consisted of two parts: the
estimation of the annual frequency of accident-eduseleases and the consequences of the
release. The former deals with estimation of lsegment-specific tank car derailment probability
and release rates. The latter involves estimatfothe consequence in terms of the number of
people affected.

The final stage is to determine annual risk assedisvith hazardous materials shipments
for each lane and for all lanes combined. Thd fils& output comprises the quantitative estimate
of various risk metrics. In addition, several typd graphical output were developed to improve
the usefulness of quantitative risk estimates gk managers and to enhance the communication
of the risk results.
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RISK MODEL AND PARAMETERS
A formal definition of risk is the multiplication fothe frequency of an event, times the
consequence of that event. In this study, risk eedmed as:

S=MRC (1)
where S: annual risk of transporting the prodpetgons affected per year)
M: annual rate of tank car involvement in an FRfsortable
derailment on mainline track
R: conditional probability of release given thatnk car derails
C: consequence level, defined as the annuaktgh@umber
of persons affected

FRA track-class-specific accident rates were usedetermine M(23) and we assumed
that the likelihood of hazardous materials car ileent is independent of the material being
transported24). Track speed reflects FRA track class, which lbesn shown to be correlated
with railroad accident rate@5). For the Class 1 railroads involved, we usedrthaietable
speeds to infer the FRA track class and other dipgraestrictions for all segments of the lanes
considered. For the limited mileage of non-Clasgilroads involved, we used the industry
average derailment rate for this class of railro&28).

Tank car design has a major effect on conditiomabability of release given that a car is
derailed in an accident and the probabilities dgved by Treichel et al(26) were used to
determine R. Release probability is also affedigdrain accident spee@7). In the analyses
presented here, the average speed implicit in Aetiet al's statistics was assumed when
calculating tank car performance. This has thecefbf underestimating risk on track segments
whose average speed is higher than the averageiiniplTreichel et al, and over-estimating risk
on segments with lower than average speeds. U#lmaoute-specific estimates of risk should
take speed into account when calculating R, butisbBtatistics needed to properly account for
this effect are not presently available. This fation does not interfere with the objectives o th
paper. The study involved multiple car types wdtfierent design features, thus the aggregated
conditional probability, R', was computed using theighted mean of the different car types’
conditional probabilities.

The consequence, C, is the impact of the releask imngenerally affected by the
characteristics of the product (e.g. its toxicihdareactivity), the atmospheric conditions and the
proximity of people to the spill. In this studyet consequence is expressed as the number of
persons who might be evacuated or sheltered inepldige to a release, based on the
recommendations in the U.S. DOT Emergency Resp@sdebook (ERG)X28, 29, 30). The
consequence here equals the affected area, A, -mthenum area where the U.S. DOT
recommends that people be evacuated or sheltergdage in a hazardous materials release
incident, multiplied by the average population dgnim the affected area, D. In many cases, the
consideration of multiple release scenarios mayndeessary; however, for the material studied
here, only a single release scenario was analyzed.

Lane segments correspond to the rail links in #ikoad network data layer in the GIS
databasg20). Each link (segment) has a unique link ID assighgdhe FRA within the rail
network. For the shipment lane comprismgegments, Eg. (1) can be rewritten as:
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Total AnnualRisk, S = VR A Z L[ 2)
i=1
where V: annual shipments (carloads)
R" aggregated conditional probability of relegaen that a tank car
derails

A: affected area per the U.S. DOT ERG Guidebealommendation
Z: accident rate associated with lane segment
Li: length of lane segment
D average population density along lane segment
n: total number of segments in the shipment lane

Different levels of analysis can be considered ddimg on the degree of precision required.
That is, accident rate and population density mayabcounted for at the route level or the lane
segment level. The model formulation in this papemsiders lane segment-specific parameters in
the risk analysis. The diagram in Figure 1 proside overview of the principal input factors anel th
relationship between factors affecting hazardougenad transportation risk, and summarizes the
risk analysis framework for this study.

Product (~Hazard Consequence
g Exposure of Incident
Route . Accident
Choice [ ~\_  Mileage Likelihood
A

Track

Conditior Frequency
Traffic of Incident
Volume

v
Car . Speed Release
Design pee > Likelihood

FIGURE 1 Factorsand Relationships
Influencing Railr oad Hazar dous M aterial Transportation Risk
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OVERLAY ANALYSISUSING GIS

ArcGIS 9.2 with the Network Analyst feature was dige create the shipment lanes over the
national railroad network and population censustsréayers. A buffer, representing the exposure
area — the area within the radius from track ceetmal to the U.S. DOT ERG maximum
evacuation distance was created. Then, the avepapalation density of the affected area
corresponding to each lane segment was determifgaré 2) using Eq. (7).

FIGURE 2 Estimation of Consequence using Overlay Analysisin GIS

Affected Area, A = T1E (3)
where E = the U.S. DOT ERG recommended evaauatio
distance for the worst case release scenario
Exposure Area, U = BLi (4)
where B = buffer width = 2E
Population Exposure; P = > (048,) (5)
t
where aj; = area of census tragt (6)
coincident with the exposure area for larggremti
O = population density of census trgatoincident with
the exposure area for lane segnment
Average Population Density, D =" (B,3,) (7)
t
where (B = proportion of the area of census ttacbincident

with the exposure area for lane segnnent

PARAMETER ESTIMATES, NORMALIZATION AND REPRESENTATION OF RISK

The aggregated conditional probability of releasemthat a tank car derails i$ R0.1357 based
on different safety design features of the tanls cansidered and the proportion of each tank car
type. For the single release scenario considerediffected area that corresponds to the ERG
recommended evacuation distance for the hazardaterial studied is A = 0.785 fni Time-of-
day effects on population were not considered f@rpurposes of simplicity.
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Some risk questions require knowledge of absoluwasures of risk, whereas others are
more effectively considered if the metrics are nalired using, mileage, carload volume, or car-
miles, depending on the particular question or camispn being made.

graphical technigues were developed to aid in thealization of distribution of risk on or along

each lane (Table 2.

TABLE 2 Typesof Graphical Illustrations of Risk Results

Name
(Figure Number)

Description

Lane Comparison
Using Different
Normalization Metrics
(Figures 3A, 3B)

The annual risk is plotted along with the factdfecting risk (accident rate and
population exposure) to visualize the order of nitagie of risk and the factors
simultaneously affecting risk for each shipmentlanthe network.
Furthermore, normalization using different metiimatis applied to both of
these to understand how the metrics affect ther amfdemagnitude of risk as well
as the factors affecting risk for each lane.

Distribution of Risk
by Segment
(Figures 4A, 4B)

This type of chart shows the lane-segment riskredidy risk magnitude and
the cumulative percentage of total risk. Normal@aimay be applied to show
the risk estimates per unit of interest. Thesetstenable easy identification of
the highest risk segments and facilitate understgnof the percentage of risk
that is due to any particular number of segmeiatsk ordered from highest to
lowest

Risk Estimates on
Network Map
(Figures 5A, 5B)

The network maps showing segment-specific riskmeds help indicate
critical locations with relatively high accidentiea / risk on the entire shipment
network structure. This information may be useful €ollaboration between
chemical shippers, railroad carriers, and munidipalto develop appropriate,
mutually satisfactory risk reduction strategies.

Risk Increment Witt
Travel Distance and
Lane Segment Risk
Grouped by
Percentage of

Total Risk

(Figure 6A

This chart shows the plot of cumulative annual risk uerthe mileage along tl
shipment lane. The locations where significant glearin risk occur are readily
apparent. On the same chart, the lane segmentesipkessed in percentage of
total risk on that lane, is plotted together witle tcumulative risk along the
distance scale. The segments were divided intopgraacording to the percent
contribution to the total risk so that risk managean better understand the
distribution of low and higl-risk segment

Effects of Risk
Parameters
(Figure 6B)

The normalized accident rate, population exposame, annual risk are plotted
on the same scale against the distance axis. Taid attempts to show the
effects of each parameter on risk and to help stgtde appropriate risk
mitigation approach for critical locations along tbhipment lane.

Risk Profiles
aka “F-N curves”

Risk profiles or “I-N curves” depict the likihood of incidents versus vario
magnitudes of consequence. In the context of rakaldous material
transportation risk analysis, they show the anmatd or frequency of release
incident for different levels of the expected numbé persons affected. This
helps convey the information on the probabilitytrilisition of risk outcome

Differential Risk
Profiles(14)

Differential risk profiles in which the differendeetween two risk profiles is
expressed as an absolute or a percentage graptmd the magnitude of the
consequences. These enable comparison of two neptand facilitate

understanding the effects of changes or differguitons on risk at different
magnitudes along the consequence <

In addition, several
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SUMMARY OF RISK ESTIMATES

We developed quantitative risk estimates for eawtividual lane and for all lanes combined
(Table 3). These include accident rate (expectedber of hazardous materials cars derailed per
year), release rate (expected number of releasegepe), and annual risk (expected number of
persons affected per year). These absolute (nanal@ed) estimates provide a basic comparison
of each lane, while taking into account the laneedfr characteristics, i.e. length, population
exposure, and traffic volume.

TABLE 3 Lane Characteristics and Risk Estimates

Average Percentage

Number Segment of Lane Length Annual  Annual Total

of Lane  Length by Track Clas Accident Release Population Annual
Lane Segments (miles) 2 3 4 5 Rate Rate Exposure Risk
L-A 1,006 220 2 16 46 36 0.174 0.0236 337,268 5.17
L-B 463 230 1 12 30 57 0.015 0.0020 72,831 0.19
L-C 613 229 1 16 39 44 0.011 0.0015 237,563 0.41
L-D 819 240 4 18 45 32 0.011 0.0016 344,740 0.44
L-E 954 215 3 21 36 41 0.009 0.0012 818,035 0.68
L-F 598 234 1 16 39 44 0.002 0.0003 230,092 0.08
L-G 1,173 210 2 15 49 34 0.004 0.0005 1,772,312 0.65
L-H 790 250 2 15 39 45 0.002 0.0003 801,821 0.18
Combined 2,635 221 3 22 53 22 0.228 0.0309 3,637,2 7.80

INTERPRETATION OF RISK RESULTSAND RISK COMMUNICATION

Considerable attention has been given to the gesidngect of risk communication, however this has
generally focused on the policy perspectives ofigtiy or government communicating with one
another or the publi€31, 32). Far less attention has been given to technitatpretation and
communication of the complex results that risk gs@8 may produce. This is particularly
challenging for hazardous materials route risk yses. There will often be many types of
information for a variety of routes with unique geaphical elements, and several different
stakeholder groups, each with their own associetiedlests and perspectives. Information that is
suitable in one context for a particular group rbayof little value to others. In the following sea

we introduce and discuss several methods interdieelp this process.

Comparison of Lanes

Absolute estimates of risk such as those present&dble 3 provide high-level understanding, but
more detail is needed to address many types ofmakagement questions. In part this is because
shipment lanes are not compared on the same bassgquently normalized estimates may be more
helpful (Figure 3). There are different approactesiormalization when comparing lanes, for
example — population exposure versus risk (Figuse &hd accident rate versus risk (Figure 3B),
based on the risk results from Table 3 and lar@nmétion from Table 1. The normalized estimates
offer insight regarding the risk characteristics éach lane that different parties involved in the
supply chain may be concerned with. For example L-A has the highest overall risk because of
its high traffic volume; however, when risk perload is considered, its rank is much lower.
Conversely, Lane L-G appears to have low absoisite lsut in fact it has the highest risk per cadloa
and the highest risk per car-mile due to the coetigffects of distance and population distribution.
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These differences suggest differing strategiesisermanagement appropriate to the various
parties involved with these lanes. Normalized esti® offer shippers insight regarding certain
business decisions; shipments to different custermeay have widely different levels of risk that
could affect pricing. Another question that maysarinvolves selecting between routes with
differing degrees of heterogeneity in risk alongoate. This may lead to potentially conflicting
objectives among shippers, railroads and local @gen The shippers/railroads may prefer to
minimize overall risk whereas local agencies mayntme concerned with consequences in their
community or region. Each such case will havedalbcided individually but informed decision-
making will benefit from all parties having a cleanderstanding of the trade-offs involved.
Effective presentation of local versus system-leigd may help put such questions in perspective.
Such comparisons may also help communities unaet$taw local risk due to hazardous materials
compares with other, more familiar risks.

2.0 T 25
I W Population Exposure
Population Exposure per Mile

f
N
o

Risk (Persons Affected per Year)

15+ _

- —e— Annual Risk ]
—=— Annual Risk per 100 Carloads |
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=
o
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FIGURE 3 Lane Comparison Using Different Nor malization Metrics
(A) Population Exposurevs. Risk, and (B) Accident Rate vs. Risk
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Combined Shipment VersusLane-Level Analysis

The following graphical presentations of risk réswdre divided into two parts: the first considers
combined shipment lanes and the second, indivitlueds. The principal objective of combined
shipment analyses is to identify the highest-r@kations over an entire distribution network. This
information is particularly important for risk magyeas with responsibility for all traffic or an emti
network. For shippers, it may facilitate considieraof risk mitigation approaches such as enhanced
packaging or alternative routing. Carriers maywvigscompare all the segments over which they have
traffic and identify which ones offer the best oppoity for infrastructure improvement, or
deployment of technologies that could reduce antilikelihood (33). Comparison at this level may
also be useful to regulators’ decisions regardifogation of inspection resources. Converselyse¢he
comparisons may not be as useful to local autbsrgiong a route, except to help them understand
how their communities compare to others.

Individual Segment Comparison

Some aspects of effectively managing the risk negyire more detailed understanding at either the
system or lane level. In the case study, a smatiber of lane segments contributed a large podion
the risk. About 14% of the total number of segradnt 19% of total length) accounted for 90% of
total risk (Figure 4A). Closer examination showhdt the twenty segments with the highest risk
contributed 35% of the total risk, but less than dPhe total length (Figure 4B). Actions that redu
risk on these segments will have a substantiathatgr impact on reducing risk than would similar
improvements on other, lower risk segments in #rgar’s network. Information such as this carphel
guide certain risk management activities. If eo&irmation is available, these results can be tsed
develop cost-effectiveness analyses that will &rrissist in prioritizing actions.

Percentage of Cumulative  Percentage of Cumulative

Total Risk Percentage of  Total Risk Percentage of

(Logarithmic Scale) Total Risk Total Risk
10 100 6 - r 40

A Segment Risk 90 I Segment Risk -—
rg Cumulative Perce ——

1 — ; L
P Cumulative Perce 35

L r 80
0.1+ r 30
£ r 70
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r 60
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0.00014 L 15

30
20

0.00001+ r 10
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FIGURE 4 Graphical Representation of Combined L anes Risk Estimates
(A) All Segments, and (B) Top 20 Segmentswith the Highest Risk
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Geogr aphic Comparisons

The preceding approaches help identify the highadative risk segments; however, they do not
provide information in a geographic context. Soyees of questions may benefit from this type

of consideration. As mentioned above, use of GISvare facilitates production of maps that can
help managers visualize the risk associated wiflerént portions of the network being studied.

Segment-specific risk accounting for all of thdftcaof a particular material can be portrayed; in

this case in terms of both absolute and normalizdd(Figures 5A and 5B, respectively). Darker

segments indicate those with higher risk. For mbsaisk, shipment volume and segment length
are accounted for in the risk calculation. Normedi risk is the absolute risk divided by the car-
miles on the segment and thus the distributiorishf on several critical segments differs from the
former one. The merit of this is to provide appraie and useful information for the parties who

may need different information. For example, baseaur experience it is likely that the graphic

depicting the absolute risk estimate (Figure 5Anmre useful for shippers interested in knowing
where and how much their own current or anticipatieigments are contributing to risk. On the
other hand, railroads responsible for infrastruetquality and operation may be interested in
track-segment condition and risk distribution thgbaut their network regardless of shipment
volume and/or the differential segment lengthser€fore, they may find the normalized estimates
(Figure 5B) more appropriate and helpful for infrasture and operational improvement planning.

L
WA B
.
S o
Lowest Risk 2 Lowest Risk per Car-mile
= -
' -
@8 Highest Risk \ am Highest Risk per Car-mile Y
I-‘»‘;r‘ . "4

FIGURE 5 Map Showing Track Segment-specific Risk Based on
(A) Absolute Risk Estimates, and (B) Risk per Car-mile

Although these maps are useful for some types fdrnmation, they impose certain
constraints in understanding the relative risk glenroute. Other approaches that combine a
geographic element with differences in risk magtetican be useful in helping risk managers
visualize quantitative, lane-specific risk informoait Figure 6A portrays lane-segment risk data
divided into two groups with high and low-risk segmis plotted on a log scale, versus mileage
from origin to destination. In this example they®ent-risk-level threshold for the different
symbols is 0.1% of the total risk; that is, indived segments contributing more than 0.1% were
plotted using dark-colored triangles, and thosé Yess, with light-colored circles. This technique
clearly highlights the areas along the route thatantributing the majority of the risk. In this
case, 77% of lane length accounted for only 4%séf while 23% of the lane account for 96% of
risk. The solid line indicates the cumulative gertage of total risk proceeding from origin to
destination along the route. Locations with sufitsté changes in risk are indicated with
abbreviations signifying specific points along tbete.
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Risk Factors

Results such as these lead to questions aboutisvatiecting the elevated risk at various locations
along the route. In this example the product amé tar were constant throughout the route so the
two factors affecting the heterogeneity in risk aceident probability (which infers infrastructure
quality) and population density. Either or bothtloése may be contributing to the elevated risk at
particular locations. Figure 6B is intended tophakk managers visualize the degree to which
each parameter is influencing localized risk. Tégter “Z” on the chart indicates that risk is
mainly influenced by accident rate where®S indicates locations where population is the major
factor. Such information may suggest the most @gmpte risk management strategy to consider
for different locations, in particular where to saier infrastructure upgrades, operational changes

or emergency response training and planning.
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SENSITIVITY ANALYSISAND EFFECTS OF INFRASTRUCTURE UPGRADE

We conducted a sensitivity analysis of options ttwatld affect accident rate in order to understand
its effects on risk reduction and to illustrate htswcommunicate the results of such changes.
Based on a one-mile track segment for each FRA tedass, annual risk is plotted versus the
population level for the segment. Upgrading loWBA track classes has a much greater effect on
risk as population density increases compared twaging higher class trackage (Figure 7A).
This graphical technique helps risk managers utaaisthe relative benefits of these options in
different contexts.

Figure 7B illustrates the effects of track clasgraple on risk reduction along a particular
lane. It is interesting that although the lowestck classes have relatively high sensitivity,
improving these track segments does not have mifiebtt @n risk because they represent only a
small proportion of total lane length (Table 3)n @e other hand, the extent of risk reduction is
greater if class 3 tracks are upgraded to claattifhugh the cost would be much greater due to the
greater length of trackage involved. Such analgsgshelp managers in understanding that the
degree of risk reduction varies for different landge to the difference in geographical
characteristics such as infrastructure charadesiahd population distribution along the lane.

Annual Risk Cumulative Risk
(Persons Affected per Lane Segment Risk per Mile (Persons Affected
Year per Carload) (Logarithmic Scale) per Year)
0.045 0.1% 0.25
t (No Upgrade) 1
0.040- 0oLl (No Upgrade)
0.035 N 4020
i o (Class-2 Upgraded
0.0301 0.001¢ to Class-3)] o1s
0.025 I 4 (Class-3 Upgraded
0.0001+¢ |
0.020- : to Class-4)]
L 0.10
0.015- 0.00001+ | ]
0.010 i
0.05
0.000001+¢
0.005- ;MMEI?E?_A' :
oo~ Classd . | 000001 1 0.00
0 1,000 2,000 3,000 4,000 5,000
Population Density B Segments
A (Persons per Square Mile) (Ordered by Risk Magnitude)

FIGURE 7 Effectsof Track Infrastructure on Risk
(A) Effect of Track Class Changes on Risk as Function of Population Density,
and (B) Effectsof Infrastructure Upgrade on Risk Reduction

Risk management resources are often constrainaatstical purpose for risk analysis is to
help identify the most efficient means of reducingk. In the example above, instead of
upgrading all lower FRA track class segments, aenedfective strategy would be upgrading a
limited number that provide the most benefit. Tededmine the locations where track segments
should be upgraded to yield the most reductionigk, ran optimization model could be used to
determine the segments to be upgraded with thectbigeof minimizing the total annual risk.
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Using the expression of annual risk in Eq. (2), tipgimization model can be formulated in the
form of a Mixed Integer Programming (MIP) modelfadows:

Minimize Annual Risk, S = n ZZ: ClLZVRAE (8)
subject to -
iLik <X, fork=1 9)
le <C.L,.,, fork=1 (10)
and _ _
Ce= { é g;(l;\?v?szegment is to be upgraded (11)
Lk, Zk, R, A, D, X=0 (12)
where

Lk = length of lane segmentor decisionk

Zx = accident rate of lane segmemmbr decisiork

V = annual shipments (carloads)

R' = aggregated conditional probability olegde given that a tank car derails
A = affected area as per the U.S. DOT reconuaton

D = average population density along lane segment

X =total distance to be upgraded

n = total number of segments in the shipmame |

k = decision (1 if upgrade, 2 otherwise)

The length of the upgraded track is used as a paxigudget as the resource constraint in
the model. Furthermore, the formulation presertere neglects the differential track upgrade
costs for different track classes. However, it barmodified to accommodate various constraints
if more information is available.

DISCUSSION

Effective management of hazardous materials tratesipgan risk will generally benefit from
mutual cooperation between carriers, shippers hadrunicipalities along a route. Each of these
parties plays different roles in rail transportatissk management. Understanding their own and
each others’ roles, will facilitate better indiveluand collective decision-making regarding
implementation of risk management practices. Qtaivie route risk analyses generate a large
amount of numerical results that can be difficolt €éven one of these parties to interpret, never
mind all of them. Different portions of these date important to different parties, and the value
of various summaries and comparisons may vary dk wehis study provides examples of
different types of information that can be genetatén particular, shippers may have shipment
lanes they wish to evaluate and compare using warabsolute and normalized risk estimates.
Carriers may use the segment-specific risk estsndte focus maintenance planning and
equipment-health monitoring technology for hightkreegments on corridors (Figure 4). Similarly,
in coordination with shippers and carriers, muratiputhorities and regulators may allocate
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emergency response and inspection resources ébleedased on priorities established using the
types of information presented here (Figure 5A).pBasizing and clarifying these roles for each
party using the techniques and options describedhedp them better understand the critical
information most relevant and useful to each. ddigon to helping the different parties
coordinate their activities, these approachesalsib be helpful in assisting stakeholder groups to
understand the rationale for other groups’ risk ag@ment decisions.

CONCLUSION

This study presents results of a quantitative aiskessment of rail transportation of a hazardous
material. We introduce new graphical represematiof the results that are intended to more
effectively illustrate results to risk managers ammnmunicate them to other interested parties.
Various methods are presented to identify shipnieanés and segments that account for the
greatest amount of risk within various contexts gralipings. Within lanes, the segments with the
highest accident and release rates, populationttnand risk were also identified using various

graphical representations developed to enhance coication of risk results.

This study provides examples of graphical techrsqdeveloped to help risk managers
focus priorities for risk management and mitigatregarding hazardous material shipments and
facilitates comparison and communication of riskshe local and network levels. The study
provides examples of different ways that route asklysis results can be presented for the benefit
of various stakeholders and enable them to workvitdally and cooperatively applying safety
resources in the most efficient and effective mamossible.
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