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EXECUTIVE SUMMARY

The State of Florida has been recognized for its freight mobility and increasing volumes of
international trade. The movement of freight within and outsidetate is a major contributor to

its economy. A significant portion of freight handled in the State of Florida is transported by rail.

Along with the growing demand for rdileight transportation, safety at highwegil grade

crossings has posed a siggant challenge tthe Florida Department of TransportatifDOT).

Accidents at highwayail crossings may result in negative externalities, including loss of lives,

severe injuries, release of hazardous materials, property damage, etc. A signifidagit ofum
accidents have been reportedreth i g hway r ai | grade crossings 1in
years, which highlights the necessity of safety improvement projects at certain crodsegs.

main objective of this project was to develop methodebgnd decision support tools that can

improve safety atheh i ghway rail grade cr,comsderingte i n t he ¢
available budget constraints

In order to assist the FDOT personnel with resource allocation amohigkiveayrail grade
crossings in the State of Floridastandalone applicatiph HRX Saf ety ,waspr ovemen
designedThe standalone applicatiés ableto estimate the potential hazard values of the
highwayrail grade crossings in the State of Flormesed ontte FloridaPriority Index Formula

The Federal Railroad Administratiof-RA) crossing inventory database and the FRA highway
rail grade crossing accident databaseused to provide necessary inputs regarding the physical
and operatioal characteristics dfighwayrail grade crossingduringthe estimations dflorida
Priority Indexvalues for theshighwayrail grade crossingd he Florida Priority Index Formula
assesses a potential hazard of a given higinaihgrade crossing based on the average daily
traffic volume, average daily train volume, train speed, protection factor, and accident history
parameter. Unlike theommonly usedccident and hazamptediction methodologieshe Florida
Priority Index Formula computes the accident history parameted baste total number of
accidents in the lasitve years or since the year of last improveméantése thergvas an

upgrade).

Furthermore, the standal one iaabfetb coedactresounce i HR X
allocation among the most hazarddughwayrail grade crossings with the aim to minimize the
overall hazard or the overall hazard severity at the highhaidgrade crossing3.he latter
objectives are achieved by employmget of optimization algorithms, which prioritiaghway
rail grade crossingfor upgrading and select the appropriate upgrading type ifestallation of
flashing lights, gates, barrier curbs, camghased on eithdrazardreductionto-costratios or
hazard severityeductionto-costratios. The developed methddgy was applied to the
highwayrail grade crossings in the State of Floriflhe ®nsitivity of resource allocation
decisions to théollowing attributesvasanalyzed: (1) changes in the total available budget; (2)
changes in the number of available ceunteasures; (3) changes in the hazard severity weight
values and (4)changes ircrossing types considered (i.e., public or private or both). Finally,
some additional attributes of highwagil grade crossing$hatcould be considered throughout
prioritization of the highwayail grade crossings in tt&tate of Florida for upgradingere
highlighted.

Vi
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1. INTRODUCTION

This section of the report provides the background information for this project, including the
following: (1) Florihgbdsvayarhi sygt@deFtdpssaid
Hi ghway Rail road ;l(4nexistiog/chatteages; dr(B) project objentives.

Furthermore, the structure of the report will be outlined in this section as well.

1.1.Fl oridaés Rai l System

Freight transportation is a major contributor to the econiontlye State of FloridaAccording to

the Florida Department dfransportation (FDOT), ore than 1.02 billion tons of commodities
(imports and expor) are handled in the State of Florida annually (FDOT, 204 %)tal of

798200 rail catoads originated from the State of Floride2013 which is an increase of 4.4%

as compared to 20XEDOT, 2015) Ontheother hand, a total of 1,2@®0 rail caloadswere
destinedor the State of Florida in 2013, which is an increase of 3.7% as compared to 2012
(FDOT, 2015)F 1 ori dadés rail syst e mtrackage evbians ovsneddby of 2,
15 line-haul railroads and terminal companies, in addition to 81 track miles owned by the State
of Florida (FDOT, 2011). Track miles are defined as the total centerline length of mainline
trackage in a corridor. The American Asgtion of Railroads (AAR) classifies freight railroads
into Class I, Class |br Class Il) based on the annual gross operating revenue (GOR).
Specifically, freight railroads with a minimum annual GOR of $261.9 million belong to Class I,
while freight milroads which belong to Class,lare those with an annual GOR within the range
of $21.0 million and $261.9 million. Freight railroads with an annual GOR less than $21.0
million are classified as Class Il railroads (Xiong et al., 2007).

The State of lerida hastwo Class | Railroads (CSX Transportation and Norfolk Southern
Corporation), one Class Il Railroad (Florida East Coast Railway), and 11 Class Il Railroads
(Alabama and Gulf Coast Railway, Apalachicola Northern Railway, Bay Line Railroad, First
Coast Railroad, Florida West Coast Railroad, Florida Central Railroad, Florida Midland
Railroad, Florida Northern Railroad, Georgia and Florida Railway, Seminole Gulf Railway, and
South Central Florida Expred$)DOT, 2011) Both Class | railroads conndbe state to the

national rail network and provide service to the Eastern United States. The Class Il railroad
serves the densely populated Atlantic Coast Area (Jacksonville to Miami). Class Il railroads in
Florida serve various seaports and manufacturimigd u st r i es. Mor eover, FI o
provides access to 14 deepter seaportApproximatelyl14 million tons of different
commoditiesvere transported by raiht 2008 (FDOT, 2011).

Freightflows are foreca®idto increase in Florida within the next yedfggurel presents the
projected growth in freighftows by valuebetween 2007 and 2048ote thatFigurel was
preparedusingthe datareportedoy Mysore (2013). It can be observed from the chart that the
freight flows(by value)within the State of Flada are forecasted to increase by 150% from 2011
to 2040, while exports and imports are projected to increase by 350% angdr&gpeéttivelyA
substantial increase of freight flowsFloridais expected téurther increase the amount of
commodities, trasported by rail.
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Figure 1 Forecasted growth in freight fleby valuen the State of Florida.
Source: Mysorg€2013. Florida Statewide MultModal Freight Model

A highway-rail grade crossing is an intersection of a roadway and a rail track. Higlaay
grade crossingsan bedivided intothree majorcategories, which includél) public crossings

(comprise of all rail crossings on highways open to the travelibtiqy which are controlled and

maintained by a public authority(2) private crossings (consist of all rail crossings on highways
owned and used by the landowner or other entities licensed to gain acce$3);matkstrian

crossings (comprise of allir@rossings on highways used by pedestrians only). FDOT reported

that thereare 4,503h i g h w agsadecrassings (3,549 of them or 79% are pubighway-rail

grade crossingand 954 of them or 21% are privdiighwayrail grade crossingsn the State of
Floridabased on th@011data(FDOT, 2011). A map, which depicts the locations of highway

rail grade crossings in Florida (based on the data obtained for 2011), is preséngede?. In
cCrossi

addi ti on, t her e

7 gradeseparated crossings) (FDOT, 20Ilablel shows the statistics of highwagil grade

are 22 pedestrian

crossings in FloridaNote thatTablel was prepeedusingthedatar e por t ed by
Hi g h wa @radeGrasdingSafetyAction Plan (FDOT, 2011) [page 12 of the report]

TablelF | or i d a Grail glade grossirgyy

Crossing Type Location Crossings | Percent
Public At-Grade 3,549 73.4%
Public Railroad Over 49 1.0%
Public Railroad Under 280 5.8%

Public Total 3,878 80.2%
Private At-Grade 954 19.7%
Private Railroad Over 2 0.0%
Private Railroad Under 0 0.0%

Private Total 1,012 19.8%

Grand Total 4,905 100.00%

Fl

ngs

or i

d
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Figure 2H i g h waihgyadecrossinglocations in Florida (2011).
Source:lFDOT 201).Hi ghway Rai | Grade Crossing Safety A

1.2.SafetyatHi ghway Rail Grade Crossings

In the middle of the 18century, safety at highwawil grade crossings was not considessd
majorconcern in the United States (U,®&cause there weomly afew trainsand theywere
running affairly low speeds. However, as the number of highwaalygrade crossings increased
with more vehicle miles traveled, the number of highwailaccidents ioreased by the end of
the century; thus, safety at highweail grade crossings became a primary source of concern.
There were approximately 255,000 highwaiy grade crossings in the U.S. in 205@% of
which were open for public ug€hadwick et al., @14). At every highwayail grade crossing,
there isa possibility ofa collisionbetween a vehicle and a train. Moreover, theegisk of an
accidenthat does not involve a tragisuch as reaend collisions between a vehicitopped at a

3



highwayvrail grade crossingand another vehicle on the roadway, collision with a warning device
at highwayrail grade crossings (e.g., signal equipment or signs), andailision accidents
(whereby a driver loses control of the vehicle).

Accidentsat highwayrail grade crossings may resintnegative externalitiesuch as loss of

lives, severe injuries, release of hazardous materials, property damage, etc. Improving safety at

highwayrail gradecrossings has posed a major challenge to reléedetd andstate

authorities as they seek to improve safety and operatidiboth highway and rail traffic at

highwayrail grade crossings. About $3.8 billion has been devoted to the improvement of
g ruaSdheough Fenleyas tiapogtagion ifunding dloee since 1974
(FDOT, 2011).The implementedagety improvements brought approximately 84% reduction in

hi ghway

rail

highwayrail accidentbetween 1970s arD09.Figure3 shows the number @fccidents

injuries,and fatalities athe highwayrail gradecrossings in the U.$rom 2007 to 2017Note
thatFigure3 was prepared usine datareported bythe Federal Railroad AdministratiqfrRA,
2018&). Also, note thattie statistial data, which arpresented ifrigure3, may change due to
updates in th&RA highwayrail grade crossing accident/incident database
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distribution of injuries and fatiiles recorded between 2004 and 2009 by various types of rail
related accidents in Florida. Note tAatble2 was prepared using the data reportechiey t
Florida Rail System Plan (FRSP) (FDOT, 2010) [p2@®6 of the report]Based on the collected
data, it can be observed that the majority of fatalities occurred dughway-rail accidentsand
trespassingwhile the majority ofinjuries occurred due totheraccidentsThe following

sections of tts report provide more detailed information regardimghwayrail accidents and
trespassingccidents which generally occur d&tighwayrail grade crossings

Table 2 Distribution of injuries and fatalities by incident type in Florida (2004 to 2009).

Train Highway-Rail Other

Year Incidents Incidents Trespassing Incidents  Total
Fatalities 2004 1 19 20 0 40

2005 0 17 33 1 51

2006 0 10 28 0 38

2007 0 20 33 1 54

2008 0 25 26 0 51

2009 0 10 19 0 29

Subtotal 1 101 159 2 263

Injuries 2004 2 35 14 193 244

2005 6 21 22 178 227

2006 0 35 20 143 198

2007 2 66 16 160 244

2008 0 30 14 120 164

2009 1 8 8 127 144

Subtotal 11 195 94 921 1,221

Total 12 296 253 923 1,484
1.2.1.Highway-Rail Accidents
FRA defines a highwayail accidenes fiany | mpact between a rai/l
motor vehicles and other users) of the crossiregdesignated crossing site, including walkways,
sidewal ks, etc., associated with thedrossing

accidents athe highwayrail grade crossings Florida withthe number ofatalitiesin arange of

7 and 25 every year between 2007 and 2017Kggee4). Note thatFigure4 was prepared

using the dateeported byFRA (201&). Also, note thathe statistial data, which arpresented

in Figure4, may change due to updates in thRA highwayrail grade crossingccident/incident
databaseMoreover, a significant reduction in the number of acciderttsedtighwayrail grade

crossings after 2008 was attributed to a number of faethish include(FDOT, 2011): (1)

improved highwayrail grade crossings warning device®); ihcreased outreach and education;

(3) safer driving behavior; and) changsin travel pattera Based on more recent FRA data, a

total of 106 accidents wereredoe d at FIl or i dads pnailgtadecrosaims pr i v
in 2017 with 23 fatalities and45njuries. Asignificantnumber of highwayail accidents was

recorded ifarge metropolitan areas tfe State of Florida (the top 10 counties with the hsghe

number of accidents have a population of approximatelytiivds of thest at e 6s popul at i
Furthermore, out of 67 counties in Florida, there are 60 countiesheitiighwayrail grade

crossings. A total of 53 counties recorded highwnailyaccidengs) between 2000 and 2009

(FDOT, 2011)
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Table3 presents distribution ohighwayrail accidens by user type from 2004 to 2009
Florida Note thatTable3 was prepared usirtye datareported byFRSP(FDOT, 2010)page2-
34 of the report] The majority of the reported accidents (4&@idens or 83% of accidens)
occurred as a result of a train striking a highway .usé¢otal of 387 accidens (or 71% of
accidens) were caused by motor vehicldeing struck by train while 63accidens (or 12% of
accidens$) occurred as a result afpedestriabeing struck by a trairOtheraccidens (94
accidens or 17% ofaccidens) resulted froma train being struck by a motor vehicle
Furthermore, during the siyear period (2004 to 2009), the fataliaterecorded fronthe
accidentswherea train struck a pedestrianas highelascompared tdahe fatality rate recorded
from theaccidentsinvolving a motor vehicle and a train. Specifically, 65% of délceidents,
involving a pedestrian and a tramesulted in a fatality. Althougtihe accidentsinvolving a
pedestrian and a trgiaccounted for onlyt2% of all accidents, they resulted in 4@¥¢he total
fatalities. U.SDOT reported that the majority of fatalities recorded at highvealygrade
crossings are caused by risky behavior of driveJTF, 2011).



Table 3 Distribution of highwayrail accidents by ser type in Florid2004to 2009.

Casualties
Type and Highway User Total Incidents Killed Nonfatal
Train Struck Highway User 450 92 174
Motor Vehicle 387 51 164
Pedestrian or Other 63 41 10
Train Struck by Highway User 94 9 34
(Consists Totally of Motor
Vehicles)
Total Figures 544 101 208

FRA Office of Safety Analysis data alsudicatethat a large number of accidents and fatalities,
recorded in Florida between 2005 and 2009, occurrdeeaighwayrail gradecrossings

equipped withactivewarning devices, such astamatic flashing light@utomatic flashing ligtst
and gates, and cantilever flashing lights and g&P©T, 2011) According toFRA Office of
Safety Analysis, the majority of raiklatedaccidentsn Florida between 2005 and 2009tiae
following attributes: {) occurred at public crossing£) (occurred as a result of risky driver
behavior; 8) involved motor vehiclesand(4) occurred at locations with active warning devices.
The latter conclusinscan be supported by the informatioresented ifrigure5, Table4 and
Table5. Figure5 showsthe percentage of accidents, which occurred between 2000 and 2010 at
thehighwaysrail grade crossings with active warning deviceElorida A detailed information
regarding theccident type at the highwayrail grade crossings in Floridetween 2005 and
2009is presented iifable4, while adetailed information regarding the warning device type at
thehighwayrail grade crossings Florida whereaccidentsvere reportedetween 2005 and
2009 is presented iffable5. Note thatFigure5, Table4, andTable5 were prepared using the
datareported byrDOT (2011)pages 14, 15, andlof the report]
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Figure 5 Percentage adccidentsatthe highwayrail gradecrossingswith active warning devices
in Florida(2000 to 2010).

7



Table 4 Type ofincidenti all incidents(2005 to 2009).

Type of incident - Vehicle

Incidents Percentage

Stopped on 87 20.00%
Around gate 118 27.20%
Did not stoplyield 90 20.70%
Stalled 27 6.20%
Vehicle Abandon 10 2.30%
Car Crash 13 3.00%
Onto to Tracks 19 4.40%
Traffic 12 2.80%
Distracted 10 2.30%
Low Ground Clearance 3 0.70%
Suicide 2 0.50%
Device Malfunction 1 0.20%
Sub Total 392 90.30%
Type of incident- Non-vehicle Incidents Percentage
Pedestrian 30 6.90%
PedestriarBuicide 6 1.40%
Bicycle 6 1.40%
Sub Total 42 9.70%
Total 434 100.00%

Table 5 Type ofwarning devicat crossingi all incidents(2005 to 2009).

Type of Crossing

Incidents Percentage

Passive Crossings

Crossbuck 75 17.30%
None 6 1.40%
Sub Total 81 19%
Active Crossings without Gates
FlashingLights 12 2.80%
Cantilever Flashing Lights 8 1.80%
Traffic Signal 2 0.50%
Sub Total 22 5%
Active Crossings with Gates
Flashing Lights and Gates 146 33.60%
Cantilever Flashing Lights and 181 41.70%
Gates
Sub Total 327 75%
Other Crossings
Flagged by Crew 4 0.90%
Total 434 100.00%




1.2.2.Trespassing Accidents

One of theprimary causegof rail-related accidents, which result in fatalitiesthie trespass on
railroad rightof-way. Trespasser fatalities have exceeded the fatalities recortieghaayrail
gradecrossings after 1996, ansince then, has becomadeading cause of rarelated fatalities.
Note that some trespassing accidents occur at highaagrade crossings. A total of 775
trespassers were killed in the Utigtween 2005ral 2010 (FDOT, 2011) Figure 6 presentghe
number oftrespassaccidentan the U.S, as well as the number of injuries and fatalities among
trespassers between 2000 and 20de thatFigure6 was prepared using the daported by

FIl ori daods GradgGnoasssmgsSafdrydctidn Plan (FDOT, 2011)page 5 of the report]
FromFigure®, it can be observed that theseno significant reduction in the number of trespass
accidentswithin the 1lyear time period. The average fatality rate of trespasscidents
comprisesa478 fatalities per year over the considered/gar time period.
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Figure 6 Railroad trespass statistics in the U.S. (2000 to 2010).

According to FRAa total ofl75trespassers were killed (which accounted for approximately
65% of the recorded trespaascidentyin the State of Florida between@and 2Q0.

Moreover, B8 trespasser accidents resulted gigjuriesbetween 2005 and 201Bigure?7
presentshe number ofrespassccidentsn the State of Florida, agell as the number of injuries
and fatalities among trespassketween 2000 and 201Note thatFigure7 was prepared using

the dataeported by | or i d a 6 s GradgnoassmngSafdyddtion Plan £DOT, 2011)
[page 6 of the reportBased on the analysis of thdleoted data, the average number of trespass
accidentdetween 2000 and 2010 comprised approximatéaccidentper yeamwith the

average fatality rate @29 fatalitiesper yearA large number of trespassers in the U.S. are
pedestriansvho decide to walk across or on rail tracks in order to arrive faster at their



destination. Others engage in various activities very close to railroad, tsacksas loitering,
hunting, dog walking, bicycling, and riding aérrain vehicls, snowmobilesand other¢FDOT,
2010) Therefore, the majority of rail accidents due to trespass could be prevented if the
aforementioned human activities near railroad tracksesteicted, and the appropriate
educational activities regarding potential hazards rekoad tracksre conducted for the
public.
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Figure 7 Railroad trespass statistics in the State of FIqi2880 to 201Q)

The severity of accidents at highwesijl grade crossings demands special attenficset of
countermeasuresvhich have been widely usatithe highwayvrail grade crossings in order to
reduce the number of accidents and their severity in the State of Fiocidae the following
(FDOT, 2011): (1) installation of flashing lights at passive Wayzrail grade crossings with

stop signs only; (2) installation of gates at passive highaihgrade crossings with stop signs
only; (3) installation of gates at active highwaayl grade crossings with flashing lights; (4)

grade separation (i.e., consttion of bridges, overpasses, underpasses); (5) implementation of
methods, aiming to improve traffic preemption before arrival of trains at highavayrade
crossings (e.g., installation of advanced train detection systems, improvement of coordination
between signals at highwagil grade crossings and adjacent intersections, implementation of
advanced traffic signal control systems, installatioapgropriate warning devices); and others.

1.3.Fl or Higdsvay RpliolememtdPobgram
TheHi g h w drgad Rprovement Program the State of Florida is an initiative of the
Federal Highway Administration (FHWAyvhich was started on December 7, 1973 (FDOT,

2011)FDOT6s Centr al Safety OftheipogramWrder tha magrang, n e d
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FDOTGs Central Safety Office was required to perfdire following major taskg1) conduct
inventory of all highwayrail grade crossings in ttstate;(2) assigm U.S.DOT inventory
number to each highwanil grade crossing; an@) develop a formula to idefigiand prioritize
the most hazardousghwayrail grade crossing®r safety improvement project§he inventory
datg collated by Fbrida State Central Safety Office and other State D@Tissed by FRA to
preparehehighwayrail grade crossindatabaséor the entirdJ.S. Over the past decades,
funding for the program hdseenincreasedy FHWA from $4.2 million to $7.5 millio(FDOT,
2011). The State of Floridalso provides some funtis supporhighwayrail grade crossing
safety improvement programbhe provided Federdundsare generally sufficient to perform
safety improvement projectsmarly 35 to 45 candidate highwesil grade crossings annually.
Thei Bef or e and,carfdiced by theaGertral pafeity Officala candidate
highwayrail grade crossinghat wereselected for safety improvemenitsdicated a reduction in
fatalitiesover the years

A Safety Index Formuléwhich will be referred to as thifdoridaAccident Prediction and Safety
Index Formulan this report)was designednder the program by the Central Safety OffiClee
formula assists th€entral Safety Officéo identify and prioritize highwayail grade crossings,
which had the highest number of accidents. Specificallysdfety indexwhich ranges between
0 and 90is used to rankhe highwayrail grade crossings itne State oFlorida(Elzohairy and
Benekohal, 2000J.S. DOT, 2007) The hghway-rail grade crossings withsafety index value
of 70areconsideredssafe, whilethe highwayrail grade crossings withsafety index value of
60 (which is interpreted as one accident in nine yeaesgonsiderecdasmarginal. Some of the
variableghatare used in the formulanclude the number giredictedaccidents, train traffic,
vehialar traffic, trainspeedsand vehicle speed&(S. DOT, 2007). The formula was revised in
2005 to account for other important parameters, and a sensitivity analysis was conducted on all
the parametersA detailed description dhe FloridaAccident Predition and Safety Index
Formula used in the State of Florida, is provided in sec@@h5o0f this report.Based on the
formula andadditionalfield reviews, the Central Safety Office along with the District Railroad
Coordinators make recommendations on the tym®ohtemeasurseto be implemented ahe
highwayrail grade crossinghatare consideredsunsafe

Under t he Hi ghovament RragramrFD@Tdloes mopreqdiratiocal
governmerg fund safety improvemergrojects however, cities and countissll covera part of
theequipmenmaintenance cost (FDOT, 2011). Inthe stii® 906 s, t he Centr al R
became responsibfer t h e Hi g hmprogvenR@EProgranolbhedorganizational change
enhanceefficiency of the program, as well as facilitated compliance with the FHWA policies
and regulations. The Central Rail Office put a lot of emphasis on implementation of angee ra
of countermeasures thte highwayrail grade crossing§ome of the fairly lowcost
countermeasuregmtroduced athe highwayrail grade crossings, includiee following (1)
upgradehehighwayrail grade crossingurfaces(2) installation oftconstant warning time

program athehighwayrail grade crossings with variable train speeds; (3) gate mechanism
replacement program; (4) replacemehagedwarning signs and installation of reflective strips;
(5) installation of new pavement markingsand off the State Highway System; (6) replacement
of incandescent lights with light emitting diode (LED}la¢ highwayrail grade crossing
approaches; (7) installation of median barrier systamd(8) replacement of the existingi@ch

lens with 12inchlens.
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In orderto improve safety athe surface transportation system in Florida and reduce roadway
fatalities, FDOT developed the Florida Strategic Highway Safety Plan in 2005. The plan was
designed to allocate limited resources to safety improvemejecisahat would significantly
reducethe number ofatalities on roadways in Florida. In order to achieve the latter objective,

the plan exploits engineering, enforcement, education, and emergency management strategies.
Moreover, the 2060 Florida Transpatron Plan (FTPhighlights that the suggested strategies

are found to be effective as they continuously improve safety of all transportation system users in
Florida(FDOT, 2011) As indicated i | o r i d a 6 Rail Gradg Grasaing Safety Action
Plan(FDOT, 2011) alarge number of fatalities recorded on roadwayh@State oFloridais
attributed to the following: (1) intersectiaecidentg41.2% of fatalities); (2) aggressive driving
(34.8% of fatalities); (3) vulnerable road users (19.8% of fas)i and (4) lane departure

accidens (63.6% of fatalities{fFDOT, 2011) FDOT implements highwasail grade crossing

safety improvementrojects, which address each of the four main typesatiens that have

been reported to increase the percentage of fatafittbe State of Floriddvloreover, FDOT has

the constitutional authority to enhance safety at all public highaihgrade crossings in the

state. However, safety improvemeitpedestriarcrossings are jointly carried out by the local
government agemesand the railroad partner

FDOT considers a variety of highwagtil grade crossing safety improvement strategies.
However, when a highwanail grade crossing is identified as unsafe, FH¥p&cifies that the
elimination of the highwayail grade crossing must be considered as the first option. Elimination
options include(1) grade separating the highweail grade crossing; an@) closing the

highwayrail grade crossing to highway trafticrough relocation or abandonment of the rail

line. Elimination substantially reduces the risk of accidents by removing the point of intersection
betweerthe highway andherailroad. The decision to eliminate a highwayl grade crossing
depends on sdfg operational, and financial considerations. Moreover, the Fedat&olicy

Guide (FAPG) specifies that all grade crossings on freeways (roadways with full control of
access) must be eliminated irrespective of the highway or railroad traffic volu®eJOT,

1991). FDOT conducts a diagnostic field review annually to idetkighighwayrail grade

crossings for potential closuigetweern2002and 2011 FDOT haslosedmore than 85 public
highwayrail grade crossings and reduced the number of higlmailegrade crossingequipped

with passive warning devicésDOT, 2011) Before a highwayail grade crossing is closed,

FDOT serves all parties involved with a notice of potential closure.

Furthermore, FDOT uses a record of rail system to produamntinal safety indexwhich ranks
thehighwayrail gradecrossings in order of potential risk. A Diagnostic Field Review is
performed atheselected highwayail grade crossings, which are identified as unsafe. However,
certainhighwayrail grade crossings thhave higher prioritiedo not undergo field reviews
becausasafetyimprovements to the crossings will require elimination. FDOT evaluates various
safety improvement projects across the State of Florida and selects projects for implementation
based on thiollowing factors: () safety index; %) cost of implementatign(3) accidenthistory;

(4) corridor emphasisgnd(5) input from local governments and transportation partners. The
Diagnostic Field Review team identifies remedial meas(ihes are also ferred to as
countermeasures apgradey which may includehe following(FDOT, 2011):
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Warning Device Upgradedmprovements to warning device may consist of: (1)
installation of new, more reflective crossbuck warning signs at crossings that do not
requre automatic warning devices; (2) installation of other warning siibs flot Stop
signson tracksadvanced warning signguiet zone signs) and pavement
markings/treatments; (3) installation of automatic flashing light signals and gates at
public highway-rail grade crossings currently not equipped with automatic warning
devices; (4) installation of automatic flashing light signals and gates at public highway
rail grade crossings currently equipped only with automatic flashing light sighjls; (
signalcircuitry improvementst public highwayrail grade crossingsurrently equipped
with automatic warning devicend (6)replacement obutdatedbulbs with brighter
LEDs, allowing for greater visibility.

Interconnection: Signal circuitry improvements atghwayrail grade crossirggmay

allow coordination/signal integration of neighboring highway traffic signals and
highwayrail gradecrossing signals (automatic warning devices). Coordinated

preemption may reduce conflat crossings and give adequateacing time to

downstream vehicles. Some of the major challenges of this measure include varying train
speeds and typeas well as train stops at some highway grade crossings.

FDOT works closely with local governmeraind railroad companies to ingohent safety

improvements athehighwayrail grade crossings dhestate, county, and city roads using the

funds provided by FHWAto supportthéedi ghway Rai | r oad .Stage fumdsy e ment
areprimarily used to implement safety improvementghathighwayrail grade crossings, which
arelocatedonthestate roads (FDOT, 2011).

1.4.Existing Challenges

Based on the statistical data, providedhry U.S. Census Buredor 2018 the State of Florides
consideredhe third most populougate in the U.Sand comprises 6.5% of the total U.S.
population {J.S. Census2018).Florida is also the 22 largeststate by total area in the U.S
(FDOT, 2011)Moreovet due to the high population and average land mass, the population
density of Florida (343.8 perssfisq mi) isconsidered in one of theghest in the U.S. and the
highest in the southeastern region of the country. FDOT reported that about 201,040 million
vehicle miles of travel (VMT) were recordéedthe State of Florida in 201(&DOT, 2015). The
annuaVMT is an indicator of thdnighway usag@tensity The VMT furtherincreased by 4.3%

in 2014 and a 3.0% increase was recorded in the VMT per capita (which represented the first
increase in a decade) (FDOT, 2015). The majority of the population ttawetsk by

automobiles, and the average travel time to work is estimated to be approximately 26 minutes
(FDOT, 205B). The aforementioned statistics demonsgtiat the State of Florida is largely
urbanized. Based on the fact that stede is urbanizedhere is a large number of highwesjl

grade crossings in metropolitan areas, which further contributes to traffic congestion and high
accident rate on roadways (especialyhighwayrail grade crossings

Furthermore, the metropolitan areas in $egte of Florida (which generally have a high density
of crossings per rail mile) record a high volume of freight and passenger rail traffic. A total of
798,200 rail carloads were transported out of Florida in 2013, while 1,265,900 carloads were
moved intothe state(FDOT, 2015) Also, approximately 274,000 passengers traveled by train in
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2014. Florida East Coast Industries (FEKRHYye beemleveloping an intercity passenger rail
service, which will shuttle betweehe major cities inthe State of Floridancluding Miami,

Orlando, Fort Lauderdale, and West Palm Beach. The new rail service will further increase rall
traffic volume and speed in the metropolitan areas, where the majority of highilvgsade
crossingaccidents have occurred. Approximate@?4a of the reported highwawil grade
crossingaccidents, which occurred during the Rail Safety Improvement Act of 2008 (RSIA)
period (between 2006 and 200&kre recorded in the 10 most urbanized counties in Florida
(FDOT, 2011) A map ofthe State oFlorida, showing the population density by county, is
presented ifrigure8.

\ g e {‘*'*
DISON Hr.:.'f"m"l 5

Persons Per Square Mile

B 4500-999
I 1000-3286

*Calculation is based on total land area

Figure 8 Populationdensityby county(2015).
Source:U.S Censugq2015. Florida Demographic Information

FurthermoreFigure9 shows a map, which depidtgghwayrail grade crossingccidents by
county in Florida betweedanuary2013andDecembel017 Note thatFigure9 was prepared
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using the data available through A highway-rail grade crossingccidentincidentdatabase
(FRA, 201&). Also, note thathe statistial data, which arpresentedn Figure9, may change
due to updates in tHeRA highwayrail grade crossing accident/incident databBsesed on the
information, presented iRigure8 andFigure9, it can be concludetthat there is a close
relationship between highwagil grade crossing accidents and urbanization in Florida.

Specifically, coungs that had the highest population dengégerally hac significanthumber
of accidentsatthe highwayrail grade crossirgy
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Figure 9 Floridahighwayrail grade crossingccidentsy county(January2013 to December
2017).
Source:FRA(2018&). Accident/Incident Data

1.5. Project Objectives

Considering the growing demand for passenger and freight transport in the State of Florida and a
significant number of accidents, reportedhrethighwayrail grade crossings in the State of

15



Florida, this project aims to evaluate the exisawgident and hazagtediction models, used by

St ate DOTs and determine the model-ratgnadete woul d
crossings (based on its ability to prioritites highwayrail grade crossings faafety

improvement projecjs The model will be used to forecast the number of accidents or the

highwayrail grade crossing hazard (i.e., susceptibilitya @fivenhighwayrail grade crossing to

accidents) based on certain charactesstica given highwayail grade crossing (e.g., number

of rail tracks number of trainsAnnual Average Daily TraffifAADT ]; maximum train speed

posted highway speed limtlype of warning device used ahighwayrail grade crossingand

others). The nmber of predicted accidents or the highway grade crossing hazard will be
further used t o prralgnadetrosgimngs fér upgrading.a s hi ghway

Different types of countermeasures will be considered (e.g., upgrading the warning device,
improving traffic preemption, or even grade separationtfehighwayrail grade crossinghat
experienca significant number of accidents). An optimization medshkeded decision support
tool will be developed in order to assist FDOT with selectioth@highwayrail grade crossings
for upgrading and identification of the appropriate upgrading type, aiming to mirtineize
overall hazarctthe highwayrail grade crossingand consideringhe available budget
constraintMoreover,the hazardeverity will betakeninto account by the developed
optimization modebased decision suppoA.set of case studies will be conducted using the
data avail abl e -faibgradefrossings td shéwsasdgffigidney af yhe developed
decision support tool. Thproject is not onlyexpectedo improve safety of roadway travelers at
the highwayrail grade crossings but alsmensure continuity of freight flows in the State of
Florida.

1.6. Report Structure

This technical report is structured in the following manner. The next section provides an
extensive review of the statd-the-art and the statef-the-practice, discusses the existing
accident and hazagtediction models, which are recognized nationabgident and hazard
prediction models used [8tateDOTSs, as well athemethodshat areused for resource
allocation. Section 3 presents a comprehensive analysis of the existing methods aseiddat
and hazargbrediction at highwayail grade crosags describes the most common factors that
are considered by the discovematident and hazamtedictionmodels, and discusses
performance and implementation challenges cde¢hecident and hazamfediction models
Section 4 describdbhe FRA crossimg inventory databasendthe FRA highwayrail grade
crossing accident database, which will be further used throughout this pEgettbn Spresents
the candidateaccident and hazagtediction models, which will be analyzed as a part of this
project for thehighwayrail grade crossings the State of Florida, and provides a description of
the methodologwynd criteria that will be used to evaluate the candi@etelent and hazard
prediction modelsSection Gexhibits the results obtained from analysis ofdhedidateaccident
and hazargrediction modelsindpresentshe model thaits recommended to rank the highway
rail grade crossings in ti&tate of Florida for safety improvemembjects.

Section 7 presents theoptimization models which were developed to perform resource
allocation among théighwayrail grade crossings the State of Florida, describes the input
data, required by both models, and discusses the computationplezdy of the models.
Section 8provides a detailed description of the solution algorithms, which were developed to
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solve the proposedptimization modelsSection 9 evaluates the develomsdution algorithms

for all the public highwayrail grade crossings in the State of Florida and provides
recommendations regarding the most promising solution approach for each one of the proposed
optimization models Section 10 describes thset andal one application
| mpr o v emmehnasdaeveloped farioritize the highwayrail grade crossings in the State of
Florida for upgrading based on the Florida Priority Index (FPI) vahrm$ distributethe
available monetary resources among thghwayrail grade crossings to upgrade them by
implementing the available countermeasuf@sction 11lpresents a detailed description of the
computational experimentsvhich were performed tshowcase applicabilitpf the proposed
methodology for assessing potential overall hazard and hazard sevéhiéyhighwayrail grade
crossings in the State of Florida and performing resource allocation among the existing highway
rail grade crossings in the State of Floridection 12concludes this technical report and
provides a number of directions for futnresearch.
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2. REVIEW OF THE EXISTING METHODS FOR ACCIDENT AND HAZARD
PREDICTION AT HIGHWAY -RAIL GRADE CROSSINGS

This section of the report provides a detaiedew of the existing methods faccident and
hazardprediction at highwayail grade crossingsvhich was performed based on the available
literature. The identifiedccident and hazagtedictionmodels have been widely used Siate
DOTsover the past yearblote that the scope of this study did notuntd a survey amorfgtate

DOTsto determine whether trstates made any changes in #eeident and hazagtediction

procedures that were used in the past. Such survey can be conducted as a part of future research.

2.1.Previous Research Efforts by State DOTs

Different State DOThave taken a number of research attemppsedict the occurrence of
accidens at highwayrail grade crossingg hroughout the literature searchine State DOT
reports which arerelevant to the theme ttis project were identified The reports were
prepared by the Staef Virginia (1986) Alabama(1994) lllinois (2000) Missouri(2003)
Tennesse€012) Texag(2013) lowa (2015) Nevada2017) andOhio (2017) This section
summarizesindingsfrom the previous research effortsndertakeioy State DOTS.

2.1.1.State of Virginia(1986)

Virginia Highway & Transportation Research Council performed a study on the existing accident
prediction and hazard index models that were recognized nationally at that time (Faghri and
Demetsky, 1986)A total of 13 nationally recognized models were identified undatrdtudy,

which are presented ifeble6. Some of thoseno del s wer e evaluated i n t¢
abilities to employheavailable datandpredict the number of accidents and hazarexadat

highwayvrail grade crossings

Table 6 Modelsidentifiedby Virginia Highway & Transportation Research Council

ColemanStewart Wisconsin Utah

PeabodyDimmick Costa Contra County City of Detroit
(California)

Mississippi Oregon DOT (U.S. DOT)

New Hampshire North Dakota Rating System

Ohio Idaho

In addition to the identification and evaluation of the existing formulae, the study performed a
survey on theurrent methodoldgsapplied by 45 differerdtates as of March 198%he sirvey
results indicated that 32% of te@ates formulated their own modelghile 30% of thestates
employed théJ.S. DOT Accident Prediction Formulalso, 22% of thetates usethe New
HampshireHazard Indexrormula or a modified version of the New HashpeHazard Index
Formula, and 8% of thetates usethe PeabodyDimmick Formula 6eeFigure10). Note that
Figurel0was prepared usinthedatareported byFaghri and Demetskil 986 [page 6 of the
report}] Moreover, the study identified different factarecluded in various formulaand
repated the number adtates using each factor in their formus@éTable7). Note thafTable7
was prepared usirthe datareported byFaghri and Demetsk§l 986 [page 7 of the report]t
was found that the number of vehicles per daythechumber ofrains per day wertthe most
comnonly usedactors(used by 13 existing formulae and €8tes).
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Individual Formulae U.S. DOT Formula New

Hampshire/Modified
New Hampshire

Peabody-Dimmick No Method Reported

Figure 10 Formulae employed bystates(1986.

Table 7 Factors considered in the existing formula886).

Factor Considered

Number of Formulae
Containing the Factor

Number of States Using the
Factor in their Formulae

(n=13) (n=45)
Vehicles per day 13 43
Trains per day 13 43
Existing protection 10 37
Sight distance 7 14
Train Speed 6 13
Number of tracks 9 22
Highway vehicular speed 5 22
Accident records 5 23
Condition or type ohighway 3 20
rail grade crossing
Condition of approaches 3 6
Type of train 3 5
Approach gradient 2 6
Angle ofhighwayrail grade 5 5
crossing
Pedestrian hazard 2 1

19



Table 7Factors consideredinh e exi sting formul ae (1986)
Number of Formulae Number of States Using the
Factor Considered Containing the Factor Factor in their Formulae
(n=13) (n=45)
Distribution of vehicular and/or
train volumes throughout the | 3 14
day
Time highway-rail grade
L 1 1
crossing is blocked
Darkness 1 1
Number of traffic lanes 2 15
School buses and/or carriers o
) 0 5
hazardous materials

The study evaluated five most commonly used formulae and divided them into two gtgups:
relative formulagand(2) absolute formulae. The absolute formulae estirtregeexpected
number of accidentst highwayrail grade crossingsvhereas the relative formulae determine a
hazard indewaluethat is furthemused to rankhe highwayrail grade crossirgy A list of the
absolute and relative formulaevaluated throughout the studyshown inTable8. The esults
from the conductedtatistical analyss showed that thg.S. DOT Accident PredictiorFormula
outperformed the other four formulaeterms of raking the most hazarddughwayrail grade
crossingsn the State of Virginia

Table 8 Methods selected for evaluation and testing

Relative Formulae | Absolute Formulae

New Hampshire | DOT (U.S. DOT)

PeabodyDimmick

NCHRP No. 50 (Virgi nappbed sethied
by the conducting organization at that time)
ColemanStewart

2.1.2.Stateof Alabama(1994)

Bowman(1994) conducted a comprehensive study, airtongproveAlabamas Rail-Highway
SafetyProgram Under the study, a survey wasrformed amonthe HighwayRail Program
coordinators in eacttate of the U.S. (except Hawaii). The survey included a totzd of
guestionswhich were directlyelated tahe program administratiorstate poliges,current
practices, and planned enhancemeht®tal of41 responsewere obtained from the State
HighwayRail Program coordinators. Based on the analysis of the collected responses, it was
found that eacktate is mandated to haveaority schedus forsafety improvement projects at
highwayrail grade crosags. The priority schedule is generally developed basegobential
accident reduction, project cost, relative hazaril othestatespecific criteria. The following
accident and hazamtediction formulae were reported &gptes(Bowman 1994: (1) theU.S.
DOT Accident Prediction Formulaused by 1ktates (2) theNew HampshirdHazardindex
Formulai used bysix states (3) thePeabody Dimmick Formulaused bytwo states and (4)
theNCHRP Report 50 Accident Prediction Formulased byonestate. A total of 13tates
indicated that they used their owocident and hazamptediction formulae.
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Furthermorefour states did not use araccident and hazaptediction formulae at the moment
and developed the priority schedule baseguirlic compaints accident history, feedback from
railroad companiesndfield inspection®f highwayrail grade crossirgy Certairstates, which
used thdNew HampshirdHazardindex Formula, underlined that some modifications were made
to the original formula to qgaure important operational features and ensure the ranking accuracy
of highwayvrail grade crossirgg SomeState HighwayRail Program coordinators mentioned a
number of challenges, associated with implementatidhezccident and hazagptediction
formulae. More specifically, the.S. DOTAccident Prediction Formuldoes not account for
guadrant sight distanceadway approach characteristiaad puts a lavf emphasis on the
accident history. The study also highlighted ttextain inportant datare not available in the
FRA highwayrail grade crossingventorydatabase (e.gsjght distancenumber of buses,
passenger trains, school buses, hazardous material trangpartdrield inspections are

required in order to obtaithe neessary informatioffor theaccident and hazagptediction
formulae and resource allocatidrable9 presents a summary of the highwayl gradecrossing
prioritization method used bystates from the surveote thatTable9 was prepared using the
data reported by Bowman (1994) [page 38 of the report].

Table 9 Summary of prioritization methods from thenductedsurvey

Prioritization Method Number States Satisfied States Not Satisfied
of States with Method with Method
Peabody Dimmick Formula 2 2 0
New HampshiréHazardindex
6 5 1

Formula
NCHRP Report 50 Accident

L 1 1 0
Prediction Formula
U.S. DOT Accident
Prediction Formula 11 9 2
Other quantitative 15 12 3
Non-quantitative 5 2 3
Totals 40 31 9

Based on the collected responses, approximately 83tates using the New Hampshhiazard
IndexFormula were satisfiedith its performancéseeTable9). About 82% ofstates using the
U.S. DOT Accident Prediction Formuzere also satisfie(seeTable9). In terms of the average
project implementation time (i.e., the time froéine highwayrail gradecrossingdentification to
installation of the appropriate countermeajuadotal of 1%tates indicated that the average
project implemerdtion time varied between one and two years. The average project
implementation time of two to three years was reportetiiggates while four states indicated
that the average project implementation time was typically greater than four years. A total of
24% of responses indicated that the primary cause for delays consisted in the fact that the
railroad companies required a significant amount of time to process necessary paperwork (i.e.,
projectplans, cost estimates, and agreementsjgAificant numbeof states indicated that
delays generally occurred throughout the process of obtaining funding obligations from the
FHWA, state, and/or local agencies.
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Many Highway-Rail Program coordinators highlighted a poor accuracy of the data fiRihe
highwayrail grade crossingiventory databasdt was indicatedhat he information should be
updated in an appropriate mann@therwisethe adopte@ccident and hazamtediction

formulae will return the erroneous resufiad State DOTs will not be able to idénthe most
hazardousighwayrail grade crossirg which require upgradinghe study alsanentionedhat
manystates do not inspetiie description of accidents from tiRA highwayrail grade

crossing accident/incidedaitabase. Certain important fastoegarding the accidents (e.qg.,
struckby or striking the traintime of day, actioof a highway usérare not considered. The
latter may result in failure to select an appropriate and less expensive countermeasure (i.e.,
adding illumination in case d lot of accidents were reported during the night).

The report indicated that Alabama use@uastAccident Frequency Ethodto identify and
prioritize the highwayrail grade crossings f@afetyimprovemeniprojects(Bowman, 1994)
According to theQuastAccident Frequency Method, the priority schedule is developed based on
complaints and requedt®m local agenciesThe study suggested thae State oAlabama
should adopt th&).S. DOT Accident Prediction Formutbesed on the resultsbtained fron the
conductedsurvey and the fact that FRA supported 5. DOT Accident Prediction Formula
TheU.S. DOT Accident Prediction Formudand theQuastAccident Frequency Methodere
both used to rank the top #frations of thénighwayrail grade crossis in Alabama, which
were onthe FRA prioritized list. TheU.S. DOT Accident Prediction Formutautperformed the
QuastAccident Frequency Metho&pecifically, thaJ).S. DOT Accident Prediction Formula
identified more hazardous highwagil grade crossingas compared to tH@uastAccident
Frequency Metho@owman, 1994)TheU.S. DOT Accident Prediction Formukgasfound to
be effective in prioritizing crossings ktheiraccident potential

2.1.3.State of lllinois (2000)

lllinois Transportation Research Center prepared a report in collaboration with I@dis

regarding the evaluation of varioascident and hazaptediction formulagincludingthe

lllinois Expected Accident Frequen&prmulaused bylllinois DOT at themoment(Elzohairy

and Benekohal, 2000). A survey was conduetedng 4%tates in order to collecthedata

regarding thenethodologiesusedo prioritize highwayrail grade crossings for safety

improvement projects. A total 82 statesresponded to theurvey The factors considered in
eachaccident and hazagptediction formulaidentified under the stugdwerehighlighted in the

report Furthermore, the report indicated that the threshold values, used by State DOTSs to select
highwayrail grade crossms for upgrading, significantly varied (e.g., aezidentivery 10

years, 3accidens everyfive years, the highest hazard rating as funding allows, minimum AADT
value).Other important factorgonsidered bytateDOTsthroughoutaccident and hazard

prediction and prioritiation ofhighwayrail grade crossingsvere also discussethcluding

adjacent land development, heavily used truck/bus routes, political considgragjefcondition

of the equipment at highwagil grade crossings, and othefable10 summarizes findings

regarding the factors, thresholds, and other criteria used throughout the resource allocation. Note
thatTable1l0was preparedsingthe dataeported byElzohairy and Benekohal (200[pages 19

and 20of the repoiit
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Table 10 Factorsthresholds, and other criteti@ed throughout the resource alloca{ipd00.

Factorsin Formulae

Thresholds Used by Other
DOTs

Other Criteria in Addition
to the Formula

Daily average train movement
by traintype and length

Highest hazard ratings
funding allows

Adjacent land use and
development

Speed of each type of train

Oneaccidenteveryl0years

Political considerations

Number of blind quadrants

No firm minimum but
vehicular traffic > 1,000
vehicles per day

Nearmiss reports fronthe
railroad

Posted vehicle speed limit

Project must be in top 14#
the index list

Heavily used truck/bus route

Angle of intersection

New HampshirgHazard
Index> 4,000

Age and condition athe
equipment

Curvature of the roadway

U.S. DOT predicted
accidents (PAy 0.075

Restricted sight distance

Approach grade

Threeaccidens within five
years

Driveways and street
intersections nea highwayralil
grade crossing

Oneaccidentevery nine
years

Average daily school bus traffi

Number of school bus passeng

Surface type

Heavy truck traffic

Factor for hazardous materials
material hauling otheroadway

Average daily traffic

Average daily train traffic
(day/night, switch/through)

Number of tracks

Number of lanes

Type of warning device

Type of area (urban vs. rural)

Accidenthistory fumber of

accidentsn n years)

The survey respondents from thesB2es reported the following criterilaat are generally used
for ranking safety improvement projects: (1) higher hazard index/predicted accidents; (2)

benefitcost analysis; (3) site review of vehicle types (school bus, mass transit); (4) engineering

judgment and highwasail grade crossing geometry; (5) public cernms/complains; (6) service
condition; and (7) sight distance (Elzohaémnyd Benekohal, 2000). Along with the survey,
conducted among State DOTSs, the study presented a detailed whthe literaturewhere a
total ofsix accident predictiofiormulaeand five hazard indexormulaeweredescribedTable

11).
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Table 11 Existingformulaefor accident and hazagtediction(2000).

Accident Prediction Formulae | Hazard Index Formulae
PeabodyDimmick lllinois Commerce Commissn
Oregon Highway Commission| Mississippi Formula

NCHRP Report 50 The Oregon Method
ColemanStewart Model New Hampshirddazard Indexrormula
TSC Model Contra Costa County (California)
DOT (U.S. DOT)

After identifying the predictors considered by differstattes and their formulae, the study
performed a regression analysis to determine the factors thatth&actident frequency the
mostusing the datawvhichwere collected fothe highwayrail grade crossings the State of
lllinois. The following predictors were found to be the most influential:

Average daily traffic (ADT)

Average number of accidents per year (ANA)
Maximum timetable speed (MTS)

Number of day switch trains (NDST)

Number of day the trains (NDTT)

Number of lanes (NOL)

Number of main tracks (NMT)

Number of night switch traifgNNST)

Number of nighttime trains (NNTT)

Number of other tracks (NOOT)

Number of total trains (NTT)

Other multiplicative variables: ADT x NTT, ADT x NDTT, NOLNMT

= =4 -0_9_9_9_9_2°_2_-29._-2°9._-2-

Finally, the report recommended thke lllinois Expected Hazard FrequenEgrmula should be
replaced with the modgalieveloped within the scope of the report. It was suggested that the
recommended formuladhelllinois Modified Expected Accident FrequenEgrmulaor the
lllinois Hazard IndeXxrormulg could be applietb predict the number of accidentstia¢
highwayrail grade crossings irrespective of the location (urban/ruraljretgipe of warning
device.

2.1.4.State of Missouri{2003)

MissouriDOT, Research, Development, and Technology Division carried out a study in
collaboration with the University of Missou@olumbia/Rolla to evaluate sevancident and
hazardprediction models (Qureshi et al., 2003). Tasiderednodelsincluded (1) theU.S.

DOT Accident PredictiorFormulg (2) the CaliforniaHazard Rating-ormulg (3) the

Connecticut Hazard Ratirfgprmula (4) the Modified New Hampshirélazard IndeXxormulg

(5) theKansas Design Hazard RatikRgrmulg (6) the MissouriExposure Inde¥ormulg and

(7) thelllinois Hazard Index FormulaA newExposure Index Formulaas also developaghder

the study which was based on th&ansas Design Hazard RatiRgrmula andits performance

was evaluatedrhe performance of the models was assessed by the expert panel, which included
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the representatives fromMissouriDOT, FRA, U.S.DOT, and railroad companies. A set of
criteria was adopted in order to evaluate the candatatielent and hazamtediction moeils.
Table12 presentghe list of attributes, which were considered by the expert panel, inclinding
modelobjectives, keynodelvariables, and criteria for evaluationtbe models.Note thatTable
12 was prepared usirthedatareported byQureshi et al. (2003pages 1517 ofthe report]

Table 12 Attributes considered by the expert pafoelmodel evaluation

Model Objectives Model Variables Criteria for Model
Evaluation

Safety (should improve safety Annual Daily Traffic Accuracy of the model

Rankcrossings in order of Approachsight distance vs. | Number of difficult variables

relative priority recommendedight distance

Weighting factors (account fg Stopping sightlistance vs. | Explanation ability

importance of factors in recommended sight distance

calculatingthe number of
accidents or hazard index)

Accidentrate = 0 Speed of train Number of key variables

Accurately predict accident | Number of passenger trains | Inclusion ofthe highway-rail

frequency grade crossing type

Explainable andlefinable Speed of highway traffic Number of unavailable data
variables

Data elements available in | Total number of trains Total number ofvariables

highwayvrail grade crossing
inventoly databases

Should suggest highwanail Clearance time fathe Inclusion of weighting factors
grade crossing treatments | motorist(i.e., timeto cleara
highwayrail grade crossing

CovertheFHWA
requirements

The evaluation of each model was performed by developing a baseline rangixgighway

rail gradecrossing for each crossing control category (passive and adiiy#)e MissouriDOT

staff. After that theconsiderediccident and hazagptediction modelsvere applied in order to

rank the sambighwayrail grade crossingd he predicted rankings were compared to the
baseline rankingy which were suggested by théssouriDOT staff. The Spearman rank
correlation coefficient factor was used to assess the difference between the baseline rankings and
the predicted rankings f@ach one of the consideradcident and hazagtediction models
(Qureshi et al., 2003T.he evaluation results revealed thitae CaliforniaHazard Rating-ormula
exhibited the begterformancdor the highwayrail grade crossirggwith passive controlsyhile
thelllinois Hazard Index Formulautperformed the other models in case of active controls

More information regarding the evaluation results, obtained by the expert panel, is provided in
Table13. Note thaflTable13was preparedsingthe data reported by Qureshi et al. (2003) [page
30 of the report].
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2.1.5.Stateof Tennesse¢2012

Tennesse®OT in collaboration with the University of Memphis performestiady, which
aimed to allocatéhe available monetary resourcks safety improvement projectstae
highwayrail grade crossings in the State of Tennessekice the number of accidearsd the
accident severitgtthe highwayrail grade crossings (Debbenets, 2012). Under the study, a
review ofthe literature was conducted in order to identify and destirdexistingaccident and
hazardprediction formulae used bsariousDOTSs. Nationally recognized methods (e.g., the
Peabody Dimmick Formulahe New HampshirgHazardindex Formulg the NCHRP Report 50
Accident Prediction FormulaheU.S. DOT Accident Prediction Formulandstate specific
approaches (e.g., tlgaliforniaHazard Rating FormujaheConnecticuHazard Rating Formuja
thelllinois Hazard Indexrormulg for accident and hazaptediction were analyzed. The U.S.
DOT procedures for accident prediction and resource allocation atmehigghwayrail grade
crossingavere discussed as well.

Table 13 Summary otheevaluation results

Highway-Rail Grade
Crossing Control Type | Model Ranking

CaliforniaHazard Index

lllinois Hazard Index Formula

Modified New Hampshirélazard Indexrormula
U.S. DOT Accident Prediction Formula
Kansas Design Hazard Rating

Connecticut Hazard Index

Modified Exposure Index Formula

Missouri Exposure Index Formula

Passive

lllinois Hazard Index Formula

Kansadesign Hazard Rating
ConnecticuHazard Index

MissouriExposure Index Formula

Modified Exposure Index Formula

U.S.DOT Accident Prediction Formula
Modified New Hampshirélazard Indexrormula
CaliforniaHazard Index

Active

ONOORWNREONOOAWDNE

The study also provided a detailed review of Tleenessee Roadway Information Management
System(TRIMS) database, which contaitiseeimportant information regarding theghwayrail
grade crossings the State o ennesseée.g., crossing location, train volume, AADT, roadway
pavement type, number of travel lanes, posted roadway speed limit, tyyaelaiay functional
class, type of @ssing surface, type of preemption if available, type of warning device). The
TRIMS database also has the informatiegardinghe number of predietlaccidents, estimated
based on th&).S. DOT Accident Prediction Formul&or eachhighwayrail grade crosing
However, the TRIMS database does Ima¥ecertain information, which is used by other
accident and hazamtediction formulade.g., sight distance).

Two optimization models were developed as a part of the study in order to assist TDOT with
resourcellocation for safety improvement projectdfa highwayrail grade crossings in the
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State of Tennesse€&he objective of the first optimization model aimedrtaximize the total
accident reductignwhile the second optimization model maximizedttital weighted accident
reduction by severity categor total of three severity categories were considered, including the
following: (1) fatality; (2) injury; and (3) property damage. Three basic countermeasure types,
suggested by the canonical U.S. DOT reseullocation procedure (U.S. DOT, 2007), were
considered: (1) gssive to flashing light€2) passive to gatesnd (3) fashing lights to gates

The effectiveness factors of countermeasures and associated costs were adoptediagm the
Highway Grade @ssing HandbookJ.S. DOT, 2007). A number of sorting algorithms were
developed to solve the proposed optimization models. The sorting algorithms were bésed on
basic attributes, used throughout the resource allocation procedure and discussidilin the
Highway Grade Crossing Handbo@le., accident reductiarseverityreduction accident
reduction/cost ratig@andaccidentseverityreduction/cost ratigqU.S. DOT, 2007)

2.1.6.Stateof Texas(2013

The University of Texas at San AntoraadTexas A&M Transportation Instituteonducted a
study in collaboration with Texas DOT anHWA to develop a newnethodologyin order to
prioritize public highwayrail grade crossirgfor safety improvement projecis the State of
Texas(Weissmann et gl2013) Thestudy underlined that the State of Texas ubed exas
Priority Index, whichgenerally gave higher priority ranking ttee high-volume highwayrail
grade crossings based the accident historpncethe high-volume highwayrail grade
crossinghad been pgraded, the challenge was to make modifications iexisting
methodologysg, it could be applied for prioritization a@ielow-volume highwayrail grade
crossings

Throughouthe studysomeStateDOTs were contactedith a requesto providethe

information regarding the variableshich areused in theiaccident and hazagptediction
formulae In addition, otheaccident and hazaptedictionformulae were identified through the
review of literaturghat wasperformed under the studé.summaryof the collected information
regarding the keyariablesusedby State DOTs$n theaccident and hazaptedictionformulae

is presented ifable14. Note thatTable14 was preparedsingthe data reported By/eissmann
et al.(2013) [page2-3 of the report]lt was found that thexposure variable@rain volumeand
traffic volume),warningdevice typeandaccident historyvere the most common variables used
in the existingaccident and hazaptedictionformulae Number of tracksind sight distance
werealso found to be fairly common variables among the consid@m@dent and hazard
predictionformulae Traintype (passenger/freight)usor specialvehicleuseatthecrossing,
approactgrade, crossingngle, trairspeedpedestriarvolume, crossingondtion (e.g.,surface
type, humped/ndtumped)road/trackalignment road surface, antiighwaytype were used less
often in the considereaccident and hazamtedictionformulae (Weissmann et al., 2013

The study proposed an alternatimeasure againgie existingTexas Priority Indexwhichwas
referred to as the Revisd@@xas Priority IndexThe Revised exas Priority Indexor a given
highwayrail grade crossing estimated based on the predicted nunobaccidentgper year and
the number of accidents observed over thefilstyears. The predicted numbafraccidents per
year is calculated based on the following variafgsissmann et al., 201:31) protection
factori 0 "QQ¢ 'Q Q¥ E5061 if flshing lights; =0.2006 if gates; = 0 if passiveR)
highway pavemerit ‘00 & 0 & EQ'® paved; = 2 if not pavedB) Yi @ ®& Y@ 1 ifd &
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urban; = 2 if rural) (4) number of traffidanesi "Yi ® "QQ (B)ninber ofthemain andother
tracksi "Y€ & & & “Yb) éxtoaBightdistanceapproach I 6 w6 6 ;{7 )MiEaximumtrain
speedthroughtrains)i 0 @ @ "Y1); @INEnimumtrain speed (switching traing)0 "Q¢ "Yri; QQ'Q
(9) daily train volumei "Y¢ 6o &(10) vehicular AADTi 0 0 'Q(11)nearby roadway
intersectioi 0 Q&1 @ (5"OF gresent; = 2 if not presengnd (12higherroadway speed

limit between approach 1 and approadh@ QXD i"YO ‘© & .More details regarding the
RevisedTexas Priority IndeXormula is provided in sectidh4.18of this report.

Table 14 Variables used iaccident and hazamtediction formulae

Index E )
-~ 9 = E g
2 Z & g 2| 8§ ;
w « = = == | =
Ele|E] |Elg| |E|_|E|8|2|3|%|s|&|E
= B |8 = —|=lOo|a|” | |lx|lg |~
S|E|R T\ 8 (& a8 < |2 |0|C|& |~|n
> el l2|m | |a|lC | w|E|w|E(5 ||
c|” |28 |slAa|lF|A|lw|S |2 |5 |8 =l 8|S
Elg|lg|2|8|lc|g|l@2|2|2|2|2|%2|=-|=|E|E5
= E|5|E|E|B|E|2|E|E|E|5|E|5|F 22
== |2 |4 |Z |? |~ |8 |~|<|0 |~ |0 || (&= |3
Texas Vv V¥l v v | ¥
USDOT vE|vrlvr| o | v v vH 7= e
Pc?abm.iy 7| lom! o
Dimmick
New Hampshire | v | v |vV*
INCHRP VLV | VE| o
Florida V|V |V eV v | v v | v
iOhio VE | VK| R V| k| R
Mississippi v v
Wisconsin v | v v Ve v
North Dakota V| VRV VK| Ok vk | o V| v
Missouri v | v v v v
City of Detroit | v | v/ [v*| v |vV*|v*| v vk vk
Coleman-Stewart| v/ | v |v*| v | V¥

V - variable presenty * - variable present as a factor or ratidg; formula is an accident prediction equation
Source:Weissmanet al.(2013. Integrated Prioritization Method for Active and Passive

HighwayRail Crossings

TheRevisedTexas Priority Inde¥ormula was validated against the exisflixas Priority
IndexFormula for 9,10&ighwayrail grade crossirgjand 2011 accident datawas found that
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the Revised exas Priority IndeXormula was able to identify the most hazardagawayrail

grade crossimgthat have to be considered for future safety improveprejgctsmore

effectively as compared to the origifia@xas Priority Inde¥ormula More specifically, the
RevisedTexas Priority Inde¥ormula identified 13%, 21%, and 59% from the list of top 1%, top
2%, and top 25% most hazarddughwayrail grade crosings, respectively. On the other hand,
the originalTexas Priority IndeXormula identified 10%, 15%, and 57% from the list of top 1%,
top 2%, and top 25% most hazardbughwayrail grade crossirg) respectively.

The study also reviewed different metltmbiesthat are used to isswarrants for passive
highwayrail grade crossirgy The candidate methodologies were selected lmgeatential
compatibility with TexasDOT o6s Rai | D i, imitialelgibility (ipe.r theovarramiseas
applicable to public passiveghwayrail grade crossirgythat either had one or more accidents in
the past five years or serve at least two trains per daylicability as ahighwayrail grade
crossing management fpand permaence. A total of four nationguidelineswere analyzed,
including the following: (1)daho DOT; (2) lllinois DOT,; (3) FHWA; and (4) FDOT. As a result
of the conducted analysiswas foundthafe DOT 6 s met hodol ogy was stric
methods consided, as it selected 1,131 crossings for warrants. The methodologies, used by
lllinois DOT and FHWA, selecte@56 and810highwayrail grade crossirgyfor warrants,
respectively. It was concluded that the following factors should be considered in ordeeto is
warrants for passivieighwayrail grade crossirgyin TexasAADT, train traffic, accidentistory,
multiple tracks, school buses, parallel highway in conjunction with other risk factors, sight
distance obstructions, vehicular and train speaddurban/rural designation

Table 15 The TexasPassive Crossing Indesariables and weights

: Normalized
Attribute Weight
Five-year crashes 5.0000
Dalily trains 4.778)
Daily school buses 4.778)
Number of tracks 3.8568
Train speed 3.8568
AADT 3.2922
Nearby traffic signal 3.018
Sight distance 3.01@
Trucks per day 1.9300
Nearby intersection 1.8038
Highway speed limit 1.7132
Approach angle 1.5016
Dip/hump 1.0000

As a part of the study, BexasPassive Crossing Index was proposed in order to prioritize passive
highwayvrail grade crossirgy which received warrants, for safety improvement projects. The
TexasPassive Crossing Index was estimated as a weighted average of certain variables. A total
of 13 variables were selected for calculation of TegasPassive Crossing Index. The weights of
the selected variables were set using the data, collected throughout the workshop that was
conducted during the study from a number of researchers. The resfronseesearchers were
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normalized, and the estimated weights are presenfEabile 15 for eachone of the variables,
selected for calculation of thieexasPassive Crossing Index.

An adjustment factor for the Revis&dxas Priority Indexvas developed in order to give a fair
consideration to both passive and achighwayrail grade crossirgyn the priority list(since
activehighwayvrail grade crosags are likely to receive higher priority rankings due to a higher
number of accidents in the past five years). The adjustment factor was estimated for a given
warranted passivieighwayrail grade crossingased on the number of warrants ranedthe

numbe of accidents in the most recent fiyear time periodTherefore, application of the
adjustment factor makes the Revigaxkas Priority Indexequally sensitive to the number of
warrants, issued for passikeghwayrail grade crossirgy and the number afccidents over the
recent fiveyear time period, which are generally observed at abigl@vayrail grade

crossing. The following 10 warrants were suggested for padsigewayrail grade crossirg
(Weissmann et al., 20}:3

f Warrant 1: Past FiwtearCr ashes O 1
f Warrant 2: Trains per Day O 95% Cumul ati ve
1

Warrant 3: School Buses per Day O 94% Cumu
Crossings that Serve School Buses

Warrant 4: Total Number of Tracks O 2
Warramt 5: Train Speed 049 mph and AADT O 75¢9
Urban/Rural Areas

f Warrant 6: Either AADT or Exposure O 95% P
Percentile for Urban Areas

= =4

T Warrant 7: Average Number of HHeavy Vehicle

T Warrant 8: Passenger Trains/ Day O 1

1 Warrant 9: Presence of a Stopped Sight Distance Obstruction (0<Stopobs1<8 or
0<Stopobs2<8)

1 Warrant 10: Highway Parallel to and less than 75 ft from Tracks when Other Factors Are
Present

The study proposed an integrt@ethodology to prioritizéhe highwayrail grade crossirgyfor

safety improvement projects. The methodology starts with prioritizing separately passive and
activehighwayvrail grade crossirgy Active highwayrail grade crossirggshould be prioritized

baed on the Revisetlexas Priority Indexwhile passivédiighwayrail grade crossirggshould be
prioritized based on the Revis&€dxas Priority Indexand theTexasPassive Crossing Index. The
overall priority list should be developed by combining the topipassd the top active

highwayvrail grade crossirgy After that, thdighwayrail grade crossirggfrom the overall

priority list should besorted based on the Reviskekas Priority Indexvith application of the
adjustment factolor warranted passivieighway-rail grade crossirgy The remainindnighway

rail grade crossirgyshould be also sorted and added to the list. Upon development of the priority
list and sorting théighwayrail grade crossirgbased on the adjusted ReviSexas Priority

Index theappropriate recommendations should be given regarding safety improvement projects.

30



2.1.7.State of lowa(2015)

lowa DOT in collaboration with thinstitute for Transportatioat lowa State Universitjocused
on develoment ofa methodology to prioritizéhe highwayrail grade crossirgfor safety
improvement projects in the State of loflawa DOT, 2006; Hans et al., 2013%)s a part of the
literature review, the study discussed wealbwnaccident and hazafdrmulae, which have
been used by State DOTSs, inding theKansas Design Hazard Rating Formukee California
Hazard Rating Formujahe U.S. DOT Accident Prediction Formula, thew Hampshire Hazard
Index Formulathe Texas Priority Indekormula, and other@ians et al., 2015)n 2002,lowa
DOT perfameda corridor study of the Union PaciWestEast mainline across lowa, aiming to
investigategrade separation and consolidatadrihe highwayrail grade crossirgy(Hans et al.,
2015). Some data inconsistences were pointed out, as the data had rooilbetad on a regular
basis and were outdated. Also, it was mentioned that cérghivayrail grade crossirghad a
fairly low exposure ratingout the expected number of accidents was significant (Hans et al.,
2015).

A safety action plan fahe highway-rail grade crossingsas developed bpwa DOTin 2012

The purpose of the action plan is to reduce the number of accidédmhathwayrail grade
crossing in the State of lowa, identify the most hazardugkhway-rail grade crossirgy and
determne specificengineeringolutions for improvindhe highwayrail gradecrossing safety
lowa DOThas been usintie benefitcostanalysis in order to allocate the available monetary
resources amorthe highwayrail grade crossirgjthat require safety improvement projects. The
benefitcostanalysis is based @evermajor steps, which include the followinipywa DOT,

2000: (1) alculate exposur€?) calculatethe number opredicted accident$3) calculate the
accidentseverity (4) calculate the societal cQgb) calculate benefi (6) calculate cost and (7)
cdculate the benefitost ratio.

The exposure of highwayrail grade crossing estimated basesh the AADT, the number of
daily trains, and the timef-day exposureorrelation factorThe number of predicted accidents
is calculated using the exposure valuain-movement factors, roadway ahjhwayrail grade
crossing characteristics, and typetu existing warning devic&imilar to the U.S. DOT
Accident Prediton Formula, the initial number of predicted accidents is adjusted basbkd on
accident history over the lafste years.The accident severity (i.datality, injury, or property
damaggis assessed based on tluenber of train movements attte environment factors
associated with Righwayrail grade crossingviore details regarding estima of the predicted
accidents and accident seveigyprovided in sectio.4.7of this report.The societal coss
calculated aa summation of the total costssociated with fatality, injury, armoperty damage
accidents. The costs of edealtality, injury, andproperty damagaccident are assumeal lve
$1,000,000, $320,000, and $26,000, respectivelyd DOT, 2008.

The benefits are estimated based on the effectiveness factors associated with the countermeasure
that will be applied at a givemghwayrail grade crossingrhe effectiveness factor is the rate of
reduction in the number of predicted accidexitsr implementation of a given countermeasure

(U.S. DOT, 2014)The values oéffectiveness factarfor the common types of countermeasures
(e.g.,passive to flashintights, passive to lights and gatesstallation of anedian at crossings

with gate$ aretypically adopted from th&radeDec.NE'Reference ManugU.S. DOT, 2014

and the data ailablethrough lowa DOTOnce the total costssociated with a given safety
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improvement project is estimated, thenefitcostratio can be further calculated for
implementation of the selected countermeasure at a bigwayrail grade crossing

The study, conducted by Hans et al. (20bighlighted that the following factors should be
considered throughout selectiontbé highwayrail grade crossirgyfor safety improvement
projects:

1) Demandfactors(AADT, heavytruck annual average daily traffifAADT], proximity
to emergency medicakervicedEMSFRQ3i within 3 miles EMSFREQG" within 6
miles], distance to the nearemmergency medicalervicel EMSDIST], proximity to
primary and secondary schopSCHFRQ2 within 2 miles SCHFRQG6" within 6
miles], distance to the nearest schBBCHDIST], roadway systerfRDSYS]1 capturing
potential effects ofhecrossing closure on the lowa transportation system

2) Alternate route factorgout-of-distance travelALTDIST] T capturing potential effects of
thecrossing closure on motoristdternate routaccidentrate[ALTRATE]);

3) Other railroad and roadwayrelated factors considerduaut not included in the analysis
(e.g.,proximity of an intersectiorhumped crossings

A weightedindex method and an accompanying Microsoft Excel spreatlbhsed tool were
developed for prioritization dhe highwayvrail grade crossingsased on the aforementioned
factors.The factors were weighted based on the location of highraidgrade crossings (e.g.,
urban vs. rural)Examples of factor weights farban and rural areas, which were provided by
the study, are presentedTiablel16. Note thatTable16 was preparedsingthe data reported by
Hans et al. (2019page35 of the report].The weight values were determined based on
consultation with th&echnical Advisory Committee membéksans et al.2015. The
advantage of usinguchweightedindex methodtonsiss in the fact thathe weight of different
factors could be adjusted if the priorities of any factors charfgecomposite indexes were
computed for both urban and ruhajhwayrail grade crossingssingMicrosoft Excel
spreadshest The estimated index values were furtiiged to rank urban and rufaghwayrail
grade crossings

Table 16 Examples of factor weights for urban and rural areas

Factor Urban Rural
AADT 0.16185 0.16185
ALTDIST | 0.17341 0.17341
TAADT 0.04624 0.04624
RDSYS 0.08671 0.12139
EMSFRQ3 | 0.12717 -
EMSFRQ6 | - 0.12717
EMSDIST | 0.12717 0.12717
SCHFRQ2 | 0.08671 -
SCHFRQ6 | - 0.06936
SCHDIST  0.08671 0.06936
ALTRATE 0.10405 0.10405

Source: Hans et a[2015. Development of Railroad Highway Grade Highwgil Grade
Crossing Consolidathn Rating Formula
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2.1.8.State of Nevad#§2017)

Ryan and Mielk€2017)investigatedhe traditional methods, whidiave been used prioritize
highwayrail grade crossirgfor safety improvement projectshe traditional methods reported
in the study wereg(1l) theNew Hampshire Hazard Indé&ormulg (2) theU.S. DOT Accident
PredictionFormulg (3) thePeabodyDimmick AccidentPredictionFormulg (4) theNCHRP
Report 50 Accident Predictidrormulg and(5) theTexas Priority Inde¥ormula.The report
referred tawo majorsurveysthatwere previously conducted among State DOTSs, aiming to
collect the data regarding thecident and hazamtediction methods used for highwesil

grade crossings. The first survey was conducted in (tB86State of Virgiia), while the second
one was performed in 20@the State of lllinois)A total of 45states participated in the first
survey, while the second survey had 32 respondents. The results of both surveys are summarized
in Figure11. Note thatFigure1l1lwas preparedsingthe data reported yyan and Melke
(2017) [page 7 of the reporBased on both surveys$,dan be observed that the majority of
states use their owformulaefor accident and hazagtediction methods at highwagil grade
crossings. A significamumber ofstates us¢heU.S. DOT Accident PredictioRormula.

No Formula Mentioned -8‘%0%
Custom Formut e —

NCHRP Report 50 -n/a3%
m 2000

Peabody-Dimmick Formula % 8% W 1986
USDOT Accident Prediction Formula ‘%30%
New Hampshire incex | il 2%

0% 10% 20% 30% 40% 50% 60%

Figure 11 Accident and hazarpredictionformulae employed by State DOTR017).
Source:Ryanand Mielke(2017). Development of Revised Grade Highvirail Grade Crossing
Hazard Index Model

Throughout the study, a set of peer interviews were conducted with the DOT representatives
from the followingstates: (1) Arizona; (2) Oregon; and (3) Utdhe states were selected based

on a number of similarities with Nevada, including location, laogal areas, and significant
presence of trucking activities related to extraction of natural resotifeeg\rizona DOT
representative indicated that they use the Texas Priority Index for prioritahgghwayrail

grade crossings. However, it was highlighted that the Texas Priority Index does not account for
certain important factors, such as train speeds, school bus usage, transport of hazardous
materials, urban/rural distinction, and others. Furtheemsiakeholders play an important role in
selection othe highwayrail grade crossing safety improvement projéctdrizona A custom
accident prediction formula is used by Oregon D@fiichiscalled he A Jaqua model 0.
discretion can be applied blye Oregon DOT representatives throughout selection of the
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highwayrail grade crossing safety improvement projeEts examplea crossing witta lower
priority can be upgraded first if the implementation project would not result in bus route changes,
adacent crossing closures, increased truck traffind/or other negative externalities

The Utah DOT representative indicated that they useR#eWeb Based Accident Prediction
System (WBAPS), which is based on the U.S. DOT Accident Predietionula. W\BAPS is

used to create a list of top 50 highwayl grade crossingglowever, the ecident prediction is

only a starting point throughout the decision making. Individual highagygrade crossing

reviews are conducted to collect the additional data, (@tgspecific safety issues, local

weather conditions, highly skewed intersections) in order to select crossings for upgrading. Two
importantsafetyrelatedissuesat the highwayrail grade crossingsere pointed out by the Utah

DOT representative dumgnthe conducted interview, including: (a) pedestrian safety; and (b)
traffic signal preemption.

The study highlighted that apart from the traditional factelsch influenae the occurrence of
accidentsand are commonly used in thristingaccident andhazardprediction formulade.g.,
highwayandtrain volumes, existing warning devices, autidenthistory), some other factors

may significantly influencéhe number of acciden& highwayrail grade crossingd he report
provided refeta€CrudeeyRati & BMiudiye@sa@and AMi nnesot a
Crossing Saf et (istiiyithe follewing faGoegRyar and Mietkke2017)

Minnesota Crudeby-Rail Study
1 Traffic and train volumes and speeds
1 Population in hazmat evacuation zongh¢ols, senior communities, etc.)
1 Makeup of vehicle traffic including heavy truck and school bus
1 Physical conditions athighwayrail grade crossing

Minnesota DOT Rail Grade Crossing Safety Project Selection
Roadway and train volumes

Roadway and railroaspeed limits

Number of mainline tracks

Highwayrail grade crossingngle

Distance to nearby intersections

Distance to nearekighwayrail grade crossirg

Sight distance limitations

= =4 -8 -8 -9 _9_-°

Thehighwayrail grade crossingharacteristics that were most commomégd by theonsidered
accident and hazamtedictionmethodologiesire presentenh Figurel2. Note thatFigurel12

was preparedsingthe data reported Idyyan and Mielk€2017) [page 28 of the report]. Based

on the collected data, it was found ttiatrain volume andhe highway traffic volume were the

key components for each one of the considammident and hazaptediction formula. The

latter finding can be considered as intuitive, as every additional train and every additional vehicle
increase the likelihood @naccident at a given highwanail grade crossinglhe hghway speed

was considered only in the methodologies, used by the States of Oregon and Minnesota.
However, train speed was included in five of the considacettient and hazamfediction

formulae. Other fairly common model inputs included the following: information regarding the
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existing warning devicegccidenthistory,accidentseverity, number of tracks, distinction

between urban and rural crossings, and sight distance restridienbighwayrail grade

crossing geometric characteristics (e.g., crossing angle, approach curves/grades) and surrounding
environment characteristics (e.g., population charatites, presence of school @3 were

taken into account only by a feaecident and hazaptedction formulae.

Crossing Characteristic
Highway Traffic Volumes
Highway Speed| | | ] [ |

Train Volumes

Train Speed - --

Existing Warning Devices
Crash History

Crash Severity

Number of Tracks

Number of Highway Lanes
Highway Pavement
Urban/Rural Classification
Sight Distance Restrictions
Crossing Angle

Highway Approach Geometry
Rail Approach Geometry
Proximity of Highway Accesses
Proximity to Highway Intersections
Functional Classification -

Hazardous Materials ]
Commercial/Heavy Vehicles
School Buses

Passenger Trains .
Nearest At-Grade Crossing

Population Characteristics
Physical Condition of Crossing
Railroad Close Call/Near Miss List

Figure 12 Factors used iaccident and hazaptedictionformulae(2017).
Source:Ryanand Mielke(2017). Development of Revised Grade HighviRail Grade Crossing
Hazard Index Model
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Table 17 Summary othe potential hazard index inputs and reviewed factors

Characteristic

Description

Proposed Hazard Index
Variable Options

Average Daily
Traffic

This factor was found to have a clear
correlation withaccidens and near misses an
should be the base input for the proposed
hazard index.

Raw ADT Count

Average Daily | This factor alone was found to have a small | § Raw Train Count
Train Counts | correlation withaccidens. If used, an adjusted| § Multiplier based on
input value based on thresholds may be threshold (610 trains,
appropriate 11-20 trains, etc.)
Exposure This factor was found to have a stronger
Index (ADTx | correlation toaccidens and near misses than | § Raw Exposure Index
Train Counts) | the use of each factor individually. In order t¢ § Modified Expcsure Index
avoid overemphasis of higlolumehighway (e.g., Squared Root of
rail grade crossing this factor may also be Index Value)
modified such as through the use of squaring
the index value.
Highway The correlation betweeaccidentates and 1 Raw posted speed
Speed highway speed tended to be grouped into f Speed Factors:
similar rates for three distinct speed limit Ut O 30 mph =
ranges. Highway speed could be factored be U 3565 mph=1.25
on these ranges caw speed limit alone could U 70 mph = 1.50
be applied as an unmodified factor.
Train Speed | Due to the lack of correlation between train
speed andccidens or near misses, itis not | No recommended variable
recommended that the proposed hazard indk
include a variable for this characteristic.
Urban/Rural | The granular distinctions between varying
levels of urban and rural designation are bet| No recommended variable
handled usig highway ADT or Exposure
Index.
Current The presence of existing warning devices wi| Protection Factors:
Warning play a role in estimating levels of safety. Thel G Passive or Flashing
Devices use of a protection factor will also aid in the Lights Only = 1.0

determination of when theert level of
improvement is warranted. While this review
found no difference between gates with or
without medians, the existing research suggq
that a higher protection value is warranted fqg

gates with medians.

U Gates=0.5
U Gates with Medians = 0..
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Table7Su mmar vy

of the potenti

al

hazard i ndex

Proposed Hazard Index

Characteristic | Description Variable Options

Truck The review found very slight correlations 1 Multiplier based on

Percentage between truck percentage asctidens. percentage (e.gl1.07 for
However, the existing research shows that 7 percenbf trucks)
accidens involving heavy vehicles are much | §  Multiplier based on

more likely to result in fatal or injurgiccidens.

thresholds (6%, 610%,
etc.)

Table 18 Summary otheNevadaHazard Index Modetvaluationanalysis

Correlation Correlation
with Expert with Data .
ragnn £pprogon Panel Crash/Near | Availability | ComPIexiy Hecommenaed
Ranking Miss Data

Linear Medium Medium High High No
Exposure Index

Squared Root Medium High High Medium Yes

Current High Medium High Low No
Crash History Texas Priority Index Approach Medium Medium High Medium No

Reducing Weight of Crash History Low Medium High High No

Texas Priority Index Approach Low Medium Medium Medium No
Near Miss History

Combination of Crash and Near Miss Data Low Medium Medium Medium Yes

Current Medium Medium High High No
Protection Factor

Crash Rate-Based High High High High Yes

Formula Approach Medium Medium High High No
Highway Speed Simple Factors High Medium High High Yes

Combination with Train Speed High Low Medium Medium No

Texas Priority Index Approach Medium Low Medium High No
Rall Speed

Formula Approach Medium Low Medium High No
Heavy Commercial Proportion Medium Low Medium High No
Vehicles Heavy Commercial/Pass. Train Volumes Medium Low Medium Medium No
Passenger Trains Simple Factors Medium Low High High No
Track Configuration | Simple Factors Medium High High High Yes
Population Density | Simple Factors Low Low Low High No
Crossing Angle Simple Factors Medium High High High Yes

Source:Ryanand Mielke(2017). Development of Revised Grad@hwayRail Grade Crossing
Hazard Index Model

As a

17 provides more information regarding the potential hazard index inputs and reviewed factors.

resul t of

t he

anal y gail grade aassingsusoree d
correlation between the crossing characteristicsaaoaientnear miss data was identifietable

f

Note thatTable17 was preparedsingthe data reported dgyan and Mielk€2017) [page 30 of
the report].The final recommendation for the hazard index model was based on individual
assessments of each potahtactor and a review of the effects of various factors. The following
criteria were used throughout the evaluation: (1) correlation with expert panel ranking; (2)
correlation withaccidentnear miss data; (3) data availability/ease of collection; and (4)
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complexity. The evaluation analysis summary is presentédbie18. Note thafTable18was
preparediusingthe data reported tgyan and Mielkg€2017) [page 55 of the report].

2.1.9.Stateof Ohio (2017

Ohio DOT in collaboration with Ohio University and Texas A&M Transportation Institute
performed a studyiming to assist with selection thfe highwayrail grade crossing®r safety
improvement projectéSperry et al., 2007 Theanalysis of the highwasail grade accident data
for the State of Ohio revealed that an average of 110 atsidecurred annually between 2005
and 2010, while an average af &ccidents was recorded per year between 2010 and[2015.
was indicated thatvo agencies are responsible for safety improvement projettis@ghway
rail grade crossings in the StateQtfio, including the following$perry et al., 2017 (1) Ohio
Rail Development Commissiq@RDC), which administers the Federal Railwidighway
Crossings Program (Section 130) funds on behalf of OQd and coordinates other safety
initiatives; and (2) Bblic Utilities Commission of OhigPUCOQO) which maintains the highway
rail grade crossing inventory database, conducts regulatory oversight, and performs the annual
crossing inspectiorBased on a detailed review of the 2A@L5 accident data, it was fodi that
thehighway-rail grade crossingsvhich experiencedcciden(s), generallynad higher train
volumes, train speeds, and more traasswell as higher AADT than the statewide averags
all thehighwayrail grade crossings. Although higher highway and train tratilameswere
recorded athe highwayrail grade crossings with active warning devices;ibel of accidents
occurred at passive highwagil grade crossings (Sperry et al., Zp1

Thehighwayvrail grade crossing improvement program is administered in three steps in the State
of Ohio, including the following: (1) develop thistlof candidate grade crossing locatiof2y
diagnostic reviewof the candidatgrade crossing locatiorfthe eam includes ORDC, railroad,
and local highway agency representatjyasd (3)project implementatioftypical project is
approximately $250,00@01 30 projectsare generally conductgeer funding cycle ORDC and
PUCO haebeen usinghe U.S. DOT Acident PredictiorFormula to develop the list of
candidatehighwayrail grade crossingpcations which should be considered for future
upgrading. The estimated number of predicted accidents igussdess theazard ohighway

rail gradecrossingslt was highlighted that the mathematical models, which are used by State
DOTs for prioritizing highwayrail grade crossingsye expected to provide a similar ranking of
highwayrail grade crossings as the actual ranking of highwm#ygrade crossings, tdined

based on a recent accident data.

As a part of the study, a detailed review of the existitgjdent and hazagtediction formulae,
which have been deployed by State DOTs to rank higiraihgrade crossing®r safety
improvement projectsvas cowlucted The latter task was achievddougha comprehensive
literature reviewtelephone interviews with representatives from State DOTs/other relevant
agencies, anddetailed evaluation of the select@ctident and hazamtediction formulae.
Some of tle interviewed organizations included the following (Sperry et al., 2017): (1)
California Public Utilities Commission; (2) lllinoBOT; (3) KansaPOT; (4) MichiganDOT;
(5) MissouriDOT; (6) New MexicoDOT; (7) North CarolinddOT,; and (8) Texa®OT. Table
19 presents distribution ofaccident and hazagtediction formulae bgtates, which was
developed based on the collected data.
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FromTablel9, the majority ofstates (1%tates or 38% oftates)relied onthe U.S. DOT
Accident PredictiorFormula A total of 11states (or 22% oftates) adoptedate specific
formulae or method, while otherl1 states (or 22% oétates) either did not use a formula or did
not mention the formula used. Moreovigre states (or 10% oftates) adopted the New
Hampshire Hazard Inddxormula Two states (or 4% ofstates) used more than one formula. The
NCHRP Report 50 Accident Prediction Formalad Peabodpimmick Formula were each
adopted by ondtate. According to the studihe typicalfactorsthat wereconsidered in the
models included train volumé&ain speed, number of tracks, existing warning device, AADT,
accidenthistory, and number d&nes (Sperry et al., 201l Thefactors which are not considered
by the State of Ohithroughout prioritization ofhe highwayvrail grade crossingsut are used by
otherstates were listed, including the followind1) stopping sight distance (considerednye
states and used threeformulae); @) school bus/special vehicle volume (considereébiy
states and used iwo formulae); 8) highwaytraffic speed (considered lfiye states and used in
threeformulae); @) proximity of ahighwayrail grade crossing tanearby intersection

(considered byhreestates and used mneformula); and%) A Cl ose. Cal |l 6 dat a
Table 19 Distribution ofaccident and hazamtediction formulady states.
Number of Percent of

Formula/Method States States
U.S. DOT Accident Prediction Modé 19 38%
StateSpecific Formula or Method 11 22%
None/No Formula Mentioned 11 22%
New Hampshirédazard Index 5 10%
Multiple Formulas 2 4%
NCHRP 50 Accident Prediction

1 2%
Model
PeabodyDimmick Formula 1 2%
Total All States 50 100%

Some representatives frobtate DOTs/other relevant agenagapressed their concerns
regarding the accuracy of data usedagident and hazamptediction formulaeThroughout the
interviews, it was found that train counts and AADT were not updated on a regular basis in
certainstates. Field inspectors and localta sources should be used to verify the accuracy of
data, provided in the highwamil grade crossing inventory databa&s.a part of the study, the
U.S. DOT Accident PredictioRormula was evaluated agaitis¢ alternative formulae for the
highwayrail grade crossings in the State of Ohio. The following formulae were considered: (1)
theNew Hampshire Hazard Index Formufd) theNCHRP Report 50 Accident Prediction
Formulg (3) the FloridaAccident Prediction and Safety Index Formuyi) theMissouri
Exposure Index Formujd5) theNorth Carolina Investigative Index Formuknd (6)the Texas
Priority Index FormulaThe results indicated that theSJ DOT Accident PredictioRormula

was superior to other methods. However,Nloeth Carolina Investigativendex Formula
demonstrated a good performance.

The study recommended that the State of Ohio should continue usingsthe@IT Accident
PredictionFormula forresourceallocation amonghe highwayrail grade crossings. The
Missouri Exposure Indeand theNorth Carolina Investigative Indeshould be considered in
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order to rank passive highwagil grade crossings upon completion of the initial prioritization.
The study also suggested that the diagnostic field review process should be updatedldnd sh
focus on collecting the information regarding the sight distance at highallayrade crossings.
ORDCshould revise the existingarning device project development processicrease the
number of highwayrail grade crossingsn thepreliminary listof project locatios. ORDC and
PUCOshould develop a formal procedure for updating the higkhwadgrade crossing inventory
database. It was also recommended that additional factors (e.g., sight distance) should be
included in the highwayail grade crosing inventory database.

2.2.Nationally RecognizedAccident and hazardPrediction Models for Highway-Ralil

Grade Crossings

Different State DOTs haveeen usin@ variety ofaccident and hazaptediction model$o
prioritize highwayrail grade crossing®r safety improvement projectSome of the models are
recognized nationally, which includiee ColemanStewart Modelthe NCHRP Report 50
Accident Prediction Formuldhe New Hampshirédazard Indexrormula,andthe Peabody
Dimmick Formula(Chadwick et b, 2014 Ryan and Mielke2017. This section of the report
describeghe nationally recognizegiccident and hazaptedictionmodels forhighwayrail grade
crossing.

2.2.1.ColemanStewart Model

The ColemanStewart Modetonsides the highwayrail gradecrossing to be similar if they
have similar characteristicsuch as locatigmumber of tracksvarning deviceand highway
and traffic volumes. Theighwayrail grade crossirgwith similarfeaturesare consideredb be

in agroup. The accidermrediction equation analyzéhe relationship betwedaheobserved
accidentatesand the associated characteristics ofnigawayrail grade crossingg.e., daily
vehicular movementslaily train movemenjs TheColemanStewart Accident Prediction Model
can be expressed using the following equatiflmohairy and Benekohal, Q0):

GEDQ 6 6 WMEQR 60 We Y 6 Dae WY (2.2)
where:

0 = average number of accidents paghwayrail grade crossinger yeayr

0 = average daily vehicular movemenitsd = 0, use 0.5 instead)

“Y=average daily train movemenis$ (Y= 0, use 0.5 instead);

0,06 ,0 ,andd =coefficientsof the accident prediction equation

The variance of individudlighwayrail grade crossirgwithin groups has a significant impact
on the variability ofaccidenfpredictionamonghighwayrail grade crossirgy Nonethelesghe
ColemanStewart Modeboesnot consider such variancehe coefficientsof the accident
prediction equatiofwhich is a mulgple linear regression equation) and correspondusgurared
values were obtained fyoleman and Stewaanhdare presented ihable20. Note thafTable20
waspreparedisingthe data reported dyaghri and Demetsk§l986) [pagel7 of the report].
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Table 20 The ColemanStewartModel coefficients and Bquared values

Item | ¢ 1o | 6 [ & | 'Y |iem [ 6 o6 [ &6 ] o6 |y
Single-tr ack urban Multiple -tr ack urban

Automatic gates -2.17 | 0.16 | 0.96 | -0.35 | 0.186 | Automatic gates -2.58 | 0.23| 1.30 | -0.42 | 0.396
Flashing lights -2.85 | 0.37 ] 1.16 | -0.42 | 0.729 | Flashing lights -2.50 | 0.36| 0.68 | -0.09 | 0.691
Crossbucks -2.38 | 0.26 | 0.78 | -0.18 | 0.684 | Crossbucks -2.49 | 0.32| 063 | -0.02 | 0.706
Other active -2.13 1 0.30| 0.72 | -0.30 | 0.770 | Other active -2.16 | 0.36] 0.19 [ 0.08 | 0.65
Stop signs -2.98 1 042 1.96 | -1.13 | 0.590| Stop signs -14310.09] 0.18 [ 0.16 | 0.35
None -2.46 | 0.16 | 1.24 | -0.56 | 0.24 | None -3.00 | 0.41| 0.63 | -0.02 | 0.58
Item 0 0 0 0 Y Item 0 0 0 0 Y
Single-tr ack rural Multiple -tr ack rural

Automatic gates -1.42 |1 0.08 | -0.15 | 0.25 | 0.200| Automatic gates -1.63 ] 0.22] -0.17 | 0.05 | 0.142
Flashing Lights -3.56 | 0.62 | 0.92 | -0.38 | 0.857 | Flashing Lights -2.75 | 0.38| 1.02 | -0.36 | 0.674
Crossbucks -2.77 | 0.40 | 0.89 | -0.29 | 0.698 | Crossbhucks -2.39 | 0.46| -0.50| 0.53 | 0.780
Other active -2.25 | 0.34] 0.34 | -0.01 | 0.533| Other active -2.32 1 0.33| 0.80 | -0.35 | 0.31
Stop signs -2.97 | 0.61] -0.02 [ 0.29 | 0.689 | Stop signs -1.87 | 0.18| 0.67 | -0.34 | 0.32
None -3.62 | 0.67 | 0.22 | 0.26 | 0.756 | None - - - - -

2.2.2.NCHRP Report 5Accident Prediction Formula

The National Cooperative Highway Research Program (NCHRP) Report 50 presented a

accidentprediction formula fohighwayrail grade crossirgy which isbased orthe number of
trains per daythe number of highway vehiclgerday, the existingvarning devicesand the
urban/ruraldesignationThe formulas relativelysimple anddoesnot explain significant

variations in the number efccidens (ElzohairyandBenekohal, 200). The NCHRP Report 50

Accident Prediction Formuleanbe expressedising the following equatiofElzohairyand
Benekohal, 200; U.S. DOT, 2007, Chadwick et al., 203&Ryan and Mielke2017:

006 a& RO QAMBXADNTO B TY (2.2)
where:

0 = factor based othe numbehighway vehicleperday;

0 = factor based othe existingvarning devices and urban/rural classification;

“Y= current train volume per day.

Table2lThe AAO0 factor values for -geardAADVay
Vehicles Per Day (10 yr. ADT)| i A0 F | Vehicles Per Day (10 yr. ADT) i A0 F
250 0.000347 | 9000 0.011435
500 0.000694 | 10000 0.012674
1000 0.001377 | 12000 0.015012
2000 0.002627 | 14000 0.017315
3000 0.003981 | 16000 0.019549
4000 0.005208 | 18000 0.021736
5000 0.006516 | 20000 0.023877
6000 0.007720 | 25000 0.029051
7000 0.009005 | 30000 0.034757
8000 0.010278

The values ofohatherniAmbef(basetdi ghway

(based on the existing warning devices and urban/rural classificatioich areused in the
NCHRP Report 50 Accident Prediction Formwdee presented ifable21 andTable22,
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respectively Note thafTable21 andTable22 were preparedsingthe data reported by U.S.
DOT (2007)[page250 of the report].

Table22T he @ B0 f #orcthe existing warningdevices and urban/rural classification

A Crossbucks, highway volume less than 500 3.89
per day
B Crossbucks, urban 3.06
C Crossbucks, rural 3.08
D Stopsigns, highways volume less than 500| 4.51
per day
E Stop signs 1.15
F Wigwags 0.61
G Flashing lights, urban 0.23
H Flashing lights, rural 0.93
I Gates, urban 0.08
J Gates, rural 0.19

2.2.3.New HampshireHazard IndexFormula

The New HampshirdHazard IndeXrormula introduce@ simple hazard indethat can be used to
rank highwayrail grade crossirgyby the likelihood of accident§he highwayrail grade
crossingwith the highest hazard ied should be given the highest prioritihe formulastates
that the hazard inddg proportional to the product of the averalggly volume of vehicles and
the averagéaily volume of trainsAlso, the hazard indeglepends on th&arning deviceype,
installed at ajivenhighwayrail grade crossingrhe New Hampshire Hazard Index Formudan
beexpressedising the following equatiofChadwick et al., 201/Ryan and Mielke2017%:

0 "0'00WwIYD "O (2.3
where:

0 "O'C:ONew Hampshirddazard Index

w= annual average daily traffic;

“Y= average daily volume of trains;

0 "@ protection factorgeeTable23).

Table 23 Protectionfactorvalues forthe New Hampshirédazard Indexrormula

Traffic Control Devices Protection Factor
(PF)

Stop sgns 1.0

Flashing lights 0.6

Gates 0.1

SeveralStateDOTshave usedhe New Hampshirddazard Indexrormula, whilesomestates
have modified the formula with the introduction of supplementary variatieh, agrain speed,
vehiclespeed, sight distanceighwayrail grade crossingngle, highwayrail grade crossing
width, andtype of tran. Other variables includgurface type, population, number of buses,
number of school buses, number of tracks, surface conditiesence of theearby intersection,

42



functional class of highwayertical alignment, horizontal alignment, number of hazardous
material trucks, number of passengers, number of acciggatShe purpose of introducing new
variablesin the model is to improve the accuracy of a hazard predictioiglatvay-rail grade
crossing.

2.2.4.PeabodyDimmick Formula

In 1941, U.S. Bureau of Public Roads develophed®eabodyDimmick Formula based othe
datg collected in the 1930s at 3,563 runajhway-rail grade crossirgfrom 29 states. The
PeabodyDimmick Formulaestimates the anticipated number of accidents for thefinextears
based on the annual average daily traffic, average taihytraffic, andprotectioncoefficient
(which depends on the warning device typsing the following equatioU.S. DOT, 2007;
Chadwick et al., 2014Ryan and Mielke2017:

P8 Y ® IY° (2.4)

0 U -
7 8

where:

0 = expected number of accidentdiwe years;
= annual average daily traffic factor;

“Y= average dailyrain traffic factor;

0 = protection coefficient;

0 = additional parameter.

The expected number of accideifive years(d ) can be determined from the set of curves
presented ifrigurel3, Figurel4, Figurel5, andFigurel6. Note thatFigurel3, Figurel4,
Figurel5, andFigurel6 were preparedsingthe data reported by U.S. DOT (2007) [page 251
of the report].
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Figure 13 Relationship between highway traffic and accident fadtor
Source:U.S. DOT(2007). RailtHighway Grade Crossing Handbook
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Figure 14 Relationship between railroad traffic aaccident factqrT®.
Source: U.S. DOT2007. RailtHighway Grade Crossing Handbook
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Wigwag
Wigwag and Bells
Flashing Lights
Flashing Lights and Bells
Wigwag and Flashing Lights
Wigwag, Flashing Lights and Bells
Watchman, 8 Hours
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7

...........................

............................

.........................

................

..................

.........

......

-----------------

.........

.........

.........

.........

.........

1 1.65

11.78

11.99

2.03

1 2.18

] 2.25

—1 2.27

] 2.35

—12.27

12.43

1252

12.56

12.70

0 050

1.00

150 2.00 250 3.00

Accident Factor - P©

Figure 15 Relationship betweewarning deviceand accident factoP.
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Theunbalanced accident factar ), which is used for calculating additional parameten the
PeabodyDimmick Formula,can be estimateasing the following equatiofU.S. DOT, 2007):
w JY
a  pg > (2.5)
In order to develop a mathematicalationship between the variablbst are used in the
PeabodyDimmick Formula thecorresponding trendlines have bemvelopedsa, that the
process can be simplified. The approximagiohthe curves are presentedHigurel?, Figure

18, andFigure19. Note thatFigurel7, Figurel8, andFigure19werepreparedisingthe data
reported byDulebenets (20)dpages 45 46 of thethesis.
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Figure 17 Relationship between highway traffic anefattor.
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2.3.U.S. DOT Procedurefor Accident Prediction and Resource Allocation

An accidenfprediction model forecasts tle@pected number of accideriisa highwayrail grade
crossingover a given time periodased orthe existing physical and operational characteristics

of that highwayrail grade crossindJ.S. DOT formulated the accident prietion model in order

to assisthe states to maintain the requirements under the FededdPolicy Guidelines (FAPG)
(U.S. DOT,199]). The model includes three equations to generate an accident prediction value
for ahighwayrail grade crossingrhe first equation determines an initgadcident predictiofor
ahighwayrail grade crossinased on the existing physical and operational characteristics. The
second equatiocalculatesan accident prediction valugaking into account thaverage

historical accident rates over a givieme period The equation assumes that the futaceidents

will occur at the sameate aghe pastaccidentsThe third equatioappliesa normalizing
constantwhich shifts the procedure frorthe past accident trends tbe current accident trends.
The normalizing constant is updated periodicallye three equations altogether determine an
accident prediction valyaevhich can be further used fanking ofhighwayrail grade crossirgy

in order to allocate resources basm the potential risk reduction, taking into account the
highwayrail grade crossingharacteristicshistorical accident data, and current accident trends.
The three equations are discussed further in detail in the following seatithisreport

2.3.1.Prediction of Accidents aHighway-Rail Grade Crossings

The first equationwhich is also called theanitial accidentprediction formula, predicts the
number ofaccidens per year at ahighwayrail grade crossingThe formula is essentially
represented whta series of factorthat dharacterze the highwayrail grade crossinglescibed in
the nationalhighwayrail grade crossingnventory database, arate multiplied togetherThe
initial accident prediction can be estimatgsing the following equatiofQureshi et al., 2003;
U.S. DOT, 2007Chadwick et al., 2034&Ryan and Mielke2017%:

@ 020 YO0 "YOoLd "DO"YOD (2.6)
where:

= initial accidenfprediction,accidens per year aa highwayrail grade crossing
0 = formula constant

'O "6 factor for exposure index basedtbe product of highway anttain traffic;

0 "¥= factor forthenumber of main track

O ¥ factor forthenumber of through trains per day during daylight

"O0= factor for highway paved (yes or no)

0 "¥= factor for maximum timetable speed

"O™¥¢ factor for highway type

"O0= factor forthenumber of highway lanes

The values of thaighwayrail grade crossingharacteristic factors for thrésghwayrail grade
crossingcategories are presentedTliable24. Note thatTable24 waspreparedisingthe data
reported byJ.S. DOT(2007) [page56 of the report].Thehighwayrail grade crossingategories
arebased on the traffic control devicasstalled ata givenhighwayrail grade crossinghamely
(a) passive (b) flashing lightsand(c) gates.The highwayrail grade crossingharacteristic
factors can be equated and tabulated based dngheayrail grade crossingharacteristics
known. The tabulated values of these factors for the thgesvayrail grade crossingategories
are shown irAppendix A



Table 24 Highway-rail grade crossingharacteristidactors for thenitial U.S. DOT Accident
PredictionFormula

Crossing Characteristic Factors
Exposure Main Day Thru Highway Maximum Highway Highway
Formula Index Tracks Trains Paved Speed Type Lanes
Crossing | Constant Factor Faector Factor Factor Factor Factor Factor
Category K EI MT DT HP MS HT HL
Passive | 0.002268 ext+ 0.205% o0.2094mt d + 0.2 %436 £-0.6160(ip-1) @0.0077ms £-01000(ht-1) 1.0
T 0.2 0.2 ’
F}ashing 0.003646 ext+ (0203 o0 1056t d + 0.2 00470 L0 10 1.0 Q0 1550L1)
L]ghtS 0.2 02
- © 035116
Gates | 0.001088 “toityo‘ g0ssiemt 1.0 1.0 1.0 1.0 01035011
e = ;1:;1;}111311) ;‘]il? f:c?il;ﬁlgbler of highway vehicles per day Highway Type Tnventory It
‘ ’ Rural Code Value
t = average total train movements per day Interstate . 01 I
Other principal arterial 02 2
mt = number of main tracks Minor arterial 06 3
d = average number of thru trains per day during daylight }\Eﬂ;’i Egﬁig?{: 8é ;
hp = highway paved, yes = 1.0, no = 2.0 Loecal 09 6
ms = maximum timetable speed, mph Urban
Interstate 11 1
ht = highway type factor value Other freeway and expressway 12 2
hl = number of highway lanes Other principal arterial 14 3
b : Minor arterial 16 4
Collector 17 5
Local 19 6

Source: U.S. DOT2007. RailHighway Grade Crossing Handbook

The secondaccidentpredictioncan bedeterminedusing the followingequation(Qureshi et al.,
2003; U.S. DOT, 2007; Chadwick et al., 20R4an and Mielke2017):

" Yo, Y O 57
b O ~ = (2.7)
where:

0 = secondaccidentprediction, accidens per year aa highwayvrail grade crossing;
= initial accidenfprediction,accidens per year aa highwayrail grade crossing;

— = accidenthistory predictionaccidens per year, wherné is the number of observedacidens
in “Yyears aa highwayrail grade crossing;
“Y = formula weighting factor =

The values of theecondaccidentprediction () can be determined and tabulated based on the
known highwayrail grade crossing characteristic factdh® values oftheinitial accident

prediction (), andnumber of reported accidenitsthe past yearss presented ippendix B If

all the availableaccidenthistory is used, the formula will produce the most accurate results. Note
thataccidenthistory for more than ¥ie years may be misleading due to the changes that occur in
the highwayrail grade crossingharacteristicever time. Furthermore, significant changsin

the highwayrail grade crossingharacteristichave occurred within the past five yegesg.,
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installation offlashing lights at a passiveghwayrail grade crossiy), only theaccidentdata
after that change should be used.

The finalaccidentprediction(0) is determinedvith the applicatiorof a normalizing constanso

that the procedure can be updated for the cua@ntentrends. The normalizingonstanis
determined for each categarf/highwayrail grade crossingseparately by setting the sum of the
predictedaccidentsnultiplied by the correspondingprmalizingconstantequal to the number of
accidentswhich occurred in a recent perifd.S. DOT, 2007; FRA, 2010For examplethe
accident history data between 2005 and 2009 will be used to predict the number of accidents at
highwayrail grade crossigs with stop signs, flashing lights, and gates in 20h@ normalizing
constants for each one of the aforementioned three categories of highiwgagde crossings
(distinguished by the type of warning device installed) will be set, so the number ictgaed
accidents for the year of 20h@ultiplied by the correspondingprmalizingconstanwill be

eqgual to the number of observed accidents for the year of 2010 (U.S. DOT, 2007; FRA, 2010).
The periodic updates of the accident prediction and resourcatailo@rocedure normalizing
constants arshownin Table25. Note thafTable25 waspreparedisingthe data reported by

FRA (2010) [pagel of the report] A downward trend in the recent values of the normalizing
constants can be observed. These values represent the aocidentrendsat the highwayrail

grade crossirg

Table 25 Accidentprediction and-esourcedllocation procedurenormalizingconstants

WARNING NEW PRIOR YEAR CONSTANTS

DEVICE

GROUPS 2010 2007 | 2005 2003 | 1998 1992 1990 | 1988 | 1986
(1) Passive 4613 .6768 || .6407 | .6500 | .7159 .8239 9417 | .8778 | .8644

(2) Flashing Lights 2918 4605 || 5233 |.5001 | .5292 .6935 .8345 | .8013 | .8887

(3) Gates 4614 .6039 || .6513 |.5725 | 4921 .6714 | .8901 | .8911 | .8131

Source:FRA(2010). AccidentPredictionand Resource AllocatioRrocedure Normalizing
Constants 2010

The finalnormalizedaccidentprediction values can be used for the accident severity calculations
andthe resource allocation proceduse thatthe proper initiatives cabe undertakerin order to
improve safety ahighwayrail gradecrossings

2.3.2.Assessment ohccidentSeverity

U.S. DOT provides additional equatiofsr determining the probabilities of fatalities and
injuries. The probability of a fatal accident given an accidrm bedeterminedising the
following equation(U.S. DOT, 2007Chadwick et al., 2014)

p
o 0" "OY'OYIDYY

0 "0 (28)
where;

0 "O& = probability of a fatal accidemfiven an accident
0 "@ formula constand 'O ¢ w)p
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0 "¥= factor for maximum timetable train speed

“Y™¥ factor for through trains per day

“Y™¥ factor for switch trains per day

"Y'Y= factor for urban or rurdlighwayrail grade crossing

The probability of an injuraccident given an accidecén bedeterminedising the following
equation(U.S. DOT, 2007Chadwick et al., 2014)

p 0 O&

e (2.9)
p O "Q "YOYUOJY'Y

0 08

where:

0 "O8& = probability ofan injury accidengiven an accident;
0 "O& = probability of a fatal accidemfiven an accident

0 "©formula constantd O 1& )7t

0 "¥= factor for maximum timetable train speed

"Yu= factor forthenumber of tracks

"Y'Y= factor for urban or rurdlighwayrail grade crossing

The equationgequiredto calculae the highwayrail grade crossingharacteristidactors of the
fatal acadent probability formula and the injury accident probability formate listed inTable
26 andTable27. Note thafTable26 andTable27 werepreparedisingthe data reported hy.S.
DOT (2007 [page61 of the report] For easeof use, the values of the factpesiopted irthe
fatality and injury probability formulagyre also presented frable28 and Table29 for typical
highwayrail grade crossing characteristidiote thatTable28 andTable29 werepreparedising
the data reported by.S. DOT (2007 [pages61i 62 of the report].
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Table 26 Equations fohighwayrail grade crossingharacteristidactors fortheU.S. DOT Fatal

AccidentProbability Formula
Fatal Accident Probability Formula:

1

PFA | A) =

(1+CFxMSx TTx TSx UR)

Crossing Characteristic
Factor

Equation for Crossing
Characteristic Factor

Formula constant

CF = 695

Maximum timetable train

MS = mst0™

speed factor

Thru trains per day TT = (tt + 1)°12

Switch train per day

TS = (tt + 1)%10%
factor ( )

Urban-Rural crossing

'L'R =e 0.1880ur
factor

maximum timetable train speed, mph
number of thru trains per day
number of switch trains per day

1, urban crossing

where: ms
it
ts
ur

0, rural erossing

Source: U.S. DOT2007. RailtHighway Grade Crossing Handbook

Table 27 Equations fohighwayrail grade crossingharacteristidactors fortheU.S. DOT
Injury AccidentProbability Formula
~ 1-P(FA | A)

(1+Clx MSx TK x UR)

P(IA | A)

Equation for Crossing
Characteristic Factor

P(FA|A) - See Table 25

Crossing Characteristic Factor

Fatal accident probability

Formula constant CI = 4.280

Maximum timetable train

A — -0.2534
speed factor L = ar

Number of tracks factor TK = e0i76tk

Urban-Rural crossing factor UR = g0 184ur

where: ms = maximum timetable train speed, mph
tk = total number of tracks at crossing
ur = 1, urban crossing

0, rural crossing

Source:U.S. DOT(2007). RailtHighway Grade Crossing Handbook
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Table 28 Factor values fothe U.S. DOT Fatal AccidentProbability Formula

Fatal Accident Probability Formula:

T
(T+ CFxMSx TTx TSx UR)

P(FA | A) =

where: CF = 695.0, formula constant
TUR = 1.207, urban crossing
= 1.000, rural crossing, and

Maximum Thru Switch
Timetable MS Trains | TT Trains TS

Train Speed Per Day Per Day

1 1.000 0 1.000 0 1.000

5 0.178 1 0.931 1 1.074

10 0.084 2 0.894 2 1.119

15 0.055 3 0.868 3 1.152

20 0.040 4 0.848 4 1.179

25 0.032 b) 0.832 5 1.202

30 0.026 6 0.819 6 2.221

40 0.019 7 0.808 7 1.238

50 0.015 9 0.790 9 1.266

60 0.012 10 0.782 10 1.279

70 0.010 20 0.732 20 1.366

80 0.009 30 0.703 30 1.422

90 0.008 40 0.683 40 1.464

100 0.007 50 0.668 50 1.497

Source: U.S. DOT2007. RailtHighway Grade Crossing Handbook

Table 29 Factor values fothe U.S. DOT Injury AccidentProbability Formula
Injury Accident Probability Formula:
1-P(FA | A)

PIA|A) s ——F————
(1+CxMSx TKx UR)

where: P(FA|A) = Fatal accident probability, See Tables 25 and 27
CI = 4.250, formula constant

UR = 1.202, urban crossing
= 1.000, rural crossing, and
Maximum Total
Timetable Number
Train Speed MS Of Tracks TK
1 1.000 0 1.000
5} 0.687 1 1.125
10 0.584 2 1.265
15 0.531 3 1.423
20 0.497 5 1.800
25 0.472 6 2.025
30 0.452 7 2.278
40 0.423 8 2.562
50 0.401 9 2.882
60 0.385 10 3.241
70 0.371 15 5.836
S0 0.360 20 10.507
90 0.350
100 0.341

Source: U.S. DOT2007. RailtHighway Grade Crossing Handbook

2.3.3.ResourceAllocation amongHighway-Rail Grade Crossings
In additionto various economic analysis procedufdss. DOT developed a resource allocation
procedure fohighwayrail grade crossingnprovements. The procedure legsotential to assist
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StateDOTswith identification ofthe highwayrail grade crossirgjthat need to be prioritized for
upgradingn case of limited~ederal funds fosafety improvements'heU.S. DOTresource
allocation procedurprovides a number dfighwayrail grade crossingnprovement
alternativeswhich can resulin certainaccidenteduction benefitBased on the canonicdlS.
DOT resourceallocation procedutehe following alternativefor upgradinghighwayrail grade
crossingsare considered:

1 For passivesingletrackhighwayrail grade crossingshere are two upgrade options
installation offlashing lights or gates.

1 For passivenultiple-track highwayrail grade crossingshere is only one upgrade option
installation ofgates.

1 For flashing lighthighwayrail grade crossingshere is only one upgrade option
installation ofgates.

Note that the resource allocation proceduresim@rs only traffic contramprovement
alternativesThe mprovement alternatives, such as illuminatioghwayrail grade crossing
surface improvements, removal of visual obstructions, tteiaction circiiry improvements,
and othersare not considedthroughout the canonical resource allocation procediu®.
DOT, 2007) Therequiredinput datafor the resource allocation procedure inclutiee number
of predictedaccidentsthe safety effectiveness achieved from flashing lights and automatic gates
(a.k.a., effectiveness factors or effectiveness multipliéhg)cost of improvements, atie
available fundingnformation William J. Hedley California Public Utilities Commission, and
U.S. DOTcarried outhe safety effectiveness studies for the ipguent(i.e., warning devicesit
highwayrail grade crossingsjsedthroughouthe resource allocation procedumel952, 1974,
and 1980, respectivelfhe effectiveness factorahichrepresent the percent reductiarterms
of accidentghat occurred adr theimplementatiorof improvementsareshown inTable30.
Note thatTable30waspreparedisingthe data reported by.S. DOT (2007 [page99 of the
report].

Table 30 Effectivenesdactors foractivehighwayrail grade crossingrarning devices

Effectiveness Factors
(Percent)
Cat . 1980 1974 1952
ategory U.S. DOT |California| Hedley
Passive to Flashing f
Lights 70 64 63
Passive to .
Automatic Gates 53 58 )6
Flashing Lights to
Automatic Gates # i &

Source: U.S. DOT2007. RailtHighway Grade Crossing Handbook
The resource allocation procedure also requires the data regarding the costs (i.e., installation and

maintenance costs) associated with the highrnadygrade crossing safety improvement
alternativesThe costs should be estimated for the following alternafives. DOT, 2007)
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1 Passive devices to flashing lights
i Passive devices to automatic gates
1 Flashing lights to gates

There isaneed to tak@nadequateautionin developinghe countermeasureosts for selected
projects while assumingheaverage costs for the other projects. Witheptoper caution, there
is a risk of generating biased decisitm®ughouthe resource allocatiqorocedureThe
hierarchy of the resource alldman procedure, which requires the inputs discussed above, is
outlined inFigure20. Note thatrigure20 waspreparedisingthe data reported by.S. DOT
(2007 [page 162 of the reportRenoted® as a set ofiighwayrail grade crossings, considered for
safety improvement projects; addas a set of available countermeasufesindicated earlier,
the resource allocation procedure requires the information for the foll@nitrggl parameters
that are related tthe considered countermeasur@dy the effectiveness of installing a propwbse
warning device at a highwail grade crossing with a lowetass warning devicéd"@&oN 6);
and (2) the corresponding cost of the proposed warning deévioégn 6). Table31 shows the
effectiveness/cost symbol mat(c= 1, 2, and Bfor flashing lights installed atpassive
highwayrail grade crossing, gates installegatssive highwayail grade crossing, and gates
installed at highwayvrail grade crossing with flashing light®spectivelyNote thatTable31
waspreparedisingthe data reported by.S. DOT (2007 [pagel62of the report].

Warning Device

Accident Effectiveness
FRA Crossing IEIIStOI" b‘ ;‘?Cll(}etl}t B
AeETdeit ‘rossing Cl,e(‘ls 1cT1‘1s or
Data File TORRINER
L. - Resoirce Recommended
Acc1‘de'nt Allc; " ,_moﬁ Decisions for
Prediction - » Model ®* Installation of
r— Formula i Warning Devices
U.S. DOT—AAR
Crossing Inventory \ Physical & Operating
Data File Characteristics Warning Budget
of Each Crossing Device ucge
Level
Costs

Figure 20 Highway-rail grade crossingesource allocation procedure.
Source: U.S. DOT2007. RailtHighway Grade Crossing Handbook
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Table 31 Effectiveness/cost symbol matrix

Existing warning device
“-'a;tI‘)lfioli); ?liilice Passive Fll?;]l:: ;lg
Flashing lights
Effectiveness E, —
Cost C, _
Automatic gates
Effectiveness E, E,
Cost C, C,

Source: U.SDOT (2007). RailHighway Grade Crossing Handbook

The resource allocation procedure evaluates signal improvementsHighatayrail grade
crossingwith eitherpassive oflashing lighttraffic control devices. For instance, if a single
track passiverossingwis chosen foupgrading flashing lights with effectivene&3 "Qor gates
with effectivenes®© "Ocan be selected for thisghwayrail grade crossindf the number of
predictedaccidentsat highwayrail grade crossingis “YO &N &, the number of reduced
accidents at thisighwayrail grade crossingfter instalationof flashing lights and gates will be

:::::::::

rrrrr

reduction versus costs that result from changing an initial decision to install flashing lights to a
new decision to install gateskghwayrail grade crossingis referred® as the incremental
accident reduction/cost ratio and is equdMo 6 OO O™OF¥ 0 6 0 0 .Incase ofa

passive multiplgrackcrossinga the only improvement option that would be allowable is the
installation of gateswith effectivenes&JO, costd 0, and an accident reduction/cost ratio of

"YU 60"Q0 o.

If a flashinglight crossings considered, the only allowable improvement optionld/te the
installation of gatewith effectivenes®© "Q costd 0, and an accident reduction/cost ratio of
improvementsare selected by the resource allocapoocedurgo produce the maximum
accident reduction that can be obgalrforthe pre-determined totahvailable budgefThe total
cost isasum ofall the costs associated with the selected countermeagtrés 6 0, ando 0).
The total maximum accident reduction is the sum of the individual accident reductions of the
form"Y0O 0O "OBased on the canonical U.S. DOT resource allocation procedietl a
diagnostic teanshould badispatched tinvestigate the selectdughway-rail grade crossirggin
order to collecthe required datand checKor the accuracyof theinputdatg which have been
used in the calculationdppendix Cpresents a field verification workshehbat is typically
adoptedhroughout field reviews dhe highwayrail grade crossingg he field verification
worksheet can be further used to update the values of certain parameters for the resource
allocation proceduréf necessary)
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2.3.4.GradeDec Software for Resource Allocation

In order to assist local drstate authoritiesvith highwayvrail grade crossing investment decision
making, FRA developed a wdiased highwayail grade crossing investment analysis tool
GradeDec.NET (GradeDe@).S. DOT, 2014)GradeDec allowstaterailway authorities to
assess the impacts of a variety of highwaigrade crossing safety improvements and provides
a detailed benefitost analysis for each alternative. Based on the latter evaluations, decision
makers at thetateand local leved canselect appropriate safatyprovemenmeasures to
implement at prioritized highwasail grade crossings. Some benefits of highweail/grade
crossing improvementsonsideredhroughouthe analysisinclude:(1) reduction in highway

rail grade crossingccidentrisk (safety);(2) reduction in delay and queuing on roadwlagsted
closer to the crossing (time saving8) improvement in air quality (reduced emissioi(4);
reduction in vehicle operating cos(S) improvement in highway network trafficofl; and other
benefits U.S. DOT, 2014 Local authorities can use Gei2ec to investigate the safety
improvemenmeasureswhichcan benefit the local communities when implemenkext

example, a highwayail grade crossinthathas a high accident recoadd is considered unsafe
canbeupgradedising one of the available countermeasungsch will mitigate highwayrail
grade crossingccidentrisk and improve safety for local roadway travelers

The GradeDea@pplication can be accessed thaFRA website fittps://gradedec.fra.dot.ggv/
GradeDec has a graphical user interface (GUI) that supports data entry and visualization of
probability distributios. The software is also equipped with an investnaealysis feature,

which estimates the economic rate of return (ROR) for highatgrade crossing safety
improvement alternativest the corridorlevel or at the regional level. The economic ROR
effectively quantifies the overall benefits of a safetyrowement measure to the public (users of
the transportation facility), including accident reduction, reduction in emissions, time and vehicle
operating cost savindgs).S. DOT, 2014)GradDec computes the economic ROR by taking into
account the safety impvemens, as well as operating and maintenance costs ogseatime

period. The benefits of an investment over a tijivenperiod are monetized, and the discounts

are estimated to reflect the opportunity cost of the initial investment capital. The latter capability
allowsstate and local authorities to compare the benefits and @batsafetymprovement

measure in differeritme periodsThe benefitcost analysis methoavhich has beensed by the

U.S. DOT agencies (such as FRA, FHWA, Federal Transit Administration, and Federal Aviation
Administration)to allocateFederal infrastructure investmsris adopted by GradDec.

Furthermore, the basic assumptions and default model insgd by the softwarareprovided

to theusersby FRA GradeDec application allowghe userschangingtheinput parametevalues

to emulate local condition®).S. DOT, 2014)

The analysis ofighway-rail grade crossingafetyimprovements can be conducted separately
for a corridor (single rail alignment) or an entire region (stech eounty or several counties)
using GradDec. The corridor analysis featuréthe software assesses the effects of each safety
improvement measure tte selected highwayail grade crossingsf asingle rail alignmenon

the adjacent roadway traffic, while the regional analysis mode evathateffectof each
highwayrail gradecrossing improvememheasure osingle and multiple rail alignments in a
region. Moreover, the corridor and regional analysis components of theD&@doftware are
based on the I3. DOT Accident Prediction and Severity Modétee section2.3.1and2.3.20f

this reportfor a detaileddescription of the L. DOT Accident Prediction and Severity Model
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respectively. In addition, the corridor analysis component of the application adopts the highway
rail grade crossing mitigation modehich was developed by the Volpe National Transpiomna
Systems Centef.he GradeDec corridor analysis can be selected to effectively reduce the overall
capital cost required to construct facilities for higgeed passenger rail senga¢eith operating
speedsangingbetween 11Inphand 125 mphyvhere thehighwayrail grade crossing hazards

and mitigation measures canthe major cost facta: A risk analysis can be modeled more
accurately using a certain range of the model inputs in the sofitveéead of making
assumptionsvhich may substantially affethe results. The range thfeinputs, defined in the
software is set based on historical data, empirical evidence, and expert recommendations. The
results highlight the difference in tisensideredafety improvement alternativasdassis
decisionmakerswith selection othe mostadvantageoualternative

GradeDec provides users with several highway grade crossing safety investment options for
both corridor and regional analysighich include(U.S. DOT, 2014)1) highwayrail grade
crossingdevice type change (options available under this category are passive, lights, gates, new
technology, and closure or grade separati@)additions of supplementary measures to gated
crossings (options aable under this category dur-quadrant gaewithout detection, four
guadrant gates with deteati, fourquadrant gates with 8@ot medians, mountable curbs,

barrier curbs, ongvay streets, and photo enforcemeat)d(3) changes to highway traffic flows

in a corridor (traffic is reouted away fom crossings durinthetime periods with the highest
accident risk using signage or signals). The safepyovemenimeasure, which is selected in the
mode] will influence theoutcomes of thaccident prediction and severity analysis. State and
local auhorities may specify a orfeme investment or consider the implementation of safety
improvemenmeasures in two phasdmsed on a number of factpirscludingthe available

funds as well as the anticipated increasth@highway and rail traffic volune GraceDec

models two scenarippamely(a) Base Case an) Alternate Case. The Base Case analysis is
conducted to assess the betsedind costs over a time peritienminor safety improvements

are made to a highwanil grade crossing.e.,thefino mapr investmeni scenariy. Conversely,

the Alternate Case analysis assesses the benefits and costs based on the assumption that the
planned safetimprovemenimeasures have been implementedtdghwayrail gradecrossing.

Some of the parametemsquired to conduct the Base and Alternate Case asahgdude the

following: (1) type ofa highwayrail gradecrossing; (2) supplementary measures at gated
crossings; (3) AADT ahighwayrail gradecrossings (a consistent value is used for both cases
except an improvement prograhatspecifically requires traffic management measures for re
assigning traffic); (4) characteristics of rail operationsighwayrail gradecrossings; (5)

operatioal and mantenancecosts;and(6) capital investment (apphble tothealternate case
analysis only). The corridor analysis mode in @ek offers anoredetailed analysis

compared to the regional analysis mode. Some of options available in the corridor analysis mode
but not available ithe regional analysimode include: () choice ofthe high-speed rail model
ortheU.S.DOT model fortheaccident and severigyrediction(while the regional model solely

relies on the U.DOT model fortheaccident and severityrediction; (2) traffic reeassignment
atgradeseparated or closed crossings; a@)destimation of benefits from a reduction in delay

on the adjacent highway netwgild.S. DOT, 2014)The softwareharacterizegail corridors
usingcertainparameterssuch as the average daily number of trainse-of-day distribution of

rail traffic, coordination between traffic signaling system and rail signals in the corridor, and type
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of warning devicés) installed at crossings. In additidheinformationregardingthe reduction
in delay, time savings, tific re-assignment optionas well as the impactd reduced queuingt
theadjacent roadwayss provided in the corridor analysiBhe nformationregardinghighway
traffic reassignment due taighwayrail grade crossinglosureor grade separatida not
provided by the softwarevhen the regional analysis mode is selected. UsingeBDexjstate
and local authorities can evaluatgfetyimprovementgor up to 600 highwayail grade
crossing at the same tim@r both corridor and regional analysis mede

The time periodconsidered by the softwaies based on the fAsthatrt o and
areused fora givenscenario. GragDec assumes that the safety investments will be implemented

in the base year (i,eyearfi00). The benefits are estingat from the start of the first year. For

exanple, if the start and end year vadiaedefined in a scenari@s2018 and 2050espectively,

the software assumes that the safety investments have been completed in 2017; thus, the benefits
are estimated frorthe beginning of the year 2018ince the benefitostvalues arealculated

annually, it is assumed that the benefits and costs are applied at the end of each year within the
analysis time periodlhe U.S. dollars adopted athe currency in the moddgbradeDe@pplies

thel di s c ount israaonsant dollawfaten orber to account for tharice inflation It is

also assumed that the commodities have fietativepricesover the time horizon of the

investmen(i.e., the ratios of the pricesrftwo goods/servicesgxcept gasoline and oil.

Moreover, GradDec allows the user to evaluate the possible benefit and cost growth path. To
achieve the | atter objective, the user can sp
This feature ofhe software showshetherthe growth in benefits is sustainable over a g

period.

Assessment of Accident Severity).S. DOT Formulae within GradeDec

TheU.S. DOT Accident Severity Formulaehich are used in the canonical U.S. DOT resource
allocation procedure, allow predicting te&pectechumber of fatal and injury accideras
highwayrail grade crossirgysee sectio.3.20f this report) On the other hand, théradeDec
softwareallows assessing the following types of accident sev@uitg. DOT, 2014)(1) fatal
accidents (i.e., accidents with at least oniality); (2) casualty accidents (i.e., accidents with at
least one fatality or injury)3) injury accidents (i.e., accidents with at least one injury, but no
fatality); and (4)property damage only accident$e GradeDecsoftware calculates the number
of accidents by severity categasging thefollowing equations (U.S. DOT, 2014):

VO T TS (2.10)
oY ai @ 211
Y'Y 6@ 6 p B Ez.lzg
YUY i 80 cgb @ 8 (2.13)
YY Q (2.14)
VO 18 Yp (2.15)
0°Y ai 8 (2.16)
YO Q8 ° (2.17)
Yy Q8% ° (2.18)
U0
"06 (2.19)

o 0@ "OY'IOYIGYY
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°0% 5708 Y OYodYY (220)
06 60 "08 (2.21)
006 06 "0d "0d (2.22)
where:

& i = maximum timetable train speed, miles per hour

0Q & number of through trains per day

{ 0 "t ewitch trains per day

61 o it ahighwayrail grade crossing urband i @ &t elsed | o &%

01 @ & imber of railroad tracks

0 0= predicted number of accidents per yea kighwayrail grade crossing

"O0= predicted number of fatal accidents per yearhaghway-rail grade crossing

0 0= predicted number of casualty accidents per yeahahwayrail grade crossing
"OG predicted number of injury accidents per yea kighwayrail grade crossing

0 6= predicted number of property damage only accidents per yemhighwayrail grade
crossing

Number of Accidents by Severity CategorHigh Speed Rail (HSR}Formulae

Unlike theU.S.DOT Accident Prediction Formulaevhich estimate the severity pfedicted
accidents, the HSR form@aompute the number of fatalities among highway vehicle and train
occupants. The HSR model considers several factohe astimaion of the number of fatalities
includingthe accident typedtrain strikesavehicleor avehicle strikestrain), vehicle type
(automobile, truckor truck trailer), as well as occupaliig mode (i.e.train and highway

vehicle. The predicted number of fatalitiefa train strikes a highway vehiglean be estimated
using the followirg equation(U.S. DOT, 2014)

00 i U dn o 1
(2.23)

ar PO 0i Q a R
i : FQg & &GO OO OO BH6 A HGE O (2.2
i i HAOEd DY EDDOON OE O (2.25)

The predicted number of fatalitie§ a highway vehicle strikes a trginan be estimated using the
following equation (U.S. DOT, 2014):

00 i o | o I h ok (2.26)

where:
"00 i U= predicted fatalities wheatrain strikesa vehicleby occupancy mode
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"OU i o= predicted fatalities wheavehicle strikestrain by occupancy mode

¢ czoccupancy mode of fatality (e.g., train occupants, highway vehicle occypants)
@ 0 WA aQcident type (e.gatrain strikesavehicle,avehicle strikeatrain);

0 0 wAV@hicle type (e.g., auto, truck, truck trailer)

0 0 wMtain type (passenger, freight, switch)

I i n = model coefficient by accident type, highway vehicle tyg occupancy mode
of casualties
I = share ok vehicle type irthe highway traffig

| = share ofitrain type inthetotal rail traffic

i 1 =average train speddr atrain type

i n =train speed of maximum impact on highway fataljties
0i Q = probability of severe derailment

i '@ added severity with severe derailment (model coefficient)

The total predicted fatalitiesan be estimated using the following equation (U.S. DOT, 2014):
O 0000 TO0i L p DOID OVI O (2.27)

where:

F = total predicted fatalities

"0O0 i U= predicted fataties whematrain strikesavehicleby occupancy mode

"Ou i o= predicted fatalities wheavehicle strikestrain by occupancy mode

0 O i={probability thatanaccident is ohtype, whereatrain strikesa highway vehicle

The totalnumber ofpredicted injuriexan be estimated using the follong equation (U.S. DOT,
2014):

‘© 6000 (2.28)
where:

‘G total predicted injuries

"O= total predicted fatalities

0 = ratio of predicted injuries to fatalities

Effectiveness Multipliers

In order to estimate the safety risk at highwaiy grade crossingafter implementing the

proposed improvements for the base caseJtBeDOT resource allocatioprocedure

recommends that the predicted number of acciddrdaldbe multiplied bya certain

effectiveness multipliefa.k.a., effectiveness factoryhichis set based on thgpe of thesafety
improvement measuplied For alternate case scenario, the predicted number of accidents is
estimated by multiplying the number of predicted aadislen the base case by one minus the
effectiveness multiplier. If theighwayrail gradecrossing signal device is upgraded to a newer
technology, the effectiveness factor is <calcu
effectiveness factor from on@é multiplying the resulting value lpneminus the

corresponding technology effectiveness fa¢thS. DOT, 2013 Table32 presents the
effectiveness valisgor various safety improvemeatternativesNote thatTable32 was
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preparedusingthe data reported e GradeDec.NE'Referene Manual(U.S. DOT, 2014
[page25 of the report].

Table 32 Effectiveneswyalues for crossing warning devices.
Total Number of Trains Per Day

10 or less More than 10

Single Multiple Single Multiple
Improvement Action Track Track Track Track
P_asswe to Flashing 0.75 0.65 061 0.57
Lights
Passive to Lights and 0.9 0.86 08 0.78
Gates
Flashing Lights to Gates  0.89 0.65 0.69 0.63

Supplementary Safety Measures

The use of locomotive horns at highweaayl grade crossirgjs guided by regulatia However,

there are some aretigt are designateals fi q u i, ehere loaomative dornsannotbe used

based on certain provisions of the law. In an effort to prevent acciddnghaiayrail grade
crossingwithintheareasd e si gnat ed as fAqui et zoapmys, O j uri s
specificcountermeasurewhich are expected to hawa equivalent effect ofisinghorns orthe

predicted accident3.able33 shows the estimated effectivenésstorsfor various

supplementary measures at gated highreglygradecrossingsNote thatTable33 wasprepared

usingthe data reported he GradeDec.NEReference ManudlJ.S. DOT, 2013 [page26 of

the report].The effectivenestactoris the rate of reduction in the number of predicecidents

after implementation of a given countermeagurs. DOT, 2014)Note that supplementary

measures can be applied to gated crossings only. Moreover, if an improvement measure upgrades
the crossing from a negated to a gateldighwayrail grade cossing the effectiveness factors

are applied consecutively.

Table 33 Effectivenesdactorsfor supplementary safety measua¢gated highwayail grade
Crossings

Effectiveness

Supplemental Safety Measures Factor

4 quadrant no detection 0.82

4 quadrant with detection 0.77

4 quadrant with 60' medians 0.92
Mountable curbsvith channelized devices 0.75
Barrier curbswith or without channelized 0.9
devices '
Oneway street with gate 0.82
Photo enforcement 0.78

Cost ofSupplementary Safety Measures
The Gra@Dec software uses some parameters and default values to estimate the initial capital
costs, operaticd and maintenance M) costs, and other lifeycle costs for highwayail
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grade crossingaith various types of@untermeasured he types ohighwayrail grade
crossing include the followingU.S. DOT, 201% (1) passive grade crosss2) crossings
with flashing lights; (3rossings wittlashing lights and gates; (4) grade closure; (5) grade
separation; and j&rossings witmew technology. The project costs for different highwesil/
grade crossing typesepresented iMable34. FurthermoreTable35 shows the costs for
implementingsupplementary safety measuetgjatechighwayrail grade crossirgy which are
available in the Graa@Dec softwareNote thatTable34 andTable35 werepreparedisingthe
data reported bthe GradeDec.NETReference ManudlJ.S. DOT, 2013 [pagesh9i 60 of the
report].

Table 34 Projectcostdata

Crossing Initial Capital O and M Other Life
Type Cost (thous. of Costs (thous.  Cycle Costs
$) of $) (thous. of $)
Passive 1.60 0.20 0.00
Lights 74.8) 1.80 0.00
Gates 106.10 2.50 0.00
Closure 20.00 0.00 0.00
Separation 1,500.00 0.50 0.00
New Technology 180.00 0.50 0.00
Table 35 Costsof supplementary safety measures.
Measure Type Initial Capital O and M Other Life Cycle
Cost (thous. of Costs (thous. Costs (thous. of
$) of $) 3)
4-quadarnt gates without 244.00 3.5 0.00
detection
4-quadarnt gates with 26000 5.00 0.00
detection
4-quadarnt gates with 60' 25500 25.00 0.00
medians
Mountable curbs 15.00 3.50 0.00
Barrier curbs 15.00 3.50 0.00
Oneway street 5.00 3.5 0.00
Photo enforcement 65.00 25.00 0.00

2.4.0Other Models and Resourcellocation ProceduresUsed byState DOTs

Apart from the nationally recognizeatcident and hazamtedictionmodels and resource
allocation procedurespme State DOTdevelopedheir ownaccident and hazamptediction
formuleae for estimating the number of acciderssessing the highwagil grade crossing
hazardand prioritizinghighwayrail grade crossings for safety improvemprajects Thestate
specificmodels identifiedthroughouthe literature sear¢imcludethe following

1 Arkansas Hazard Rating Formula
1 California Hazard Rating Formula
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Connecticut Hazard Rating Fortau
FloridaAccidentPredictionand Safety Indekormula
lllinois Hazard Index Formula

lowa AccidentPredictionFormula

Kansas Design Hazard Rating Formula
MichiganHazard Indexormula

Missouri Exposure Index Formula

Nevada Hazard Indeixormula

New MexicoHazard IndeXormula

North Carolina Investigative Inddxormula
TheJaqua Formuléused by the State of Oregon
South Dakota Hazard Index Formula

Texas Priority Index Formula

RevisedTexas Priority Index Formula

=4 =2 =4 _-0_9_9_9_5_24_-29_-2._-2_-2-_--°

The formulaeand proceduresyhich have beensed by the States 8faska,North Dakotaand
Washingtorfor accident and hazaptediction andesourceallocation among highwasail
grade crossingsyerealso foundas a result of a detailditerature reviewTheidentified
formulaeand resourceallocation proceduregre presented in the following sections a$ th
report.

Table 36 Alaskapolicy onhighwayrail grade crossirgg changes ievel ofprotection

Existing Traf_flc Hazard Recommended Action for Improvement
Control Device Index
0.0871 0.12 *Note
0.127 0.15 Flashing lights
Passive 0.1571 0.23 Flashing lights or gates and flashing lights
0.231 12.4 Gates and flashing lights
12.47 18.5 Gates and flashing lights or grade separation
>18.5 Grade separation
0.127 0.18 *Note
Flashing lights 0.181 3.7 Gates and flashing lights
3.71 5.6 Gates and flashing lights or grade separation
> 5.6 Grade separation
Gates 1.327 1.98 *Note _
>1.98 Grade separation

*Note: For hazarandexeswithin this range, the decision may be to do nothing, improve the
existing traffic control system, install a different type of traffic control system, or make some
other improvement a highwayrail grade crossing

2.4.1.Alaska

The Alaska Department of Tranggation and Public Facilitidsas been usintpe Accident
Prediction Value (APV) computatiahprocedures from the Railroddighway Grade Qrssing
Handbook, Second Editiqi986). To change the protection type for a highwailygrade
crossing from passevto active protection, a threshold value of 0.10 @owdentevery 10
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years) is selected. A hazard indexompared witlthethreshold valuegresented able36) to
chooseheupgrade®f the traffic control systerat a giverhighwayrail grade crossing. Note
thatTable36 waspreparedisingthe data reported dylzohairy and Benekoh&000 [pages
161 17 of the report].

2.4.2.Arkansas Hazard Rating Formula

Arkansas Highway and Transportation Department (AHA&Rbeen usingihazard rating index
along with field diagnostic team reviews to detecthighwayrail grade crossirgythat require
safety improvements. ATHD does not have any thresholds for resource alloltdtiesto
improve asmanyhighwayrail gradecrossing as thevailablebudget allows (based on hazard
ratings). TheHazard Rating Formulaeployed byATHD to prioritizethe highwayrail grade
crossingdor safety improvement projectsan be expressed using the following equation
(Elzohairy and Beekohal, 200):

Hazard rating o highwayrail grade crossing (Highway traffic pointy JRailway
traffic pointg JAccident record poinjs

where:

Highway traffic points = 5 points maximum, depending on ADT,;

Railway traffic points = 5 points maximum. Up to 75% of the railway traffic points are

dependent on the number of trai The rest depend on the number of side and main tragks at
highwayrail grade crossing

Accident record points = 4 points maximum, depending on the number of accidents over the past
15 years.

(2.29)

2.4.3.California Hazard Rating Formula

TheCalifornia Hazard Rating Formula calculates the hazard inflakighwayrail grade
crossingas a surrogate tihe number of accidents. The hazard index can be used to rank
highwayrail grade crossirgpased orthe likelihood of accidents. Theghwayrail grade
crossingwith the highest value of the hazard index is the most likely to experecatentsand
should begiven the highest prioritthroughoutresource allocation. The formula requires four
inputs,including thenumber of vehicles, number o&ins,highwayrail grade crossing
protection typeandaccidenthistory. Unlike thdJ.S. DOT Accident Predictio-ormula(which
requires only Byearaccident historyecords)the California Hazard Rating Formula udés
accident historpverthe lasttenyears.The California Hazard Rating Formutan be expressed
using the following equatio(Elzohairy and Benekohal, 200Qureshi et al., 2003)

FRCICRACILF S (2.30)

where:

0 w 'GtheCaliforniaHazard Index

@= number of vehicles;

“Y= number of trains;

0 "@ protection factor (se€able37);

0 "G- accidentistory (the total number of accidents in the tastyearsmultiplied by a factor of
A 3.0
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Table 37 Protectionfactorvalues forthe CaliforniaHazard Rating Formula

Traffic Control Devices (PFE%GC'“O” Factor
Stop sign or cro$mick 1.00
Wigwag 0.67
Flashing lights 0.33
Gates 0.13

2.4.4.Connecticut Hazard Rating Formula

The State of ConnectichiasbeenusingaHazard Rating Formulavhich is similar to the one

used by the State of Californjee, t he St ate of Connecticutbds fo
index, not the predicted number of accideni)ur determinants of the hazard index are required

for the formula, including annual average daily traffic, number of trains pehuagowayrail

grade crossingrotection typeandaccidenthistory. Themaindifference between the two hazard

rating fomulae is thathe Connecticut Hazard Rating Formula considaesaccident history for

the lasftfive years while the California Hazard Rating Formula ugég accident history over the
lasttenyears The Connecticut Hazard Rating Formuan be expressedsing the following
equation(Elzohairy and Benekohal, 200Qureshi et al., 2003)

"Y p OO p DOOXO
DTITT

0 ¢ 00
where:

0 ¢ "&@eConnecticutHazard Index

0 0 O=vannual average daily traffic

“Y= number of trainper day

0 "@ protection factor (se€able38);

0 = accidenthistory (the total number of accidents in the fast years).

(2.31)

Table 38 Protectionfactorvalues forthe ConnecticutHazard Rating Formula

Traffic Control Devices Protection Factor
(PF)

Passive Warning Devices 1.25

Stop Sign Control 1.00

Stop Sign andProtect Control 0.75

Manually Activated Traffic Signal 0.75

Railroad Flashing Lights 0.25

Traffic Signal Controlvith Preemption 0.25

Gates with Railroad Flashing Lights 0.01

Inactive Rail Line 0.001

2.4.5.Florida Accident Prediction and Safety Index Formula

Under FHiogh wlaayd dR@ravémerdPeogram, which is sponsored by FHWA, an
accident prediction mod&las developed to prioritizée highwayrail grade crossings for safety
improvement projects in the State of Floridlae proposedaccident prediction modeatas based

on astepwise regression analysis, data transformation, dummy variables, and transformation of
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the accident prediction model to its original scdlee accident prediction is further used for
estimating thesafety index for a givehighwayrail grade crossingrhe FloridaAccident
Prediction and Safety Index Formwan be expressed using the following equat{@hS. DOT,
2007):

o) wXur@PmTY ™ pd Ty T[80§§B ™Y b

T[& TE& U O l Y’O T[8)- U O YO LO \ r TN v A T TQp (2 32)
U @WYO o &CG—YYOT@ ¢ i Ewo w Qi :
w Q8 ° 8 7. (2.33)

o) qarxunzarmeY ™®eP Y M@ wd b ™Y b
YO
TI&LIJTEQ@—YYOH&QDU ¢ T 0D QMO Qi
w Q8 2 &8 T (2.35)

(2.34)

where:

0 = vehicles per day or annual average daily traffic

0 = number of lanes

1 E logarithm to the bas@

0 0 "Y®actual minimum stopping sight distance alarfughway,

0 0 "Y®clear sight distance (ability to see approaching train admghway, recorded for the
four quadrants established by the intersection of the railroad tracks and road)

Y Y ¥Qequired stopping sight distance on wet pavement

“Y = maximum speedfa train;

“Y= yearly average of the number of trains per, day

0 =1 Df predicted number of accidents in feygrar period ahighwayrail grade crossirgwith
active traffic control devices
0 =1 Df predicted number of accidents in feygrar perod athighwayrail grade crossirgwith

passive traffic control devices
= posted vehicle speed limit unless geometrics dietatewer speed
¢ &0l €1 i G éomal'Mimber of crossbucksahighwayrail grade crossing;
"Qw 0 LPatepresence indicator({ if gated;=0 if not);
w= predicted number of accidents per yea lighwayrail grade crossing

The number of accidents predictech&iighwayrail grade crossinger yean(w) is adjusted to
account fotheaccident history afllows:

0
W 0

O @ (2.36)

where:

= accident prediction adjusted fitre accident history

W= accident prediction based on the regression model

"O= number of accidents foine six-year history or sincthe year of last improvement

67



0 = number of years of the accident history period

Based on thaccident prediction formu)asafetyhazardindex method was developed to rank
thehighwayrail grade crossimgjinthe State oFlorida. Ahighwayrail gradecrossingwith a
safetyindex value of 70 is considered safe; thus, there is no need to implement any safety
improvemend at that highwayvrail grade crossingVioreover, aafetyindex value of 60, which
represents one accident in nine yemrsonsidere@s marginal. Thesafetyindex is calculated
based on the predicted number of accidents per year, adjostedaccident historyusing the
following equation(U.S. DOT, 2007)

Y Op U (2.37)
where:

'Y = safety index

®= adjusted accident prediction vajue

@ =90 when less than 10 school buses per day traaéigbwayrail grade crossing= 85 when
10 or more school buseer dayraverse a highwasail grade crossing withctive traffic control
devices without gates; 80 when 10 or more school buses pertilayerse a highwasail grade
crossing withpassive traffic control devices

2.4.6.lllinois Hazard IndexFormula

The State of lllinois conductednaevaluation of the existingccident and hazamfediction
models used by different DOTs (Elzohairy & Benekohal, @P0rhestudyperformedmultiple
nortlinear regression analgsto determine thiactors whichinfluence tle occurrence of
accidentsaatthe highwayrail grade crossirgthe mosin the State ofilinois. The results of the
conducedregression analgs demonstrated the best fit thie lllinoisHazard IndexXrormula
(Elzohairy & Benekohal, 20007 he lllinoisHazard Indexrormulacan be expressed using the
following equation(Elzohairy & Benekohal, 200@ureshi et al., 2003)

D0 DB B B 08 Oopd A 8 0O (2.39)
where:

‘O'0O@helllinois Hazard Index

6=1 10 "YY

0 'O "¥average daily traffic;

0 "Y¥number of total trains per day;

0 = maximum timetable speed, mph;

0 = number of main and other tracks;

O = number of highway lanes;

0 = average number afccidens per year(typically, overa5-year period)
0 "@ protection factor (se€able39);

Table 39 Protection factor values fdne lllinois Hazard Index Formula

Traffic Control Devices (ng;ectlon Factor
Cros$ucks 86.39
Flashing lights 68.97
Gates 37.57
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2.4.7.lowa AccidentPrediction Formula

lowa DOT developed aAccident Prediction Formulavhich isbased on the \3. DOT
AccidentPredictionFormula(lowa DOT, 2006). The estimations for accident prediction and
severity are divided into the following stejf$) estimatiorof exposure (exposure is a variable
used in the accident prediction calculatiqR); estimatiorof predicted accidentsind(3)
estimationof accidentseverity The estimatiomf exposure is based on the AADT, the number of
daily trains, and the timef-dayexposure correlation factor. TExposure FactaofO "Pcan be
calculatedusing the following equatiofiowa DOT, 2006):

00 bé&"BOONQO U REGE® 0O E @10 O
Ob &£ YYD AN U @QET D& @yt 1o 0
P&€™QO0 OooYQou@i@muoos p'zq]'tmu
Jb € YYOo QUQ{OU@JL@H) Ve @dnmu
P&QO0 OQ)YQOU@@'IETD DWE @1]'”00
Jb ¢ YYo C(DQ{OU@Q'ETD 0®OE @t 0
PbéOIYODQOL@RD IOE RgT™ O
Ob & TYYH QDN U @R 0N E Qg™ O

divided by the GREATER of

b ¢ 00 0NQ0 0 RQE™D HKE @ 16 0 (2.39)
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bé&YYd QN U QEET™ 0GOE @t 0
bé&YYd QN L @R 0GE Qg 0
bé&YYd QHN 0 REET™ 0GOE @10 0
Pé&OYYd QN 0 @RM 0GE Rt ™ O

Ownéi 0 pEAOOD 60 OINWE 0 Waw Qe i (2.40)

The estimatiorof predictd accidents depends on the existighwayrail grade crossing
warning devicesSimilar to the U.S. DORccident Prediction Formujadhe initial number of
predicted accidents is adjusted basethemaccident history over the lafte years.The
following equation is used to estimdkee number opredicted accidents #te highway-rail
grade crossingequipped with passive devices (lowa DOT, 2006):

01 QQ oo @@QDd o MBrnmme @d0wn £€i P & O
DOGWY Yi oQigijmg ¢ 08 ° xn 8 2
where:

0 &0 8 Rif the crossing is on a dirt or gravel roadL if on a paved road

(2.41)
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The following equation is used to estim#tie number opredicted accidents #te highwayrail
grade crossirgequipped with flashing lights (lowa DOT, 2006):

01 QQHBxo@O@QODd o Minmno ®UOmwN €1 OBPE & O

g a N o § 2.43
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The following equation is used to predice number o&ccidents athe highwayrail grade
crossing equipped with lights and gates (lowa DOT, 2006):

01 QQHx0@OQNSd o Mminnmu PTOwN éi MR 8 O (245
DOMGIYo Yi o0 jmg & 08 ° xne o '
6 Q06 i ota®E 0Q D@L 0 i ) o
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(2.46)
aJ®d x qu

The severity of accidents can égsessellased ora set offactors such as train speed, number
of tracks, number of through trains, number of switching traind type of location (rural or
urban). Since the number of predicted accidents is the same, the probahititygjofy accident
will be equal tathe probabilityof a casualty accident minus tipeobability of a fatal accident,
while the probability of propertydamageonly accidenwill be equal tahe probability ofan
accidentminusthe probabilityof a casualty acciderftowa DOT, 2006)The following

equatios areused to predidhe number of accidents by severity category:
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2.4.8.Kansas Design Hazard Rating Formula
TheKansadesign Hazard Rating Formulietermines hazard index instead of the number of
accidents. If the hazard rating is estimated to be negative, then it is set tSixéactors
influencing the occurrence atcidentsare used in the formulacluding thenumber of
highwayvehicles, number dast trains, number of slow trains, angldlodintersection between
the road and the track, the sight distarfoesll four quadrantsandnumber of main track3 he
Kansas Design Hazard Rating Formciden be expressed using the following equati€lmohairy
and Benekohal, 200Qureshi et al., 2003):

0060 6 ©
VR ONOAY - (2.51)
where:
0 ‘O"O¥theKansas Design Hazard Ratjng
o 200
0=———m;

"O™¥ highway traffic;
0 "O"¥number of fast trains;
0 "Y=¥number of slow traingswitch trains are not included)

8=cD i N

6= N

'O = main trackfactor (seelable40).

Table 40 Protection factor values féine Kansas Design Hazard Rating Formula

Number of Main Tracks Factor (D)
1 1.0
2 15
3 1.8
4 2.0

2.4.9.Michigan Hazard IndexFormula

MichiganDOT hasbeen usinghe New HampshiréHdazard Indexormula,described in section
2.2.30f this report for prioritization ofthe highwayrail grade crossing&Elzohairy and
Benekohal, 200). However, he values of the protection factar () used in the originailew
HampshireHazard Indexrormulg have been modified by the State of Michigan for thieizard
IndexFormula Thevalues ofthe protection factorused byMichiganDOT, are shown iTable
41 for different types of countermeasurbiote thatTable41 waspreparedusingthe data
reported byElzohairy and Benekohal (20P[page8 of the report].
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Table 41 Protection factor values used biychigan DOT.

Traffic Control Devices (Pprlc;';ectlon Factor
Reflectorized crossbuck with or without a yield sign 1.00
Stop sign 0.80
Stop and flag procedures 0.75
Flashinglight signals 0.30
Flashinglight signals with cantilever arms 0.27
Flashinglight signals with cantilever arms and traffic signal 0.24
interconnect

Flashinglight signals with halroadway gates 0.11
Flashinglight signals with cantilever arms and hettadway gates 0.08
Flashinglight signals with cantilever armbalf-roadway gates, and | 0.05
traffic signal interconnection

The addition of warranted motion sensor or predictor circuitry further redrieiey 0.02.

In case if theMichiganHazard Index exceeds 4,000, a system of flashing lights can be issued for
a given highwayrail grade crossing, which may already hawesbuck signs, stop signs, wig
wag signat, yieldsigns bell, or manual warninfelzohairy and Benekohal, 2000).

2.4.10.Missouri Exposure Index Formula

MissouriDOT has been usingn exposure index based on the typexastingprotection at the
highwayrail grade crossirg) Thefactorsthatare used to estimate the exposure indekude the
following: number and speed wéhicles, number of passenger and freight trains, speed of
passenger and freight trains, switching movements, required and actual sight distance. The
MissouriExposure Inde¥ormula can be expressed using the following equaBizehairy

and Benekohal,@0; Qureshi et al., 2003):

For passive to active upgrade:

0 0 0"YO'YOWYO (252
For active upgrade:

0 0 0"YO (253
where:

0 'O '®theMissouriExposure Index

"Y'O & sight distance obstruction factov'O & ;

“Y'®traffic index "Y'© 2 2 = 2 2 :

w U = vehicle movements;

W "¥ vehicle speed;

0 0 = passenger train movements;
0 "¥ passenger train speed;

"O0 = freight train movements;
"O™¥ freight train speed,;

"Y 0= switchng movemert
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2.4.11.Nevada Hazard Inde¥ormula

In 2017,Ryan and Mielk€2017 recommended a revised hazard index model to priothize
highwayrail grade crossirgfor safetymprovemenprojectsin the State of Nevada. Several
factors wereconsideredn the model, including average daily highway traffic, daily train
volume,accidens within the pastive years, near misses within the péseeyears, protection
factor, highway speed factor, rail speed factor, track configuration factohigmaayrail grade
crossingangle factor. Thé&levadaHazard IndeXormulacan be expressed using the following
equation(Ryan and Mielke2017):

0 "O'OMO™@ § O W "QOYDY YDYS W 6 O (259
where:

0 "O'®NevadaHazard Index;

'O "© exposure indeXO "© (average daily highway traffic)daily train volume;

0 U 0 ®accidentand near miss factpp 0 0 'O p&  ;

0 = accidens within the pasfive years;

0 = near misses within the pdkteeyears;

0 "@ protection factgr0.15 for 4 quad gate or gates with med;j&h30 for gates onfyand 1.00
for flashing lights or passive;

"O"Y'®highway speed factp®.50 for 0 to 15 mphl.00 for 20 to 35 mpHhL.50 for 40 to 65
mph and 2.00 for 70 mph or above,;

Y "Y®©rail speed factorl.00 for 0 to 59 mphand 1.50 for 60 mph and above;

"Y& “©track configuration factorl.25 for 1 gling/other track 1.50 for2 sding/other tracksand
2.00for 3 or more &ling/other tracks;

0 0 "©highwayrail grade crossingngle factor2.00 for 0 to 30 degrep$.50 for 30 to 60
degreesand 1.00 for 60 to 90 degrees).

2.4.12.New MexicoHazard Index Formula

New Mexico State Higway and Transportation Departméiats been usingtazard Index
Formulg which is based othhe Modified New Hampshirélazard IndeXxormulg to determine a
hazard indexandrankthe highwayrail grade crossirgy TheNew Mexico Hazard Index Formula
can be expressed using the following equatiinohairy and Benekohal, R0):

e e YL OO®IOOL O OO,
0000 ST JYOJIYD O (2.59)

where:

0 U 'O%xheNew Mexico Hazard Index

0 "@ protection factgr0.11 for gates0.20 for lights 0.34 for wigwags0.58 for signs1.00 for
crossbucksand 2.00 for no protection;

“Y'O= sight distance factpi..O for no restrictionsl.2 for restrictions at one quadraand 1.5
for restrictions at more than one quadrant;

“Y = train speed in mph;

0 "O= accidenthistory factoro0 0=0 6 0;

0 = 0.10 for eaclproperty damage onlgccident

0 = 0.20 for each injuraccident

0 = 0.30 for each fataccident
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2.4.13.North Carolina Investigative Indexormula

Thelnvestigative Index Formujaised byNorth CarolinaDOT, includes three terms related to
exposureaccidenthistory, and sight distance. Théorth Carolina Investigative Irex Formula
can be expressed using the following equatiinohairy and Benekohal, 20):

0 "Ab O IYWYYIYO
b 606 —— X 1T "YO'O (256

where:

0 0 "©1theNorth Carolina Investigative Index

0 "@ protection factgrl.0 for no warning devices or crossbudks$0 for traffic signa, 0.20
for flashing lights and 0.10 for gates;

0 'O ¥ average daily traffic. When school buses aib@hwayrail grade crossingadd (No. of
school bus passengers/1.2pt@® "'YWhen passenger trains uskighwayrail grade crossing
multiply 6 ‘O by theaverage vehicle ocpancy, which is 1.2;

"Yax train volume;

“YUY¥rain speed factof Y'Y ¥ maximum allowable train speg80 + 0.8;

“Y"& trackfactor, depenitig on the number of throughattks and the number of totabtks;
0¥w= trainvehicleaccidens per yearA 10-yearaccidenthistory is required for the model;
“Y'O ©sight distance factpiYO'©p @B YO I ;

"Y'O "8 sight distance factor for quadrantO for clear sight2 for average sighind 4 for poor
sight.

Thehighwayvrail grade crossings are selected for safety improvement projects based on the
estimatednvestigative indexes and the amount of funding available for a given fiscal year
(Elzohairy and Benekohal, 2000).

2.4.14.North Dakota PAR Rating

North Dakota DOThas been using sufficiency rating system to priorititiee highway-rail

grade crossing®r safety improvement projectd Performance Appearance Rating of PAR

rating of 100 is defined under the system. Points from the total (100) are deducted for different
negative conditions. The highwagil grade crossing with the lowest rating is given the highest
priority for safetyimprovements and additional funding. The rating system is showalie42.

Note thatTable42 was preparedsingthe data reported ylzohairy and Benekohal (2000)

[page 12 of the report].

Table 42 North Dakota PAR rating.

Criteria PAR Rating

Railroad Conditions 20

Highway Conditions | 14

Exposure Factor 30
Visibility Factor 36
Total 100
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2.4.15.0regon

Oregon DOThas been usingheiJaqua Formulato prioritizethe highwayvrail grade crossing
for safety improvement project§he Jaqud&ormulacan beexpressed using thellowing
equatiors (Elzohairy and Benekohal, 20):

556 DD (2.57)
DODT

o 0 W ,

where:

0 0 W= accidenfprediction for the nexive years;

0 = exposure factor;

€ = number of train types;

“Y= number of trains of typ&

0 = number of cars iatrain of typeQ

“Y = speed ohtrain of typeQ

w=AADT;

6 = hazard rating, which depends thie number of tracks, number of blind quadrants, speed of
vehicles and trains, number of lanes, angle of intersection, curvature of the roadway, approach
grade existence of entrances andtexo streets and street intersections adaghway-rail

grade crossing

0 = protection factor, which depends on the typex$tingwarning devices at theighwayrail
grade crossirgand type of area (urban vstal).

2.4.16.South Dakota Hazard Index Formula

The State of South Dakokes been usintpe Hazard Index Formult rank thenighwayvrail
grade crossimgforsafety improvement projectsour factors are used to determinetiaeard
index of a given lghwayrail grade crossingncludingtrain traffic, average daillzighway
traffic, highwayrail grade crossingrotection factor, and obstruction fact®he South Dakota
Hazard Index Formulean be expressed using the following equati€imohairy and Benekohal,
2000):

YO0 oU:m @® O (2.59)
where:

“Y'O "G@he South Dakotddazard Index

“Yar number of trains per day;

0 'O ¥ average dailhighwaytraffic;

0 "@& highwayvrail grade crossingrotection factor;

0 "G obstruction factor.

2.4.17.Texas Priority Index Formula

TheTexas Priority Index Formullaas beemised by severatates The formula is very similar to
theNew HampshiréHdazard Indexrormulg however,a number of additiondactors including
train speed andccidenthistory, are considered in the Texas Priority Index Formula
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Furthermore, the formula differentiates betwésncantilever and mashounted flashing lights.
Althoughthe number o&ccidentover the past five years consideredit canonly affect the
priority index wherthe value is greater than oerecord of me or nocaccidens overa period

of five years produces the same reslitte Texas Priority Index Formulean be expressed using
the following equatioriElzohairy and Benekohal, 80; Ryan and Mielke2017):

YO '00IYDI 1p JY 2 "Q 1t b 8 (2.60)
where:

"YO fQheTexas Priority Index

W= average daily traffic volume;

“Y= averagealaily train volume,;

“Y= train speed,

0 "@& protection factor (se€able43);

0 = trainaccidens in the pasfive years (default = 1).

Table 43 Protection factor values féine Texas Priority Index Formula

Traffic Control Devices Protection Factor
(PF)

Passive 1.00

Mastmounted flashing lights 0.70

Cantilever flashing lights 0.15

Gates 0.10

2.4.18.Revisedl'exas Prioritylndex Formula

In 2013, he University of Texas at San AntoraadTexas A&M Transportation Institute
conducted a study in collaboration with Texas DOT in order to revise the ofigixas Priority
Index Formulawhich generally gavieigher priority rankig tothe high-volume highwayrail
grade crossings based the accident historfgee sectio.1.60f this report for more details)
The study proposed a Reviséexas Priority Index Formulavhichcan be expressed using the
following equatios (Weissmann et gl2013)

YOO pmnakoe 1 (2.61)
‘HU'QoR@ ¢ T ™. "Q0E QQGY ok v YO WO OL X ¢ ¢
JYi 0®E Y onduy gyt Q0 (8@ uIE 0 A Yl G
TMIncl 0o 6 @& 8O T O w"YN QB ¢Ap Qe YR Q (262
PETTICA € AYE O DA™ & 8 U E "D O O'YTR p @
QN 0B DO ADIYD O ao

where:

"YO "O=the Revisedexas Priorityindex

‘ Ho predicted number adccidents per year atheghwayrail gradecrossing;

0. "QQ¢ Q"Q& ¥xprotectionfactor, 0.5061 for flashing lights:0.2006 for gates; 0 for passive;
"O0 WU O & Bghway pavement; 1 faraved 2 forunpaved

Yi @& "Ymurbéndrural designation; 1 for urban; 2 for rural;

Yi @ "QO=thaner of traffidanes

"Y&€ O & a "¥inuniEetbfthemain and othetracks;
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O WO 6 & awial sightlistanceapproach 1;

0 @ ®"YN Lraefimumtrain speedthroughtrains)

0 "Q¢ "Ynrhumtrain speed (switching trains)

"Yé 0 @ G="dailyétrain volume

0 0 O=¥ehicular AADT;

0 Qdi O efdarky roadwaintersection 1 if present; 2 if ot present;

"O'CXD1"YD © & & higherroadway speed limit between approach 1 and approach 2;
0 =number ofaccidentsn thelast five years at highwayrail grade crossing.

An adjustment factor for the Revis&dxas Priority Indexvas developd in order to give a fair
consideration to both passive and achighwayrail grade crossirgyin the priority list (since
activehighwayvrail grade crossirgyare likely to receive higher priority rankings due to a higher
number of accidents in the pdise years). The adjustment factor for a given warranted passive
highwayrail grade crossingan be estimated as follo\j@/eissmann et gl2013)

50 p®JE0V ® (2.63)
where:

0 "O =the adjustment factor favarranted passivieighwayrail grade crossing

¢ 0= number of warrants met;

o= number ofaccidentsn the most recent fivgear period

As discussed in secti¢hl.60f this reportwarrantedoassive and activi@ghwayrail grade
crossingshouldbe prioritized separately first. &ive highwayrail grade crossirgshould be
prioritized based on the Revis&dxas Priority Indexwhile warrantedpassivehighwayail

grade crossirgyshould be prioritized based on the ReviBexlas Priority Indexand theTexas
Passive Crossing Indexftar that, the overall priority list should be developed by combining the
top passive and the top actighwayrail grade crossirgy Then thehighwayrail grade

crossing from the overall priority list should be sorted using the Revigxas Priority hdex

with application of the adjustment factor for warranted padsglewayrail grade crossirgy The
remaininghighwayvrail grade crossirggmust be also sorted and appended to the priority list.

2.4.19.Washington

The State of Washingtdmas been using priority matrix and a field review matrix to prioritize
thehighwayrail grade crossimgyfor safety improvement projectsxder the Railroa@rossing
Improvement$rogram(Elzohairy and Benekohal, 20).

The Priority Matrix

The priority matrix consistef different criteria with corresponding scores. The scores are
summed up for a firsbrder ranking of projects. After conducting an initial ranking with the
priority matrix (se€lable44), the topranked projects are selected for a field review. Note that
Table44 was preparedsingthe data reported by Elzohairy and Benekohal (2000) [pagds.10
of the report].
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Table 44 Washington State priority matrix.

o DeficiencyRatin
Criteria (Points) y g
Accidents
Any accident occurrence within the péise years 10
Lack of accident history 0
Sight Distance
Sight distance less than the required design distance 9
Adequate sight distance 0
ADT
ADT > 5,000 8
1,500 < ADT < 5,000 4
ADT < 1,500 0

HighwayRail Grade Crossing Angle and Number of Tracks

A. Highway-rail grade crossing angle 00 to 60 degrees (measured from a parallel to the
line)

Single track 6
Multiple tracks 8
B. Highwayvrail grade crossing angle 61 to 88grees (measured from parallel to the rail lir
Single track 5
Multiple tracks 7

The Field Review Matrix

After a field review of the topanked projects (s€kable45), the priority points and the field
review points are added together for the final ranking of projects. Not€ahbt45 was
preparedusingthe data reported by Elzohairy and Benekohal (2000) [page 11 of the report].

2.4.20.0Other States

A significant number oftateshave been usinthe U.S. DOT Accident Prediction Formula,
including Alabama,daho, Indiana, Maine, Marylan®hio, South Carolina, Utah, Virginia, and
Wisconsin (Elzohairy and Benekohal, 20@perry et al., 204). Based oran interview which
was conducted with th&rizonaDOT representativéRyan and Mielke2017), the State of
Arizonaadoptedhe Texas Priority Index for prioritizingpe highwayrail grade crossings. The
State of Indian&as been usinthe U.S. DOT Accident Prediction Formutaestimate the
expected number of accidentdla highwayrail grade crossings. A-$ear highwayrail

accident record is required to estimate the number of predicted accidenwtsver Indiana

DOT has not been usirany threshold valusfor prioritization ofthe highwayrail grade
crossing for safety inprovemenprojects. Indian®OT has been usingbenefitcost analysis to
rank all the projects within thatate (Elzohairy and Benekohal, 2000).
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Table 45 Washington Stat&eld review matrix.

Criteria Deficiency Rating

(Points)
Routes
Designatedike/pedestrianroute 5
Hazardousnaterialrail/truck 10
Heavytrucktraffic (15% or more) 5
Heavily usedbusroute 10
Roadway Items
Traffic signal within 200" ofa highwayrail grade crossing 5
Hump crossingand/orpoor roadwaygrade 5
Poorvehiclestoragearea invicinity 5
Railroad Safety Items
Railroadengineermrecorded -5
Train speed 025 mph 5
HighwayRail Grade CrossingSafety Items
Closure oftheexisting highwayrail grade crossinghcluded in 10

proposal

The State of Louisianiaas been using Modified New Hampshirelazard IndeXormula to

rankthe highwayrail grade crossing®r safety improvements. Ngpecificthreshold valug

were reported fothe Modified New Hampshirglazard Indexrormula(Elzohairy and

Benekohal, 2000New JerseY)OT considerghe accidenthistory to determinéhe appropriate
devices for safety improvemerasthe highwayrail grade crossingdlzohairy and Benekohal,
2000). Howeverthere is no specific formulased to predict the expected number of accidents or
hazard index ahehighwayrail grade crossingd heRailroadHighway Grade Crossing
Handbook is used as a guide for safety improveménggsvenhighwayrail grade crossing with

the existing warning deses will be considered for a potential upgradimghe State of New
Jerseyif requested by the operator or municipality dat i§ located withirthe project limits of a
stateroadway projectSouth CarolindOT considers different criteria for prioationof the
highwayrail grade crossings along with using the U.S. DOT Accident Prediction Formula. The
criteria includethe following hazardous material hauling on the roadway, school bus crossings,
passenger rail service, sight distance, iamglemenationfeasibility (Elzohairy and Benekohal,
2000).

Previously, Virginia DOT used the Expected Accident Rate methodology, presented in the
NCHRP Report 50. The latter methodology was replaced with the U.S. DOT Accident Prediction
Formula to rank thexisting highwayrail grade crossing®r safety improvement projects

Additional factors are alsconsideredhrougloutan engineering reviewincluding vehicle type,

sight distance, roadway geometrics, and adjacent land use development. The finglipdiexit

is determined considering both office and site reviews (Elzohairy and Benekohal, 2000). Once
the indexes are calculated, the highway grade crossings are sorted in the order of their

79



priority. The toppriority highwayrail grade crossings arelscted for safety improvement
projects until all the allocated Federal funds are exhausted for a given fiscal year.

WisconsinDOT has been usintpe FHWA RaitHighway Crossing Resource Allocation
procedurgElzohairy and Benekohal, 2000), where the remfiinputs are the number of

predicted accidents, effectivendastors forflashing lights and automatic gates, improvement
costs, and amount tiieavailable fundingsee sectio2.3.30f this report) The U.S. DOT

Accident PredictioFormulahas beemised to predict thexpectechumber of accidents.
Improvement costs include both installation and maintenance costs. Semsigeration is

given tothe highwayrail grade crossings that have an expected accident frequency of more than
one in ten years (Elzohairy and Benekohal, 2000).
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3. COMPREHENSIVE ANALYSIS OF THE EXISTING METHODS FOR ACCIDENT
AND HAZARD PREDICTION AT HIG HWAY -RAIL GRADE CROSSING S

This section of the report presents a comprehensive analysisaafdident and hazard
predictionformulaefound throughout the review of the literatufeclassification of the
formulae which have beensed by differenttates is presentedh this sectionFurthermore, this
section provides a discussion regarding the predictors used in the excstitignt and hazard
predictionmodels along with the reported performanoeimplementation challenges the
models.

3.1. Accident Prediction vs. Hazard Prediction

A total of 21 accident and hazamtedictionformulae were identified from the review of the
available literatureTheexistingaccident and hazagptediction formulaevere dividednto two
categoriesnamely: (1) accident prediction formujaad (2) hazard prediction formulae. The
accident prediction formulae estimate the expected number of accidents at highwyeade
crossings over a given time period. The hazard prediction formulae, on thardeprovide a
hazard or safety index value that is used to rank the highalagrade crossings for safety
improvements/resource allocatidfigure21 presents a distribution of the identified formulae. It
can be observed tha®% (or6 out of 21 formulae) of the formulaere theaccident prediction
formulae, while71% (or 15 out of 21 formulae)are thehazard prediction formula&he latter

finding can be explained by the fact that it is quite challenging to accurately predict the number
of accidents at highwasail grade crossings, as there are lot of factors influencing the accident
occurrence at highwanail grade crossings (including human fastthat are difficult to model).
Therefore, a substantial portion of the identified formulae aim to estimate the hazard index for
highwayvrail grade crossingsther than the expected number of accidents.

The accident prediction formulae include tbBowing:
ColemanStewart Model

NCHRP Report 50 Accident Prediction Formula
PeabodyDimmick Formula

U.S. DOT Accident Prediction Formula

lowa Accident Prediction Formula

TheJaqua Formulauged by the State of Oregon

=4 =4 =4 -8 -8 -1

The reviewed hazard prediction fortaeinclude the following:
New Hampshirédazard Indexrormula

Arkansas Hazard Rating Formula

California Hazard Rating Formula

Connecticut Hazard Rating Formula
FloridaAccident Prediction and Safety Index Formula
lllinois Hazard Indexrormula

Kansa9esign Hazard Rating Formula
MichiganHazard Indexormula

Missouri Exposure Index Formula

Nevada Hazard Indexormula

=4 =2 -0_9_-9_9_°5_24._-2._-2-
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New Mexico Hazard Index Formula

North Carolina Investigative Index Formula
South Dakota Hazard Index Formula
Texas Priority Index Formula

Revised Texas Priority Index Formula

= =4 =4 -8 A

B Accident Prediction Formulae mHazard Prediction Formulae

Figure 21 Accident prediction formukaversus hazard prediction formulae.

A number ofstates (i.e., Alaskd\orth DakotaandWashingtonhave been using certain
spreadsheets, which allowed raking highway grade crossings for safety improvement
projects based on specific criteria without using a@inhe aforementionedccident and hazard
predictionformulae.The FloridaAccident Preditton and Safety Index Formuéstimates the
number of predicted accidents per year (see se2tithof this report); however, the calculated
number of predicted accidents is further used for estimation shfieéy indexSince the latter
measure if directly used for rakirnige highwayrail grade crossings, the Floridacident
Prediction and Safety Index Foutawas classified aghazard prediction formula (i.e., the
second category of formula€jertain hazard prediction formulae (ethe Connecticut Hazard
Rating Formulathe New Mexico Hazard Index Formulthe Texas Priority Index Formula)
have been irmgred by the nationallyecognized New Hampshikéazard Indexormula. A
substantial number afates have been using the U.S. DOT Accident Prediction Formula (e.g.,
Alabama, Idaho, Indiana, Maine, Maryland, Ohio, South Carolina, Utah, Virginia, and
Wiscorsin).

3.2.Factors Considered in theExisting Models

The list of factors (or predictors), considered by each one of the discaesmiddnt and hazard
predictionformulae, is provided ifable46. A total of20 unique predictors, affecting the
expected number of accidents at highway grade crossings, have been identified from the 21
accident and hazaptediction formulae reviewed hesefactors include the following:

1 Accident history
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Number oftracks

School buses
Sight distance
Time of day
Train speed
Trains per day
Type of train
Vehicles per day

=2 =2 -0_9_9_9_9_9_2_2_29_92_-°2_-2°_-2_-2._-2_-2-_--°

Angle of crossing

Approach gradient

Daylight thru trains per day
Existing protection

Highway pavement type
Highway vehicular speed
Location(i.e., urban vs. rural)
Number of cars in a train

Number of traffic lanes
Other roadway geometrics
Presence of a nearby highway intersection

Table 46 Factors considered lije discoveredccident and hazaptedictionformulae.

Accident and hazard
Prediction Formulae

Factors

Arkansas Hazard Ratin
Formula

Vehicles per day; Trains per day; Number of tracks; Accident his

California Hazard
Rating Formula

Vehicles per dayTrains per day; Existing protectipAccident
history

ColemanStewart Model

Vehicles per day; Trains per day; Location; Numbedraxks;
Existing protection

ConnecticuHazard Vehicles per day; Trains per ddgxisting protectionAccident
Rating Formula history
FloridaAccident Vehicles per day; Trains per day; Number of traffic lanes; Sight

Prediction and Safety
Index Formula

distance; Trairspeed; Highway vehicular speed; Accident history;
School buses; Existingrotection

Illinois HazardIndex
Formula

Vehicles per day; Trains per day; Train speed; Number of tracks;
Number of traffic lanesi\ccident historyEXxisting protection
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Table 46Factors considered by the discoveaedident and hazaptedictionformulae( cont 6 d)

Accident and hazard
Prediction Formulae

Factors

lowa Accident
Prediction Formula

Vehicles per day; Trains per day; Time of day; Existing protectio
Daylight thru trains per day; Train speed; Highway pavement typ
Number of tracks; Number of traffic lanesccident history

Jaqua Formula

Trains per day; Type of train; Number of cars in a train; Train sp¢
Vehicles per day; Number of tracks; Sight distance; Highway
vehicular speed; Number of traffic lanes; Angle of crossing;
Approach gradient; Other roadwggometrics; Existing protection;
Location

Kansas Design Hazard
Rating Formula

Vehicles per day; Trains per day; Type of train; Angle of crossin(
Sight Distance; Number of tracks

MichiganHazard Index
Formula

Vehicles per day; Trains per day; Existigptection

Missouri Exposure Inde;
Formula

Existing protection; Sight distancéghicles per day; Highway
vehicular speed; Trains per day; Type of train; Train speed

NCHRP Report 50
Accident Prediction
Formula

Vehicles per day; Trains per day; Existing protectlargation

Nevada Hazard Index
Model

Vehicles per day; Trains per dagcident history Existing
protection;Highway vehicular speed; Train speed; Number of trac
Angle of crossing

New Hampshire Fonula

Vehicles per day; Trains per day; Existing protection

New Mexico Hazard
Index Formula

Vehicles per day; Trains per day; Existing protection; Sight dista
Train speedAccident history

North Carolina
Investigative Index
Formula

Existing protectio; Vehicles per daySchool busestrains per day;
Type of train;Train speedNumber of tracksAccident history Sight
distance

PeabodyDimmick
Formula

Vehicles per day; Trains per day; Existing protection

South Dakota Hazard
Index Formula

Vehicles peday; Trains per day; Existing protection; Sight distan

Texas Priority Index
Formula

Vehicles per day; Trains per day; Existing protection; Train spee
Accident history

Revised Texas Priority
Index Formula

Existing protection; Highway pavement type; Location; Number ¢
traffic lanes; Number of tracks; Sight distance; Train speed; Vehi
per day; Trains per day; Presence of a nehiiplywayintersection;
Highway vehicular speed; Accident history

U.S. DOT Accident
Prediction Formula

Existing protection; Vehicles per day; Trains per dagylight thru
trainsper day Number of tracksHighway pavement type; Train
speed; LocatiogniNumber of traffic lanesAccident history

Table47 presents aidtribution of factors considered liye discoveredccident and hazard
predictionformulae.lt can be observed that all the discovesiedident and hazagtediction

formulaecorsider the number of trains per day and the number of vehicles per day. The latter
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finding can be explained by the fact that the number of trains per day and the number of vehicles
per day are the basic factors, which are requiregsesshen e x p o § aigivenbighwayrail

grade crossinglhe existing protection (i.e., presence of specific types of warning devices) has
been accounted for in Ecident and hazaptedictionformulae Some other factors, which are
fairly frequently used in the existiragcident and hazaptedictionformulag include the

following: (1) accident history (considered in 12 formulae); (2) train speed (considered in 11
formulae); (3) number of tracks (consideredenformulae); (4) sight distance (considered in
eightformulae); (5) number of traffic lanes (consideredixformulag; (6) highway vehicular
speedconsidered irfive formulae); and (7) location (considerediwe formulae).

Table 47 Distribution of factors considered lagcident andhazardpredictionformulae.

Factors

Number of Formulae
Containing the Factor
(n=21)

Trains per day

21

Vehicles per day

21

Existing protection

19

Accident history

12

Train speed

11

Number of tracks

[EnN
o

Sight distance

Number of traffic lanes

Highway vehicular speed

Location

Type of train

Angle of crossing

Highway pavement type

Daylight thru trains per day

School buses

Approach gradient

Number of cars in a train

Other roadway geometrics

Presence of a nearby highway
intersection

Time of day

R P PPN DNWWA~OIOTO|0

Certain factors have been considered only by aafesident and hazaptedictionformulae For
exampletheNorth Carolina Investigative Index Formwdad the Forida Accident Prediction
and Safety Index Formukzre theonly hazard indeXormulae, which explicitly accou for the
number of school bes traversing highwasail grade crossings. Alsonly the Jaqua Formula,
used in the State of Oregamgnsiderdor the gproach gradiennumber of cars in a trajimand a
large variety of roadway geometric characteristics (ewgvature of the roadway, existence of
entrances and exits to streets and street interseceana mghwayrail grade crossingOnly
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theRevised Texas Priority Index Formwdaplicitly models thesffects ofa nearby highway
intersectiompresencen a potential hazard at a given highwaif grade crossing. Although
consideration of the aforementioned factors (iraversingschool buss,approach gradient
number of cars in a traiother roadwayeometricsandpresence of a nearby highway
intersectiof may improve accuracy of tleecident and hazamtedictionformulag it can be
challenging to collect the information regarding these predictors. As the information regarding
the aforementioned ¢&ors may not be readily available in the existanghwayrail grade
crossing inventory databases (etlyge FRA highwayrail grade crossing inventory datababe,
state highwayrail grade crossingccident/incidentlatabase), the State D@8presentatives will
be required to conduct additional field reveesv contact railroad companies in order to gather
necessary data.

3.3. Performanceand Implementation Challengesof the Existing Accident and hazard
Prediction Models

As indicated in sectioB.1 of this report, ®veralaccident and hazaptediction models have

been developed forioritize highwayrail grade crossing®r safety improvemat projectsand
mitigate the risk posed to highway and rail us€reaccident and hazagptediction
methodologiesire classified into two groups based on the formula adophedfirst group is
comprised of the methodologies that use the absfadutaulae to predict the number of accidents
that may occur at a highwawgil grade crossing overgiventime period. The second group of
methodologies uses the relative formulae, whisbesshe susceptibilityof a highwayrail grade
crossing to highwayail accidentsBoth groups of methodologies are used by decisiakers to
determine the most hazardous highway grade crossings and select the appropriatesiype
countermeasusdor these highwayail grade crossings. A total ofiaccident and haad
prediction models have been reviewed in detail under this project, five of which are considered
as nationallyrecognized (i.e the ColemanStewart Modelthe NCHRP Report 50 Accident
Prediction Formulathe New Hampshirédazard Indexrormula,the Pealmdy-Dimmick Formula,
andtheU.S. DOT Accident Prediction Formulayhile the rest can be consideredsiase

specific.

A number of previously conducted studies evaluated performance eXigtemgaccident and
hazardprediction modelsind discussed challenges, associated with implementation of these
models Chadwick et al. (2014) discussed the highwaigrade crossing safety challenges for
shared operations of higdpeed passenger and heavy freight rail in the Th8 following
nationally recognized formulae, used to rank highwal grade crossings for safety
improvement projects, wetisted (1) theNCHRP Report 50 Accident Prediction Formul®); (
thePeabodyDimmick Formula;(3) the New HampshiréHdazard Indexrormulg and (4 theU.S.
DOT Accident Prediction Formula. The authordicatedthat the aforementioned formulae are
still widely used by State DOTSs in their present forms or with certain modifications. However,
the U.S. DOT Accident Prediction Formula was found to beritb&t common model used for
resource allocation among highwegil grade crossings by State DOTSs.

Faghri and Demetsky (1986) evaluated performance ddhemanStewart Modelthe NCHRP
Report 50 Accident Prediction Formuthe PeabodyDimmick Formulathe New Hampshire
Hazard Indexrormula, andheU.S. DOT Accident Prediction Formula using the data, collected
from the highwayrail grade crossings in the State of Virginia. The power factor analysis was
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used to compare the models. The power factor asay®sed to determine the percentage of
accidents that were observed at the most hazardous highwagyade crossings (as identified

by the candidataccident and hazamtediction models The results from the conducted

numerical experiments demonstrated superiority of the U.S. DOT Accident Prediction Formula.
Furthermore, the U.S. DOT Accident Prediction Formula outperformed the other absolute
formulae (i.e.the ColemanStewart Modelthe NCHRP Report 50 Accident Prediction Formula,
thePeabodyDimmick Formulg in terms of the number of predictadcidens, as ityielded

lower chisquare values throughout the analysis for the available data.

Bowman(1994) performed a comprehensiwg\ey among HighwayRail Program coordinators

in eachstate of the U.S. (except Hawai§ertainstates, which used tidéew HampshiréHazard
IndexFormula, highlighted that some modifications were made to the original formula in order
to account fotheimportant operational features and ensure the ranking accuraoyhotayrail
grade crossimg A number oState HighwayRail Program coordinators indicated thia U.S.

DOT Accident Prediction Formula domst considercertain critical factors (i.equadrant sight
distance, roadway approach characteristicsl puts a lobf emphasis on the accident histalty.
was also mentioned that certain important information is not available FRAdighwayrail
grade crossingqiventory database (e.gightdistancenumber of buses, passenger trains, school
buses, hazardous material transpoyténsorder to gather such information, the State DOT
representatives are required to conduct field inspectiamghermore, the issue of the data
accuracy and daupdating in thé=RA highwayrail grade crossinmventory database was

raised as wellAs a part of the studyheU.S. DOT Accident Prediction Formuleas compared

to the QuasAccident Frequency Method, which was used for resource allocation among the
highway-rail grade crossings ithe State of Alabama at the moment (see se@iarof this

report for more details). It was found that thé. DOT Accident Prediction Formula
outperformed the Quagiccident Frequency Method and was able to idemtibye hazardous
highwayvrail grade crossings.

Elzohairy and Benekohal (2000) developed the hazard index formulsetughwayrail grade
crossings in the State of lllinois. The model was namehedBinois Hazard Index Formula and
was compared with some nationally recognized and Stateda€ident and hazagtediction
models in terms of the ability to identify and kathe crossings, which require safety
improvements. The authors stated that some models could not be evaluated for the State of
lllinois due tothelack of data. It was reported that the highwaly grade crossing accident
prediction formula, used by Oreg DOT (also known as the Jaqua Formula), could not be
evaluated due tthelack of additional information regarding the daily average train movements
by type, speed of each type of train, number of blind quadrants, artgkeimtersection of

track andaroadway, approach grade, and speed of vehicles. Moreover, the North Carolina
Investigative Index Model could not be evaluated, as it requires the information regarding the
number of school bus passengers, using each crossing, and the sight distiectesim
guadrants of each crossing. The latter daga not available througthe lllinoisShighwayrail

grade crossing inventory aadcidentdatabase.

The performance of the developdthois Hazard IndeXrormula was evaluated against the

following models using the data, collected for the highwal/grade crossings in the State of
lllinois: (1) the Expected Accident Frequency (EAF) Formula deployed by lllinois DOTthE)
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MichiganHazard Indexrormula; (3)the Connecticut Hazard Rating Formula; (4§ California
Hazard Index Formula; and (8)eU.S. DOT Accident Prediction Formula. The EAF Formula,
deployed by lllinois DOT at the moment, was found to be more accurate in identification of the
most hazardous highwagil grade crossings as compatedhe Connecticut Hazard Rating
Formula. The authors pointed aiftallengesn implementation of the California Hazard Index
Formula, since it required the -4@ar accident history data. The EAF Formula demonstrated a
similar performance as compared te MichiganHazard Indexrormula, but was outperformed
by the U.S. DOT Accident Prediction Formula andltlwois Hazard Indexormula. The

lllinois Hazard Indexrormulaprimarily selected locations that had higher accident rates. The
study pointed outhat thelllinois Hazard Indexrormulacould be used in both rural and urban
areas and was not dependent on the type of existing warning devices at a given-heghway
grade crossing.

Austin and Carson (2002) pointed out drawbacks of the NCHRP Report 50 Accident Prediction
Formula, the Peaboeimmick Formula, and the New Hampshiezard IndeXrormula The

study highlightedhe lack of descriptive capabilitie$ the latter formulaeue to their limited

number of explanatory variables. On the other hand, the U.S. DOT Accident Prediction Formula
addresses the explanatory characteristics of higimaihgrade crossings in a comprehensive
manner, but some of its parameters (i.e., nornmglizonstarg) have to be adjusted ovéme in

order to ensure the accuracy in terms of the accident prediction. The accuracy of the U.S. DOT
Accident Prediction Formula is substantially affected with the normalizing constans.vEhee

study also undenmied that the U.S. DOT Accident Prediction Formula does not include certain
important factors (e.g., sight distance) due to lack of the data, provided BiRA@ghwayrail

grade crossing inventory database.

As indicated in sectioB.1.40f this report, Qureshi et al. (2008yaluated a number atcident

and hazargrediction models using the data, collected from the highatgrade crossings in

the State of Missouri. Performance of the following models was assessed: (1) the U.S. DOT

Accident Prediction Formula; (2) the California Hazard Rating Formula; (3)dhaecticut

Hazard Rating Formula; (4) the Modified New Hampshiezard Indexormula; (5) the Kansas

Design Hazard Rating Formula; (6) the Missouri Exposure Index Formula; and (7) the lllinois

Hazard Index Formula. A new Exposure Index Formula was deselopder that study, which

was based on the Kansas Design Hazard Rating Formula. The performance of the models was
assessed by the expert panel, which included the representativeédi§soariDOT, FRA, U.S.

DOT, and railroad companies. Itwas found ttheC a | i f or ni adés Hazard Rat.i |
demonstrated the best performancetii@highwayrail grade crossings with passive controls,

while thelllinois Hazard Index Formula outperformed the other modelghiinighway-rail

grade crossings with active coois. The study also indicated that some variables, used in certain
accidentand hazagir edi cti on model s, were notalgadai | abl e
crossing inventory database; and, therefore, site visits were required for data collection.

Weissmann et a{2013 conducted a study, aiming to develop a new methodology, which could
be used to accurately priorititiee highwayrail grade crossings for safety improvement projects
in the State of Texas. It was underlined that the State of Teddsekn using th&exas Priority
IndexFormula, which typicallygave higher priority ranking tine high-volume highwayrail

grade crossings based on thenber of accidents occurred in the p&stcethe high-volume
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highwayrail grade crossings had begogradedthe challenge was to update the existing
methodology; so, it can be usedptoritize the low-volume highwayrail grade crossingd he
study proposed the Revis&dxas Priority IndeXormula, which accounted for a wide range of
factors as compad to the original'exas Priority IndeXrormula. More specifically, the Revised
Texas Priority IndeXrormula captured thexisting protectiophighway pavement type
highwayrail grade crossingpcation number of traffic laneshumber of trackssight digance
train speegvehicles per dayrains per daypresence of a nearby highway intersectioghway
vehicular speedandaccident historysee section2.1.6and2.4.18of this report for more
details).

Throughout the study, adjustment factowas developetbr the Revised exasPriority Index

in order to give a fair consideration to both passive and duiiyevayrail grade crossirgyin the
priority list. The adjustment factor was calculated for a given warranted pasgiveayrail

grade crossingsing the number of warrantsetrand the number of accidents in the most recent
five-year time periodiFurthermore, th&exas Passive Crossing Index was proposed in order to
prioritize the warranteghassive highwayail grade crossing®r safety improvement projects.
TheTexasPassiveCrossing Index was estimated as a weighted average of certain variables,
including five-year accident history, daily trairdaily school busesiumber of trackgrain

speed AADT, and othergsee sectio.1.60f this report for more detailsjyVeissmann et al.
(2013 alsopresente@nintegrated methodology to prioritizee highwayrail grade crossirgy

for safety improvement projects. Based onghgposed methodology, warranted passive and
activehighwayvrail grade crossirgywere prioritized separately, where active crossings were
prioritized using the Revisebexas Priority Indexwhile passive crossings were prioritized
based ornhe TexasPassive Crossing Index and the ReviSegas Priority IndexAfter that,both
passive and active crossing priority lists were combinedtlatighwayrail grade crossings
weresorted based on the Revised Texas Priority Index with application of thénaeligactor

for warranted passive highwagil grade crossings.

Hans et al. (2015) reported a number of challenges, associated with prioritizatiehighway
rail grade crossirgfor safety improvement projects in the State of lowa. More specifjcally
throughouthe Union PacifiVestEast mainline study in 2002, some data inconsistences were
identified. The latter was caused due to the fact thdtitffevayrail grade crossingformation
was not updated on a regular isaBurthermore, the study Hiighted that a number of
highwayrail grade crossirghad a fairly lonexposure ratinghowever, the expected number of
accidents was significant (Hans et al., 20B6)veightedindex method and an accompanying
Microsoft Excel spreadshebtised tool werdevelopedn order to prioritizehe highway-rail
grade crossing®r safety improvement projects in the State of loWse factorqe.g., AADT,
heavytruck annual average daily traffigroximity to emergency medical servigpsoximity to
primary and seandary schoolsalternate routaccidentrate etc.)were weighted based on the
location of highwayrail grade crossings (e.g., urban vs. ruradee sectio.1.7of this report

for more details

Historically, Nevada DOT has been using Mhedified New Hampshire Hazard Index Formula
to rankthe highwayrail grade crossings for safety improvement projects. However, as pointed
out in the technical report by Ryan and Mielke (20179,New Hampshire Hazard Index
Formul a assigns it o andmighwaytrafficesolugnbst Que to theatterh e
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fact, many urban highwanail grade crossings with higher traffic volumes are prioritized over
lower-volume rural highwayail grade crossing#n order to address the latter drawbacks, Ryan
and Mielke (2017) developed an alternative Hazard Indem#dar, which capturetheaverage

daily highway traffic, daily train volumeccidentswithin the pasfive years, near misses within
the past 3 years, protection factor, highway speed factor, rail speed factor, track configuration
factor, and highwayail grade crossing angle fact@ee sectio2.4.110f thisreport for more
details)

Some drawbacks of othaccident and hazamtedictionformulaewere highlighted as well.

More specifically, the U.S. DOT Accident Prediction Formula relies on the past data in order to
calculate the number of predicted accidents. The Texas Priority Index does not allow
distinguishing two highwayail grade crossingwith the samghysical and operational
characteristicswhich have no accidengsd one accidemverfive years, respectively (i.e., both
crossings will have exactly the same Texas Priority Index \addgpite differences in terms of

the number of accidémoccurred see sectio2.4.170f this report for more detailsMoreover,

based on an interview with the Arizona DOT representative, which vakicted as a part of

that study, it was highlighted that the Texas Priority Index does not account for certain important
factors, such alsighway vehiclespeeds, school bus usage, transport of hazardous materials, and
urban/rural distinction.

Sperry etal. (2017 compared performance of theS. DOT Accident PredictioRormula
againsthealternativeaccident and hazamtedictionformulae, including the following: (ithe
New Hampshire Hazard Index Formu{2) theNCHRP Report 50 Accident Predictionrruulg

(3) theFloridaAccident Prediction and Safety Index Formu) theMissouri Exposure Index
Formula (5) theNorth Carolina Investigative Index Formuknd (6)the Texas Priority Index
Formula The US. DOT Accident PredictioRormula was foundotbe superior to other formulae
based on the data, collected for the highnalygrade crossings in the State of Ohio. The study
also recommended thdttet Missouri Exposure Index and the North Carolina Investigative Index
should baaken into account whamankingpassive highwayail grade crossings upon
completion of the initial prioritizatiorMoreover, he study pointed out th&iain counts and
AADT were not updated on a regular basis in certites which may negatively affect the
accuracy of rests, returned byccident and hazagtedictionformulae.

3.4.Summary

Throughout the literature reviewfotal of 21accident and hazaptediction formuladnave been
discovered. A number dérmulaeare considered as nationally recognized (e ,Coleman
Stewart Model, the NCHRP Report 50 Accident Prediction Formula, the New Hampshire Hazard
Index Formula, the Peabodimmick FormulaandtheU.S. DOT Accident Prediction
Formulg, while the otheformulaearestate specific Certainstate specificformulaeare inspired
by the nationally recognizetcident and hazamtediction formulaeFor example, several
formulae are based on thew Hampshire Hazard Index Formyéag., theMichigan Hazard
Index FormulatheNew Mexico Hazard Index FormuyltheTexas Piority Index Formuld. The
formulae identified in the literaturewvere classified into twoategoriesincluding the following
(1) accident prediction formulae; and (2) hazard prediction formUitae accident prediction
formulaeare used to calculatbe expected number of accidents at highwalygrade crossings
while the hazard prediction formulage used to assetfwe hazardsusceptibilityof highwayrail
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grade crossing® accidentsA total of 29%of theidentifiedformulaewereaccident prediobn
formulae while the remainin@1%werehazard prediction formulae.

The discoveredccident and hazagtediction formulaavere analyzed in detaih total of 20
unique predictors were identified in the existaggident and hazamptediction formulaelt was
found that all of the considereatcident and hazaptediction formulaeisedthe number of
trains per day and the number of vehicles per day in order to estimagpected number of
accidentor assess the hazard of a giveghwayrail gradecrossing The number of trains per
day and the number of vehicles per day can be considetedlzssic predictors, which are
required toassess th@ e x p 0 s u r e highwdyrailagradeicressimgrhe existing protection
(i.e., presence of specific tgp of warning devicesgccident history, train speed, number of
tracks, sight distance, number of traffic lanes, highway vehicular speed, and location (i.e., urban
vs. rural) are also frequently used by the existiogdent and hazamtediction formulae
Certain factors have been considered only by a very limited numbenuilae(e.g.,traversing
school bses,approach gradienhumber of cars in a trainther roadway geometricand
presence of a nearby highway interseqgtion

The scope of this study also included a critical performance assegentbetidentified
accident and hazaptediction formulaend review of the challenges, associated with
implementation othe existingaccident and hazamfediction formula. One ofthe major
challenges with implementation of certaiccident and hazaptediction formulaavas reported
to bethe data availabilitygowman 1994;Elzohairy and Benekohg00Q Qureshi et al., 2003
Sperry et al.2017). The information regarding speaffactors (e.g.daily average train
movements by typef train, speed of each type of train, number of blind quadrantthumber
of school bus passenggmay not be readily available in the existing highwaiy grade
crossing inventory databases (e.g.,FRA highwayrail grade crossing inventory database
thestate highwayrail grade crossing accident/incident database), and the State DOT
representates will be required to perform additional field reviews or contact railroad companies
in order toobtainnecessary dat@owman (1994ronducted a survey among tHeghway-Rail
Program coordinatolis theU.S.and found that a number sthtes had to mafy the New
HampshireHazardindex Formula in order to captutBeimportant operational features and
ensure the ranking accuracytofihwayrail grade crossirgy Also, manyHighwayRail Program
coordinators expressed some concerns regardind.84eDOT Accident Prediction Formula
becausét does notonsidemuadrant sight distan@ndroadway approach characteristioxd
puts a loof emphasis on the accident history.

Another issuavhich was highlighted in the literature consists in the facts&a¢ralaccident and
hazardprediction formulade.g.,the NCHRP Report 50 Accident Prediction Formula, the
PeabodyDimmick Formulaandthe New Hampshire Hazard Index Form)iave a limited
number of explanatory variables, which further catlsedack & descriptive capabilitieAustin
and Carson2002). On the other hanckrtainformulae €.g.,the U.S. DOT Accident Prediction
Formulg have a substantial numberedfplanatoryariables; however, some parameters of such
formulae have to be updated elically becaus@therwisethe accuracy of results would be
negatively affectedXustin and Carsqr2002).The issue of insufficierdescriptive capabilities
was also pointed out dgyan and Mielke (2017For example, th&exas Priority Index does not
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account for certain important factors, such as train speeds, school bus usage, transport of
hazardous materials, and urban/rural distinctRyan and Mielke2017)

Weissmann et a(2013 underlined the drawbacks of thecident and hazagptediction

formulae which rely on the accident history. More specifically, the latter groggatient and
hazardprediction formulasyields higher priorityvalues for the high-volume highwayrail grade
crossings based on thember of accidents occurred in the pasterefore, such formulae may
not be able to return adequate results, when applied for the analgsdani-volume highway

rail grade crossirgyHans et al. (2015) pointed out the challenges, which are associated with
prioritization ofthe highwayrail grade crossirgfor safety improvement projects in the State of
lowa. Throughouthe Union PacifiaVestEast mainline study in 2002, some inconsistences in
the highwayrail grade crossing inventory database were identified. The inconsistences were
caused by the fact that the highwayl grade crossing inventory database was not regularly
updated. Fuhtermore, the study indicated that a numbdrighwayrail grade crossirghad a

low exposure ratingout the expected number of accidents was substantial (Hans et al., 2015).

Ryan and Mielke (201Aighlighted thathe New Hampshire Hazard Index Formassigns

At oo mu c tothevain gnthighwaytraffic volumes and, therefore, will generally give
higher priority ranking taurban highwayrail grade crossings with higher traffic volunees
comparedower-volume rural highwayrail grade crossingfyan and Mielke (2017also
indicated that certaiaccident and hazamptediction formulagely on the accident history;
however, the tendencies in accident occurrenb@yatvayrail grade crossingsay change over
time, which will negatively affect the agacy of suclaccident and hazamrediction formulae
Moreover, it was indicated thdtd Texas Priority Index does not allow distinguishing two
highwayrail grade crossingsith the samghysical and operational characteristieich have
no accidentsrad one accident ovdive years, respectively (i.e., both crossings Wwilassigned
exactly the same Texas Priority Index value despite differences in terms of the number of
accidents occurrged Ryan and Mielke (2017F5perry et al. (2017%)ointed out thatrain counts
and AADT were not regulfr updated in certaigtates which may negatively affect the
accuracy of results, provided hgcident and hazamtedictionformulae.

A number ofstates attempted to compare performance of the proposed/currently adopted
accident and hazapfediction formulaeagainst the alternative formulae. For exampbeghri

and Demetsky (1986pund that théJ.S. DOT Accident Prediction Formuiead the best
performance in terms of ibility to identify and rank theighwayrail grade crossirgy which
require safety improvementsased on the data, collected floe highwayrail grade crossirgin
the State of VirginiaTheU.S. DOT Accident Prediction Formutaitperformed the Quasi
Accident Frequency Method and was able to identify more hazahilgtwsayrail grade
crossing in the State of Alaban{owman 1994) The lllinois Hazard Index Formulaas

found to be superior to the Expected Accident FrequEéncyulg whichhad beemleployed by
lllinois DOT, as well as th#lichigan Hazard Index Formuylthe Connecticut Hazard Rating
Formulg the California Hazard Index Formuylkand the U.S. DOT Accident Prediction Formula
for thehighwayrail grade crossirgyin the State of lllinoisElzohairy and Benekoha000.
Qureshi et al. (2003pundthattheaCa |l i f or ni a6 s HaandthdilinoBRBazarcdhg For m
Index Formulavere the most appropriate formulae for prioritizpagsive and activieighway

rail gradecrossing in the State dflissouri respectively.
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Weissmann et a(2013 developed th&evisedTexas Priority IndeXrormula and demonstrated
its superiority against the origindexas Priority Indexrormula for 9,10&ighwayrail grade
crossing in theState of Texas and 2011 accident d8gzerry et al(2017) evaluated
performance of the).S. DOT Accident Prediction Formutaainst alternative sixccident and
hazardprediction formulador thehighwayrail grade crossirgyin the State of Ohio. It was
recommended that the State of Ohio should continue tlsng.S. DOT Accident Prediction
Formula; however, thelissouri Exposure Indekormula and th&lorth Carolina Investigative

IndexFormula can be applied to rank passive highwalygrade crossingspon completion of
the initial prioritization.
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4. DESCRIPTION OF THE RELEVANT FEDERAL RAILROAD ADMINISTRATION
DATABASES

This section of the report provides a detailed description dfR#ecrossing inventory database
andthe FRA highwayvrail grade crossing accident database, which will be further used
throughout this project.

4.1.The Federal Railroad Administration® €rossing Inventory Database Description

The Federalid Policy Guide (FAPG 924.9(a) (1)Y(S. DOT, 1991) stipulatethat eactstate

should maintain fAia process for collecting and
highway data, including, for railroadighway grade crossings, the characteristics of both

hi ghway and train traff iAdministratiom(FHWAYisstructedithe Fe d e

State of Florida to i mplement a Highway Railr
of the programthe Florida Department of Transportation (FDOT) is required to perform
inventory of all the crossingsintheaSt e of Fl ori da. FDOTO06s Centr al

t he Department 6s Safety Office and assigned a
area of thestate in order to conduct inventory thie highwayrail grade crossings within their

District boundaries (FDOT, 2011). The information, provided by the District Railroad

Coordinators, is collated and presented to FRA. FRA collects the data frostaackvhichare

further transferred to a database of highwalgrade crossings for thénited States (U.S.)

(FDOT, 2011).

Class | Railroads are required to submit the crossing inventory data electronically to Federal
Railroad Administration (FRA) (FRA, 2015). To facilitate the process, FRA has set up a Grade
Crossing Inventory System (GCIS)hieh replaced the GX 32 system, a-B&sed crossing data
maintenance system software used by different data providers, including railroad, transit, and
state authorities. The users can submit their U.S. DOT Crossing Inventory data (Form FRA F
6180.71) aslectronic files in Microsoft (MS) Excel (.xIsx) format. In the latter case, the users
have to submit multiple crossing records at the same time using a preformatted Excel file
template. Alternatively, the users can submit their U.S. DOT Crossing Invelatiaryia
Application Programming Interface (API) in one of the following forn{&RA, 2015) (1)
Extensible Markup Language (.xml); (2) JavaScript Object Notification (.json); and (3) ATOM
(.atom).

The authorized users of the GCIS Web Application agaired to have a registered username

and password. The highwagil grade crossing inventory data, submittisthg the FRA

approved file formats, must conform to the field names, valid values, and other rules, provided in
the GCIS Inventory Data Field Figpecification (FRA, 2015). In order to update the highway

rail grade crossing data, the users are required to enter the new values in the appropriate fields to
be updated. The number of GCIS fields may vary from one year to another (depending on the
systen updates/modifications conducted by FRA and/or other appropriate agencies). A detailed
description of th&RA crossing inventory database fieldpécifically, field name, field

description, and potential values [if ahig provided in Appendi®, whichaccompanies this

report. The database fields provide the information regarding different aspects of the existing
crossings.
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Once a reporting agency (e.gailroad authority, transit authoritgtate authority initiates an

update of the highwasail grade crossing inventory database, the update form must be
completed. It is recommended that the agency notify the other appropriate agencies regarding
any updates and forward the completed update form (Bowma#).1&@er the agencies agree

on the changes to the highwegil grade crossing inventory database,stiage is required to

provide the original copy of the file with the updates to FRA for processing. This procedure
ensures that all the parties that aeenly involved in the process are informed of any changes
made in the database (Bowman, 1994). Note that the FRA procedure for rethertiigihway

rail grade crossing inventory data allostates or railroads to repdtieinventory data without
verification from the other reporting agency. Although there is a procedure for updating the
highwayrail grade crossing inventory database, some data elements, including average daily
highway traffic and train volumes, might not be updated on a regular basist€indlues of

the average daily highway traffic and train volumes may cause erroneous prediction of accidents
at highwayrail grade crossings, which may further lead to inaccurate resource allocation
(Bowman, 1994). Results from surveys show #wies ad railroads often complain about the
poor accuracy of the data available in BiRA crossing inventory database (Bowman, 1994).

The latter finding implicatestates and railroads, since they are responsible for providing the
information and updates regard the highwayrail grade crossings, which are used in preparing
the database.

The geographic location of a given crossing is denoted by various fields, ssiateasounty,

city, in or near a city, type of land development (e.g., open space, redidarhmercial,

industrial, etc.), position of a crossing (e.g., at grade, railroad under, railroad over), latitude,
longitude, etc. ThERA crossing inventory database also contains a lot of higimelayed
information, including highway functional claBsation, street or road name, highway traffic
signals, highway system, AADT, percentage of trucks, existing pavement, number of traffic
lanes, posted highway speed, average number of school buses passing over the crossing on a
school day, and other. Tlextent of warning and types of warning devices used at crossings is
described in a number of fields, specifically: count of advance warning signs, wayside horn,
number of bells, flashing lights, channelization devices/medians, gate configuration, number of
STOP signs, number of YIELD signs, number of crossbuck assemblies, illumination, etc.
Relevant information regarding the trains, passing through a given crasspegcified in
certainfields, including the followingtotal daylight thru traingotal nght time thru trainstotal

transit trainstotal switching trainsmaximum timetable speedumber of main tracksiumber

of siding tracksnumber of transit trackeumber of yard trackswverage passenger train count

per dy, etc.

TheFRA Data Dictiomary for External Use Grade Crossing Inventory SygteRA, 2016),
prepared by the U.S. DOT, FRA, a@ffice of Railroad Safetyclassifies the fields of tHeRA
crossing inventory databaaeailable via th&CIS system into the following groups: (1)
fiCrossng Headeoi the fields of that group contain the information regardimgcrossing and
theownershipd a t a Highv&yYraffit ControlDevicedi the fields of that group contain the
information regardinghe highway or pathway traffic control devé;é 3 lLocafionand
Classificatiomi the fields of that group contain the information regarding crossicagibn and
classification  (OperatirfgRailroadi the fields of that group contain the information
regarding theperatingrailroad (Phygicalharacteristiasi the fields of that group contain
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the information regarding the crossiplgysicalcharacteristics  (P@bjicHighwayoi the fields
of that group contain the information regarding pliblic highway, associated with a given
crossing; (J ReportBaséi the fields of that group store thedder informatiomndthe
crossing recordsvhere the primary operating railroadosethe value ofiYeso for field fil.7 Do
Other Railroads Operate a Separate Track at Crassing Er@®ro i tfie fields of that group
contain the information regarding tkalidation error messageshich were generated by the
i nvent or y Leokupsiiehmfieldq oBthat giioup contaall the valid values available
uponcompletbn ofa crossing recar; a n &ReagofiOthe fighds of that group contaall the
available valus, associated with the reason to update the crossing inventory form.

42.The Feder al Rai | r blightvayRailGradeiCsssinggAicaident 6 s
Database

4.2.1.Purpose of the Database

The primary function of the FR®ffice of Safety Analysis is to promote and regulate safety
throughout the U.S. railroad industry. The procedure for repamiirgad accidents/incidenis

guided by thé=RA regulationswhich are available ifitle 49 Cale of Federal Regulations

(CFR) Part 225 provided by the U.S. Government Publishing Office (GPO) (U.S. GPO, 2006).
FRA needs the accurate information to conduct its regulatory and enforcement responsibilities.
The accurate information is also requiredstireate comparative trends in railroad safety, so

that hazard elimination and risk reduction programs can be administered to prevent railroad
injuries and accidents (FRA, 2011a). For these reasons, FRA developed several safety databases,
including the folbwing (FRA, 2018): (1) train accident database; (2) trespasser accident

database; (3) rail equipment accident database; (4) higrailayrade crossing accident database

(al so referr-edi togrnadéhcgbwaiyng aa@boaddent/ i nci
casualty database; and others. The highiadygrade crossing accident database consists of

accident records for various highweail grade crossings in the U.S. TRRA highwayrail

grade crossing accident database is an open source, aimingitteghe public with the ufo-

date railroad safety informatidar thehighwayrail grade crossings across the nation (FRA,

2018).

4.2.2.Collection of the Data for the Database

FRA requiregailroads to reporany accident that involves tipact of a trairwith a roadway
user(including pedestriansMoreover, FRA collects the data regarding railroad safety from the
railroads in the U.S. and analyzes the data to provide useful statistics in the database. FRA uses
the accident data, reported by railroadsl #e highwayrail grade crossing inventory data to
develop accident summaries each yeastate and highwayail grade crossing characteristics
(Bowman, 1994)Railroads are required to submit an annual report of total work hours and
casualties bgtateusing the Form FRA F 6180.56 (FRA, 2011a). The annual report should be
accompanied with monthly reports regarding the recorded accidents, which have to be submitted
to FRA by railroad companies as well (the annual report should be included with the monthly
report for December). Railroad authorities report the following primary groups of
accidents/incidents to FRA on a monthly basis (FRA, 2011a):

Group |- HighwayRail Grade Crossing Accident/IncideRailroads must report
highwayrail grade crossing accidefitcidensto FRAusing the klghwayRail Grade
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Crossing Accident/Incideriform (FormFRA F 6180.57. It is required that potentially
injured highway users are contacted by railroads via mail uditigravay User Injury
Inquiry Form recordFRA F 6180.150) or by phone if unsuccessful. Railroads are
required to use the information, obtained from the individuals who were involved in the
highwayrail grade crossing accident, in order to satieBFRA accident/incident

reporting and recordingequirements.

Group Il Rail Equipment Accident/Inciderithese accidents/incidents involve the
operation of oftrack equipment that causes damages higher than the current threshold for
reporting. They are reported using Rail Equpment Accident/Incidentorm (Form

FRA F 6180.54). Ian employee factas cited as the cause of the accident, railroads are
required to complete and subrait Employee Human Factor Attachment (Form FRA F
6180.81) Railroads are required to provide the employee concevitecg Notice to

Railroad Employee Involved in Rail Equipment Accident/Incident Attributed to

Employee Human Factor (Form FRA F 6180.78)addition, railroads are required to
investigate the po#se use ofalcohol/drug or impairmergnd submit the report to FRA.

Group llII'T Death, Injury, or Occupational llines#ll the deaths, fatal, and ndatal

injuries must be reported to FRA using FdfRA F 6180.55aThese accidents include
occupationaillnesses to railroad employees. If a fatality involves a trespasser, railroads
are required to provide supplemental information about the cause of death and include
their findings in thd=orm FRA F 6180.55a

Furthermore, railroads are required to previchmediate telephonic notifications to FRA
regarding certain kinds of accidents/incidents, including the following: (1) accidents related to
railroad locomotive safety standar(@.e., accidents due to failure of a locomotive or a part of a
locomotive, casing serious injury of people); (2) accidents relatesigoal failure(i.e.,

accidents due to failure of a signal system that may cause a potential hazard to the train
movement); (3) accidents relatedgi@de crossingignal failure(i.e., accidents daito impact
betweeron-track railroad equipment and an automobile, truck, bus, motorcycle, biottobe,
types ofvenhicles, or pedestriayy and (4) accidents relateddontrol of alcohol and drug es

More information regarding the procedures for telephaotifications that are used to report the
data regardingighwayrail grade crossingccidents/incidents is provided Appendix E, which
accompanies this report.

In some cases, railroads may have to complete multiple accident/incident forms. For instance, if
a highwayrail grade crossing accident results in reportable injuries, the railroad would be
required to complete the Form FRA F 6180.55a for each FRA refmmgilry sustained by
individuals, along with the Form FRA F 6180.57. Furthermore, the Form FRA F 6180.54 must
be completed in case if a given accident caused the damage of trackteexcka@quipment,

which exceeds an established monetary threshold.ieRéires arranging reports in the

following order(FRA, 2011a):

1) Form FRA F 6180.55 (Injury/lllness Summary);
2) Form FRA F 6180.55a (Injury/lliness Continuation Sheet);
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3) Form FRA F 6180.54 (Rail Equipmeatcident/Inciden), which can be accompanied
with Fom FRA F 6180.81Employee Human Factpwhen applicable;

4) Form FRA F 6180.5{Highway-Rail Accident/Incident

5) Form FRA F 6180.56Annual Report of Hours & CasualtlesDecember report only

4.2.3.Description of Fields for thed=RA Highway-Rail Grade Crossing Acident Database

The FRA highwayrail grade crossing accident datab@se, theForm FRA F 6180.5)7consists

of a wide range of fields. These fields can be divided into eight categories. The first category
comprises a number of fields, which provide the information regarding the time of incident,
including year of incident, month of incident, day of demt, hour of incident, AM or PM, and
others. The second category comprises the information regarding the region or location, where a
given highwayrail grade crossing is situated. The latter information is provided in several fields,
including names odtate, county, cityfFederal Information Processing Standqfl®S) State

code, FIPS designated region, etc. The third category includes a number of fields, which
comprise of several codes, associated with the railroads (and the highilxgrade crossing

where the accident occurred), such as railroad code, diksmgned identification number,
highwayvrail grade crossing ID number, number of tracks, type of warning, location of warning,
etc. The fourth category consists of the information regarding the highway and the highway user,
which are outlined in the fidk, including type of a highway user, a highway user direction,
position of a highway user, action of a highway user, highway vehicular speed, etc.

The fifth category includes the fields, which describe the environmental comsdititme time of

an incdent, including temperature, weather conditions, and visibility. The sixth category is
composed of several fields, which provide the information regarding the train involved in the
accident. Some of the fields include a train type, speed of a traim apeed type, number of
locomotive units, number of cars, total number of people in a train, etc. The seventh category
provides the information regarding the fatalities and injuries reported, such as number of
highwayrail grade crossing user fatalitiegliries, number of railroad employee
fatalities/injuries, number of train passenger fatalities/injuries, etc. Finally, several other details
are reported, including name and quantity of hazardous materials released, entity releasing
hazardous materials, wiher a video was recorded or not, and oth&detailed description of

the FRA highwayrail grade crossing accidetiitabase fieldépecifically, field name, field
description, potential values [if any], and notes/conversion [if)aayjrovided in Appedix F,

which accompanies this report.
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5. IDENTIFICATION OF THE CANDIDATE ACCIDENT AND HAZARD
PREDICTION MODELS AND THE ADOPTED EVALUATION APPROACHES

This section of the repopresentshe candidateaccident and hazaptediction models, which
were setcted for a detailed analysis usthg FRA crossing inventory databaaadthe FRA
highwayrail grade crossing accident databsehehighwayrail grade crossings the State of
Florida Furthermore, the methodology and criteria that were used toa¢@dhe candidate
accident and hazaptediction models are described as well.

5.1.1dentification of the Candidate Accident and hazardPrediction Models

A detailed review of the literature, performed under this project, revealesbiinat State DOTs
developd customaccident and hazagtedictionmodelsfor estimating the number of accidents,
assessing the highwagil grade crossing hazard, and prioritizing highwaiy grade crossings
for safety improvemeryrojects while other State DOTs used nationally recognized formulae
and procedure§heaccident and hazapfediction formulae, identified from the conducted
literature review, were divided into two groug$) accident prediction formulaand (2) hazard
predidion formulae The latter two groups of formulae are primarily differentiated based on the
performance measure, which is used in ranking highatgrade crossings. Specifically, the
accident prediction formulasomputetheforecastechumber of accidentat highwayrail grade
crossings over a given time perjadhile thehazard prediction formulaestimatea hazard or
safety index value that is used to rank highwaily/grade crossings for safety
improvements/resource allocation

Based on a comprehensiveview of the literature, a total of atcident and hazamtediction
formulae have been identified (6 formulag26fs of the identified formulaean be classified as
accident prediction formulagvhile the remaindesr 71% of the identified formulaean be
classified ahazard prediction formuldeThe accident prediction formulae include the
following:

ColemanStewart Model

NCHRP Report 50 Accident Prediction Formula
PeabodyDimmick Formula

U.S. DOT Accident Prediction Formula

lowa Accident Predictiofrormula(the State of lowa)
The Jaqua Formula (the State of Oregon)

=4 =4 =4 -8 -8 -1

The hazard prediction formulae include the following:

New Hampshire Hazard Index Formula

Arkansas Hazard Rating Formiftae State of Arkansas)

California Hazard Rating Formu(¢éhe State of California)

Connecticut Hazard Rating Formuthe State o€onnecticuf
FloridaAccident Prediction and Safety Index Form(itee State of Florida)
lllinois Hazard Index Formuléhe State of Illinois)

Kansas Design Hazard Rating Form(ilee Stée of Kansas)

Michigan Hazard Index Formulghe State of Michigan)
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Missouri Exposure Index Formufthe State of Missouri)

Nevada Hazard Index Formulne State of Nevada)

New Mexico Hazard Index Formu(the State oNew Mexicg

North Carolinanvestigative Index Formul@he State oNorth Carolina
South Dakota Hazard Index Form(the State oSouth Dakota

Texas Priority Index Formul@he State of Texas)

Revised Texas Priority Index Formytae State of Texas)

=4 =4 =4 -8 -9 _9_-°

5.1.1.Selection of the Candidatéccident Prediction Formulae

The predictors of the candidate accident prediction models, identified based on the existing
literature, were extracted to determine if sufficient information regarding these predictors is
available inthe FRA crossing inventor databasendthe FRA highwayrail grade crossing
accident databader the model implementation. Note that the information, provided ifR#
crossing inventory databgseas combined with the information, providedfie FRA highway
rail grade crossmaccident database generate the input data for a given accident prediction
model.Table48 presents the predictors that are considered in thedagadiccident prediction
models and identifies the predictors, which are not availaltfeeifRA crossing inventory
databasendthe FRA highwayvrail grade crossing accident database

Table 48 The information regarding predicton$ the candidataccident prediction models

Predictor Information
Not Reportedin the FRA
Databases

Predictors in the Accident

Accident Prediction Model Prediction Model

ColemanStewart Model Vehicles per day; Trains per day
Location; Number of tracks;
Existing protection

NCHRP Report 50 Accident | Vehicles per day; Trains per day
Prediction Formula Existing protection; Location

PeabodyDimmick Formula | Vehicles per day; Trains per day
Existing protection

U.S. DOT Accident Predictioff Existing protection; Vehicles per
Formula day; Trains per day; Daylight thry
trains per day; Number of tracks;
Highway pavement type; Train
speed; Location; Number of traffi
lanes; Accident historthe total
number of accidents in the last
five yearsor since tle year of last
improvement
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Table 48 The information regarding predictors of the candidate accident prediction models

(cont 6d)

Accident Prediction Model

Predictors in the Accident
Prediction Model

Predictor Information
Not Reportedin the FRA
Databases

lowa Accident Prediction
Formula

Vehicles per day; Trains per day
Time of day; Existing protection;
Daylight thru trains per day; Traif
speed; Highway pavement type;
Number of tracks; Number of
traffic lanes; Accident historfthe
total number of accidents in the
lastfive yearg

Time of day(AADT and
number of trains by time
of day)

Jaqua Formula

Trains per day; Type of train;
Number of cars in a train; Train
speed; Vehicles per day; Numbe
of tracks; Sight distance; Highwa
vehicular speed; Number of traffi
lanes; Angle of crossing;
Approach gradient; Other roadws
geometricgsuch asurvature of
the roadway, existence of
entrances and exits to streets an
street intersections near a
highwayrail grade crossing

Existing potection; Location

Number of cars in a trajn
Sight distanceApproach
gradient Other roadway
geometricgsuch as
curvature of the roadway,
existence of entrances an
exits to streets and street
intersections near a
highwayrail grade
crossing

Basedon the information, present&d Table48 anda detailed analysis of the identified accident
prediction models, all the accident prediction modelsepithelowa Accident Prediction
Formulaand theJaqua Formulazan be evaluated using the data available thrtugRRA

crossing inventory databaaadthe FRA highwayrail grade crossing accident databalee

lowa Accident Prediction Formutzannot be evaluated throughout this study, as it relies on the
exposure factor, which is estimated based on AADT and number of trains by time of day (i.e.,
between 12:00 AM and 6:00 ANtetween 6:00 AM and 12:00 PMetween 12:00 PM and 6:00
PM, and letwea 6:00 PM and 12:00 AMlowa DOT, 2006) The latter information is not
available neither ithe FRA crossing inventory databaserthe FRA highwayrail grade

crossing accident database

TheJaqua Formula also cannot be analyzed throughout this studgluas for certain

predictors of the Jaqua Formula are not providddem®RA crossing inventory databaaadthe
FRA highwayrail grade crossing accident databddere specifically, the information regarding
the followingpredictors of the Jaqua Formauk notavailable throughhe FRA crossing

inventory databasandthe FRA highwayrail grade crossing accident databg4¢ rumber of

cars in a train(2) sight distance(3) approach gradien(z) curvature of the roadwagnd (5)
existence of entrancesd exits to streets and street intersections near a higiagyade
crossing Although the mmber of cars ithetrain, involved in the accident, is providedthe
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FRA highwayrail grade crossing accident datababe information regarding theimbe of
carsin a train is requirefbr all thetypes of trains passing a giveighwayrail gradecrossing

on a daily basisMoreover, the protection factor for tdaqua Formula is determined based on
the type of warning devices, currently installed atvaghighwayrail grade crossingand
location (i.e., urban vs. rurglielzohairy and Benekohal, 2000)he study, conducted by
Elzohairy and Benekoha2(00) provides a detailed description of thegqua Formula (unlike
the other studies which have beevieaied as a part of this project). However, it does not
elaborate hovthe protection factor valus set for a givemighwayrail grade crossingased on
the type of warning devicesd its location.

Based on the aforementioned facts, the follovaagdidate accident prediction models will be
evaluated in this study for theghwayrail grade crossings the State of Florida using tiRA
crossing inventory databaaadthe FRA highwayrail grade crossing accident database

ColemanStewart Model

NCHRP Report 50 Accident Prediction Formula
PeabodyDimmick Formula

U.S. DOT Accident Prediction Formula

= =4 =4 -4

5.1.2.Selection of the Candidate Hazard Prediction Formulae

The predictors of the candidate hazard prediction models, identified based on the existing
literature, were extracted to determine if sufficient information regarding these predictors is
available inthe FRA crossing inventory databaaadthe FRA highwayrail grade crossing
accident databader the model implementation. Note that the information, provided k%
crossing inventory databgseas combined with the information, providedhie FRA highway

rail grade crossing accident datahdasegenerat the input data for a given hazard prediction
model.Table49 presents the predictors that are considered in the candidate hazard prediction
models ad identifies the predictors, which are not availablh@FRA crossing inventory
databaseandthe FRA highwayvrail grade crossing accident database

Based on the information, presethia Table49, andadetailed analysis of the identified hazard
prediction models, a total sfx hazard prediction models out of 15 hazard prediction models,
which were identified from the review of th&ekature, can be evaluated using E#A crossing
inventory databasandthe FRA highwayrail grade crossing accident databadee latter can be
explained by the fact th#te FRA crossing inventory databaaadthe FRA highwayrail grade
crossing accide databaserovide sufficient information regarding the predictors, which can be
used for implementation of ongix hazard prediction models, including the following: {18

New Hampshire Formujg42) theCalifornia Hazard Rating Formylé3) theConneticut Hazard
Rating Formula(4) thelllinois Hazard Index Formulg5) theMichigan Hazard Index Formyla
and (6) thel'exas Priority Index Formula
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Table 49 The information regarding predictors of the candideteardprediction models.

Hazard Prediction Model

Predictors in the Hazard
Prediction Model

Predictor Information Not
Reportedin the FRA
Databases

New Hampshire Formula

Vehicles per day; Trains per
day; Existing protection

Arkansas Hazard Rating
Formula

Vehicles per day; Trains per
day; Number of tracks;
Accident history(the total
number of accidents in the la
15 years)

California Hazard Rating
Formula

Vehicles per day; Trains per
day; Existing protection;
Accident history(the total
number of accidas in the last
tenyears)

Connecticut Hazard Rating
Formula

Vehicles per day; Trains per
day; Existing protection;
Accident history(the total
number of accidents in the la
five years)

Florida Accident and Safety
Index Prediction Model

Vehicles peday; Trains per
day; Number of traffic lanes;
Sight distance; Train speed;
Highway vehicular speed;
Accident history(the total
number of accidents in the la
six yearsor since the year of
last improvement School
buses; Existing protection

Sight distace

lllinois Hazard Index Formula

Vehicles per day; Trains per
day; Train speed; Number of
tracks; Number of traffic
lanes; Accident history
(average number @iccidents
per yearmverab5-year periogt
Existing protection

Kansas Design Hazard Ratin
Formula

Vehicles per day; Trains per
day; Type of train; Angle of
crossing; Sight Distance;
Number of tracks

Type of train(fast trains vs.
slow trains);Sight distance

Michigan Hazard Index

Formula

Vehicles per day; Trains per

day; Existing protection
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Table 49 The information regarding predictors of the candidate hazard prediction models

(cont 6d)

Hazard Prediction Model

Predictors in the Hazard
Prediction Model

Predictor Information Not
Reportedin the FRA
Databases

Missouri Exposure Index
Formula

Existing protection; Sight
distance; Vehicles per day;
Highway vehicular speed;
Trains per day; Type of train;
Train speed

Sight distance

Nevada Hazard Index Model

Vehicles per day; Trains per
day; Accident historythe
total number of accidents in
the lasffive years) Near
missegqthe total number of
near misses the lasthree
yearg; Existing protection;
Highway vehicular speed;
Train speed; Number of
tracks; Angle of crossing

Near missegthe total number
of near missef the lasthree

years

New Mexico Hazard Index
Formula

Vehicles per day; Trains per
day; Existing protection; Sigh
distance; Train speed;
Accident history(custom
formula based on the accider
severity)

Sight distance

North Carolinanvestigative
Index Model

Existing protection; Vehicles
per day; School buses
(average number of
passengers)rains per day;
Type of train; Train speed;
Number of tracks; Accident
history (average number of
accidentger yearovera 10
year periodt Sightdistance

School buse&verage numbe
of passengerspight distance

South Dakota Hazard Index
Formula

Vehicles per day; Trains per
day; Existing protection; Sigh
distance

Sight distance

Texas Priority Index Formula

Vehicles per day; Trains per
day; Existing protection; Trair|
speed; Accident historfthe
total number of accidents in
the lasffive yearg
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Table 49 The information regarding predictors of the candidate hazard prediction models
(cont 6d)

Predictor Information Not
Reportedin the FRA
Databases

Predictors in the Hazard

Hazard Prediction Model Prediction Model

Revised Texas Priority Index| Existing protection; Highway | Sight distance
Formula pavement type; Location;
Number of traffic lanes;
Number of tracks; Sight
distance; Train speed;
Vehicles peday; Trains per
day; Presence of a nearby
highway intersection;
Highway vehicular speed;
Accident history(the total
number of accidents in the la
five years)

The Arkansas Hazafdating Formulaannot be evaluated throughout this stadyitrequires

points that are assigned based on the highway traffic, railway traffic, number of side and main
tracks, and accident recor@@&zohairy and Benekohal, 2000)he methodology, which has been
used byArkansas Highway and Transportation Depeamt (AHTD)for assigning points to the
highwayrail grade crossirgpbased on the aforementioned factors, was not reported in any of the
studies thahave been reviewed as a part of this projecaddition, theArkansas Hazard Rating
Formularequires the accident records over a period of 15 years. A fairly long accident history,
required to evaluate the Arkansas HaZRating Formulamight affect performance of the

model (i.e., significant changes may occur inpthgsical and operational afacteristicof a
givenhighwayvrail grade crossingver a 15year time period).

Since the=RA crossing inventory databaaadthe FRA highwayrail grade crossing accident
databaselo not provide the information regarding sight distandegitwayrail grade crossirg

a number of hazard prediction models cannot be evaluated, including the followiRigri{da

Accident and Safety Index Prediction Mod@) Kansas Design Hazard Rating Formz)

Missouri Exposure Index Formuyléd) New Mexico Hazardndex Formula(5) North Carolina
Investigative Index Model6) South Dakota Hazard Index Formudand (7)Revised Texas

Priority Index Formulalt is more likely that the sight distance data are available for the
highwayrail grade crossirgin the Statef Florida; however, it was not provided by FDOT
throughout this project (most likely due to the fact that the data were outdated at the moment and
could negatively affect accuracy of the hazard prediction models that rely on sight distance).

Furthermorea number of hazard prediction models require certain additional information (along
with sight distance), which is not available neitheth@FRA crossing inventory databagser in

the FRA highwayvrail grade crossing accident databdsar example, th&ansas Design Hazard
Rating Formulaequires thenformation regarding the number of fast trains and the number of
slow trains (excluding switching trains), along with the safrthe maximum sight distance 4

ways Elzohairy and Benekohal, 2000; Qureshalet 2003) Theaverage number agthool bus
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passengens one of the predictors, which is used byNweth Carolina Investigative Index

(Elzohairy and Benekohal, 2000rheSouth Dakota Hazard Index Formalssesses a potential
hazard of a givehighwayrail grade crossingased on thprotection factoend the obstruction
factor(Elzohairy and Benekohal, 2000). The study, conducted by Elzohairy and Benekohal
(2000), provides a detailed description of §with Dakota Hazard Index Formiialike the

other studies which have been reviewed as a part of this project). However, it does not elaborate
how both protectionand obstruction factors are determined

TheNevada Hazard Index Moddbes not use the sight distance information; however, it
requires the total number of neanisses within the pasitreeyearsin order to estimate a hazard
index for a giverhighwayrail grade crossin¢gRyan and Mielke2017) Since the information
regarding the total number of ngarsses within the pashireeyearsat thehighwayrail grade
crossing in the State of Floridia not available, thélevada Hazard Index Modehnnotbe
evaluated throughout this studased on the aforementioned facts, the follovaagdidate
hazardprediction models will be evaluated in this study forhighwayrail grade crossings
the State of Florida using tiRA crossing inventory databaaadthe FRA highwayrail grade
crossing accident database

New Hampshire Formula

California Hazard Ring Formula
Connecticut Hazard Rating Formula
lllinois Hazard Index Formula
Michigan Hazard Index Formula
Texas Priority Index Formula

= =42 =4 -8 -8 -9

5.2. Adopted Evaluation Approaches for the CandidateAccident and hazardPrediction

Models

The following approaches were adopted for comparison of the candmadent and hazard
prediction models: (1) cksquare formula; (2) grouping of crossings based on the actual accident
data; and (3) Spearman rank correlatioafticient. Note that the lasi-square formula will be

applied to evaluate the absolute formulae (i.e., accident prediction models) only, while the other
approaches will be used to evaluate both absolute and relative formulae (i.e., accident and hazard
prediction models). The follow@sections of this report provide a detailed description of the
required input data, the key assumptions, which were adopted throughout evaluation of the
candidateaccident and hazamtediction models, and tlescriptive statistics for the highway

rail grade crossingsvhich were selected for evaluation of the candidatédent and hazard
prediction models. Moreovethe aforementioned approaches, adopted to assess performance of
the candidataccident and hazagtediction models, and the analysis saite; which was used
under this project, are discussed in this section of the report as well.

5.2.1.Input Data and Key Assumptions

As indicated earlier in this repothe FRA crossing inventory database and Bfi®A highway

rail grade crossing accident databagéserve as the primary data sources in order to evaluate
the consideredccident and hazaptedictionmodels. The following fields of the databases will
be used throughout the analysis:
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The FRA Crossing Inventory Database
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1
1

Fi eCrabsingIi crossing inventory numbger

Fi el d nYWidatingldevice code

Fi el d T@anAuwmldvteage daily traffic (AADT) count

Fi eDagThribi total daylight thoughtrains

Fi eMgttThifioT total night time thoughtraing

Fi eTowSwWbT total switchihg trains

Fi eMadTtSpdi maximum timetable speged

Fi eMaihTrkdT number of main tracks

Fi eOthTrkdi number ofother tracks;

Fi eMwyPvéddi is roadway/pathway paved? = yes; 2 = np

F i eTralicLidi number of traffic lanes crossing raad

Fi eMwyClassCi functional classification of road at crossifg= rural; 1 = urbay
Fi eMwyClassrdtpldi functional classification of road at crossing: type of
highway/roadway11 = interstate; 12 = other freeways and expressways; 13&£ oth
principal arterial; 16 = minor arterial; 17 = major collector; 18 = minor collector; 19 =
local);

Fi eAwdIDdaledi installation date of current active warning devjces

Fi ePodXin@i crossing positiorfl = at grade; 2 railroadunder; 3 =railroadover).

The FRA Highway-Rail Grade Crossing Accident Database

l

Fi e®XdDotigrade crossingD number

A number of assumptions were made throughout evaluation of the consadei@ent and
hazardprediction moded for thehighwayrail grade crossirgjinthe State of Florida. The list of
the key assumptions includes the following:

1)

2)

A set of the most hazardobgghwayvrail grade crossirgyin the State of Florida were
selected for evaluation of the candidateident and hazapmfedictionmodels. The most
hazardousighwayrail grade crossirgjincluded the following types dighwayrail
grade crossimg (a) thehighwayrail grade crossirgjthat experienced at least one
accident between the year of 2007 and the year of 2017; (b) 50 lsigtveay-rail grade
crossing with the highest exposure value but withactidens between the year of 2007
and the year of 201and (c) 50 passiveighwayrail grade crossirggwith the highest
exposure value but withoatcidens between the year of 2007 and the year df”20
Note that the exposure was estimated as a product of the numieticdés per dagnd
the number ofrains per dayThe latter approach (i.e., selection of certaghwayrail
grade crossingfrom all the existingnighwayrail grade crossirgin a gven state for
evaluation of the candidaéecident and hazaptedictionmodels) has been previously
used in the highwayail grade crossing safety literatyowman, 1994Elzohairy and
Benekohal, 2000Qureshi et al., 2003

If there is a missing value in a dataset (ilee,FRA crossing inventory databaaad/or
theFRA highwayrail grade crossing accident databdse a predictor used by a given
accident and hazamtedictionmodelfor a given highwayrail grade crossinghis
highwayvrail grade crossing will be excluded from the analysis.
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3) The valus of certain predictors in thERA crossing inventory databasere assumed to
befilof or t he cases whrecorded. Zheepredictors iaduddees wer e
following: (1) AADT,; (2) total number of trains per dai{g) maximumtraintime table
speed4) number of main track$5) number of main and other tracks; g6yl number of
traffic lanes. The latter assumptia/s necessary to ensure that taedidateaccident
and haard predictionwill not return abnormadccidentor hazard predictionalues (e.qg.,

b oi,Bo) .

4) If the protection factois not provided by a giveaccident and hazamfediction model
for a highwayrail grade crossing with a specific protection type, the worst case
protection factor value will be used in the analyBm. examplethe New Hampshire
Hazard Index Formuldoes not suggest any specific protection factorshfehighway
rail grade crossirgwith crossbucks. Therefore, the worst qgasdection factor value
which corresponds to the protedctNewn factor
Hampshire Hazard Index Formlavill be adopted in the analysiBhe latter approach
will allow avoiding significant elimination of highwargail grade crossings from the
analysis due to lack of the protection factor values for specific protection types

5) The accident data that aused to develop givencandidateacciden and hazard
prediction modelwill be excluded from the analysis throughthg validation process.

For example, if 2012016 accident dataereused to develop givencandidateaccident
and hazargrediction modelthen,the accident data from 20Will be adoptedo
validate the model.

6) The baseline rankingf highwayrail grade crossingaill be obtained basedn the actual
accident datéor the year of 2017. If twhighwayrail grade crossingsave the same
number of accidents over the considered tirezon, a higher rank will be given to the
highwayrail grade crossing with a higher exposure value. The exposure value will be
also used as a secondary factor to thelighwayrail grade crossings, which have the
sameaccident and hazamfediction véues (as suggested by the considereddent and
hazardprediction models).

7) In order to accentuate the degree of correlation between the baseline rankings and the
predicted rankings, the estimated Spearman rank correlation coefficient wal upes
multipl i ed by a factor of fé&cdderftandhazaedc h one of
prediction modelsThe latter approach has been previouskydby Qureshi et al(2003
throughout evaluation of varioagcident and hazaptediction model$or thehighway
rail grade crossimg)in the State of Missouri.

5.2.2.Descriptive Statistics for the Considered HighwByil Grade Crossings

The analysis of the highwail grade accident data showed that a total offbglbway-rail
grade crossings the State of Florida experienced at least one accident between the year of 2007
and the year of 2017. However, only 48§hwayrail grade crossingsere used throughout
evaluation of the candidaéecident and hazaptediction models, as some of ihéormation,
required for implementation of tlemndidateaccident and hazagtediction moded, was not
available for certain crossings in tRRA crossing inventory databaaadthe FRA highwayrail
grade crossing accident databddereover50 active ighwaytrail grade crossingsnd50
passivehighwayrail grade crossings with the highest exposure edluewithout accidents
between the year of 2007 and the year of 20&i& considered as well. Therefore, the total
number othighwayrail grade crossirgthat were analyzed using the candidateident and
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hazardprediction moded is 589: (48%ighwayrail grade crossinghat experienced at least one
accident between the year of 2007 and the year of 2050 active highwayail grade
crossings with ta highest exposure vakibut without accidents between the year of 2007 and
the year of 201)7+ (50 passive highwagail grade crossings with the highest exposure galue

but without accidents between the year of 2007 and the year of. 2017

A descriptivestatistics of the predictors used throughout evaluation of the candtatient and
hazardor edi cti on model s was obtained

highwayrail grade crossingssed in the analysis. The analysis of thegution type data

to

guantita

revealed that a total of 494 highwesil grade crossingsonsidered (or 83.9% of highwail

grade crossings) were equipped with active protection devices (such as gates, flashing lights,
highway traffic signals, wigwags, bells, or otlaetive devices). On the other hand, 79 highway

rail grade crossings (or 13.4% of highwayl grade crossings) were equipped with passive
protection devices (such as stop signs, crossbucks, or other passive signs or signals). A total of
16 highwayrail grade crossings (or 2.7% of highwegjil grade crossings) had no signs or

signals Figure22 presents a distribution of the selected highwailygradecrossings by

protection type

Four Quad (Full Barrier) Gates

All Other Gates

Flashing Lights

Highway Traffic Signals, Wigwags, Bells
Special Active Warning Devices

Stop Signs

Protection Type

Crossbucks
Other Signs or Signals
No Signs or Signals

100 200 300
Number of Highway-Rail Grade Crossings

400

425

500

Figure 22 Distribution of the selected highwagil grade crossings by protection type

Figure23 showsa distribution of theselected highwayail grade crossingsy AADT. Based on
the information presented Figure23, it can be observed that the maximum and the minimum
AADT at the consideretlighwayrail grade crossingare 99,999 vehicles per day and 1 vehicle

per day, respectively. The average AADTlragelectechighwayrail grade crossings is

approximately 13,267.71 vehicles per day.
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Figure 23 Distribution of the selected highwail grade crossings bAADT .

A statistical analysis for the number of trains per dahetonsiderecighwayrail grade
crossingwvasconductedand the results are presentedrigure24 andFigure25. Figure24
illustrates the number of trains that uties selectethighwayrail grade crossings per dagyer a
24-hour period)while Figure25 shows the number of through trains that ghesselected
highwayvrail grade crossings the State of Floridduring daylight (between 6 AM and 6 PM).
Based on the statistical analysis, the maximumthethinimum numbenf trains per day @he
consideredighwayrail grade crossingare 241 trains per day and 1 train per day, respectively.
The average number of trains per day that pass the selected higtilgagde crossings is
approximately 19.01 trains per day. Furthermtre,maximum anthe minimum numbenf

trains per day during daylight tite consideredhighwayrail grade crossingare 62 trains per

day and 1 train per day, respectively. The average number of trains per day that pass the selected
highwayvrail grade crossings during daylight is approximately 9.66 trains per day.
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Figure 24 Distribution ofthe selected highwanail grade crossings by number of trains per day.

~l
o

)]
o

o
o
T
1

B
o

w
o

|
1

|
f ‘J‘“
o| | "“ 3|'| | " ‘|l ‘J L‘l

100 200 300 400 500 600
Highway-Rail Grade Crossing

Figure 25 Distribution of the selected highwagil grade crossings byumber ofthroughtrains
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A distribution ofthe considerediighwayrail grade crossings by highway classification is
presentedn Figure26. The analysis of the highway classification data revealed that adbtal
447 roadways dahe selectethighwayrail grade crossing®r 75.9 % of roadways) were
classified as urban roadways, while Y4adwaysat the selected highwagil grade crossings
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(or 24.1 % of roadways) were classified as rural roadways. It was thanthe highwayail
grade crossings in urban areas experienced more accidents as compared to theraighway
grade crossings in rural areas. Specifically, the accidents were recorded at 323 -haghway
grade crossings (or 54.8%ttie considered highwarail grade crossings) in urban areas
between the year of 2007 and the year ofi2@hile 115 highwayail grade crossings (or
19.5% oftheconsidered highwayail grade crossing®xperienced the accidentsrural areas
between the year of 2007 and trear of 208.
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Figure 26 Distribution of the selected highwagil grade crossingsy highway classification

Basedhe RaitHighway Grade Crossing Handbook (U.S. DOT, 2(Jp@pe56 of the report]

rural roadways are furthetassified into the following types: (interstate (2) other principal
arterial (3) minor arterial; (4) major collector; (5) minor collector; and (6) local roadway. A
distribution of rural roadways #te selected highwanail grade crossingsy highwaytype is
presented ifrigure27. Based on the information providedrigure27, it can be observed that
the considered highwanail grade crossings are located on 82 local roadways, 28 interstates, 17
minor collector roadways, and 15 major collector roadways. BasdRhil-Highway Grade
Crossing Handbook (U.S. DOT, 20Jppge56 of the report] urban roadways are further
classified into the following types: (Interstate (2) otherfreeway and expresswalB) other
principal arterial; (4) minor arterial; (5pttector, and (6) local roadwa distribution of urban
roadways athe selected highwanail grade crossingsy highway type is presented kingure28.
Baseal on the information provided ffigure28, it can be observed that the considered highway
rail grade crossings are located1f8 local roadways, 1lebllectorroadways87 minor arterial
roadwaysand 73 interstates.
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Figure 27 Distributionof rural roadways at the selected highwaly grade crossings by
highway type
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Figure 28 Distribution of uban roadwaysat the selected highwagil grade crossings by
highway type

A distribution ofthe selectethighwayrail grade crossirgby highway pavement conditias
presented ifrigure29. Figure29 shows that a total of 537 roadways at the considered highway
rail grade crossings (or 91.2% of roadways) are paved, while 52 roadways at the considered
highwayrail grade crossings (or 8.8% of roadways) are unpdsigdre30illustratesa

distribution ofthe selectechighwayvrail grade crossingsy number of main and other tracks
Based on the conducted statistical analysis, itreasaled thathe minimum number of main

and other tracks at the highwaeail grade crossings is 1, while the maximum number of main
and other tracks is 8. Moreover, the average number of main and other tracks at the selected
highwayrail grade crossings is approximately3 téacks. Adistribution ofhighwayrail grade
crossingdby number of main and other tracks shows that 308 highaigrade crossings have

a single track, 217 highwail grade crossings have 2 tracks, while 43 highveslygrade
crossings have 3 tracka total of 21 highwayrail grade crossings have 4 tracks or more.
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Figure 29 Distribution ofthe selected highwanail grade crossingsy highwaypavement
condition.

350 T T T T T T . T

100

Number of Highway-Rail Grade Crossings

)]
o

0 1 2 3 4 5 6 7 8 9
Number of Main and Other Tracks

Figure 30 Distribution ofthe selected highwanail grade crossingsy number of main and other

tracks.

Figure31 presentadistribution ofthe selectettighwayrail grade cossings by number of
traffic lanesBased on the information providedkigure31, it can be observed that the
minimum number of traffic lanes #ie consideredighwayrail grade crossings islane while
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the maximum number of traffic lanes isa®es The average number of traffic laneghe
selectechighwayrail grade crossings epproximately3.05 lanesA distribution ofthe selected
highwayrail grade crossings by number of traffic laimedicatesthat 10 highwayrail grade
crossings have a single traffic lane, 334 highnailgrade crossings have 2 traffic lanes, 30
highwayrail grade crossings have 3 traffic lanes, while 126 highiadygrade crossingsave 4
traffic lanes. A total of 89 highwansail grade crossings have 5 traffic lanes or moretafistical
analysis was conductédr the maximum timetable speedtdatthe consideredighwayrail
grade crossing$igure32 showsa distribution ofthe selectechighwayrail grade crossings by
maximum timetable speethe results from thestatistical analysis indicate that the maximum
and the minimum timetable spds athe consideredighwayrail grade crossings are 79 mph
and 5 mph, respectivelffurthermore, the average timetable speed adleztechighwayrail
grade crossings is approximately 46.23 mph.
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Figure 31 Distribution ofthe selected highwanail grade crossingsy number of traffic lanes.
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Figure 32 Distribution ofthe selected highwanail grade crossingsy maximum timetable
speed.

A distribution of theselected highwayail grade crossings kiptal number of accidents over a 5
year period (201:2016) is illustrated ifrigure33, while a distribution of theselected highway

rail grade crossings average number of accidemisr yeaover a 5year period (201-2016)is
presented ifrigure 34. The maximum and the minimum number of accidents recorded at the
considered highwayail grade crossings between 2012 and 201 6careaccidents and zero
accidents, respectly (seeFigure33). The minimum number of accidents is zero due to the fact
that 50 passive and 50 active highwayl grade crossings with the higdteexposure but without
accidens between the year of 2007 and the year of 20& evaluated throughout the analysis
(while more than 100 highwargil grade crossings did not experience accidents between 2012
and 2016, which is a shorter period of tissecompared to 2002017). Based on the

information presented iRigure 34, the highest average number of accidgetsyearat the
selectechighwayrail grade crossings over aygar period (201-2016) is 0.8 accidents per year.

A distribution of theselected highwayail grade crossings kptal number of accidents over a
10-year period (2002016) is illustrated ifrigure 35, while adistribution of theselected
highwayrail grade crossings taverage number of accidemtsr yeamover a 10year period
(20072016)is presented ifrigure36. The maximum and the minimum number of accidents
recorded at the considered highwray grade crossings between 2007 and 20168@ren
accidents and zemxcidents, respewgtly (seeFigure35). The minimum number of accidents is
zero due to the fact that 50 passive and 50 active highaviagrade crossings with the higdte
exposure but withowtccidens between the year of 2007 and the year of 20&& evaluated
throughout the analysis (while more than 100 highvealygrade crossings did not experience
accidents between 2007 and 2016, which is a shorter period ofsiocoergared to 206Z2017).
Based on the information presentedrigure36, the highest average number of accidgets
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yearat theselectechighwayrail grade crossings over a-y8ar period (200:2016) is 0.7
accidents per year.
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Figure 33 Distribution of the selected highwagil grade crossings by total number of accidents
overa 5year period (201-2016)
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Figure 34 Distribution of the selected highwail grade crossings by average number of
accidentger yeamvera 5year period (201-2016)
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Figure 35 Distribution of the selected highwagil grade crossigs by total number of accidents

overa 10-year period (207-2016)
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5.2.3.Approaches for Evaluation of the Candidateccident and hazardPrediction Models

As discussed earlier, the candidateident and hazamptediction models will be evaluated using
the following approaches: (1) ebguare formula; (2) grouping of crossingséed on the actual
accident data; and (3) Spearman rank correlation coeffidiedetailed description of the
adopted approaches is provided in the following sections of the report.

Chi-Square Formula

The first approach relies on the statisticalstpuae formula for evaluation of the candidate
accident prediction models. The dguare statistic has been commonly used for assessing the
relationships between categorical variables. The test can be performed usingtabcriasi®n

that presents the valsiglistributions of two categorical variables concurrently. Comparison
between the two variables in the crtéaBulation will determine if there is an association
between the variables, i.e. the variables arenu@pendent (Statistics Solutions, 2018)eTh
value of the test statistic.() implies the goodness of fit or correlation between the observed
data and the theoretical/computed data. A low value of theqehdre statistic indicates that the
observed data (i.e., the actual number of accideh&ved at a highwayail grade crossing) fit
well the expected data (i.e., the accident prediction ypheposed by a given candidate accident
prediction model for a highwanail grade crossing) (Statistics How To, 2018a). On the other
hand, a large valuef the chisquare statistic indicates that the observed data do not fit well the
expected data.

Note that the chsquare statistic has been previously used in the higihaibgrade crossing

safety literature. More specifically, Faghri and Deme{(d886 adoptedhe chisquare statistic

for evaluation of certain accident prediction models (i.e.NiGeIRP Report 50 Accident
Prediction FormulathePeabodyDimmick Formula theColemanStewart Modeland thdJ.S.

DOT Accident Prediction Formuldor thehighwayrail grade crossirgyin the State of Virginia.
The following chisquare formula will be used to determine the goodness of fit of the candidate
accident prediction models (Faghri and Demetsky, 1986; Franke et al., 2012; McHugh, 2013):

o 060
55 (5.1

where:

... =the chisquare statistjc

0 U =the number of accidents observed at highvwalygrade crossingy

0 6 =the number of accidenéstimated using given candidate accident prediction mddel

highwayrail grade crossingy

¢ = the number of highwasail grade crossings.

Thechi-square statistic will be estimated over the seleliglowayrail gradecrossingsn the

State of Floridalisted in theé=RA crossing inventory database, for each one of the candidate
accident prediction modelSimilar to the procedure adopted lBgghri and Demetsky (1986),

the chisquare formula will be applied only for tabsolute formulae (i.eaccident prediction
modelg, not for the relative formulae (i.¢nazard prediction modglsThe computeadhi-square
statistic values will be further utilized to assess accuracy of the candidate accident prediction
models in termsf forecasting the number of accidenthighwayrail grade crossings.
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Grouping of Crossings based on the Actual Accident Data

The second approach aims to validateat@&dent and hazaptediction models in terms of their
ability to rankhighway-rail grade crossings faafety improvement projectsased on the actual
or realworld accident data. Su@mnapproach has been previously used by a numhstatefs
(e.g., State of AlabamaBowman, 1994 State oflllinois - Elzohairy and Benekoh&00Q State
of Texas- Weissmann et 312013 State of Ohie Sperry et al., 2017In this project, the actual
accident data will be adopted from tRRA highway-rail grade crossing accident databalee
highwayrail grade crossings will be categorized into tibyg 15%, 20%, 25%, 30%, 40%, and
50% of the most hazardous highwayl grade crossing®ased on the actual accident data.
Then, the candidatgccident and hazaptediction models will be applied to rank the highway
rail grade crossingsising the datavailable througlhe FRA crossing inventory databaaad

the FRA highwayrail grade crossing accident databadee candidate accideptediction

models will be used to rank tighwayrail grade crossirgyin the State of Florida based on the
predicted nmber of accidents. On the other hand, the candidate hpzatidtion models will be
used to rank thhighwayrail grade crossirgyin the State of Florida based on the estimated
hazard values.

The number and percentage of highway grade crossings, caped by a givemandidate

accident and hazamtrediction modefor the top 15%, 20%, 25%, 30%, 40%, and 50% of the
most hazardous highwagil grade crossings, will be used as the performance indicators for the
model evaluation. Thaccident and hazaptedictionmodel that captures the highest number

and percentage of highwagtil grade crossings for these hazardous highradygrade crossing
categories will be considered as the ned&tctiveor accuratanodel. This approach also has
similarities with he power factor method, employed by Faghri and Demetsky (1&8e
highwayvrail grade crossings the State of VirginiaThe power factor analysis asito

determine the percentage of accidents that were observed at the most hazardousraighway
gracke crossingswhich weredentified by the candidateccident and hazaptediction models
(Faghri and Demetsky,986) Note that if any accident dataset is used to develop any candidate
accident and hazapfedictionmodel, it cannot be used for the vatida process. For example,

if 2012-2016 accident data are used to develop the candideigent and hazamtediction

model; then, the accident data from 2017 or any other following year should be used to validate
the model. In addition, if there is a missing value in a datasetlfied=RA crossing inventory
databasand/orthe FRA highwayrail grade crossing accidetiétabasgfor a predictor used by a
givenaccident and hazaptedictionmodelfor a given highwayrail grade crossing, this
highwayvrail grade crossing will be excluded from the analysis.

Spearman Rank Correlation Coefficient

The third approach reliesxahe Spearman rank correlation coefficient for evaluation of the
candidateaccident and hazamtediction modelsThe Spearman rank correlation coefficient

represents nonparametric measure of rank correlatidre Spearman rank correlation

coefficient s also considered ashanparametric version of the Pearson correlation coefficient

(Statistics How To, 2018bJ.he data should be ordinal, interval, or ratio. The correlation

coefficient{) can range betlwe en tfAhtel Ov. aihbicaesad paffectio f A +
positive correlation between the baseline rankingsd the predicted ranking ggbposed by

the candidate model . Qm tmplotlsera pamdecda wnalg
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whil e a val ue of simdcorrelatiordbetwesrn tieetwathsets (Statistinse r e
How To, 2018b).

The Spearman rank correlation coefficient has been previasstyin the highwayail grade
crossing safety literature. More specificalQureshi et al. (2003dopted the Spearmamka
correlation coefficient for evaluation of certaincident and hazapmtediction models (i.ethe
U.S. DOT Accident Prediction Formylde California Hazard Rating Formutae Connecticut
Hazard Rating Formujahe Modified New Hampshire Hazard Indeégrmulg the Kansas

Design Hazard Rating Formukhe Missouri Exposure Index Formukndthe lllinois Hazard
Index Formulafor thehighwayvrail grade crossimgin the State of MissourThe evaluation of
eachaccident and hazaptedictionmodel was performed by developing a baseline ranking of
six highwayrail grade crossings for each crossing control category (passive and active) by the
Missouri DOTrepresentativesifter that the candidateaccident and hazamfediction models
were apgked in order to rank the same highwiajl grade crossings. The predicted rankings
were compared to the baseline rankings, which wevelopedy the Missouri DOT
representatived he difference between the baseline rankings and the predicted rankisigs
assessed using the Spearman rank correlation coefficrezdich one of the consideradcident
and hazargrediction models (Qureshi et al., 200Bhe Spearman rank correlation coefficient
can be calculated using the followiaguation (aerd Statistis, 2018;Statistics How To,

2018h:
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where:

1 =the $earman rank correlation coefficient

0 = the ranking of highwayail grade crossing) proposed by a given candidatecident and

hazardprediction model

0 = the average ranking value of highweal grade crossinggroposed by a given

candidatéhazardaccident prediction model

0 =the baseline ranking of highwaail grade crossings

0 = the average baseline ranking value;

¢ = the number of highwasail grade crossings.

B 6 0o

In order toaccentuad thedegree of correlation betweé#re baseline rankings and the predicted
rankings Qureshi et al(2003 multiplied the estimate8pearman rank correlation coefficient
values by a f actfdhe coosiderddécialentfandrhazepedidtiononoded. o
The latter approach will be adopted in this study as well. The baseline rankingsigihtivay
rail grade crossings in the State of Florida will be derived based actiled accident data
providedin the FRA highwayrail grade crossing accident database

5.2.4.Analysis Software

MATLAB (Matrix Laboratory) software will be used in this study to evaluate the candidate
accident and hazamtediction formulae, which have been identified in sechidrof this report.
MATLAB is a high-level fourthgeneration programming language equipped with an interactive
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environment, which allows its users (primarily engisesand scientists) to perform complex
numerical computing tasks (such as matrix manipulations, data and function plotting, algorithm
design, development of graphical user interfaces, and other purposes) in an efficient manner.
(MathWorks, 209a). The MATLAB software relies on the MATLAB scripting language, a
matrix-based language that facilitates computational mathematics (MathWorks).201
Throughout this project, MATLAB will be used to encode the candigetelent and hazard
prediction models and appliye aforementioned evaluation approaches.
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6. ANALYSIS RESULTS FOR THE CANDIDATE ACCIDENT AND HAZARD
PREDICTION MODELS

This section of the report exhibits the results obtained from analysis cdndelateaccident
prediction models (i.e., the Colem&tewart Model, the NCHRP Report 50 Accident Prediction
Formula, the Peabodyimmick Formula, and the U.S. DOT Accident &ition Formulajand
thecandidatehazard prediction models (i.e., the New Hampshire Formula, the California Hazard
Rating Formula, th€onnecticut Hazard Rating Formula, the lllinois Hazard Index Formula, the
Michigan Hazard Index Formulandthe Texas Priority Index Formulalong with the
canonicalCalifornia Hazard Rating Formula, thanonicalConnecticut Hazard Rating Formula
andthe canonical'exas Priority Index Formujahe modified versions of the aforementioned
formulae will be evaluated under this project (which will be referred to as the Modified
California Hazard Rating Formula, tModified Connecticut Hazard Rating Formapand the
Modified Texas Priority Index FormujaThe key difference between the canon{alifornia
Hazard Rating Formula, tleanonicalConnecticut Hazard Rating Formuthe canonical'exas
Priority Index Formulaand their modified versions consigighe approach for estimating the
accident history.

Specifically, the canonic&alifornia Hazard Rating Formula, tbanonicalConnecticut Hazard
Rating Formulaand the canonicdlexas Priority Index Formulsimply account fothe total
number of accidents in the lasthyears the lasffive years andthe lastfive years respectively.
Since the upgrades can cause significant changes in the operational characteristics of a given
highwayvrail grade crossing, performance of #ferementioned models can be negatively
affected. On the other hand, the Modifiedlifornia Hazard Rating Formula, tModified
Connecticut Hazard Rating Formuénd the Modifiedexas Priority Index Formuleonsider

the total number of accidents in tast yeargthe lasttenyears the lasffive years andthe last

five years respectivelypr since the year of last improveméint case thergvas an upgrade).
Suchanapproach for estimating the accident history is expected to be methodologically more
advantageous and has been recommended in the candrécddOT resource allocation
procedureoutlined in theRail-Highway Grade Crossing Handbook (U.S. DOT, 2007)

Three analytical approachtsat werediscussedn section5.2 of this report, including thehi-
square formulagrouping of crossings based on the actual accidentatedeSpearman rank
correlation coefficientwere undertaken to evaluate accuracy of the candadatdent and
hazardprediction modelsThe acident datdor the year of 2017 were used to assess
performance of the candidaecident and hazamtedictionmodels. The rankirgpf highway

rail gradecrossings based on tpesdicted number of accidents or the predicted hazard,
suggested by theandidate mode]svascompared with théaselineankings of highwayralil
grade crossings based on Hutualaccident datadr the year of 2017. The observeahmber of
accidents in 2017 was used to examine performance of the models based on the fact that none of
the candidataccident and hazagtediction modelselied onthe 2017 accident data to rank the
highwayrail grade crossing3.herefore there was noce®pe of bias due to the use of the 2017
accident datal'he accident data between 2007 and 20&Gwsedthroughout development and
evaluation othe candidataccident and hazaptediction models. The following sectioofthis
reportpresent the resultsvhich were obtained from the three analytical approaahéds
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elaborate on accuracy of the candidateident and hazaptedictionmodelsfor the selected
highwayrail grade crossings the State of Florida

6.1. Analysis of the Accident Prediction Models bsed on the Gi-Square Statistic

The chisquare statistic was the first performance metric used to assess the goodness of fit of the
accident prediction models based on the data collected for the 589 higdilngnade crossings

in the State of Florida, wth were selected faheanalysis. The chsquare test, which was
performed using the predicted and observed number of accidents in the year of 2017,
demonstrated that the Peabddiynmick Formula had the closest fit to the observed number of
accidents athe 589 highwayail grade crossings. Specifically, the PeabBiynmick Formula
had a chisquare statistic of 482.74, which was the lowest among thegdlarre statistics of all
the accident prediction models (d&8gure37). The summation of cksquarevaluesof the 589
highwayrail grade crossings derived for the Coler&iawart Model, the U.S. DOT Accident
Prediction Formula, and the NCHRP Report 50 Accident Prediction Formula were 1341.68,
1800.79, and 17099.0despectively (seBigure37). Since lower values of the ebquare

statistic indicate a closer fit to the actual accident data, the Col8tearart Model, the U.S.

DOT Accident Prediction Formuland the NCHRP Report 2&cident Prediction Formula
were rankedis2", 39 and &', respectivelyTable50 shows the ranking of the candidate
accdent prediction models based on thesdnuare statistic. As discussed in secBdh3of this
report, the chsquare test was not conductedtfeehazard predictio models asthe predicted
number of accidents is requiredorderto determine the cksquare statistic.

U.S. DOT Accident Prediction Formula 1800.79

Peabody-Dimmick Formula 482.74

NCHRP Report 50 Accident Prediction

Formula 17099.01

Accident Prediction Formula

Coleman-Stewart Model 1341.68

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Chi-Square Statistic

Figure 37 Chi-square statistigalues forthe candidate accident prediction models.

Table 50 Ranking of the candidate accident prediction models based on tkguzrie statistic.

Accident Prediction Model Rank
PeabodyDimmick Formula 1
ColemanStewart Model 2
U.S. DOT Accident Prediction Formula 3
NCHRP Report 50 Accident Prediction Form({ 4
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6.2. Analysis of theAccident and hazardPrediction Models based orthe Crossing Groups

The percentage of thmost hazardoulighwayvrail grade crossingsaptured by the candidate
accident and hazaptediction modelswas retrieved throughout the data analysis. The dataset,
which consistdof the accident history for the 589 highwea}l grade crossingsvas sorted

according to the observed number of accidents in 2017 and was divided into the top 15%, 20%,
25%, 30%, 480, and 50%0f themost hazardous highwagil grade crossings. These groups
included 89, 118, 148, 177, 236, and 295 highvealygrade crossingsespectively. The

percentage and number of tim@st hazardousighwayrail grade crossingsaptured by the

accident and hazangrediction candidate modeksre presented ihable51 andTable52,

respectively

Among the top 15%f the most hazardousghwayrail grade crossings (or 89 highwegil

grade crossings), the U.S. DOT Accident Prediction Formula, the Michigan Hazard Index
Formula, the Californiddazard Rating Formula, the Modified California Hazard Rating
Formula,thelllinois Hazard Index Formulahe Texas Priority Index Formula, and the Modified
Texas Priority Index Formula captured the largest portion of highraibgrade crossings.
Specifially, the U.S. DOT Accident Prediction Formula and the Michigan Hazard Index
Formula capture@3.8% (or 21 out of 89 highwayail grade crossinggjom the top 15%of the
mosthazardous highwasail grade crossings, while the California Hazard Rating Ftantie
Modified California Hazard Rating Formuldae lllinois Hazard Index Formuldhe Texas

Priority Index Formula, and the Modified Texas Priority Index Formula captur&gebr 19

out of 89 highwayrail grade crossinggjom the top 15%of themosthazardous highwasail

grade crossings. THeast accuratemodels in this group were found to be the NCHRP Report 50
Accident Prediction Formula, the Connecticut Hazard Rating Formula, and the Modified
Connecticut Hazard Rating Formula, which captureg @617 (or 14 out of 89 highwayail
grade crossinggyom the top 15%of the most hazardodsghwayrail grade crossings.

Furthermore, the Texas Priority Index Formula, the Modified Texas Priority Index Formula, the
lllinois Hazard Index Formulandthe Michigan Hazard Index Formukchieved the closest fit

to the actual accident data for the 2684he most hazardodsghwayrail grade crossings. The
Texas Priority Index Formula and the Modified Texas Priority Index Formula capti®ad 4

(53 out of 18 highwayrail grade crossinggjom the top 20%of themost hazardousighway

rail grade crossings, whitbe lllinois Hazard Index Formukndthe Michigan Hazard Index
Formulacaptured 42% (51 out of 118 highwayail grade crossing$jom the top 20%of the

most hazardoulighwayrail grade crossing©n the other hand, the Connecticut Hazard Rating
Formula, the Modified Connecticut Hazard Rating Formarfalthe U.S. DOT Accident
Prediction Formulavere found to béheleast accurate fahis group.Specifically, the

Connecticut Hazard Rating Formwadthe Modified Connecticut Hazard Rating Formula
captured only 8.6% (42 out of 118 highwayrail grade crossingg$jom the top 20%of the most
hazardousighwayrail grade crossingsvhilethe U.S. DOT Acident Prediction Formula
captured only 32% (38 out of 118 highwayail grade crossinggjom the top 20%of the most
hazardousighwayrail grade crossings

As for the top 25%f the most hazardousghwayrail grade crossings, the besrformance

was demonstrated ke Texas Priority Index Formula, the Modified Texas Priority Index
Formula, and th&lichigan Hazard Index Formuldhe Texas Priority Index Formula and the
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Modified Texas Priority Index Formula capturegl®6 (or 84 out of 148 highwasail grade
crossingsjfrom the top 25%of the most hazardousghwayrail grade crossings, while the
Michigan Hazard Index Formula capturesl B4 (or 83 out of 148 highwasail grade crossings)
from the top 25%0f the most hazardousghwayrail grade crossing3.-heworstperformance
was recorded fathe Connecticut Hazard Rating Formula, the Modified Connecticut Hazard
Rating Formulaandthe U.S. DOT Accident Prediction Formutpecifically,the Connecticut
Hazard Rating Formuland the Modified Connecticut Hazard Rating Formadgotured only
45.9%6 (68 out of 148 highwayrail grade crossinggjom the top %% of the most hazardous
highwayrail grade crossingsvhilethe U.S. DOT Accident Prediction Formula captured only
33.1% (49 out of 148 highwayrail grade crossinggjom the top %% of the most hazardous
highwayrail grade crossings

As for the top 30%f the most hazardousghway-rail grade crossings, the Michigan Hazard
Index Formulathe Modified California Hazard Rating Formula, the California Hazard Rating
Formula,the Texas Priority Index Formuland theModified Texas Priority Index Formulad
the mostatisfactory goodness of fit. The Michigan Hazard Index Formula captur&d 6617
out of 177 highwayail grade crossings), tiodified California Hazard Rating Formula
captureds5.0% (115 out of 177 highwasail grade crossings), while the California Hazard
Rating Formula, th&exas Priority Index Formuland theModified TexasPriority Index
Formulacaptured 641% (114 out of 177 highwasail grade crossingsjom the top 30%of the
most hazardousighwayrail grade crossings. On the other haheéModified Connecticut
Hazard Rating Formujahe Connecticut Hazard Rating Forlayiandthe U.S. DOT Accident
Prediction Formulavere found to béheleast accurate fdhis group.Specifically,the Modified
Connecticut Hazard Rating Formuapturedonly 52.9% (93 out of 177 highwayrail grade
crossings)the Connecticut Hazafdating Formulaapturednly 51.4% (91 out of 177
highwayrail grade crossingsyvhilethe U.S. DOT Accident Prediction Formula captured only
31.1% (55 out of 177 highwayrail grade crossingsjom the top30% of the most hazardous
highwayrail grade crosags

The Michigan Hazard Index Formula, the Texas Priority Index Formula, the Modified Texas
Priority Index Formulathe California Hazard Rating Formubkndthe Modified Céfornia

Hazard Rating Formubaere the most successful in capturing the top 40%e most hazardous
highwayvrail grade crossings. The Michigan Hazard Index Formula, the Texas Priority Index
Formula,andthe Modified Texas Priority Index Formula capturedl%@ (or 182 out of 236
highwayvrail grade crossingsjom the top 406 of themost hazardousighwayvrail grade
crossingswhile the Caifornia Hazard Rating Formula atide Modified Céfornia Hazard

Rating Formulacaptured 8.7% (or 18l out of 236 highwayrail grade crossing$jom the top
40% of the most hazardousghwayrail grade crossingsTheworstperformance was recorded
for the Connecticut Hazard Rating Formula, the Modified Connecticut Hazard Rating Formula
andthe U.S. DOT Accident Prediction Formubpecifically,the Connecticut Hazard Rating
Formulaandthe ModifiedConnecticut Hazard Rating Formwaptured onl\67.4% (159 out of
236 highwayrail grade crossinggjom the top40% of the most hazardousghwayrail grade
crossingswhilethe U.S. DOT Accident Prediction Formula captured @i@ly8o (95 out of 236
highway-rail grade crossinggjom the top40% of the most hazardousghwayrail grade
crossings
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Table 51 Percentage of highwargil grade crossings captured by the candidatedent and hazagtediction models.

Accident and haard

Percentage of HighwayRail Grade Crossings Captured

Prediction Model

Top 15% (89

Top 20% (118

Top 25% (148

Top 30% (177

Top 40% (236

Top 50% (295

Crossings) Crossings) Crossings) Crossings) Crossings) Crossings)

ColemanStewart Model 19.1% 39.0% 50.0% 57.1% 69.5% 77.3%
NCHRP Report 50
Accident Prediction 36.4% 52.7% 61.6% 72.5% 78.3%
Formula
Peabodybimmick 18.0% 39.0% 52.0% 59.3% 70.3% 81.4%
Formula
U.S. DOT Accident
Prediction Formula
New Hampshird=ormula 19.1% 42.4% 55.4% 63.8% 82.4%
(F:a"fom'a Hazard Rating 51 4, 42.4% 55.4% 64.4% 82.7%

ormula
Modified California 21.3% 42.4% 55.4% 82.7%

Hazard Rating Formula
Connecticut Hazard
Rating Formula
Modified Connecticut
Hazard Rating Formula
lllinois Hazard Index
Formula

Michigan Hazard Index
Formula

Texas Priority Index
Formula

Modified Texas Priority
Index Formula
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Table 52 Numberof highwayrail grade crossings captured by the candidatedent and hazamtediction models.

Number of Highway-Rail Grade Crossings Captured

Accident and hazard
Prediction Model

Top 15% (89
Crossings)

Top 20% (118
Crossings)

Top 25% (148
Crossings)

Top 30% (177
crossings)

Top 40% (236
Crossings)

Top 50% (295
Crossings)

ColemanStewart Model

17 crossings

46 crossings

74 crossings

101 crossings

164 crossings

228 crossings

NCHRP Report 50
Accident Prediction
Formula

14 crossings

43 crossings

78 crossings

109 crossings

171 crossings

231 crossings

PeabodyDimmick
Formula

16 crossings

46 crossings

77 crossings

105 crossings

166 crossings

240 crossings

U.S. DOT Accident
Prediction Formula

21 crossings

38 crossings

49 crossings

55 crossings

95 crossings

175 crossings

New Hampshire Formulg

17 crossings

50 crossings

82 crossings

113 crossings

180 crossings

243 crossings

California Hazard Rating
Formula

19 crossings

50 crossings

82 crossings

114 crossings

181 crossings

244 crossings

Modified California
Hazard Rating Formula

19 crossings

50 crossings

82 crossings

115crossings

181 crossings

244 crossings

Connecticut Hazard
Rating Formula

14 crossings

42 crossings

68 crossings

91 crassings

159 crossings

226 crossings

Modified Connecticut
Hazard Rating Formula

14 crossings

42 crossings

68 crossings

93 crossings

159crossings

226 crossings

lllinois Hazard Index
Formula

19 crossings

51 crossings

81 crossings

103 crossings

166 crossigs

229 crossings

Michigan Hazard Index
Formula

21 crossings

51 crossings

83 crossings

117 crossings

182 crossings

251 crossings

TexasPriority Index
Formula

19 crossings

53 crossings

84 crossings

114 crossings

182 crossings

245 crossings

Modified Texas Priority

Index Formula

19 crossings

53 crossings

84 crossings

114 crossings

182 crossings

245 crossings
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The last and also the largest group ofrtiest hazardousighwayrail grade crossingsicludes
the top50% of the most hazardousghwayrail grade crossings. The Michigan Hazard Index
Formula had the best fit for this group, capturingl®ob(251 outof 295 highwayrail grade
crossing} from the top50% of the most hazardodsghwayrail grade crossings. Moreover, the
Texas Priority Index Formula and the Modified Texas Priority Index Formula captud 83
(245 out of 295 highway-rail grade crossinggrom the top50% of the most hazardousghway
rail grade crossings. On the other hand, the Connecticut Hazard Rating Feheadified
Connecticut Hazard Rating Formu&ndthe U.S. DOT Accident Prediction Formwleere found
to betheleast accurate fahis group.Specifically,the Connecticut Hazard Rating Formalzad
theModified Connecticut Hazard Rating Formula capturety 76.6%6 (226 out of 295 highway
rail grade crossingsyvhilethe U.S. DOT Accident Prediction Formula captured &81y3%
(1750ut of 295 highway-rail grade crossinggjom the top50% of the most hazardousghway
rail grade crossings

Based on the conducted analysis, it can be observedhénstithigan Hazard Index Formula
the Texas Priority Index Formyland the Modified TexaPriority Index Formulgenerally
performed better than other candidateident and hazamfediction modelsnd were able to
capture mordighwayrail grade crossings the groups, representitige top 15%, 20%, 25%,
30%, 40%, and 50%f themosthazardous highwasail grade crossingd he candidatbazard
prediction modelsvere found to be superior to the candidateident prediction modefer the
selectechighwayrail grade crossings the State of Floridarhe latter finding can be explained
by the fact that thaccident prediction modeisclude a significant number of coefficients,
which were calibrated based on the historical data regarding the physical and operational
characteristics collected for a large sample ohigewayrail grade cossingsacross the
country. Over time, changes in the physical and operational characterigtighwéy-rail grade
crossingsare inevitable. Therefore, many coefficients are becoming outdatedandiaent
prediction modelsFurthermore, the coeffiams, which were calibrated based on the historical
data collected for a large sample of thghwayrail grade crossingacross the country, may not
be appropriate for thieighwayrail grade crossings the State of Florida

On the other hand, theazardprediction modelgare more generic and do not rely on a large
number of coefficients, which have to be calibrated based on a large sample oftugtavay

rail grade crossinpazard is assessed using basic physical and operational characteristics (e.qg.,
number ofvehicles per daynumber otrains per dayexisting protectionaccident history, train
speednumber of tracksnumber of traffic lanesetc.). Among the candidaéecident and hazard
prediction modelstheU.S. DOT Accident Prediction Formutgpically captured leskighway

rail grade crossings the groups, representitige top 15%, 20%, 25%, 30%, 40%, and 5%
themost hazardous highwawgil grade crossing® fairly weak performance was also
demonstrated by th@onnecticut Hazard Ratirfgprmulaandthe Modified Connecticut Hazard
Rating Formulaas compared to other candidatzident and hazamptediction models

Another important finding consists in the fact that the Modi@adifornia Hazard Rating
Formula, theModified Connecticut Haard Rating Formulaand the Modifiedrexas Priority
Index Formulagenerally outperformed the canoniCalifornia Hazard Rating Formula, the
canonicalConnecticut Hazard Rating Formuénd the canonicdlexas Priority Index Formuja
respectively. The légr finding can be supported by the fact that the Modi@iatifornia Hazard
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Rating Formula, th&odified Connecticut Hazard Rating Formpénd the Modified'exas

Priority Index Formulaonsiderthe total number of accidents in the last ygtrs lastten years

the lastfive years andthe lasffive years respectivelypr since the year of last improveméint

case thergvas an upgrade), while the canonical versions of the aforementioned formulae ignore
the upgrades at highwawil grade crossings. However, the upgrades may cause significant
changes in the operational characteristics of highmadygrade crossings, whidhrther

negatively affect performance of the canonf€alifornia Hazard Rating Formula, thanonical
Connecticut Hazard Rating Formuénd the canonicdlexas Priority Index Formula

6.3. Analysis of theAccident and hazardPrediction Models based orthe Spearman Rank
Correlation Coefficient

The Spearman rank correlation coefficient, which is a performance rsletidng the

difference between the baseline rankinghighwayvrail grade crossing@.e., the ones that were
obtainedbased orthe actual accidnt datdor the year of 2017) against the predicted baseline
rankings othighwayrail grade crossingg.e., the ones that were suggested by the given
candidateaccident and hazamtediction modgl was estimated fagach one ofhe candidate
accident ad hazardprediction models. ThealculatedSpearman rank correlation coefficient
values ar@resented ifrigure38.

Modified Texas Priority Index Formula 3.641
3.636

Michigan Hazard Index Formula | 3732

Texas Priority Index Formula

Illinois Hazard Index Formula I 3250

Modified Connecticut Hazard Rating Formula I, 2 384
Connecticut Hazard Rating Formula I ) 377

Modified California Hazard Rating Formula I 3302

California Hazard Rating Formula I 3301

New Hampshire Formula I 3 414
U.S. DOT Accident Prediction Formula B 1.5
Peabody-Dimmick Formula I 3095
NCHRP Report 50 Accident Prediction Formula I 2 368
Coleman-Stewart Mode] I 3 |52

Accident/Hazard Prediction Model

14 16 18 2 22 24 26 28 3 32 34 36 38
Spearman Rank Correlation Coefficient
Figure 38 The Spearman rank correlation coefficigatues forthe candidataccident and
hazardprediction models.

Based on the methodology proposeddayeshi et al. (2003), the Spearman rank correlation
coefficients wer e mullitthe pahdidataccident and hataedc t or of
prediction models in order to accentuate the degree of correlation between the baseline rankings
and the predicted rankingsor instance, if three decimal places are considered, the Spearman

rank correlation coefficierof the California Hazard Rating Formula and the Modified California

Hazard Rating Formula would be 0.660. However, after multiplying the correlation coefficient

by a factor of fA5,0 the correspondingntoeffic
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the Modified California Hazard Rating Formula vidbe 3.301 and 3.302, respectivelne
latter highlights that the ranks, proposediy Modified California Hazard Rating Formutae
more accurate as compared to the ones, proposed by the ca@atifoahia Hazard Rating
Formula

Table53 illustrates theanking of the candidat&ccident and hazagtediction models based on
the Spearman ranlorrelation coefficientvalues (the highest rank was given to the models with
the highest values of ti&pearman rank correlation coefficigithe Spearman rank correlation
analysis revealed that the ranking of highway grade crossings based on Mehigan Hazard
Index Formula had the closest match with the rardgafidnighwayrail grade crossings based on
the actual accident data. The Spearman rank correlation coefficient value for this model was
calculatedobe3 . 732 when mul Figuped8). Motk thatycoeffiGient vdlue ef e
fibo indicates a perfect positive correlation between Haseline rankings and the predicted
rankings while a coefficient value ofi-50 implies a perfect negative correlatidaetween the
baseline rankings and the predicted rankifidgeerefore, the Spearman rank correlation
coefficient of the Michigan Hazard Index Formula shovissghly positive relationship étween

the baseline rankingand the predicted rankingbhroughout the conducted analysis, it was
foundthat none of the Spearman rank correlation coefficients of the candatadent and
hazardprediction models were negative; thus, higher valueseoftlefficient denote closer
goodness of fit.

Table 53 Ranking of the candidateccident and hazamtediction models based on the
Spearman rank correlation coefficient.

Accident and hazardPrediction Model Spea_lrmanRar)k_ Rank
Correlation Coefficient
Michigan Hazard Index Formula 3.732 1
Modified Texas Priority Index Formula 3.641 2
Texas Priority Index Formula 3.636 3
New Hampshire Formula 3.414 4
Modified California Hazard Rating Formula 3.302 5
California HazardRating Formula 3.301 6
lllinois Hazard Index Formula 3.259 7
ColemanStewart Model 3.152 8
PeabodyDimmick Formula 3.095 9
NCHRP Report 50 Accident Prediction Formi 2.868 10
Modified Connecticut Hazard Rating Formulg 2.384 11
Connecticut HazarBating Formula 2.377 12
U.S. DOT Accident Prediction Formula 1.500 13

The second most accurate model in terms of the Spearman rank correlation coeéiaent
was found to be the Modified Texas Priority Index Formula, which had a coefficient value of
3.641, indicating atrongpositive relationship between the baseline rankargsthe predicted
rankings(seeFigure38). The predicted rankings dighwayrail grade crossing®btained by

the Texas Priority Index Formylavere also found to be close to theseline rankingef
highwayrail grade crossingdhe Spearman rank correlation coefficitmtthe Texas Priority
Index Formulacomprised3.636. Similar to the findings, revealed fromalysis of theaccident
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and hazargbrediction models based on the crossing grgses sectiol.2 of this report for
more details)the candidatb@azard prediction modelgere generally found to be superior to the
candidateaccident prediction modeis terms of theSpearman rank ceelation coefficient
values for the selectégdghwayrail grade crossings the State of Floridarhe latter finding can
be supported by the fatttat the accident prediction models include a significant number of
coefficientsthat become outdated ovéne due to changes in the physical and operational
characteristics dhighwayrail grade crossingsvhich negatively affect accuracy of thecident
prediction modelsTherefore, the differendsetween the baseline rankingsd the predicted
rankings, obtmed by the candidai&ccident prediction modelsas generally higher as
compared to the differendetween the baseline rankirgsd the predicted rankings, obtained
by the candidate hazapdediction models

The U.S. DOT Accident Prediction Formuladithe lowestSpearman rankorrelation

coefficient of 1.500whichindicatesthat the associatednkingsof theselectechighwayrail

grade crossings had a weak positive relationship withdikeline rankingfRelatively low

values of theSpearman ran&orrelationcoefficient were recorded for tli&onnecticut Hazard
Rating Formulaandthe Modified Connecticut Hazard Rating Formfa377 and 2.384,
respectively). Based on the conducted analysis, it can be observed that the Mealiferdia
Hazard Rang Formula, théodified Connecticut Hazard Rating Formp&nd the Modified
Texas Priority Index Formulypically had highe6Spearman rankorrelationcoefficient values

as comparetb the canonicaCalifornia Hazard Rating Formula, tbanonicalConnedicut

Hazard Rating Formujand the canonicdlexas Priority Index FormujaespectivelySimilar to
the findings, revealed frommalysis of theaccident and hazamtediction models based on the
crossing groupésee sectiol.2 of this report for more details), worse performance of the
canonicalCalifornia Hazard Rating Formula, thanonicalConnecticut Hazard Rating Formula
and the canonicdlexas Priority IndeXrormulacan be explained by the fact that these formulae
do not consider upgrades at highway grade crossings throughout estimation of the accident
history.

6.4. Final Model Recommendation

As a result of a detailed evaluation of 13 candidateédent and dwardprediction moded, it was
observed that the Michigan Hazard Index Formula, the Texas Priority Index Formula, and the
Modified Texas Priority Index Formula were found to be superior to the other models for the
highwayrail grade crossings in the StatieFloridain terms of the considered performance
indicators. Specifically, the Michigan Hazard Index Formula, the Texas Priority Index Formula,
and the Modified Texas Priority Index Formula were able to capture mgite/ay-rail grade
crossings in the gups,representing the top 15%, 20%, 25%, 30%, 40%, and 50% of the most
hazardous highwasail grade crossings the State of Florida. Furthermotbe Michigan

Hazard Index Formula, the Texas Priority Index Formula, and the Modified Texas Priority Index
Formulahad the highest values of tBpearman rank correlation coefficient (i.e., greater than
3.600). However, th®lichigan Hazard Index Formulaas a major drawback as compareth®
Texas Priority Index Formula and the Modified Texas Priority Indexta, since it does
consider the accident history at highwayl grade crossings.

Moreover, the Modified Texas Priority Index Formula is methodologically more advantageous as
compared to the canonical Texas Priority Index Formula, since it congideotal number of
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accidents in the la$itve years or since the year of last improvem@ntase thergvas an

upgrade)while the canonical Texas Priority Index Formula simply accountthétotal number

of accidents in the laditze years Since the ugrades can cause significant changes in the

operational characteristics of a given highway grade crossing, the Modified Texas Priority

Index Formula returned highealues of the&Spearman rank correlation coefficient as compared

to the canonical Texdriority Index Formula. Therefore, the Modified Texas Priority Index

Formul a, which wi | |thelileridd Puiority maex Fonrmelder i sed t o as
recommended to rank the highweajl grade crossings in titate of Florida for safety
improvemenprojects. Thd-lorida Priority Index Formula can be expresasuhg the following

equation

"00 "'00IYI TP IY D " gt (1 8 (5.3)
where:

"O0 fQheFloridaPriority Index

= average daily traffic volume;

“Y= average daily train volume;

“Y= train speed;

0 "@ protection factor;

0 = accident history parameter

Based on the analysis results, it was found thaptbiection factovalues, proposed in the
canonicalTexas Priority Index Formul@geeTable541 Ryanand Mielke,2017), demonstrated a

good performance for tHaghwayrail grade crossings in the State of Florida; therefore, these
protection factowalues will be further used within the FloriBaiority Index FormulaNote that

the fieldi Wd C o d e d-RAocfossingnentory databaseas used to identify the protection

type at thenighwayrail grade crossings. However, theldi Wd Code 6 does not dif
between rastmounted flashing lightand @ntilever flashing lightsThefield i Wd Co d e 0

provi deso ai v ad a sregliwayrail gradg crassng is equipped withshing

lights (without specifying whether the flashing lights arastmountedor cantileve). In order to

be on the conservative side, theichworresppndsc ase p
to mastmounted flashing lighjswvas assumed for theghwayrail grade crossings, which are

equipped withlashing lights The latter approach was found to be efficient, considering the fact

that the Texas Priority Index Formula and Eherida Priority Index Formulalemonstrated a

competitive performance throughout evaluation ofttiglawayrail grade crossings in the State

of Florida.

Table 54 Protection factor values folhe Texa$riority Index Formula.

Traffic Control Devices Protection Factor
(PF)

Passive 1.00

Mastmounted flashing lights 0.70

Cantilever flashing lights 0.15

Gates 0.10

The procedure for estimating thecident history parametay); which is used by the Florida
Priority Index Formulais outlined inAlgorithm 1. In step 0, a data structure for storing the
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values ofaccident history paramettar the consideretlighwayrail grade crossings is
initialized. Then, the algorithm enters the main loop (stepS)1lf the last upgrade was
performed more thafour years agdor a given highwayrail grade crossing, theccident history
parameter will be set based on-gear accident history (steps 2 andIB)he last upgrade was
performedfour years agdor a givenhighwayrail grade crossing, theccident history parameter
will be set based on aykar accident history (steps 4 andib)he last upgrade was performed
threeyears agdor a given highwayrail grade crossing, theccident history parameter will bet se
based on a-§ear accident history (steps 6 andl7jhe last upgrade was performiuab years
agofor a given highwayrail grade crossing, theccident history parameter will be set based on a
2-year accident history (steps 8 andIP)he last upgrae was performedneyearagofor a

given highwayrail grade crossing, theccident history parameter will be set based omctinent
yearaccident history (steps 10 and 1ifYhe last upgrade was performedthe current yedfor

a given highwayrail grade crossing, thaccident history parameter will be seatdefault value
of oneaccident(steps 12 and 13). Tlagorithm exits the main loop, once thecident history
parametehas been estimated for each one of the considered higiavgyade crosags.

Algorithm 1: AccidentHistory ParameteiEstimation (AHPE)

in: @ pMBFE -setof crossingsw phB h - set ofyears w - current yeardo O accident history for the
considered crossings (by yedd) 'Y year of the last upgrade for the considered crossings.
out: 0 - accident historyparameter

0:PsN ¢ Initialization
1: for all w™ &do
2 if0Y T do If the lastupgrade was performedore than 4 years ago
3: o N & &b 0 4 Consider a §ear accident history
4: elseif 0Y T do If the lastupgrade was performed 4 years ago
5: 0 N &b o 4 Consider a 4/ear accident history
6: elseif 0Y o do If the lastupgrade was performed 3 years ago
7: 0 N & oMo 4 Consider a 3/ear accident history
8 elseif0Y ¢ do If the lastupgrade was performed 2 years ago
o: 0 N &0 4 Consider a &ear accident history
10. elseif0Y p do If the lastupgrade was performed 1 year ago
11 0 N & oMo Consider thaccident history from the current year
12 elseif 0 Y & do If the lastupgrade was performed in the current year
13 0 Np Assume a default value of 1 accident
14:  endif
15: endfor
16: return 0 Return theaccident historyparameter

Notethatthee c ci dent hi st ory par amet er highwapralgmdebe | es
crossings, which did not experience any accidents over thieviagears, theaccident history
parameter wil|l be assumed to be equal to Alo
in the canonical Texas Priority Index FormulaeeRyanand Mielke, 201Y. Note that

Algorithm 1 can be modified depending on the accident data availabilgy (ethe accident
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data are not available for the current year, the accident history can be shifted by one year in the
past).
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7. DEVELOPMENT OF THE OPTIMIZATION MODELS FOR RESOURCE
ALLOCATION AMONG THE HIGHWAY -RAIL GRADE CROSSINGS IN FLORIDA

This section of the report provides a detailed description of all the components/notations, which
will be used throughout development of the mathematical models for resource allocation among
thehighwayrail grade crossings the State of Florida. Furthaore, integer programming
mathematical formulations are presented for two optimization moaleése the first model

aims tominimizetheoverall hazard ahehighwayrail grade crossirgy while the second model

aims tominimizethe overall hazardgeveriy atthe highwayrail grade crossirg The input data,
required by both models, as well as the computational complexity of the models are also
discussed in this section of the report.

7.1.Nomenclature

The nomenclature, used throughout the mathematical medelapment, is explained in this
section of the reporfable55 provides alescription of all the componera§the integer
programming mathematictdrmulations, which were adopted fdret proposedptimization
models

Table 55 Description of the mathematical model components.
Model Component

Type Nomenclature Description
. - set of highwayrail grade crossingdighwayrail grade
© pBIrE .
Sets ] - Crossings)
0 phBhM set of countermeasures (countermeasures)
Y  ph8 hQ set of severity categories (severity categories)
Decision | » N Y ! cN &h =1 if countermeasureis applied at highwayail grade
Variables | N 6 crossingw(=0 otherwise)
PN s number of highwayail grade crossings (highwawil
grade crossings)
PR number of considered countermeasures
(countermeasures)
™ = number of severity categories (sevenategories)

0 Ova | wv @ |overall hazard ahighwayrail grade crossing(no unit9
'O°Y N a | oy oh | hazard obeverityi athighwayrail grade crossing)(no

i NTY units)

Parameters wNa linvy weight associated witbeverityi (varies from 0.0 to 1.0)
BNy ov oh =1 if countermeasurecan be potentially applied at
N 6 highwayrail grade crossing (=0 otherwise)
ooNa | o oh | effectiveness factor for countermeasanghen appliedat
wN O highwaytrail grade crossing
60 Na | cnNoh |costof applying countermeasubat highwayrail grade
N 6 crossingw(USD)
YO & A total available budget (USD)
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The appropriate values for the parameters of the mathematical models will be set based on the
available literature and consultation with the FDOT representatives. A detailed description of the
parameters, which are used in the proposed mathematical megetssided in sectiof.4 of

this report.

7.2.Minimizing the Overall Hazard

This section of the report presents an integer programming modeéfaegburce allocation
problem (RAP) among the existing highwaajl grade crossing®iming to minimize theverall
hazard athe highwayrail grade crossirgy The latter mathematical model will be referred to as
RAP-1 and is presented next.

RAP-1:
aQ¢ p 00> A0 (7.1)
Subject to:
¥ pland (7.2)
T I AL s AL (7.3)
00 D “YO O (7.4)
v BN Y LGN QN 6 N (7.5)
§ "OHO"OM & FYS & 7 | cov G 8 (7.6)

The objective function7 1) aims to minimize theverall hazardtthe highwayrail grade

crossings. Constraint sét2) indicates that no more than one countermeasure can be applied at

each one of the considerkijhwayrail grade crossings. Constraint SéB) guarantees that a

given countermeasure can be applied onthathighwayrail grade crossings that are eligible for

such countermeasure. Constraint 3et)(ensures that the total cost of upgradhmgselected

highwayrail grade crossings witiot exceed the total available budget. Constraint g&s4nd

(7.6) define the nature of decision variables and parameters BARel mathematical model

(not e \obrbfexstd a Bet obinary integers, whilda 6 refers to a set of p
numbers.

7.3.Minimizing the Overall Hazard Severity

This section of the report presents an integer programming model for the resource allocation
problem (RAP) among the existilgghwayrail grade crossingsiming to minimize theverall
hazardseverityat the highwayrail grade crossirgy The latter mathematical model will be
referred to alRAP-2 and is presented next.
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RAP-2:

& Q¢ p 00> I JOY (7.7)
Subiject to:

» plove (7.8)

»ooon N oy 6 (7.9)

00 D “YO O (7.10)

» ) v mip oo Gfoon 6 ) (7.11)

"O"Yho RO"OR 6 YO & a | v ooy 8H N Y (7.12)

The objective function7.7) aims to minimize theverall hazardeverityat the highwayvrail

grade crossing Constraint sef7(8) indicates that no more than one countermeasure can be

applied at each one of the considered highvedlygrade crossing€onstraint setq.9)

guarantees that a given countermeasure can be applied only at the higihgeade crossings

that are eligible for such countermeasure. Comdtst .10) ensures that the total cost of

upgrading the selected highwaegil grade crossings will not exceed the total available budget.
Constraint sets/(11) and {.12) define the nature of decision variables and parameters of the

RAP-2 mathematical modéh o t e \ bréfexstto afset diinary integers, whiléa 6 r ef er s t «
a set of positive real numbérs

7.4.Required Input Data

This section of the report focuses on a detailed description of the input data, which are necessary
in order to execute the developed optimization models and perform resource allocation among
thehighwayrail grade crossings in the State of Florida. RA&€?-1 mathematical model

requires the following inputs: ()  pfB k& i set of highwayrail grade crossings (highway

rail grade crossings); (#® phB 1 setof countermeasurgsountermeasures(3)

0 "OfoN O overall hazarat highwayrail gradecrossingw(no unitg; (4)n FooN fooN & =1

if countermeasurécan be potentially applied at highwesil grade crossing (=0 otherwise);
(5)'0"OfoN v & i effectiveness factor for countermeasanghen appliecat highwayrail

grade crossingy (6) 6 6 froN oy 6 i cost of applying countermeasubat highwayrail

grade crossing(USD); and (7)Y0 & total available budget (USD).

On the other handhe RAP-2 mathematical model requires the follogimputs: (1)

pMB [ 1 set of highwayrail grade crossings (highwasil grade crossings); (8  ph8 h
i set of countermeasurésountermeasuresi3)Y ph8 hQ 1 set of severity categories
(severity categories); (AD"Y froN oy 6 1 hazard ofeverityi at highwayrail grade crossing
w(no unitd; (5)® A ™ "Yi weight associated witbeverityi (varies from 0.0 to 1.0); (6)

n Foov &ftoy 6 =1 if countermeasurécan be potentially applied at highweail grade
crossingw (=0 otherwise): (70 "OhiN @ftov 6 1 effectiveness factor for countermeasare
when appliedt highwayrail grade crossingy (8) 6 & hon RN 6 i cost of applying
countermeasureat highwayrail grade crossingy(USD); and (9)Y® & total available budget
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(USD). Sections/.4.1-7.4.30f this report elaborate on the adopted values for the aforementioned
parameters of thRAP-1 andRAP-2 mathematical mods!

7.4.1.Set of HighwayRail Grade Crossings

Federal Railroad AdministratiairRA) maintains a publicly availabt#ossingnventory
databasewhich provides a detailed information regarding basic characteristics of different
crossing types (i.e., at grade, railroad under, railroad over) across the nation. Specifically, the
FRA crossing inventory databapeovides the informain regarding the following aspects
(FRA, 2016): (1) existingpighway or pathway traffic control devigg(2)crossing dcation and
classification (3) the operatingrailroadinformation; (4) crossinghysicalcharacteristics(5) the
information regardinghe public highwaythat is associated with a given crossing; and others
(see sectiod of this report for more deta)lsThis project will primarily rely on the information,
which is available in thERA crossing inventory databag® all the highwayrail grade
crossings located in the State of Floridaset of the considergaghwayrail grade crossings
will be denotecas®  pfB FE in theRAP-1 andRAP-2 mathematical mods!

Furthermorethe RAP-1 mathematical modekquires the data regarding thverall hazardt
highwayvrail grade crossirgy() "OftoN @). The latter information will be obtained using the
most promisingaccident and hazamptediction model, which was identified earlier under this
project forthe highwayrail grade crossings in the State of Floriddie Florida Priority Index
Formula.The Florida Priority Index Formula can be estimatedhighwayrail grade crossing
usingthe following equation

00 'O ® IYOTPIY D "DOmdt gb ° (7.13
where:

"O0 "©theFloridaPriority Indexat highwayrail grade crossingy(no units)

w = average daily traffic volumat highwayvrail grade crossing)(vehicles per day)

“Y = average daily train volumat highwayrail grade crossing(trains per day)

Y = train speedt highwayrail grade crossing (mph),

0 "C= protection factoat highwayrail grade crossing(PF = 1.00 for passive; PF = 0.70 for
flashing lights PF = 0.10 for gategs)

0 =accident history parametathighwayrail grade crossing(accidents} the total number
of accidents in the laive yeass or since the year of last improvemeint ¢ase thergvas an
upgrade)

The FRA highwayrail grade crossing accident datab@sRA, 201&) will be used in order to
calculate theccident history parametds (foN ¢)). The estimate@loridaPriority Indexvalue
will represent a potential hazard of a giveghwaytrail grade crossing.e.,"00 O 0 "O} N
@) in the RAP-1 mathematical modeDne the other hanthe RAP-2 mathematical model
requires the data regardingatentialhazardat eachhighwayrail grade crossingy severity
category('O"Yhwn ¢ N Y. A set ofseverity categoriewill be further referred to a%

pB AQ in theRAP-2 mathematical modeThe GradeDeanethodology will be used to assess a
potential hazard afachhighwayrail grade crossing the State of Florida diy severity
category (see sectiah4.3for more details)
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7.4.2.Set of Countermeasures

Different countermeasuseare used dtighwayrail grade crossirgyn order to reduce the

number of accidents and improve the overall safety. Tt@msetermeasuseinclude, but are not
limited to, installation of flashing lights at passivighwayrail grade crossirgy installation of
flashing lights and gates at passivghwayrail grade crossirg installation of rauntable curbs
with channelized devicest gatechighwayrail grade crossirgy installation obarrier curbswith

or without channelized devices gatechighwayrail grade crossirgy installation of poto
enforcemenat gatechighwayrail grade crossirgy and others (U.S. DOT, 2004;S. DOT,

2014. A set of considered countermeasures will be denotéd aspf8 i in theRAP-1 and
RAP-2 mathematical modsl Aneffectiveness factor (or effectiveness muilépl is associated
with eachcountermeasure amdpresergthe percent reduction in terms of accidents that
occurred after the implementation of improvemexttagivenhighwayrail grade crossingJ.S.
DOT, 2007;U.S. DOT, 201X Installation of the mosffective countermeasures at the most
hazardousighwayrail grade crossirgmay not be feasible, taking into account the fact that the
countermeasures with higher effectiveness factors generally have higher installation costs as
compared to the counternseses with lower effectiveness factors. The effectiveness factors and
the installation costs will be further referred toG0MoN oy 6 andd & v GFtovy 6,
respectively, within the develop@edathematical mods! The total budgetvailable for safety
improvement projects at the considered highwailygrade crossings will be denoted’¥® n
theRAP-1 andRAP-2 mathematical modsl

Note that some specific types of countermeasures cannot be implemented ahicgrieany-rail
grade crossing For example, based on the canomnieaburce allocation procedutbere are
two upgrade optionat passive singkerack highwayrail grade crossingsvhich include
installation of flashing lights or installatiaf gatesU.S. DOT, 2007)On the other handhere
is only one upgrade optiat passive multipldrack highwayrail grade crossingsinstallation
of gateqU.S. DOT, 2007). The latter operational feature is captured by parametan

oM 6 within thedevelopednathematial modes$. The value of paramet8r froN (N 6 is
e g u a 1oif toontefineasurédcan be potentially applied at highwesil grade crossing
(equalOototlier wi se) .

A large number of traffic control devices have been designed over thdaryeader to improve
safety at highwayail grade crossings. Generally, traffic control devices can be classified in two
groups, including the following: (1) active traffic control devices; and (2) passive traffic control
devices. Active traffic control déses make a reaction and give advance notifications in case of
an approaching traifu.S. DOT, 2007)Flashing lightsignals (both masnhounted and
cantilevered), bells, automatic gates, active advance warning devices, and highway traffic signals
are the st weltknown active traffic control devices. Unlike active traffic control devices,
passive traffic control devices are typically located at or behind a higrailayrade crossing

and just indicate the presence of a crossing. The status of passieectmafifol devices does not
change in case of an approaching t&r5. DOT, 2007)Regulatory signs, warning signs, guide
signs, and supplemental pavement markargssome examples of passive traffic control
devices A description of certain basmuntermeasus(includinghighwayrail grade crossing

signs, flashing light signals, automatic gates, and pavement markings) is prowiged in

following sections of this report. Furthermore, a set of countermeasures that will be considered
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under this preect throughout evaluation of the solution algorithmsth@RAP-1 andRAP-2
mathematical modshill be described as well

Highway-Rail Grade Crossing Signs

Typical signs, which have been commonly utilized at highveslygrade crossirg are

illustrated in Figure39. Some basic information for typical highwesil grade crossing signs is
provided inTable56. Note thatFigure39 andTable56 wereprepared using the data reported by
U.S. DOT (2007 [pages 8486 of the report]More details regarding these signs can be obtained
from theManual on Uniform Traffic Control DevicgsIUTCD), whichwas developed by

Federal Highway Administration (FHWAFHWA, 2003 U.S. DOT, 2007)Figure39 presents

two categories of highwasail grade crossing signs, including the following: (1) warning signs;
and (2) regulatory signgVarning signs call attention to unexpected conditions on a highway
on a street or in the vicinity of a highway/streed émsituations whichmight not be readily
apparent to road usefdn the other handegulatory signgare used tinform road users

regarding the existingaffic laws or regulationand indicatehe applicability ofcertainlegal
requirementsWarning sgnsgenerally have a yellow background, whiggyulatory signs

typically have black and white color coding. Moreover, labels of warning signs start with the

l etter fAWO, egulbtorysmnsitaabret! swiotfh rtThbée56) (EHWMAer f RO
2003 U.S. DOT, 2007)

- N
KA
Y .
SR [3]
QQ T | TRACKS
A15-1 Fzz
(drilad for 08 degres mounting)
R I ' Fg'
W10-1 w10-3
0 STOP
RIGHT LEFT ";’rg?T TRACKS WHEN
TURN TURN ON OUT OF FLASHING
Across [l Across I VAN
1rRACKS JIl TRACKS SERVICE
Actati B o B " o
STOP
HERE ON N O
RED TURN
ON < >
» RED [exewer] LOOK
F0-¢ 5 5

TRAIH 5
MlY EIE[[D

130 km/n, Nu
mlu HORN

100 FEET 30 METERS. ;5(“';[[;: 4::‘:::.’:’
EERUERL o [ESTEER & [ or | weay s
TRACKS & TRACKS & wos | | reces

HIGHWAY' HIGHWAY BEHIND 10U SEHIND 104

wioat
| mo GITES NEXT USE NEXT ROUCH
L13 lIENTS CRDSSIHG I:RDS!ING CROSSING|

Figure 39 Typlcal S|gns utlllzed at hlghwalgall grade crossings.
Source: U.S. DOT2007. RailtHighwayGrade Crossing Handbook

/7 TRAINS
€ MAY EXCEED ) o
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Table56includes the following information: (1) the label of a giveghwayvrail grade crossing
sign; (2) section of MUTCI[2ontaining the related information regarding a gikigghwayrail
grade crossingign; (3) name of a givemghwayrail grade crossingign; and (4) application or
indication of need for a givemghwayrail grade crossingign. MUTCD provides some basic
tips for installing signs, including the following(S. DOT, 2007)

In general, signs should be installed on the flgirid side of the road,;

Signs should be placed in order to optimize visibility;

Signs should not be located beyond the crest of arhifl @ highway dip;

Signs should not be covered by a parked car, foliage, snow accumuwatmy, other
obstructions that may impact sign visibility.

= =4 =4 -4

The distance between the location of the installed sign and a highwagyade crossing
primarily depends on the vehicle speed and traffic conditions. The information regarding the
advance placement distances for warning sigmsesented ifable57 for different posted

speed limits (or 88 percentile speeds) and different traffic conditigRWA, 2003 U.S. DOT,
2007) Note thafTable57 was prepared using the data reportedtsy. DOT (2007 [page89 of

the report].
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Table 56 Basic information regarding highwamgil grade crossing signs.

MUTCD no.| Section | Traffic control device Application or indication of need
R$-a SB.06, 10C.09 |No Right Turn Acroes Tracks|>c4 t0 Prohibit furning movements toward the highway-rail
grade crossing during preemption.
RS-2a SB.06, 10C.09 |No Left Turn Across Tracks | oo (o Prohibif furning movements toward the highway-rail
grade crossing during preemption.
Where quening occurs or where storage space is limited
between a nearby highway intersection and the tracks; may be
R58 8B.07, 10C.05 (Do Not Stop on Tracks supplemented with a flashing light activated by queuing traffie
in the exit lane(s) from the crossing. (See discussion on queus
cutter signals.)
RS9 . i __ Applicable when there is some physieal disconnection along
5B.09,10C.06 | Tracks Out of Service the railroad tracks to prevent frains from using those tracks.
May be used at a hishway-rail grade crossing to inform drivers
R5-10 8B.10, 10C.08 |Stop Here When Flashing of the location of the stop line or the point at which to stop
when the flashing light signals (Section SD.02) are activated.
. May be used at locations where vehicles frequently violate the
f10-6 SB.11.10C.07 | Stop Here on Red stop line or where it is not obvious to road users where to stop.
If there is a nearby sipnalized intersection with insufficient
Ri0-11a 8D.07, 10C.09 |No Turn on Red clear storage distance for a desipn vehicle or the highway-rail
grade crossing does not have gates.
- . oo |Highway-Rail Grade . .
Ri51 8B.03, 10C.02 Crossing (crossbuck) ERequired deviee.
Ri52 SB.0S. 10C.02 |Number of Tracks E:‘ta.pda.rd rlequired deviee, with two or more tracks and no gate;
optional with gate.
School buses and eommercial vehicles that are usually
Ri53 8B.05, 10C.10 |Exempt required to stop at crossings are not required to do so where
authorized by ordinance.
- - - Rict For multilane operations where roadway users might need
Ll iR Eo by sl additional puidance on lane use and/or restrictions.
- . : . . For multilane operations where roadway users might need
fi15-4b 10013 Light Ral Only Left Lane additional puidance on lane use and/or restrictions.
= - ) For multilane operations where roadway users might need
fil5-de 10C13 Light Rail Only Center Lane additional puidance on lane use and/or restrictions.
Where vehicles are not allowed to pass LET vehicles loading
Ri&5 100,14 Light Rail Do Not Pass or unloading passengers where no raised platform physically
separates the lanes.
Where vehicles are not allowed to pass LET vehicles loading
R15-5a 10C.14 Do Not Pass Stopped Train  |or unloading passengers where no raised platform physically
separates the lanes.
Ri5-6 10C.12 Do Not Drive On Tracks Used where there are adjacent vehicle lanes separated from
T Light Rail Symbol the LET lane by a curb or pavement markings.
= . - Used where there are adjacent vehicle lanes separated from
2
Fi5-6a 10C.12 Do Not Drive On Tracks the LRT lane by a corb or pavement markingn
Ri5-7 10C.11 ;ﬁ:}gaﬂ Divided Highway Use with appropriate geometric conditions.
-~ Light Rail Divided Highway . : : -
Fis7a 10C.11 Symbol (Tintersection) Use with appropriate geometric conditions.
* Multiple tracks
K158 8B.16, 10C.03 (Lock * Collision experience
* Pedestrian presence
Required device, with MUTCD exceptions (Section SB.04);
W01 SB.04 10C.15 Highway-Kail Grade school buses and commereial vehicles that are usmally
o " |Crossing Advance Warning | required to stop at crossings are not required to do so where
authorized by ordinance.
Wil-1a 8B.05, 10C.10 |Exempt
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Table 56 Basic information regarding highwagil grade crossing sigfsc ont 0 d )

MUTCD no.| Section | Traffic control device Application or indication of need
S Hiphway-Hail Grade oe c q = . - )
Wi0-23.4 5B.04, 10C .15 Crossing Advance Warn Based upon specific situations with a nearby parallel highway
Low Ground Clearance — - . )
W05 SB.17. 10C.16 | Hishway-Rail Grade As indicated by MUTCD guidelines, ineident history, or local
" Enowledge.
Crossing
: Ak lank- Supplements the traffie control signal to warn road users
Wi10-7 10C.17 ngh't. Fail ted B turning across the tracks of an approaching parallel LET
Cut Symbol :
b vehicle.
Wi08 SB.13 fsrﬁmn’j;ﬁ'f“ Exceed 130 ke/h |y e train speed is 80 mph (130 kmvhr) or faster
Wi10-9 8B.14 No Train Horn Shall be used only for erossings in FRA-anthorized quiet zones.
W10-10 8B.15 No Sipnal May be used at passive controlled crossings.
Where the parallel highway is close to the crossing,
Wi0-11 8B.18, 10C 18 | Storage Space Symbol particularly with limited storage space between the highway
intersection and tracks.
Storage Space XX Meters Where the parallel hichway is close to the crossing,
Wil-11a 8B.18, 10C.18 |(Feet) Between Tracks & particularly with limited storage space between the highway
Hirhway intersection and fracks.
Used where there is a highway intersection in elose proximity
Storage Space XX Meters to the hishway-rail prade crossing and an enpineering study
Wil-11b 8B.18, 10C 18 |(Feet) Between Highway & |determines that adequate space is not available to store a
Tracks Behind You design vehicle(s) between the highway intersection and the
train dynamic envelope.
May be used at a skewed highway-rail prade erossing to warn
Wi0-12 8B.19, 10C 19 | Skewed Crossing drivers that the railroad tracks are not perpendienlar to the
highway
. ~ . : May be installed at highway-rail grade crossings that are not
}‘ w &
Wi10-13 8B.15 o Gates or Lights equipped with automated sipnals.
Flaced below the W10-5 sign at the nearest intersecting
Wi0-14 8B.17 Next Crossing highway where a vehicle can detour or at a point on the
highway wide enough to permit a U-4urn.
Placed below the W10-5 sign at the nearest intersecting
Wil-14a 8B.17 Use Next Crossing highway where a vehicle can detour or at a point on the
highway wide enough to permit a U-4urn.
Wi0-15 8B.17 Rough Crossing If the highway-rail grade crossing is rough.
T : : : ;
L12 10C.20 Light Rail Station Symbol },:;i:; direet road users to a light rail station or boarding
I-13 8B.12, 10C 21 |Emerpency Notification Post at all erossings to provide for emergency notification.
I-13a 8B.12, 10C 21 |Emerpgeney Notification Post at all erossings to provide for emergeney notifieation.

Source: U.S. DOT2007. RailHighway Grade Crossing Handbook

Table57 provides the placement distances for advance warning signs, considering two base
traffic conditions: (1speed reduction and lane changing in heavy traffypical conditions

where the user should use extra time in ordadjast speed and change lanes iavydraffic

due toa complex driving situatigrand (2) typical conditions where the user shoattlice the
vehiclespeedn orderto maneuver through the warned conditfearious deceleration values

are provided for the listegidvisory speeth Table57). For example, the suggested placement
distance for advance warning signs is 850 ft for the scenario with the posted speed limit of 50
mph and the first traffic condition (s@able57). However, in case of the second traffic

condition and deceleration to 10 mph, the suggested placement distance for advance warning
signs is 200 ft for the scenario with the posted speed limit of 50 mph. Based on tieadatde
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in Table57, it can be observed that the placement distances for advance warning signs generally
increase with an increasing posted sp@eit (or 85" percentile speed).

Table 57 Placement distances for advance warning signs.

Advance Placement Distance *
Condition A:
Speed
Reduction Condition B: Deceleration to the listed advisory
Posted or f}lﬁﬂe speed (mph) for the condition*
85th- Changing
Percentile | in Heavy
Speed Traffic® 03 10 20 30 40 50 60 70
20 mph 225 ft. N/A® | N/A® — — — — — —
25 mph 323 ft. N/A® | N/A* | N/A® — — — — —
30 mph 430 ft. N/A® | N/A® | N/A® — — — — —
35 mph 320 ft. N/A® | N/A® | N/A® | N/A® — — — —
40 mph 630 ft. 125 ft. | N/A® | N/A® | N/A® = — = =
45 mph 730 ft. 175 ft. | 125 ft. | N/A® | N/A® | N/A® — — —
50 mph 850 ft. 250 ft. | 200 ft. | 150 ft. | 100 ft. | N/A® — — —
55 mph 930 ft. 325ft. | 275 ft. | 225 ft. | 175 ft. | 100 ft. | N/A® — —
60 mph 1100 ft. 400 ft. | 350 ft. | 300 ft. [ 250 ft. | 175 ft. | N/A® — —
65 mph 1200 ft. 475 ft. | 425 ft. | 400 ft. | 350 ft. | 275 ft. | 175 ft. | N/A® —
70 mph 1230 ft. 350 ft. | 525 ft. | 500 ft. | 425 ft. | 350 ft. | 250 ft. | 130 ft. =
75 mph 1350 ft. 620 ft. | 625 ft. | 600 ft. | 525 ft. | 450 ft. | 350 ft. | 250 ft. | 100 it.
Notes:

1 The distances are adjusted for a sign legibility distance of 175 ft. for Condition A. The distances for Condition B
have been adjusted for a sign legibility distance of 250 ft., which is appropriate for an alignment warning symbol
sign.

2 Typical conditims are locations where the road user must use extra time to adjust speed and change lanes in
heavy traffic because of a complex driving situation. Typical signs are Merge and Right Lane Ends. The distances
are determined by providing the driver a PIRerceptionldentificationEmotiortVolition) time of 14.0 to 14.5
seconds for vehicle maneuvers (2001 AASHTO Policy, ExhhiD&cision Sight Distance, Avoidance Maneuver

E) minus the legibility distance of 175 ft. for the appropriate sign.

3 Typical conditon is the warning of a potential stop situation. Typical signs are Stop Ahead, Yield Ahead, Signal
Ahead, and Intersection Warning signs. The distances are based on the 2001 AASHTO Policy, Stopping Sight
Distance, Exhibit 3L, providing a PIEV time of 2.8econds, a deceleration rate of 11.2 ft./seéominus the sign
legibility distance of 175 ft.

4 Typical conditions are locations where the road user must decrease speed to maneuver through the warned
condition. Typical signs are Turn, Curve, ReversenTor Reverse Curve. The distance is determined by providing
a 2.5 second PIEV time, a veleideceleration rate of 10 ft./secqmdinus the sign legibility distance of 250 ft.

5 No suggested distances are provided for these speeds, as the placemant isckpendent on site conditions

and other signing to provide an adequate advance warning for the driver.

Source: U.S. DOT2007. RailHighway Grade Crossing Handbook
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Flashing Light Signals

A flashing light signal is generally composed of two light units, which flakérnatelyat a rate
of approximately 45 to 65 times per minute (Begure40). A typical flashng light signal
includes a number of the key components, incluiackgraind,hood,roundel, lamp,
lampholdey reflector, and housin@.S. DOT, 2007). Thebackgraind has a diameter of
approximatel\20-24 inchesand is painted ima nonrefleting blackcolor, which is able to
provide a contragb the red lightThe hood of a flashg light signal is also typically colored in
black. Based othe Rail-Highway Grade Crossing Handbo@k.S. DOT, 2007), the standard
diameter oflashing light signal heads is 1ihches

Figure 40 A typical flashing light signal.
Source:ePermitTesf2018. Railroad Crossing Gate

Low-wattage bulb are commonly used in flasly light signals to ensure operation staneby
battery powein case otommercial power failres. Thevattageis typically eitherl8 watts or
25 watts A proper light alignment is critical from the operational standpoint. The lamp of a
flashing light signal should be precisely aligned in order to ditleetnarrowintense beam
towards the approaching motorigt).S. DOT, 2007)Theflashing light unit locatedon the right
hand side o& highway;, is generallyaligned to cover a distance far fragiven highwayrail
grade crossing.ypical alignment patterns féwo-lanetwo-way highwag and for multilane
highways are provided ifrigure41 andFigure42, respectivelyNote thatFigure41 andFigure
42 wereprepared using the data reportedh$. DOT (2007 [pages 99-1000of the report].

Two general layouts are presentedrigure41, where the top layout illustrates the top view of a
given highwayrail grade crossing, while the bottom layout illustrates the side view of a given
highwayrail grade crossing. In the considd example, two flashing light signals are installed at
the highwayrail grade crossing wittwo-lane tweway highway one is located before the
crossing, while another one is placed after the crossing. Simiaguee41, Figure42 presents

the top view and the side view of a given highway grade crossing. However, the considered
highwayrail grade crossing has felaneoneway highway and twoflashing light signals are
installed before the highwenail grade crossingrhe flashing light signals are installed on both
sides of the highway iarder to cover the whole width of the highway by beamsK&pae4?2).
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Figure 41 Typical alignment pattern for flashiright signals with 3015 degree roundel, two
lane tweway highway.
Source: U.S. DOT2007. RaitHighway Grade Crossing Handbook
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|[«— Length as specified ——————
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i I_I LY 2 ij
o
200 mm
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800 mm MIN.
(12/in) CLEARANCE
ABOVE
CROWN
OF Edge of
ROADWAY  background

Where gates are located in the median, orpart —

additional median width may be required neadrest
to provide the minimum clearance for the roadway
counterweight supports.
3
¢ OF LIGHT 375 mm (15 in)
2.3 m (7.5 ft) MIN. <4—1.3m (4.25 ft) MAX.—>
|+A D c | | 2.8 m (9.5 ft) MAX. 2~ 635 mm
I [ | <254 in) MAX.
Dimension A-B-C and length as — - . T
appropriate for approaching traffic \_ - ==y
T llll
s ’
|| /
45° - .
-
1.1 m (3.5 ft) MIN. -7

1.4 m (4.5 ft) MAX. 0.6m (21t) 100 mm
l (4 in) MAX.
v ABOVE

ﬁ ______ R

7

CROWN OF ROADWAY by LEVEL
* For locating this reference line at other than curb section installation, see Section 8D.01.

* Note: At the January 2006 meeting of NCUTCD, the council approved a change that will require use of vertical red and
white bands on crossing gate arms if incorporated into MUTCD.

Figure 43 Typical clearances for flashing light signals with automatic gates.
Source: U.S. DOT2007. RailHighway Grade Crossing Handbook

Flashing light signals are often installed with automatic gates in order to achieve a higher level of
safety at a given highwaril grade crossing. Some basic dimensions for a system with flashing
light signals and automatic gates are provideigure43. Note thatFigure43 wasprepared

using thedata reported by.S. DOT (200¥ [pagel01of the report].Two sets of flashing light

signals are presentedkiigure43, including a typicapostmountedflashing light signal and a
cantilevered flashing light signal. A cantilevered flashing light signal improves the visibility as
compared to the pestounted flashing light signals (i.e., the ones which are generally installed

on a vertical post)The Rail-Highway Grade Crossing Handbof@#.S. DOT, 2007) recommends
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installingcantilevered flashing light signaifsone of the following conditions is met:

Multilane highways, where there are more than two lanes in one direction.

If a postmounted flashingjght signal should be installed 10 feet farther than the edge of
the travel lane (due to paved shoulders or parking lane).

1 There is foliage alongside the highway obstructing the view of thenpeshted flashing
light signal.

Presence afoadsideobstaclege.qg.,utility poles).

There is a distracting background reducing visibility of the-pustinted flashing light
signal.

1 Where the extension of the flashing light signals over the travel lanes provides the
highway users with sufficient visibilitior the required stopping sight distance at the
horizontal or vertical curves.

)l
)l

= =4

Automatic Gates

When a train is approaching or occupying a highwalygrade crossing, an automatic gate is
utilized as a barrier to prevenighwayusers from passing througfie crossing. As it is

illustrated inFigure44, alternating 16nch diagonal red lights and white stripe are used to cover
the gate arm. Generallihree red lights are placed on the gate arm in order to enhiaigbty
during darknessThe light nearest to the tgf the gate arnburns steadilywhile the other two

lights flashalternately.The automatic gate is typically combined witetandardlashing light
signalto provideadditional warning before thgatearm starts descemd) (U.S. DOT, 2007).
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Figure 44 A typical automatic gate.
Source:DeviantArt(2018. Railroad Crossingsate

When a train is approaching a highwayl grade crossing, the flashing light signal starts
operating, while the gate should start its downward motion not lesshitegaseconds afterwards
(i.e., at leasthreeseconds after the flashing light signal tgtaperating). The gate arm should
reach itshorizontal position before the train arrivalthe highwayrail grade crossing and remain
horizonta) while the train is occupying the crossing. Once the train leaves the highilvgsade
crossing and theregeno other trains approaching, the gate arm starts ascendingpoight
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position Generally, both flashing light signal aadtomatic gatstop operating not more tha@
secondsfter the train passes the highwayl grade crossin¢lJ.S. DOT, 2007)TheRail-
Highway Grade Crossing Handbo@l.S. DOT, 2007) recommends installiagtomatic gateif
one of the following conditions is met:

1 Multiple mainline railroad tracks.

1 Multiple tracks where a train on or near a highwal grade crossing can obseutthe

movement of another trgimhich isapproaching the crossing.

A combination of flgh-speed train operation and limited sight distance.

A combination of igh-speed train operation, moderately higlume highway, and

moderately highvolume railroad tffic.

1 Presence of school buses, farm vehicles, and/or transit buses in the traffic flow, passing a
highwayrail grade crossing.

1 Presence of trucks with hazardous materials, especially if the view down the track from a

stopped vehicle is obstructed (eaurve in track).

Continuing accident occurrence after installation of flashing light signals.

Presence of passenger trains.

= =4

1
1

The placement of flashing light signal asgtomaticgate assemblies should meet certain
requirementsThe lateral location dlashing light and automatic gate assemidiesuld provide
an adequate clearanftem the trackand also have a sufficiegpace for construction of the
foundationgU.S. DOT, 2007)Basic location requiremenfisr the foundationsf flashing lights
and @ntilevered flashing lights with automatic gaées presented iRigure45. Note thatFigure
45 wasprepared using the data reportedb$s. DOT (2007 [pagel05of the report].
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Figure 45 Basic location requirements for flashing lights and cantilevered flashing lights with
automatic gates.
Source: U.S. DOT2007. RailtHighway Grade Crossing Handbook

150



Pavement Markings

Along with supplementary traffic control devices, pavement markings play an importatd role

ensure safety dtighwayrail grade crossirgg Howeverpavemat markingsmay not be visible

in case of inclement weather conditions (e.g., snow, rain) and many not be very durable for the
highways that are subject to heavy traffic lodeigure46illustrates some of the typical

udi
roads and certain transverse lingste thatFigure46 wasprepared using the data reported by
U.S. DOT (2007 [page96 of the report].The latterpavement markingare commonly placed on

pavement

mar ki

ngs

i ncl

ng: an

i Xo,

dahee

each approach lar# all thepaved approaches the highway-rail grade crossirgg which are
equipped with signals and/or automatic gates, antlifievayrail grade crossirgy where the

prevailing speed of highway traffic & leas40 mph.Furthermore, the aforementioned

pavement marking types are used attigwayrail grade crossirgy where there is gotential
conflict between trainand vehicles based on the conduagdineering studie@).S. DOT,
2007) On the other hand, tiavemat markingsare not required for mindrighwayrail grade

crossing in urban areas, where the other traffic control devices provide an adequate control

based on the conductedgineering studies

Stop line approximately
2.4 m (8 ft) from gate
(if present)
X 1.8m(6ft)
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Dynamic N
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B>

{optional)
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(2m £

06m i
@f)

06mi_
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A three-lane roadway should be marked with a

centerline for two-lane approach operation on

the approach 10 a crossing
Dynamic
Envelope
, Pavement
¢ Marking
| (optional)
I~ approx
J 46m(150)
See On multi-lane roads, the transverse bands
Chapter 2C, should extend across all approach lanes, and
Table 2C-4 individual RXR symbols should be used in
each approach lane.
T
7.5m
(25 ft)
15m * When used, a portion of the
(S0 ft pavement marking symbol
— should be directly opposite the
vance Warning Sign (W10-1).
I supplemental
Pavement pav marking symbol(s)
-\‘—— Marking ma ced between the
\ 7 'r m| Symbol* Advance Warning Sign and the
\ (25 )| Sea crossing, but should be at least
\‘ Figure 8B-7) 15 m (50 ft) from the stop line
\
1
1
\

Note: In an effort to simplify the
figure to show warning sign
and pavement marking
placement, not all required traffic
control devices are shown

Legend

=+ Direction of travel

Figure 46 Regular pavement marigs, the codesind placements.
Source: U.S. DOT2007. RailHighway Grade Crossing Handbook
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All the pavement markings generally have whit
which are colored in yellow. The stop line should be 2 ft wide and exrt=ods the approach

lanes. The stop line must be plagaafpendicular to the highway centerlisea giverhighway

rail grade crossing and approximately 15 ft before the nearest rail. At the highwarade

crossings witrautomatic gateghestop linemust be placedpproximately 8 ft before the line,
wherethe gate arm crosses the highway surfeagure47 presentsalternate pavement

markings whee the paint is placeout of the wheel pattiNote thatFigure47 wasprepared

using the data reported biS. DOT (2007Y [page97 of the report]Al o n g NWi tPIASB1 NGO
pavement markings, a supplementarido Pas si ng Z3)pcarebe installegata ( W1 4
givenhighwayrail grade crossingrhe latter sign is typicallglaced at the beginning of the no

passing zone on the left side of the highWdys. DOT, 2007)

Countermeasures Considered for Evaluation of the Solution Algorithms

A set of countermeasures, discussethenGradeDec.NEReferenceManual (U.S. DOT, 2014)
will be used under this project throughout evaluation of the solution algaritbrthe RAP-1
andRAP-2 mathematical modsl Basidanformation for theconsidered countermeasuigs
presented iTable58, including theeffectivenessactors(O "OftoN oy &) and thenstallation
cosk (© 0 froN Moy §). Moreover, Table59 provides feasibleountermeasurgypes for
differentprotection classs ofhighwayrail grade crossing®ote that the protection classes were
adopted based on tR&RA crossing inventory databafféeld i Wd C oidwaraing device code)

i FRA (2016)

Table 58 Basic information for the considereduntermeasus

a/a | Countermeasure Effectiveness Instgl(l)&;ttlon
1 | passive to flashing lights 0.57 $74,800
2 | passive to flashinfights and gates 0.78 $180,900
3 | flashing lights to gates 0.63 $106,100
4 | 4 quadrant (no detectionfor gated crossings 0.82 $244,000
5 | 4 quadrant (with detection)or gated crossings 0.77 $260,000
6 | 4 quadrant (with 60" mediansjor gatedcrossings 0.92 $255,000
- moun.table curbs (with channelized device®r gated 0.75 $15,000
Crossings

8 barrier curb§ (with or without channelized device®)yr 0.80 $15,000
gated crossings

9 | oneway street with gatefor gated crossings 0.82 $5,000

10 | photo enforcementfor gated crossings 0.78 $65,000
11 | grade separation 1.00 $1,500,000
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Source: U.S. DOT2007. RaitHighway GradeCrossing Handbook
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Table 59 Feasibility of countermeasure implementation by protection class.

al/a | Protection Class Feasible Countermeasures
No signs ossignals(WdCode = 1) 1,2
Other signs or signa(®vdCode = 2)
CrossbuckgwdCode = 3)
Stop signgWdCode = 4)
Special active warning devicd/dCode = 5)
Highway traffic signals, wigwags, bells, or other actival
(WdCode = 6) '
Flashing lightgWdCode = 7) 3
All other gatefWdCode = 8) 4,5,6,7,8,9,10, 11
Four quad (full barrier) gat¢8VdCode = 9) 56,7,8,9,10, 11

P RRP R
N [N[N[N| N

OO|N| O O WIN|F

Note that 11 countermeasures, described ilGtiaeleDec.NEReferenceManual(seeTable

58), have been commonly used for safety improvement projehtgltavayrail grade crossirgy
nationwide. Therefore, theseuntermeasures will be usedassess performance of the solution
algorithms forthe RAP-1 andRAP-2 mathematical modsl However, without loss of
generalitythe RAP-1 andRAP-2 mathematical modsistill can be applied for resource
allocation amondpighwayrail grade crossirgwith a different set of the available
countermeages.

7.4.3.Set of Severity Categories

Accidents at highwayail grade crossings can be classified into different groups based on their
severity. The U.S. DOT Accident Severikgrmulae, which aremployedn the canonical U.S.
DOT resource allocation procedupegedictthe expected number of fatal and injury accidents at
highwayrail grade crossingdJ).S. DOT, 2007). On the other hanlde tGradeDec.NET
ReferenceManual (U.S. DOT, 2014rovides a methodotyy for predicting the following types

of accident severity: (fatal accidents accidentsvith at least one fality; (2) casualty

accidents accidents withat least one fatality or injury; (3) injury accideintaccidents with at
least one injury, buto fatality, and (4)property damage only accident$he accident severity
predictionmethodology, provided by tHeéradeDec.NEReferenceManual will be further used
under this project. fie following formulaewill be adoptedor assessing the highwagil grade
crossing hazard by severity category:

VDO TTH (7.14)
0 i 8 Jov® (7.15
YY Q6 p & Jond (7.16)
Y {o0@ap 8 lovd (7.17)
Yy @8 ° ALINA) (7.18
VO T8 Yp (7.19
DY  ai & Jond (7.20)
Yo Q8 ° ALINA (7.21)
Yy Q8 ° IALIA (7.22)
00 o
"00 Fov @ (7.23

p U@ Y JYYIYYIYY
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00

°0 Tvem Y ovodvy @ (7.29
00 60 OO0 wN ® (7.25
00 0 00 00 N & (7.26)
where:

& i = maximum timetable train speathighwayrail grade crossing)(miles per hou, & i
"Y1 oM . Assumed i phoN when there are no data available.

0Q 0 = number of through trains per daghighwayrail grade crossing(trains per day)
AssumedQ 6  phoN ®when there are no data available.

{ 0 "@d=uswitch trains per dagt highwayrail grade crossing(trains per day)Assume
[ 0" wphoNy Gwhen there are no data available.

6 1  ¢xéf ahighwayrail grade crossing is urbathighwayrail grade crossingy 6 1 @ ¢ &
p, elsed i @& Assumed | @ & EmfoN G when there are no data available.

01 @& G=@umber of railroad trackat highwayrail grade crossing(tracky; Assume

01 & o Qifoy dwhen there are no data available.

0 "O=overall hazard gtighwayrail grade crossing)(no units;

"O"0= fatality hazard ahighwayrail grade cossingw(no unitg;

0 "O= casualty hazard &ighwayrail grade crossing)(no unitg;

"O"0= injury hazard ahighwayrail grade crossing(no units;

0 "O= property damagkazard ahighwayrail grade crossing(no units.

Note that the canonicakverity predictioomethodology, provided by th@radeDec.NET
ReferenceManual was developed for assessing the accidewerityat highwayrail grade
crossing. TheGradeDecseverity predictionmmethodology was adopted to assesshthzard
severity under this project due to lack of prediction methodologies for quantifying the hazard
severity (the availableighwayrail grade crossingafety literature does not report any methods
for assessinthe hazardeverity and primarily focuseonassessinghe accidenseverity only).

TheRAP-2 mathematical modellso requires assigninge weight values that are associated
with different severity categoriek order to determine the weight values for the considered
hazard severity categories, this project will rely on the data, reported by lowa DOT (2006).
Specifically, lowa DOT (2006) discussed the societal costs, associatefataitccidentg 09,
injury accidents"0§ andproperty damage only acciderfts O Ji The average costs of each
fatality, injury, andproperty damagaccident were assumed to be $1,000,000, $320,000, and
$26,000, respectivelyyjqwa DOT, 2008. Based on the latter cost datayeight of each severity
category @ H ™ Y, required by th&®AP-2 mathematical modetan be estimated as follows:

A prt mthe 1t Tt

) —— = < 7.2
® AbTﬂI‘I[[ﬂTTAO‘V(tTU'ITT[ACleT[HT[S(T (7.27)
) Ao ¢t
— - < 7.28
® AanhEHHAogrnnnAclmnnT[&T (7.28
A T Tt
@ <Ip T31 ¢ (7.29

A ft i A o &t TA @it T
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The base values for the weights of fatality hazerd (), injury hazard® ), andproperty
damagehazard @ ) would be set to T TIw T randw % TThe latter
values are within the same ranges, which have been adopleddpPOT (2006)However, the
values of weights are the parameters ofRIA¢-2 mathematical modelnd can be adjusted by
the user for each hazasdverity category as needed (in case if societal costs of the accidents
may change in future).

7.5.Complexity Analysis

This section of the report investigates complexity of the developed mathematical models (i.e.,
RAP-1 andRAP-2). The complexity class wilbe determined for thRAP-1 andRAP-2

mathematical models. Based on the results from the complexity analysis, the appropriate solution
algorithms will be further proposed in order to obtain kggiality solutions for the developed
mathematical models inreasonable computational time.

7.5.1.Complexity Classes

I n order to assess the difficulty or compl exi
solve a given problem should be determined. T
computationaltim@a nd me mor y. It should be noted that t

have any effect on complexity of a problem (Cook, 2006). In terms of the computational time
complexity, optimization problems can be classified as follows (Msuwen 1990):

1) polynomial (P) i thecomputational timéncreasesvith the problem size as a polynomial
function (the problencan besolvedfairly quickly);

2) nondeterministic polynomial timgNP) 1 althoughthe problem cannot be solvegliickly
butthe answecan be verified ira polynomial time

3) nondeterministic polynomial time completd®-completg i the answecannot bdound
in apolynomial time, butt can be verified ira polynomial time NP-complete are
considered as the hardest problems of the NP;class

4) nordeterministic polynomiatime hard NP-harg i the problentannot le solved in a
polynomial time and only certain problems (belonging to the-ddPplete category) can
be verified inapolynomial time

Figure48illustrates complexity of different problem classes (a.k.a., Euler diagram for the
complexity classes)he righthandside ofFigure48 assumethatP = NP, The latter
assumption makesdball of the P, NP, NRRomplete, and even a portion of the-N&d
problems have the sarsemputationatomplexity. On the other hand, in the {afindsideof
Figure48 assumes that PNP, andit is more difficultto recognize what category the problem
belongs tpas different problem categoriesash some common areas of thaerdiagram
However, in both cases (i.e&vhenP = NP and wheR i NP), NP-hard problems have the
highestcomplexity as compared to the otlpeoblem classeandthere are no algorithms in the
stateof-the-artliterature tkat can obtaithe global optimasolution forthese problems in a
reasonable computational time.
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Figure 48 Relationships between different problem classes and their corresponding complexity.
Source: Wikipedig20189. NP-hardness
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Figure 49 A simple example athe knapsack problem.
Source: Wikipedid201&). Knapsack Poblem

7.5.2.Complexity of the Developed Mathematical Models

The features of themathematicamodels proposed foresource allocation among theghway

rail grade crossings the State of Floridanderthis project(see sectiam7.2and7.3of this

report for more details), have been thoroughly investig&iadh one othedeveloped

mathematical modelsas found to have a lot of similarities withe knapsackproblem.The
knapsack problensia weltknown combinatorial decision problem, which aims to accommodate
a series of items with different values and weights into a knapsack (the knapsack is another name
for a backpack). The common objective function of the knapsardemis to maximizethe

total value of the items placed into the knapsack, considering the limited capacity of the
knapsackFigure49illustrates a simple example of theapsack problem. There is a knapsack
with a maximum capacity of 15 kg, and therefare items with different values (i.e., dollar
amounts) and weights, where the ratio of value per weight is different for each item. Now, it
should be decided which itenshould be placed into the knapsack, aiming to maximize the total
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value of the itemandconsidering the maximum knapsack capacity as a constraint (i.e., the total
weight of the items cannot exceed the knapsack capadiathéws 1896).

Similar totheknapsack problepbothRAP-1 andRAP-2 mathematical models aim to select

F 1 o r highwagrail grade crossing®r upgrading and determine the appropriate type of
upgrading (considering the fact that the cost and/or the effectiveness of each countermeasure
may vary), aiming to minimizéheoverall hazard at theighwayrail grade crossing8n case of
theRAP-1 mathematical modgbr minimize theoverall hazardeverityat the highwayralil

grade crossimg(in case of thRAP-2 mathematical modgltaking irto accounthe total

available budgetonstraint.

7.5.3.Types of the Knapsack Problem

There are different types of the knapsack problem, which vary depending on the major
assumptions adopted and the problem features (e.g., number and type of items to le fhleced
knapsack, singlebjective problem vs. mutbbjective problemandnumber of knapsacks
considered). The mutbbjective knapsack problemnulti-dimensionaknapsack problem,
multiple knapsack problem, quadraknapsack problengndsubsetsumproldem are some of

the weltknown types of the knapsack problékhuri et al., 1994; Chang et al., 1995; Guntzer
and Jungnickel, 2000; Fréville, 2004; Pisinger, 2007; Bazgan et al., 2009)ill be described

in the following sections of the report.

Multi -Objective Knapsack Problem

In this type ofthe knapsack problenseveral objectives are defined in the optimization model.

For example, consider a liner shipping company, which aims to maximize the profit of its
business and ensure that vessels will aaiviae assigned ports in a timely manner. However,

the environmental issues should be considered at the same time (e.g., if vessels sail at a higher
speed, they will burn more fuel and produce more emissions). Therdfe total cost of
emissiongroduced by oceangoing vessels throughout the transport of contdoreyghe liner
shipping routeshould be minimized. In this case, the solution that only provides the maximum
profit or the solution that only minimizes the total emissions will naggropriate. Fomulti-
objective optimization problengscludingthe multiobjective knapsack probleas well), there
should be a solution or a set of solutions that provides the best tradeoff between the conflicting
objective functions@hang et al., 199 Chang et al., 2000).

Multi -Dimensional Knapsack Problem

In this type ofthe knapsack problenthe knapsack is dividadto several sections and each
section has a specific capacity. The objective is to maximize the total value of the items in the
knapsack, while the summation of the item weights in each section should be limited to its
corresponding capacityréville, 2004) The multidimensional knapsack problerase
computationally more complex théime multiobjective knapsack problemesven for awo-
dimensional case. Specifically, a typicallti-dimensional knapsack problasino e s n 6t have a
polynomiattime approximation scheme (i.e., a type of the approximation algorghm f
optimization modelsyinless P = NRplease see sectigh5.10f this report for details regarding

the notations of the problem complexity clasg&silik and Shachnai, 2010RAkbar et al. (2006
discussedhe multidimensonal multiplechoice knapsack problemhere there is a group of

items and each item requires a certain number of resources. The objettivenofti
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dimensional multiplehoice knapsack problers to pick exactly one item from each grqup
aiming to maxmize thetotal value of thetems and considering the resource constraints of the
knapsack.

Multiple Knapsack Problem

The multiple knapsack problemdefined as simpleknapsack problerwith more than one
knapsack. Although it may seem a simple diffeesas compared tbe typicalknapsack
problem Chekuri and Khanna (200Showed thathe multiple knapsack problenas a
polynomiattime approximation scheme. Alshe multiple knapsack probleisioften compared
with the bin packing problenm computer science. However, there is a significant difference
betweerthe multiple knapsack probleamdthe bin packing problenSpecifically, in case dhe
bin packing problemall the items have to be packed in a certain bin. However, in cése of
multiple knapsack problenonly a subset of the items has to be packed in a certapsick

Quadratic Knapsack Problem

The quadratic knapsack probléman extension of a typickhapsack problepwhich was
introduced byVitzgall (1975) Instead of a hiear objective functiorthe quadratic knapsack
problemaims to maximize the quadratic objective function, which expresséstah@alue of
the items placed into the knapsa€ke quadratic knapsack probleyenerally has binary and/or
linear capacity castraints. OriginallyWitzgall (1975)formulatedthe quadraticknapsack
problemin order to select the optimal locations of satellite stations, aiming to maximize the total
volume carried within the electronic message systems (the messages were asbemed to
submitted electronically via satellite). Nowadays, mathematical formulatiotisefquadratic
knapsack problerhavebeen widely used in different fields, includitedjecommunication,
transportation network, computer scieyened economics

SubsetSumProblem

The subsesum problenis a special type dhe knapsack problemwvhere the weight and the
value of items are equal. In other words, the ratio of value per weight for all the items, placed to
a givenknapsackis equal to onéKarp, 1972) A basic example d subsetsum problentan be
formulated as follows. Assume that a set of integers vhlgiph Yo has been given. Are

there any subsets of integers within@gtvhere a summation of integers in a given subset would
be equal to zerol? can be noticed that subséts  vltiph P, i vh Yo , andi

tiph Yfo meet the objective (i.ea, summation of integers within each one the aforementioned
subsets is equal to zero).

7.5.4.Review of the Solution Algorithms for the Knapsack Problem

Generdly, many resource allocation problems, where the available funds have to be distributed
among certain areas and the total budget is limited, can be reduced to a typical knapsack
problem. In terms of complexity, the decision problems, which can be retiuttezlknapsack
problem, are NRRomplete. Therefore, there is no algorithm that will be able to solve such
problems in a polynomial timéiathews 1896). However, some algorithms have been
introduced in the computer science literature, which would bet@lpleesent a reasonable

tradeoff between the quality of solutions and the required computational time for the knapsack
problem Andonovet al., 2000). These solution approaches can be generally classified as: (1)
exact optimization methods; (2) commeraaftware; and (3) approximation methods.
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The exact optimization methods for the knapsack problem received a great interest from the
research community during 60s, 70s, and 80s. Gilmore and Gomory (1966) proposed a set of
dynamic programming algorithms ftire knapsack problem. Theoretical aspects of different
knapsack functions were investigated and were further used as a foundation for the proposed
dynamic programming algorithms. The study concluded that certain decision problems, which
could be reduced tihe knapsack problem, might have special features and should be
investigated more in detail. Then, Green (1967) proposed some extensions of the method,
presented bgilmore and Gomory1966), whereag/eingartner and Neg4967) developed a
number of new lgorithms within the dynamic programming framewavkarsten and Morin

(1976) combined dynamic programming with a BraadktBound approach in order to solve
themulti-dimensional knapsack proble set oflow-time consuming heuristics atidear
programming (LP) boundswere introduced to improve the computational performance of the
developed solution method. Isaka (1983) and Ibaraki (1987) improved performance of a dynamic
programming approach for the knapsack problem by removing irrelevant states.tilese s

led to a modifiedasic dynamic programming approatd brought out new ideas for

developing alternative solution algorithms.

Although a lot of studies, proposing the exact optimization methods for solving the knapsack
problem, have been publishexldate, there was a need for development of new solution
methodologies. Specifically, alternative solution methodologies were needed in order to obtain
solutions for the largsize instances of the knapsack problara reasonable computational

time. Calot (1970) proposedneenumeration techniquevhich wasbased on the Fouridfiotzkin
elimination methodThe numerical experiments demonstrated that the proposed approach was
superior for the ondimensional knagack problenas compared to the mutlimensonal
knapsackproblem Thesen1975) developed adeursiveBranchandBoundAlgorithm for the
multi-dimensional knapsagikroblem It was found that the presented algorithm was able to
obtain the optimal solutions quite quickly even for the lesige probém instances. However, a
substantial amount of computational time was required to verify the solutio@d$irdt linear
programmingbasedranchandBound methodor the multi-dimensional knapsack problem

was developed by Shih (1979). The computationpbarents showcased that the developed
algorithm outperformed the improved Balas algorithm and the original Balas algorithm in terms
of the computational time for the considered problem instances.

Lorie and Savaggl955) presented laagrangearbasedheuristic for Q1 integer programming

where all the constraint sets were relaxed and transferred into the objective function. The study
served as a foundation to the new solution methods fdmnidngsack probleprwhich were based

on theLagrangean multigers. Nemhauser and Ullma1969) demonstrated that the problem of
finding the optimal set of theagrangean multipliersould be reduced to the dual problem of the
LP relaxationBarcia and Holm (1988) designedaund Improving Sequence gdrithm for tre
knapsack problepwhich relied on théagrangean relaxatiod decreasing sequence of upper
boundson theoptimal valueof the objective function was achieved by adding cuts. However, the
presented approach had a major drawback, which consisted icctitieatseveral hard subset

sum problemsadto be solved exactly orderto ensure convergence.

Although the presented exact methodologies for solving the knapsack problem could return the
global optimal solution, some commercial software packages were developed as well. The
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commercial software packages have more-tremndly interfaces for researets and
practitioners, who are not professional programmers. For example, CPLEX, originally developed
by Robert E. Bixbyand then sold to théPLEX Optimization Incin 1988, is considered as one
of the weltknown commercial software for solving largeak mixedinteger programming
models. In 2009, CPLEX was acquired by IBM, which now maintaini&kklLOG CPLEX
Optimization StudidIBM, 2019).Xpress is another commercial softwaackageyhich can
solve different problemsncluding linear programmin@-P), mixedinteger linear programming
(MILP), convex quadratic programming (QP), convex quadratically constrained quadratic
programming (QCQP), secommider cone programming (SOCR}¥ well asnixedinteger
counterpart®f theQP, QCQP, andSOCPproblems Originally, Xpresswas developed bpash
Optimizationbut then wasicquired by FICGFICO, 2019) Nemhauseet al. (1994)ntroduced

a new software package, called MINTO (stands for Mikeeger Optimizer), which solves
mixed-integer linear programssing the BanchandBoundAlgorithm along with application of
linear programming relaxationshe software package has a number of features, including
primal heuristicsconstraint classification, preprocessing, and constraint generation.
Furthermore, the stware user is able to specify a varietyapplication routineg order to
customizeMINTO for achieving thenaximum efficiency for @ivenproblemof interest

If the problem size (e.g., the number of variables, the number of constraint sets) intneases,
exact optimization methods and commercial software may not be able tdahsokmeapsack

problem in a reasonable computational time. Thus, the approximation methods were developed,
which can be classified as heuristic algorithms and metaheuristritiahge. Unlike the exact
optimization methoddjeuristic algorithms and metaheuristic algorithms do not guarantee the
global optimality of the produced solutions; however, they are able to producegalitg

solutions in a reasonable computational tirdeuristic algorithms are problegependent (i.e.,

can be typically applied to a specific class of optimization problems). Many heuristic algorithms
are greedy throughout the search process (i.e., select only superior solutions), which increases
the probality of convergingn a local optimum as compared to metaheuristic algorithms. On

the other hand, metaheuristic algorithms are not problependent (i.e., can be applied to

different classes of optimization problems) and they are generally able to dkelaearch

space in a more effective way as compared to heuristic algorithms (Eiben and Smith, 2015).

A large number of heuristic algorithms were proposed for solving the knapsack problems, and
some of the welknown heuristic algorithms are further deked in this section of the report.
Senju and Toyoda (1968) proposed a dual heufatithe optimization problems with-D

variables. The proposed heuristic started the search pmitegbe allones solutiorand setting

the variables to zero one at a tibesed on thencreasing ratios untthefeasibility requirements
weremet The developed solution approach was found to be efficient for the cases with a large
number of candidate solutions and restricting conditiormihal Greedy Algorithm was

proposed by Toyoda (1975). A Greedy Algorithm is a recursive process that takes a locally
optimal solution at each stage, aiming to find the global optimum at termination. The results
showed that the proposed Greedy Algorithumperformed CPLEX, which relied on a dehitst
search branclndbound modeHanafi et al(1996) developed two-stage multistart algorithm
which embeddedlifferent heuristic principles in a flexible fashighset of randomly generated
feasible solubns were initiated, and a group of local search strategies improved the solutions
step by step. Areshold acceptingnd noising methods were introduced in the proposed
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algorithms in order to enhance its performance. Chekuri and Khanna (2005) proposed a
polynomial time approximation scheme (PTAS) for the multiple knapsack problem. The study
highlighted that the multiple knapsack problem can be considered as a special case of the
generalized assignment problewhere the item size and the profit may varyetefing on the
assigned bin. It was also shown that slight generalizations of the multiple knapsack problem
wereAPX-had (APX is an abbreviatiomh or fAappr oxi mabl eo) .

A number of metaheuristic algorithms have been also developed to solve different tyyges o
knapsack problem. Drex| (1988) applied a Simulated Annealing (SA) metaheuristic for the
multi-dimensional knapsagioblem The SAmetaheuristic is inspired from the annealing
phenomenon, which is widely used in metallurgy. In order to maif¢asbility of the

solutions, generated throughout the search process, a spegiEiahge random move was
introduced within the developed solutions algoritiaeck and Wirsching (198@nd Dueck

and Scheuer (199@roposed a deterministic versiontbé SA metaheuristic algorithmyhich
wascalled Threshold AcceptingheThreshold Acceptinglgorithm was found to be more
promising as compared to tB& algorithm, which was developed by Drexl (1988ammeyer
and Voss (1991gonducted a pioneering researchl@bu Search (TS) for the muttimensional
knapsackproblem The study compared the static and dynamic strategies, which were used to
manage the Tabu List. The numerical experiments demonstrated superiority of the dynamic
strategy. Moreover, dynamic vesion ofthe TS algorithm was found to be more promising as
compared to th8A algorithm.

Glover and Kochenberger (199@Jied onthe tunneling effecwhich was based on the property
that all thenearoptimal solution$elong tothe boundary of théeasiblespace)andthe strategic
oscillation scheméwhich alternatedbetween constructive and destructive phasedailitated
the search byarying the search deptim each side of the feasible boundanyorder to solve

the multidimensional knaps&groblem The developed methodology was found to be
promising, as higlguality computational results were obtained for the laige problem
instances with up to 25 constraint sets and 500 varidbledutionaryAlgorithms(EAs) have
been also used tolse the knapsaciroblens. For examplekhuri et al. (1994-eveloped an

EA with thestandarddgorithmic operatorsHowever, thditness functiorof the proposed EA
algorithm penalized the infeasible individuals (i.e., the infeasible solutions to thlemjo

Battiti and Tecchidl (1992) and Ohlsson et al. (1998¢re the first studies that applibéural
Networks (NNs) to solve the knapsack problems. The computational experiments indicated that
NNs were not efficient for the knapsack problems, as tiweged to produce the final solutions
that violated some of the constraint sets. For a more detailed review of different solution
algorithms, which have been used to solve the knagsatiens, this report refers teréville
(2004).
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8. SOLUTION METH ODOLOGY

This section of the report presents a set of algorithms, whichprepesedo solvethe RAP-1
andRAP-2 mathematical mods!| The proposed solutia@igorithms can be classified into two
groups, including the following: (1) exact optimization altfons; and (2) heuristic algorithms.

The advantage of using exact optimization algorithms consists in the fact that they will return the
global optimal solution for each one of the formulated mathematical models. Specifically, exact
optimization algorithra will suggest a set of highwagil grade crossings, which have to be
upgraded, and the type of upgrading for each one of the selected crossings that will yield the best
possible objective function value (i.theleast possibleverall hazard at the Higvay-rail grade
crossingsn case of thé&RAP-1 mathematical modelndtheleast possibl&azardseverityat the
highwayrail grade crossings case of th&RAP-2 mathematical modglHowever, exact

optimization algorithms may require a significant computational time in order to obtain the

global optimal solution for a given mathematical model. Since RétRA-1 andRAP-2

mathematical modsican be reduced to the knapsack problem gwhas a high computational
complexity, as discussed in sectio of this report), severddeuristic algorithms were

developed in order to obtaimgd-quality solutions within a reasonable computational time. The
exact optimization algorithms, which will be used as a part of this projegbresented in

section8.1, while the heuristic algorithms are described in se@i@n

8.1. Exact Optimization Algorithm

Two exact optimization algorithms will be used to saveRAP-1 andRAP-2 mathematical

modek to the global optimality, includilglA TL ABG6 s f un ct and GPLEX thattatei npr o
both discussed in detail next.

811MATLABOGs Fintlmpragd on A

TheMATLABGOGs optimization tool box has function |
mixed-integer linear programming (MathWorks, 2@L9Thefi i nt | funcponie baged on a
well-known BranchandBound (B&B)agorithm. The B&Balgorithm was proposed by bd

and Doig (1960) and involves a systematic enumeration of candidate solutions throughout the
state space search. A set of candidate solutions form a rooted tree, and thig@&EBm

explores and evaluates branches of this tree. The algorithm chauks dianch againshe

estimated lower and upper bounds on the optimal solution before enumerating candidate
solutions within that branch. After checking the bounds, the Bi§Brithm discards a given

branch if it cannot produce superior solutions as @mwewto the one, which has been identified

so far throughout the search process. The algorithm terminates once a certain stopping criterion
is achieved (e.g., computational time, optimality gap).

Thei i nt | funcponmfg ot he MATL AB 0 shooinrludesthe fobowwvingon t o o |
arguments (MathWorks, 2049

W QO aQENNE oD o M RO fMild & o Q¢ ¢ i (8.2

where:

w= solution vector;

"= coefficient vector;
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"0¢ & @ ¥ettor of integer constraintehich indicateshe components of decision variabe
that can take only integer valyes

= matrix of linear inequality constraist

= vector of Inear inequality constrais
= matrix of linearequality constrairst
= vector of Inear equality constraist
& & vector of lower bounds;
6 ¢ vector ofupper bounds;
€ N 0 'Xoptions forthet i n t | funcpon Eptiohsallow changing the branching rule,
constraintoleranceheuristicsfor searching feasible pointsiaximum computational time, and
other feature$ for more details please referMathWorks[201%)).

5
@
5
@

In order to apply thé i n t | funcpon, thg @éonsidered mathematical model should be
presented in the following standard for8H:

SF:

ad QEQw (8.2
Subject to:

® Q¢ O aatedintegers (8.3)
6 b @ (8.4)
6 I @ (8.5)
AO® 60 (8.6)

The objective function8.2) aimsto minimize a certain performance measure (calculated using
the coefficient vector and the solution vectdCpnstraint setg.3) imposes restrictions on values
of certaindecision variableomponents (i.e., some of the components have to be integers).
Constraint setq 4) represents the inequality constraints of the consideatiematical model.
Constraint set85) represents the equality constraints of the considaatiematical model.
Constraint setg.6) imposes lower and upper bounds on values oflfeésion variable

In order to demonstrate applicationtbéfi i n t | funcpon, capsider amaltsize problem
instance with 1Gighwayrail grade crossings and 3 countermeasureth&iRAP-1
mathematical model (similar steps would be applicable foR#ie-2 mathematical model). The
values of parameters for tRAP-1 mathematical model will be generated randortye overall
hazard ofa given highwayrail grade crossing determined byparaneterd "Ow . Parameter

0 "Ow should be assigned using ali$1 vector as follows:

OH(x) = [6.98
3.89
4.21
6.56
6.60
4.36
3.89
2.18
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0.41
4.07;

The eligibility of implementing a countermeasure at a given highatygrade crossing is
determined byarameter) afto, which is equal to 1 if countermeasuasis eligible to be
implemented ahighwayrail gradecrossingay otherwise, it is equal to zero. Parametatt
should be assigned using ali¥3 matrix as follows:

o
o
o

p(x.c) = [

OroOoOoORrOOOr
OrPrPOORrRORHF
OQOrOO0OOR RO

—_

The effectiveness of a countermeasatra given highwayail grade crossing is determined by
parameteiO "Qudw . Paramete® "Quw should be assigned using al¥3 matrix as follows:

EF(x,c) = [0.68, 0.99, (1
0.51, 0.82, 0.68
0.95, 0.52, 0.65
0.98, 0.58, 0.75
0.62, 0.97, 0.90
0.50, 0.73, 0.58
0.96, 0.91, 0.96
0.81, 0.59, 0.60
0.93, 0.78, 0.94
0.61, 0.67, 0.76];

The cost of implementing a countermeasatra given highwayail grade crossing is determined
by parameted 0ahw. Parameted 0ahw should be assigned using ald$3 matrix as
follows:

CA(x,C) = [$462,400, $980,100, $260,100
$260,100, $672,400, $462,400
$902,500, $270,400, $422,500
$960,400, $336,400, $562,500
$384,400, $940,900, $810,000
$250,000, $532,900, $336,400
$921,600, $828,100, $921,600
$656,100, $348,100, $360,000
$864,900, $608,400, $883,600
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$372,100, $448,900, $577,400

Thetotal avalable budgets determined by parametefé 6ParametefYo &hould be assigned
using a scalar as followsY0 6 A ¢ (itplg o o

In order to prepare theefficient vector (), the objective function7(1) of the RAP-1
mathematical model should be reformulated as follows:

a0t p 00>» PO 4QE 0O 00> IO

N N N N N (87)
a Qe 00>» O

N N

Note that compone®® . 0 "Oof the objective function was omitted, since it represents a
constant for th&AP-1 mathematical model.@., theoverall hazard all the considered
highwayrail grade crossingsBased on equatio8(7), the coefficient vectwill have the
following values:

f=1[-4.746,-6.910,-3.560,-1.984,-3.190,-2.645,-4.000,-2.189,-2.737,-6.429  é
-3.805,-4.920,-4.092,-6.402,-5.940,-2.180,-3.183,-2.529,-3.734,-3.54Q0  é
-3.734,-1.766,-1.286,-1.308,-0.381,-0.320,-0.385,-2.483,-2.727,-3.093];

Since all the components of decision variableave to be integersectorof integer constrairst
"Q¢ O wifl Wave the following values:

intcon=1[1, 2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30];

TheRAP-1 mathematical model has thrideear inequalityconstraing i constraint setq.2),
constraint setq.3), and constraint séf.4). Based on constraint sets2) and 7.4), matrix of
linear inequality constraiab can be represented usiad :by-30 matrixas follows:

Aineq =

=
=
=
o
o
IS
o
o
o
o
o
o
o
o
o
o
o
o
o
o
s
8
3
3
o
o

coocooooo
coocooooo
0000000

1,1,1
0,0,0
0,0,0
0,0,0,
,0,0,0
0,0,0
o0o000000,0,0°0,p°0,0,0,000000111000000
0o,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,1,1,0,0,0
00000000000000000°0°0,000000000111
462400980100 260100 260100 67240Q 462400 902500 270400 422500960400 €

336400 562500 384400 940900 81000Q 250000 532900 336400921600 828100 €
921600 656100 34810Q 360000 86490Q 608400 883600 372100 448900 577600,
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Vector of inear inequality constraisto  can be representersing a 11by-1 vectoras
follows:

Bineq =[1

1
1
1
1
1
1
1
1
1
2

3441763173];

The next arguments ihefl i n t | funcponavegnatrix of linearequality constrairg(0 )
andvector of Inear equality constraistc ). Since theRAP-1 mathematical model does not
have anyequality constrainsets,matrix of linearequality constrairg®d andvector of inear
equality constrairst® will be set as follows:

Aeq=[]; b eq=[;

As for the lower bounds ahe components of decision varialdeall the components of
decision variableocan be set by thRAP-1 mathematical model equal to zero (e.g., the
available budget is not sufficient to implement any countermeasures at the corisiglened:
rail grade crossingshe consideretighwayrail grade crossings are not eligible for any of the
availablecountermasures)Based on the latter feature of tRAP-1 mathematical modgethe
vector oflower boundsx il have the following values:

=[o,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 0,0, 0]

On the other hand, thgper bounds othe components of decision variabdare defined byhe
eligibility of implementing a countermeasure at a given highvedlygrade crossing (i.e., values
of parameter) afw). If highwayrail grade crossingis not eligible forcountermeasure the
upper bound will be set @scufhtd 1) afto T However, ithighwayrail grade crossingis
eligible forcountermeasure) the upper bound will be setasixfto 1y afto  p. For the
consideredsmallsize problem instance, the vecof uppemboundsd dwill have the following
values:

= [01 01 01 11 11 Ol 01 11 11 01 01 11 01 11 01 11 01 01 01 01 01 01 111! 1! 1! O! O! O! O];
The last argument ithefi i n t | funcon iségnoo "QAssume all the settings to be default,
except the relative optimality gap. The relative optimality gap will be set to 1.00%. By default,

the relative optimality gap is set to 0.01%, which may incur an additional computational time
(i.e., the algorithm Wi perform more iterations in order to achieve the target optimality gap).
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The relative optimality gap fahefi i nt | funcponmegm be speci fied withir

environment as follows:
options = optimoptions('intlinprog’,'RelativeGapToleran@@}));

After setting the values for all the argumentsha&fii i n t | funcpon, @ gan be executed in
order to solvéheRAP-1 mathematical modeb the global optimality. The following command

should be entered in the METILABIO BRNCBOM@nd wi n
intlinprog(f,intcon,Aineq,Bineq,[],[],Ib,ub,options
Figure 50 The results obtaineddyh e Ai ntl i nprogo functio

The results, obtained ligeii i n t | funcponfor théconsideredmaltsizeproblem instance
of theRAP-1 mathematical model, are presentedrigure50. It can be observed that a total of
severhighwayrail grade crossings were selected for upgrading. Higha@grade crossings

filo, 70, andfil00 have not been upgraded, since they are not eligible for any of the available
countermeasures (i.€), 1 & plxfp ffov 6). Implementation of couarmeasures allowed
reducing the overall hazard from 43.150@2#0324at the considered highwagil grade
crossings and incurred a total &f&73200.00. The remaining budget comprises
$234417,631.73- $4,073200.00 = £30344,431.73 Thereforethefi n t | i fanptionongsd
found to be efficient with identification of the optimal upgrading type at elidgilgbway-rail

grade crossing®r the consideregmallsize problem instance.

8.1.2.CPLEX
As it was mentioned in sectiah5.40f this report, CPLEX, which was originally developed by
Robert E. Bixbyand further acquired by tf@PLEX Optimization Incin 1988, is conislered as
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