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Abstract

Level crossings represent high risk for both rail and road users due to the severe
consequences of any possible accident. Between 2011-2020, a total of 1602 accidents
occurred at level crossings in Germany and resulted in 344 fatalities. Therefore,
elimination of accident risk through consolidation of level crossings becomes a priority.
However, due to the scarcity of financial resources in comparison to the high costs that
level crossings consolidation or safety upgrade projects require, there is a need for the
creation of tools that prioritize the level crossings for consolidation projects based on
several criteria that is not related to safety only but to social, economic and
environmental aspects as well. Such tool would be particularly useful for authorities
and decision-makers in Germany to improve the resource allocation process and
increase overall safety at German level crossings. In this project, the level crossing
prioritization and consolidation models that are applied all over the world are reviewed
and analyzed to benefit from the international experiences in this field. Additionally, a
literature review to determine the most influencing factors on level crossing safety was
performed. After that, a points-based priority score for German level crossings was
developed based on analytic hierarchy process (AHP) methodology after a pairwise
comparison survey was conducted to a selected level crossing group of experts. The
developed model assigns a priority score from 1000 points to each level crossing.
Crossings could be ranked according to their priority for consolidation and safety
upgrade based on the points received as crossings with the highest priority score have
a higher priority for elimination.
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1 Introduction and Objectives

1.1 Introduction

A level crossing is a type of transportation infrastructure where the railway and roadway
traffic systems intersect at the same elevation (Figure 1). The Railroad Construction
and Operating Regulations (811 EBO) define Level crossings as “Crossings of
railroads with streets, paths, and squares” [1]. In Germany, The German Railway
company (Deutsche Bahn) estimated the number of existing level crossings to be
16,098 as of 2020 [2]. Germany has the largest rail network size in Europe with 33.399
Km [3].

Y vz 205
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Figure 1: Level Crossing sketch

The rate of development for railway transportation is increasing rapidly due to the
public orientation of increasing the reliance on it as more attempts are made to limit
the reliance on road traffic. Rail transport provides many solutions to the problems of
transportation at the time being due to its high speed and efficiency, its ability to cover
large distances while remaining arguably one of the safest and most environmentally
friendly transport methods. In order to help the development of railways, many
countries have intensified the research of safety improvements in the rail transportation
network and particularly at level crossings as they form one of the biggest danger
points in the network.

Level crossings impose a great danger over all the users of both the railway and
highway transportation networks as accidents often lead to disastrous outcomes.
Germany as well as many other countries recognized the risks of the increase in Level
crossing numbers that was a natural result of the expansion of both the railway and
highway networks over the last century. Therefore, many plans and programs were
introduced both in Germany and internationally to eliminate the risks that level
crossings impose on the public by reducing their numbers. Since 1994, 44% of the
level crossings in Germany were removed. In addition, the number of level crossings



has been reduced by approximately 16% in the last decade as 19,173 level crossings
existed in 2011 [2].

Level crossings are also considered as one of the most hazardous components of the
transport network due to the severity of the potential accidents that result from the
intersection of two inequivalent transport methods. The huge disproportion between
the mass and speed of the train and the road vehicle is the main reason for the major
losses that result from such accidents. The statistics of the German Federal Railway
Authority (EBA) show that around 19% of all railway transportation fatalities in 2020
belong to the level crossing users category while 29% of the seriously injured are from
the same category [4].

Level crossing accidents are usually associated with a big impact on the public in
Germany. This is due to their disproportionately high level of damage despite their
relative uncommonness.

German level crossings recorded an average of 160 accidents per year since 2011.
Most of the accidents occur in Bavaria, Lower Saxony, and North Rhine-Westphalia,
due to the fact that these states hold the highest number of level crossings too [2].

Every level crossing is considered as a source of potential risk for three types of
collisions namely train-vehicle, vehicle-vehicle, and vehicle-warning device collisions.
The US Federal Railroad Administration (FRA) defines accidents at level crossings as
“any impact between a rail and highway user (both motor vehicles and other users) of
the crossing as a designated crossing site, including walkways, sidewalks, etc.,
associated with the crossing.” [5]

The European Union Agency for Railways reported that nearly a third of fatalities that
occurred in the European railways between 2015-2019 have occurred in Level
Crossings. On the bright side, the same report observed a decrease in Level Crossing
accidents in the last decade. In 2010, Europe suffered from 592 significant accidents
at level crossings of which 371 involved fatalities. Safety however has developed
positively as the number of significant accidents was reduced to 437 accidents of which
268 involved fatalities in 2019 [6].

In addition to the high safety hazard, level crossing accidents lead to huge financial
losses due to their severity with damages that could count up to millions of euros due
to damage or derailment of trains as well as the damage of tracks and equipment.
Moreover, a large percentage of level crossings are built in rural areas and serve very
low vehicles per day. These Level crossings can present a financial challenge to the
federal government, states, districts, or municipalities in terms of maintenance,
operation, and construction.

In addition to the human and financial losses resulting from accidents, the frequent
intersections between the road and rail networks in the form of level crossings
negatively impact the level of service of the rail network as the speeds of trains are
usually lowered in such sections. This also affects the capacity of the rail network,
especially with the increasing demand for rail traffic. All the aforementioned factors
impose financial losses on both the public and the train operating companies.



In order to overcome the safety and financial challenges that level crossings present
in the German and European railways, there is a need for consolidation programs to
be planned. But since consolidation programs are expensive and require high
investment, an essential part of any consolidation program is to find a methodology to
allocate the limited resources efficiently and to prioritize the riskiest level crossings for
elimination or safety improvement. Any attempt to do so has to be formed based on
criteria that are tailored to the individual country and its local traffic conditions. This
project attempts to study the various international consolidation models and the criteria
that form their core in order to aid the design of a possible future German model.

The created model must be consistent with national standards and laws. In Germany,
the main standards that handle the regulations of level crossings are the German
railway construction and operating regulations (EBO), Planning and maintaining level
crossings guideline (DB-Richtlinie 815) and Regulation for the protection of level
crossings on non-federally owned railroads (BUV-NE) from the rail traffic side. From
the road traffic side, the standards Road Traffic Regulation (StvVO) and the General
Administrative Regulation to the Road Traffic Regulations (VwV-StVO) offer the
necessary guidance. An overview of the German guidelines and regulations can be
found in section 2.5. Despite the available details in the aforementioned guidelines,
there is still a lack of information regarding the hazard assessment of level crossings.

The topic of level crossing consolidation is discussed and studied in many countries
around the world. Countries like the United States, United Kingdom, and Australia have
contributed significantly to the research of consolidation and given high attention to the
need of having scientific-based models for their consolidation programs. These
international experiences could be benefitted from when creating a similar German
model is desired. This study analyzes these models and researches in order to identify
the main criteria applied.

This study, through literature review, intends to identify and propose the main criteria
that will set the basis of a German level crossing prioritization and consolidation model
that will help to improve the safety conditions at the local level crossings and eliminate
all the negative impacts of these crossings and improve the quality of rail and road
traffic in the country. This study also addresses the key case of setting an analysis
methodology for the level crossings assessment in the light of several factors (safety,
environmental and financial). For this goal, it is necessary to identify the criteria that
have the highest effect on the safety of crossings and evaluate whether they would be
required to be adopted in a German model that assesses and ranks the level crossings
either for safety improvement or consolidation.



1.2 Objectives

Due to various reasons such as the high number of influencing factors and limitations
of finances, there is a need to create a model that prioritizes level crossings for
consolidation in a traffic network. Most of the closure decisions made in Germany are
left to engineers” judgement and experience in addition to public pressure that results
from repetitive or disastrous accidents. But there is a need for a quantitative and
gualitative system model that considers and prioritizes factors according to German
standards and road-rail conditions.

This thesis aims to analyze the criteria used in the international level crossing
assessment, prioritization and consolidation models and identify the significant criteria
for creating a German model based on reviewed literature. Based on these criteria, a
methodology is proposed for the assessment and ranking of German level crossings
for consolidation or safety improvement with the aim of improving safety conditions and
traffic quality at German real and road networks.

The main objectives of the thesis are:

= Toreview and analyze the international models and literature in the field of level
crossing assessment and prioritization.

= Proposal of criteria to be adopted in Germany for the assessment and
consolidation of existing level crossings based on international literature and
local regulations.

= To set the basis of a German Level Crossings Model for the assessment and
prioritization of crossings for possible consolidation or safety improvement.



1.3 Contents

Chapter 1 introduces the topic of the thesis and the problem that it addresses which
leads to the suggested solution and clear demonstration of the objectives of the work.
In addition, the structure of the thesis is presented.

In chapter 2, the current situation of level crossing safety in Germany is described in
detail and supported with statistical evidence. Then, the types of safety technology and
devices at German level crossings are listed. In addition, chapter 2 discusses the
negative outcomes of level crossings. It also sheds the light on the legal aspects
surrounding level crossings such as the ban on creating new crossings, how
exceptions are obtained, and how expenses of consolidation projects are distributed
according to German law.

Chapter 3 explores the topic of level crossing consolidation demonstrating the main
key issues of consolidation, The consolidation options and alternatives, and the main
incentive programs that are implemented internationally to aid and accelerate the rate
of consolidation.

Chapter 4 explores the work done around the world in the field of level crossing
consolidation and the various models adopted by countries for the assessment of their
local crossings and the prioritization of the level crossing removal projects. An analysis
is conducted to understand the mathematical basis of these models and identify the
main criteria and weights those models are based on. Moreover, recent literature on
some of the main factors that lead to accidents at level crossings such as human
behavior are reviewed

In chapter 5, The main criteria from the international models and literature are
compared and examined for their suitability for local traffic conditions in Germany and
consistency with German standards and regulations. Also, in this chapter the survey
results and final weights of the model criteria are presented in addition to the suggested
priority scoring system concerns the weights of the selected factors. The methodology
used for factors weighting “analytic hierarchy process (AHP)  is explained in this
chapter too.

Finally, the conclusions on the topics discussed throughout the thesis are
demonstrated and the remarks regarding the presented model are given.



2 Current Safety Situation at German Level Crossings

2.1 Total number of Level crossings in Germany and EU

The total amount of existing level crossings in Germany has decreased by 16% since
2011 and by an overall rate of 44% since 1994, according to information submitted by
The German Railway company Deutsche Bahn. The company estimated the number
of Level crossings in 2020 to be 16,098 crossings. Figure 2 demonstrates the reduction
in German Level crossings in the last decade [2].

Total number of Level Crossings in Germany 2011-2020

19.173
...... 18699 18.117 17.509
I I .......... II .......... 1706116871 ..... 16.541 16.391 16.268 16.008
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Figure 2. Total number of Level Crossings in Germany 2011-2020 [2]

Germany has a much better rate of reduction for level crossings in comparison to the
average rate in Europe of 8.4%. The European Railway Agency reports a reduction in
the total number of level crossings in the 28 EU member states from 114,580 in 2014
to about 105,000 in 2020 of which 49% are passive. Depending on the current
reduction rates, the ERA predicts that only 35,000 Level crossings will still exist in the
Union by the end of the century [7-8].

The average number of level crossings per 10 line-km in the EU is five. However, these
data vary between countries. For example, the highest density of level crossings per
line-km could be found in Sweden, Austria, Czech Republic, and Hungary with 75 level
crossings per 100 line-km. On the other hand, the lowest density is found in Spain and
Bulgaria with 25 level crossings per 100 line-km [8].

EBO does not permit having any level crossings on train routes where the max train
speed exceeds 160 Km/h. This rule makes the elimination of level crossings necessary
when a route is upgraded to be a high-speed rail route. Germany currently owns a
high-speed rail network with a length of 1571 km with a further 147 km currently being
constructed making Germany’s network the third largest European high-speed
network after France (3487 km) and Spain (2734 km) [9].



2.2 Protection systems at German level crossings

Level crossings in Germany are either technically secured or without any technical
protection system. Level crossings without technical protection systems are often
referred to as passive crossings as well and depend entirely on signs to warn the road
users of potential danger without any assistance from light signals or barriers making
them very hazardous systems and exposed to constant public pressure for safety
upgrades. Non-technically secured crossings make about the third (5986 crossings) of
all German level crossings [2].

Various protective methods are used at passive crossings including overview of the
crossing, audio signals like train whistles or bells, and slow approach to the crossing.
Sometimes, barricades are used too for crossings that are exclusive for pedestrians
and cyclists. It is also possible to secure the crossing with a combination of such
measures. Figure 3 shows a level crossing secured with St. Andrew’s Cross only.

Securing the level crossing with human guards is also a common non-technical
protection method but considered an active measure. (Figure 4)

Two-thirds of German crossings are technically secured. 811 of the German railway
construction and operating regulations (EBO) divides the types of technical protection
to:

e light signals or flashing lights only (Figure 5)

e light signals or flashing lights with half barriers (Figure 6)
e light signals or flashing lights with full barriers (Figure 7)
e full barriers only

Technical securing systems are the most expensive to implement but the safest type
of securing measures since the protection mechanism is triggered by the train itself
when it passes the Induction loops.

EBO permits having passive level crossings under certain criteria such as road traffic
volume, number of train tracks, and speed of the train. Figure 10 shows a flowchart
demonstrating the process of selecting the minimum protective system of a level
crossing according to EBO.



Figure 3: A level crossing without technical protection (Source: MdE from German Wikipedia)

Figure 4: Human guards at level crossing [10]



Figure 6: half barrier level crossing (source: szlz.de)
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Figure 7: full barrier level crossing (Source: MdE from German Wikipedia)



Table 1 and Figure 8 demonstrate the number of Level crossings in Germany
according to the type of security. By comparing Germany to the other European
countries, it is found that 9 countries have a lower share of passive level crossings as
demonstrated in Figure 9.

Table 1: Number of Level crossings in Germany according to the type of protection [2]

Number of Level o
. ) 0%

Type of security Crossings

Closure with Intercom 30 0.19%
Closure without Intercom 70 0.43%
Human guards 242 1.50%
Overview of the railway line 1877 11.66%
Overview and whistle 2285 14.19%
Overview, whistle and slow driving 1482 9.21%
Call barriers 469 2.91%
Flashing light 547 3.40%
Flashing light or light signals with half barriers 7207 44.77%
Flashing light or light signals with full barriers 1041 6.47%
Light signals 187 1.16%
Barrier guard 661 4.11%

111% 0.19% 0.43% u Closure with Intercom
. (] 0,
1.50% = Closure without Intercom
11.66% = Human guards

Overview of the railway line

= Overview and whistle
m Qverview, whistle and slow driving
m Call barriers

m Flashing light

B Flashing light or light signals with half
barriers
= Flashing light or light signals with full barriers
2.91%

3.40% u Light signals

44.77%

= Non-technically secured

Level Crossings
u technically secured Level

crossings = Barrier guard

Figure 8: Number of Level crossings in Germany according to the type of protection [2]
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Figure 9: Level crossings per type of protection for EU countries (2018) [7]

Table 2 demonstrates the traffic signs regulated in Germany for road users to warn
against the approach towards a level crossing according to StVO. The minimum
requirements for the selection of type of security according to EBO and Ril 815 are
described in a flowchart (Figure 10).

Figure 10. minimum requirements for the selection of type of security at LC
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Table 2: Level crossing signs according to StVO

Location before

level crossing

Description

Sign 150 240m

Level crossing with full or

half barriers. The sign is
outdated and no longer
included in the traffic sign
catalogue of StVO. However,
the sign still exists in some
locations.

Sign 151 240m

This sign is used to announce
a Level crossing without
barriers previously. Now, it
is used for all types of level
crossings.

Sign 156 240m

P B

The sign with three red
stripes indicates the
distance to the level crossing
(240m). Sign 151 is installed
above.

Sign 159 160m

The sign with two red stripes
indicates the distance to the
level crossing (160m).

Sign 162 80m

/

The sign with one red stripe
indicates the distance to the
level crossing (80m).

Sign 201 N/

At level crossing

St. Andrew’s Cross: This sign
is usually directly in front of
the crossing. It means that
vehicle drivers must give the
priority to rail traffic. An
arrow in the middle of the
St. Andrew’s Cross indicates
the railroad has an overhead
contact line.
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819 of StVO states that road users should approach the level crossing at a moderate
speed to manage stopping in time before the crossing if a train approaches. The term
“‘moderate speed” is not precisely defined by StVO, but approach speed is usually
announced before the LC itself. road users are obliged to approach the LC with caution
and pay attention to the sounds and signals that indicate the approach of a train. There
is no STOP obligation at passive crossings, but road users are asked to approach the
crossing with moderate speed, pay attention to the surroundings and wait in case the
crossing was not free.

Violations of those rules are punished by the catalogue of fines BKatV with fines up to
700€, penalty points, and driving bans up to 3 months. Violations at level crossings are
some of the worst that road users can commit due to the catastrophic consequences
that they may cause and therefore the penalties are consequently very high. Table 3
lists the penalties for level crossing violations according to German traffic laws.

Table 3: Penalties of LC violations in Germany [11]

Violation Fine Points* Driving ban
Disallowed overtaking 70 €
Dangerous overtaking 85 €
Overtaking leading to property damage 105 €

Not giving priority to rail traffic at LC with St.

A . 80 € 1

ndrew’s Cross

Not giving priority to rail traffic at LC with St. 100 € 1

Andrew’s Cross causing danger

Not giving priority to rail traffic at LC with St. 120 € 1

Andrew’s Cross causing property damage

Approaching the LC at high speed 100 € 1

Violating the waiting obligation 80 € 1

Violating the waiting obligation causing danger 100 € 1

Violating the waiting obligation causing property 120 € 1

damage

Crossing despite red flashing light or yellow or 240 € 5 1 month
red-light signals

Crossing despite red flashing light or yellow or 290 € 5 1 month
red-light signals causing danger

Crossing despite red flashing light or yellow or 350 € 5 1 month

red-light signals causing property damage
Crossing despite lowered barriers, stop command
from a railway employee or an audible signal such | 240 € 2 1 month
as the train whistle

Crossing despite lowered barriers, stop command
from a railway employee or an audible signal such | 290 € 2 1 month
as the train whistle causing danger

Crossing despite lowered barriers, stop command

from a railway employee or an audible signal such | 350 € 2 1 month
as the train whistle causing property damage
Crossing despite closed Full or Half barriers 700 € 2 3 months

Crossing despite closed Full or Half barriers for

non-motorized road users
*Source: [12]

350 €
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In the US, crossings are classified based on the consistency of message delivery to
road users. This means that crossings are divided into two main groups; either
“passive” crossings that are equipped with traffic control devices that send a constant
message all the time such as pavement markings, signs, and crossbucks or “active”
crossings that are equipped with traffic control devices that send variable messages to
the road users depending on whether a train is nearing or not. The most common active
devices used in the USA to secure active level crossings are gates, flashing lights,
signals, wigwags, and bells [13]. Australia adopts a similar classification system to the
US by splitting the level crossings into “passive” and “active”. Only a third of all
Australian level crossings are active and equipped with flashing red lights, boom gates,
warning bells, or a combination of those [14].

In Europe, ERA has developed in 2004 a common European level crossing
classification that divides crossings to active and passive crossing. Passive crossings
can be described simply as crossings equipped with traffic signs only. Active crossings
were then split to Automatic and manually operated protection systems. Level
crossings in both categories are then further classified according to the traffic control
method they imply such as roadside protection (barriers, gates) or roadside warning
(optical, acoustic, physical), or a combination of both [15].

In the UK, level crossings are classified into three main categories [16]:

1) Railway-controlled: secured by a railway signaller or a crossing-keeper.
They can be either controlled manually at site or remotely using CCTV.

2) Automatic: No railway staff is needed to control the opening and closure of
the crossing. Most British automatic level crossings are equipped with half
barriers as full barriers are avoided to give a chance for vehicles trapped in
the crossing to leave.

3) Passive crossings: make the majority of British crossings and depend on the
driver’s own behavior for security. Telephones are sometimes provided at
passive crossings.
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2.3 Accident statistics at Level Crossings in Germany

During the period between 2011-2020, an average of 160 accidents per year occurred
at the German level crossings. Figure 11 demonstrates a comparison between the
accident numbers between 2011-2020 [2]. It can be noticed that a drastic reduction in
the number of accidents in 2020 was achieved compared to the previous years. The
reason for this reduction could be the traffic limitations and lockdown that was imposed
in the country since March 2020 as a result of the COVID-19 pandemic.

Reported accidents at German Level Crossings
2011-2020
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Figure 11. Reported accidents at German Level Crossings 2011-2020 [2]

Taking off the outlier year 2020, it can be observed from the slight decrease in the
trend line that the number of accidents and number of level crossings are directly
proportional. This proves that further removal of crossings from the network can lead
to an improvement in overall safety. The numbers of accidents per 1000 crossings are
presented in figure 12.

Level crossing accidents per 1000 crossings
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Figure 12: Level crossing accidents per 1000 crossings 2011-2020 [2]
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If observed from the side of road traffic, level crossings are responsible for a very small
percentage of 0.002% of the total accidents on roads and 1.12% of the road accident
fatalities in 2019. On the other side, level crossings accounted for 18.46% of the overall
rail accidents and 25% of all the fatalities in rail accidents in 2019 with the exception
of suicides. Figure 13 show accident data for severe injuries and fatalities on German
level crossings for the time period between 2010-2020 [2].
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Figure 13: Personal injuries as a result of accidents at German Level Crossings 2011-2020 [2]

Deutsche Bahn suggests identifying the collective injury risk from accidents using an
injury ratio that combines fatalities, Severe injuries, and slight injuries in the following
form:

Injury ratio = 1 x Fatalities + 0.1 x Severe injuries + 0.01 x Slight injuries (Eqg. 1)

In order to understand how well the different types of protection are performing, it is
important to observe the accident data and draw comparisons. Figure 14 shows the
number of accidents and resulting injuries at each type of security in 2020.

Accidents at German level crossings according to type of protection 2020
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Figure 14: Accidents at German level crossings according to type of protection 2020 [2]

Non-technically secured crossings have a share of 36.84% in comparison to 63.16%
to the technically secured. The percentages closely resemble the percentages of each
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security type to the overall number of crossings. The highest number of accidents occur
at half barriers crossings which is not surprising considering that they make up around
45% of all the level crossings in Germany.

However, by diving into the details of the statistics and comparing every type of
percentage of accidents to its percentage of existence, it is found that crossings
secured by overview and whistle, flashing light, and light signals are performing worse
than the others. The exceptionally high fatalities numbers and rate of accidents for
overview and whistle call for an urgent upgrade to crossings equipped with this type of
protection.

Nevertheless, Accidents on all technically secured crossings are rarely caused due to
technical failures as reported by DB. Only 1.75% of all accidents that occurred in 2020
were a result of a technical failure while the vast majority of 97,37% happened because
of misconduct from road users. DB employees were only responsible for 0,88% of all
accidents [2].

Almost half of all level crossing accidents in Germany happen between a train and a
personal car. The second highest percentage of involved road users are the bicycle
drivers with 19%. Pedestrians and Truck drivers each make up another 9,5% of the
chart. Pedestrians reasonably hold the least chances of survival in an accident as 64%
of pedestrians involved in accidents pass away. The percentage is luckily lower for
bicycle drivers and personal car users with 27% and 19% respectively [2].

As can be seen in Figure 15, the states with the highest number of accidents in 2020
are Bavaria, Lower Saxony, and North Rhine-Westphalia. But these statistics are not
out of the ordinary considering that these states hold the highest number of German
level crossings with 2951, 2044, and 1998 consecutively. However, these three states
still have a higher accident percentage than their LC percentage. Particularly in
Bavaria, Mecklenburg-Vorpommern, Saxony-Anhalt, and Berlin, the situation needs to
be improved. On the other hand, the accident rates in Brandenburg, Saxony, and
Thuringia are remarkably better.

Statistics of level crossings in German states 2020
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Figure 15: Statistics of level crossings in German states 2020 [2]

In terms of maximum speeds allowed on German level crossings, Slow speeds
dominate the majority of German level crossings as 43% of crossings in Germany are
located on a track section with a maximum train speed less than 60 Km/h. the highest
number of crossings (4749 crossings) are located on track sections with a speed
ranging between 41-60 Km/h. High speeds (100-160 Km/h) make about a quarter of
all crossings [2].
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In comparison, the European Union suffers from 6 fatalities and 6 serious injuries every
week as reported by the European Union Agency for Railways making an approximate
total of 300 casualties yearly. The agency also reports that level crossings are
responsible for more than 25% of all railway accidents on EU railways. Nevertheless,
the safety situation is improving annually as the agency records an annual average
reduction of 3% in accidents and 4% in fatalities over the period 2010-18 [7]. Figures
16 and 17 demonstrate level crossing accidents data in the European Union and a
comparison of significant accidents between the member countries.

Level crossing accidents, serious injuries and fatalities across Europe
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Figure 16. Level crossing accidents, serious injuries, and fatalities in the European Union (2010-2020) [7]

Significant accidents at level crossings per million train-km
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Figure 17. Level crossing accident rates per country (2016-2018) [7]

According to the European Union Agency for Railways, the improvement rate of level
crossing safety levels is not matching the improvements in other railway accident
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categories. The reason is the slower rate of improvements in road safety compared to
rail safety which is negatively impacting the level crossing safety [7].
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2.4 Economical losses of level crossing accidents

In addition to the losses in lives and the emotional and psychological impacts that affect
the families of LC accidents victims, collisions extend to have a negative economic
impact too.

The German Federal Railway Authority (EBA) reported a total amount of 450 Mio € in
accident costs for all Railway accidents for 2020 in which Level Crossing accidents
contribute a significant amount. The highest damage cost was naturally the so-called
societal losses that are due to fatalities and severe injuries. Societal losses form about
89% of the overall damage cost. Therefore, the damage costs are mainly proportional
to the numbers of fatalities and severe injuries. Additionally, the property and
environmental damages contribute to about 10% of the damage costs while costs that
are a result of delays are calculated to be approximately 1% of the overall damage
costs. Figure 18 compares the damage costs of railway accidents in the last years [4,
17-21].

Distribution of Railway accidents costs 2015-2020 (Mio €)
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Figure 18. Distribution of Railway accidents costs 2015-2020 (Mio €) [4, 17-21]

The German Federal Railway Authority (EBA) estimated the average fatality damage
cost rate at level crossings to be 1,098,341 €/person through data obtained by the
Federal Highway Research Institute (BASt) based on the assumption that damage
costs of casualties in rail traffic are equivalent to those in road traffic. Table 4 shows
the calculated average accidents damage cost rates for the different types of injuries
[22].
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Table 4. Average accident damage costs [22]

Average accident cost per

Average accident cost rate :
level crossing

Type of injury Unit Value
g’“’pe”y €/accident 236,389 €lyear 2,090
amages
Fatalities €/person 1,098,341 €/year 2,163
.S?Ve.re €/person 114,527 €/year 239
injuries
Slight injuries €/person 4,650 €/year 47

Different values for accident costs could be obtained from several sources depending
on the number of costs considered in the calculation. Tables 5 and 6 demonstrate a
comparison between the different available values.

Table 5. Accident costs according to [23] and [24]

Source Type of casualty 2011 2012 2013 2014 2015 2016 2017 2018 2019
ERA Common Safety Fatality 2,036,848(2,114,620|2,180,716(2,312,034| 2,404,947 | 2,492,357 | 2,598,845 2,685,010( 2,735,007
Indicators data (Erail, 2021) I3 281,308 | 292,049 | 301,178 | 319,314 | 332,146 | 344,218 | 358,925 | 370,826 | 377,731
Fatality 1,177,980(1,161,892]1,182,126|1,191,397|1,191,937|1,164,328| 1,150,234 1,121,888 1,146,989
Serious injury 112,834 (116,151 |121,776 |120,921 |123,510 |123,964 |116,335 |[112,570 |116,701

BASt (BASt, 2021)

Table 6. Accident costs according to [25]

Human costs Production loss Medical costs Administrative costs Total

Serious Slight F
injury injury

S_erlous _Sl!ght S_er_|ous _Sl!ght Eatiafiy S_er_|0us _Sl!ght sty S_erlous _Sl!ght
injury injury injury injury injury injury injury injury
Germany | 3,067,253 503,575 |38,737|383,018| 25,497 | 1,560 | 2,885 | 8,883 | 765 | 2,023 1,391 | 598 |3,455,179( 539,346 | 41,66

EU 28 2,907,921 ( 464,844 | 35,757 (361,358 [ 24,055 | 1,472 | 2,722 8,380 721 | 1,909 1,312 564 |(3,273,910( 498,591 | 38,51

Country Fatality Fatality atality

Figure 19 shows a comparison between the accident costs for fatalities and serious
injuries calculated based on the values provided by [23], [24], and [25] for the years
2011-2019. The average value of the total accidents cost per year is 97.68 Mio. €,
45.95 Mio. € and 143.04 Mio € respectively. The percentages of serious injuries costs
to the fatality costs amount to 13.87%, 10.23%, and 15.71% respectively. By taking
accidents cost values in relative to significant accidents numbers, it is found that every
significant accident costs 1.56 Mio. €, 0.73 Mio. € and 2.28 Mio € respectively.
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Accident costs VS number of level crossings 2011-2019
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Figure 19. Accident costs VS number of level crossings (2011-2019)

By comparing the Accident costs against the decrease in number of level crossings,
there is no clear correlation observed.

The total cost of railway accidents in 2018 in Europe as estimated by the European
Union Agency for Railways was 3.8 billion € of which almost 1 billion € were a result of
level crossing accidents [7].

The range of values of accidents costs varies between the European countries based
on which types of losses are included in the calculations. For example, Latvia,
Slovenia, and Spain do not include costs to society (medical treatment, legal and court
costs, emergency services, net production loss) in the calculation. Also, Hungary does
not take the personal loss for casualties into consideration while Italy and Portugal
exclude the material damages from the calculations.

Table 7 demonstrates a comparison between the European countries in terms of
valuation of safety based on the findings of the HEATCO project (Developing
Harmonised European Approaches for Transport Costing and Project Assessment)
that was concerned with developing a European guideline for the assessment of
projects and transport costing.

Table 7. A comparison of safety valuation across EU countries - Cost per fatality [26]

Country Conversion
to Euro *
Denmark 2001 DKK 8,223,000 1,106,121
Finland 2000 Euro 1,934,161
France 2000 Euro 1,500,000
Germany 1998 Euro 1,176,000
Netherlands 1998 Euro 1,500,000
Sweden 2001 SEK 17,511,000 1,711,000
Switzerland 1995 CHF 3,330,700 3,193,890
United Kingdom 2002 GBP 1,249,890 1,471,292
Czech Republic CzZK 9,606,000 377,194
Hungary 2002 HUF 98,000,000 269,988
Italy 1998 Euro 465,000
Portugal 2004 Euro 320,000

* Currency conversion according to the current market prices
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2.5 German level crossing standards and regulations

At the moment, there is no uniform set of standards and regulations in Germany that
combines all traffic systems altogether. However, the design specifications of level
crossings are distributed across various standards that are specialized in either rail or
road traffic systems [27].

The following regulations regulate the planning and operation of German level
crossings:

» Railway Crossing Act (German: Eisenbahnkreuzungsgesetz “EKrG")
» Rail construction and operation manuals

e Railway construction and operating regulations (German: Eisenbahn-
Bau- und Betriebsordnung “EBQ*)

e Ordinance on the construction and operation of connecting industrial
branch railways (German: Verordnung Uber den Bau und Betrieb von
Anschlussbahnen “BOA/EBOA”)

» Road Traffic Regulations
e Road Traffic Regulation (German: Stal3enverkehrsordnung “StVO*)

e General Administrative Regulation on road traffic regulations (German:
Allgemeine Verwaltungsvorschrift zur Stral3enverkehrs-Ordnung “VwV-
StvO*)

» Rail Regulations

e DB Guideline 815 “Planning and Maintaining Level Crossings” (German:
DB-Richtlinie 815 “Bahnlbergange planen und instand halten”)

e Level Crossing Regulations for Non-Federal Railways (German:
Bahniibergangsvorschrift fiir nichtbundeseigene Eisenbahnen “BUV-
NE”)

EKrG (1963): The Railway Crossing act Eisenbahnkreuzungsgesetz (EKrG) is the
German federal law that regulates the construction and financing of level crossings. It
also determines the responsibilities of the various governmental entities and the
distribution of costs for crossing projects.

EKrG which came into force in 1964 banned the building of any new level crossings
with the exception of a few individual cases. 82 EKrG states that new intersections of
railways and roads shall be constructed as overpasses. In individual cases, particularly
in the case of low traffic, it is possible to allow exceptions with the right to order which
safety measures to be implemented at the intersection [28].

§2 EKrG

(1) New intersections of railroads and roads which, by the nature of their
carriageway, are suitable and intended to accommodate general motor
vehicle traffic shall be constructed as Overpasses.
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(2) In individual cases, especially in the case of low traffic, the issuing
authority may permit exceptions. In such cases, the safety measures to
be taken at the intersection can be ordered.

(3) An intersection within the meaning of paragraph (1) is new if one of the
two traffic routes or both traffic routes are newly constructed.

The regulations of EKrG were based to serve the goal of gradual elimination of all level
crossings (especially the ones with high traffic) over the years. The overall aim of
introducing these regulations was not to serve as a remedy for a specific deficit in the
level crossings but rather as a general improvement to the traffic conditions in the
service of the public interest [29].

The exceptions may be allowed based on a case-by-case basis. The 82 of EKrG does
not define specific cases of when the exception could be issued but only stresses the
necessity of having low traffic on both traffic systems. The definition of “low Traffic” is
stated in the 8§11 paragraph (13) of EBO as a maximum of daily traffic of 100 vehicles
per day [1]. If, for example, it was proven that traffic is low for both traffic systems in a
specified region taking into account the foreseeable development of traffic, an
exception would likely be permitted. Also, huge financial burdens that might result from
the construction of overpasses on the project initiator could be a valid reason for
granting an exception.

The Federal Ministry of Transport and Digital Infrastructure (BMVI) is responsible for
issuing the exceptions in the case of federal railways.

In the case of roads that do not serve motor vehicles (e.g. footpaths and cycle paths),
it is permitted, although undesirable, to build new level crossings without applying for
an exception as the prohibition in 82 paragraph (1) is exclusive for roads that are
“‘intended to accommodate general motor vehicle traffic” [29].

EBO (1951): These are the regulations that organize all that is related to railways such
as facilities, railway vehicles, operations, workers, and safety requirements.

Article 811 of the EBO is the article that focuses on level crossings and regulates
security measures to be applied to them. This article contains details about using St.
Andrew’s cross, conditions of selecting the type of security at level crossings, and
closures.

The most notable aspects of EBO are defining the maximum speed of rail vehicles at
lines that contain level crossings at 160 Km/h, giving priority to rail vehicles over road
users at level crossings, and defining the type of security at crossings through the
factors of traffic volume, max train speed, and visibility.

BOA (1966): BOA serves the same purpose as EBO but for connecting industrial
branch railways.

StVO (2013): StVO is the German traffic law that involves regulations for all road users
on public roads. 819 of the law is the section that deals with level crossings and set
the rules for road users” behavior at them. StVO also states that rail vehicles have
priority at level crossings. In addition, it gives directions for LC approach and crossing
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behavior, overtaking rules at LC and, traffic signs. Rules in StVO concern all road users
including cyclists and pedestrians.

A study of 819 of StVO concluded that there are no gaps or ambiguities in the German
traffic law StVO that might lead to risks at level crossings, but rather violations of road
users are the main sources of risk and concluded that altering these sets of regulations
would likely not improve the current safety situation [30].

VwV-StVO (2001): They are the general administrative regulations that guide the road
traffic authorities to implement and design traffic facilities in accordance with StVO
regulations. It also organizes the work of authorities in regard to accident
investigations, reporting, evaluation, and remedy measures. A notable rule in VwV-
StVO is obliging road traffic authorities, police, railway companies, and public transport
companies to conduct a traffic inspection every two years at every level crossing to
confirm that the safety conditions are being maintained.

DB-Richtlinie 815: Ril 815 is the set of technical regulations for planning and
maintaining level crossings for federally-owned railways in Germany and are prepared
by DB Netz AG. This guideline is the manifestation of the state of the art for level
crossing security technology and is continuously updated to remain in correspondence
with the latest developments in LC technologies.

The Federal Railway Authority (EBA) recognizes DB-Richtlinie 815 as the set of
technical regulations to be implemented in all federally owned railways in Germany.
The standard focuses mainly on the design of safety systems at LC (BUSA), planning
of technically and non-technically secured level crossings, pavement conditions, Level
Crossing Control Systems (BUSTRA), Control and Safety Technology (LST), selection
of types of LC monitoring, measures to be taken after LC accidents and maintenance
of level crossings

BUV-NE (2001): it is the guideline for the planning and execution of non-federal
railways” level crossings. It basically serves the same purpose as DB-Richtlinie 815
but for all non-federal rail lines.

25



3 Level Crossing Consolidation

3.1 Consolidation key issues

3.1.1 Increase in travel distances

The elimination of a level crossing could in many cases lead to an increase in travel
distances for the surrounding communities which can be a reason for inconvenience
and therefore objection to the consolidation of the crossing. The criteria of increased
travel time and distance between both sides of the crossing can be major for the
consolidation decision.

3.1.2 Emergency response delay

One of the worst potential outcomes for the consolidation of a level crossing is the
negative impact it could have on response time for emergency services. Special
attention should be paid to crossings that are located close to hospitals, medical
emergency centers, civil defense, etc.

3.1.3 Access to nearby facilities

For both major cities and small towns residents, the ability to reach nearby important
everyday necessary facilities is important. Those facilities include schools, business
centers, or markets. In rural areas, farms are also considered. The more facilities
affected by the level crossing closure and the more travel distance and time increases,
the more negative influence it could have on the closure decision.

3.1.4 Community resistance

It is usual that the responsible authorities face resistance from the public after
announcing a consolidation plan due to some of the removal disadvantages such as
delays and increased travel distances. It is recommended to include the public in the
decision-making process and to organize public awareness campaigns to convince
them of the importance of closure by demonstrating the benefits resulting from the
closure and the threat that this crossing poses on the community.

3.1.5 Funding

Funding remains the greatest challenge in front of Transportation authorities and traffic
planners all around the world. Authorities are often required to allocate their resources
wisely.

3.1.6 Lack of laws
Authorities are also challenged with the lack of clear laws that stimulate and organize
consolidation efforts.
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3.2 Elimination options

3.2.1 Closure

There is currently no defined set of laws to regulate the closure decision anywhere in
the world. Every country and each state picks the closure candidates as well as the
methodology of prioritization freely. However, the Highway-Rail Crossing Handbook
suggests the following criteria for the DOT in all states when considering candidates
for closure [31]:

e AADT <1000
e Alternate access within 1 mile
e Increase in trip distance by not more than 2.5 miles

Authorities sometimes avoid the option of level crossing closure because of the
multiple challenges it creates. The main problem resulting from closure is the increase
in travel times for users and difficulties of access to some regions which often leads to
community protests. Moreover, closure sometimes does not eliminate the accident risk
but shifts the collision risk points to other areas. More studies regarding the impacts of
closure on nearby intersections and level crossings are required to better understand
the limitations of this alternative.

3.2.2 Grade separation

This is considered the safest, most efficient, and most popular option to eliminate all
risks resulting from a level crossing existence without negatively impacting the traffic
network. However, the high costs of construction overpasses or underpasses make
this option undesirable for authorities sometimes.

The Highway-Rail Crossing Handbook recommends considering Grade Separation
when one or more of the following conditions exist [31]:

Table 8: Grade Separation Conditions [31]

Highway AADT Max train | Train Volume |[Number of passenger |Number of transit | Number of freight | Number of passenger [Number of Transit|Expected accident frequency | Vehicle delay (vehicle

speed per day trains per day trains per day trains x AADT trains x AADT trains x AADT | for active devices with gates hours per day)

Urban | 55 mph|> 30,000] > 79 mph| 230 275 > 150 > 900,000 > 2,250,000 > 4,500,000 >05 >30
[Rural [> 55 mph[> 20,000 > 79 mph| — >30 | >30 [ > 60 [ >e00000 | > 600,000 [ >1.200000 >05 | > 30 |

3.2.3 Banning road traffic

The Highway-Rail Crossing Handbook recommends banning road users from using
the level crossing as remedial measure for locations with the following description [31]:

e In or adjacent to rail yards and locations near industrial spur tracks where trains
pick up or set out blocks of cars or switch local industries

e Passing tracks primarily used for holding trains while waiting to meet or be
passed by other trains
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e Locations where train crews are routinely required to stop for crew changes or
for cross traffic on intersecting rail lines

e In the proximity of stations where trains dwell for extended periods of time and
block the crossing

3.2.4 Relocation or closing the rail line

Relocating the rail line can improve the overall traffic situation and eliminate multiple
level crossings at the same time. Relocating rail lines to areas further from residential
communities increases the safety condition at the areas where the track used to be
located and can also contribute to a better quality of life as noise and pollution levels
improve in addition to more freedom of movement for residents and faster response
rates from emergency services. Additionally, relocating the rail line can give more
space for urban communities to expand. However, this is considered a very
complicated and expensive solution as complete tracks, safety devices and buildings
will be needed to get demolished and then rebuilt again at the new location.
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3.3 Consolidation Alternatives

The end goal of consolidation is to achieve better safety conditions in the transportation
network and to minimize risk for all road and rail users. Any solution that contributes to
this goal can be a good alternative to consolidation, particularly when there is
insufficient funding. In some cases, applying one alternative is not enough to reduce
the risk and a combination of alternatives is needed to improve safety.

Nelson argues that the solution to improve safety at level crossings is the correct
application of the five E approach (Enabling, Education, Engineering, Enforcement,
and Evaluation). Enabling consists of creating better cooperation and communication
frameworks between road and rail authorities along with allocating enough funding for
closure projects. Engineering entails the design of safe level crossing geometrically
and applying the right safety systems that ensure the maximum safety level possible.
It also consists of utilizing technology in improving safety conditions at level crossings.
Education involves creating national programs to raise awareness for all road users of
the correct ways of using level crossings and the most common risky behaviors.
Enforcement aims to achieve safety and ensure compliance with level crossing laws
through strict punishments for reckless behavior. Enforcement can also include the
process of setting the best legal regulations that achieves the best safety situation.
And finally, through continuous evaluation, authorities can determine the riskiest level
crossings and apply short- or long-term solutions to minimize danger [32].

3.3.1 Upgrading protection systems and warning devices

One of the best alternatives to full consolidation is the upgrade of the implemented
protection system since protection systems have the highest controlled influence on
safety at level crossings.

Studies that investigated the safety improvements resulting from upgrading the
protection systems are discussed in detail in chapter 5.5.3.

Sometimes upgrading the protection system used to a more modern version of the
same system or renewing the light signals or traffic signs can increase safety.

3.3.2 Awareness campaigns

Awareness campaigns fall into the education part of Nelson’s 5 E approach and aim
to spread knowledge amongst the general public and particularly targeting heavy level
crossing users and vulnerable users. The campaign would mostly aim to educate users
about the correct way to use level crossings and teach the rules and regulations
regarding that.

Awareness programs can take many forms and utilize all media platforms to convey
the messages. Vulnerable users like school children, senior and disabled citizens could
be targeted as well by visits to schools, retirement homes, and disabled care centers.
In addition to the traditional media like newspapers, magazines, posters, radio, and
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TV, awareness campaigns can employ social media platforms to reach a wider and
younger audience.

An example of a very successful awareness campaign is “Operation Lifesaver” which
started in the United States in 1972 before it became international as Argentina,
Canada, Estonia, South Africa, and Mexico joined. Operation Lifesaver offers free rall
safety education programs to school students, community audiences, commercial
drivers, law enforcement officers, and emergency responders by certified and trained
instructors. Studies have shown that the number of crashes and fatalities in a state are
reduced by 15% and 19% respectively once Operation Lifesaver is implemented in the
state [33].

Internationally, the International Union of Railways (UIC) started an initiative with the
support of railway organizations globally under the name of “The International Level
Crossing Awareness Day (ILCAD)”. The initiative involves 57 participating countries
including Germany as of 2022. The United States hosted the 2022 ILCAD campaign
in June 2022.

In Germany, an awareness campaign was initiated in 2002 under the name “Geblickt?
Sicher druber!” (Look — Cross Safely) as a joint action between the Employers’ Liability
Insurance Association (VBG), Federal and Railway Accident Insurance (UVB) The
German Railway company (DB), German Automobile Club (ADAC) and Federal Police.
The campaign involved spreading videos, brochures, and posters that contain
information on the correct behavior at level crossings or catchy phrases to get the
attention of young users. Moreover, the campaign was part of many events and an
infotruck was driving on the roads to advertise the campaign. Figure 20 shows some
of the campaign attempts to raise awareness.

WER IST
EIGENTLICH
DIESER
ANDREAS?

www. sicherdrueber.de

Figure 20: Geblickt? Sicher driiber! campaign [34]
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3.3.3 Regulations improvements and law enforcement

Improving national laws and regulations of level crossings can be a solution to improve
the safety situation. The main pillar of any improvements is scientific research so
countries are advised to invest in traffic safety research and be flexible with adjusting
the laws to improve overall safety.

It is important also to ensure the enforcement of those laws and create punishment
systems that fit the severity and potential risk that the crime or reckless behavior
imposes on the public.

Technology such as camera and video monitoring of the level crossing can help law
enforcement authorities enforce the regulations. In some prioritization models, the
existence of monitoring technology is considered one of the factors for prioritization.

Carroll and Warren studied the effect of applying a photo enforcement system at US
level crossings. The system captures a photo of the driver’s face and license number
once a violation is committed. The results of the investigation show that photo
enforcement successfully reduced drivers and pedestrians violations by 36-92% with
a decrease in the number of accidents by 70%. The results led to a conclusion that
using photo enforcement can be a cost-effective method to modify risky driver behavior
especially when it is accompanied by community education [35].

The presence of law enforcement officers is arguably the most effective way to
eliminate risky human behavior at level crossings. This was proven by Bari¢ et al when
they measured the effect of the presence of police officer against the presence of a
monitoring camera on the behavior of cyclists and pedestrians at a level crossing in
Zagreb, Croatia. Results showed that violations were almost completely eliminated
when the police officer was watching as the percentage of users who committed
violations while crossing dropped from an average of 41.7% to 0.8% only. In
comparison, the camera reduced the percentage of violators to 24.7% [36].

However, allocating a police officer to stand at every level crossing is naturally not a
viable option because of the shortage in manpower in the police forces in comparison
to the very high number of level crossings in addition to it being a financially unfeasible
option. Nevertheless, it can be a good short-term solution for level crossings that
witness abnormal road user violations.

Penalties for violating level crossing rules in Germany are presented in Table 3 in
section 2.2.
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3.4 Incentive programs

In order to overcome the safety and financial challenges that level crossings present
in the German and European railways, there is a need for consolidation programs to
be planned. Many countries have already gone a long way in creating level crossing
consolidation models that are suitable for the local road and rail conditions. For
example, In the United States of America the federal government was aware of the
necessity to pressure the states into improving the safety conditions of highway-rail
intersections following several fatal rail accidents between 2002 and 2008. Therefore,
the congress has passed the Rail Safety Improvement Act of 2008 (RSIA) which,
among other things, directed the 10 states with the highest number of railway-highway
accidents to develop their own State Grade Crossing Safety Action Plan (SAP) under
supervision from The Federal Railroad Administration (FRA). As a result, Alabama,
California, Florida, Georgia, lllinois, Indiana, lowa, Louisiana, Ohio, and Texas
developed and implemented Safety Action Plans (SAPs) which aimed to find specific
solutions to improve the safety conditions at level crossings with a focus on the
crossings that experienced high accidents rate. The solutions naturally included level
crossing closures and grade separations [37]. To assist the consolidation process,
many US States launched several incentive programs. It is reported that at least 22
states have some form of incentive programs for level crossing consolidation [38]. The
existing incentive programs in the US include:

e Cash Incentive programs

e Nearby Crossing Improvement programs

e Nearby Crossing Grade Separation programs
e Road Improvement programs

e Track Relocation programs

The applicability of the incentive programs stands as one of the biggest barriers in the
face of level crossing consolidation efforts. Minimum effort has been made to study
and evaluate the effectiveness of each incentive program. Based on survey results
distributed by The Louisiana Transportation Research Center to 292 railroad company
and DOT experts all over the US, it was found that current incentive programs suffer
from being either very costly or from lack of efficiency [39].

In Germany, the federal ministry of transport and digital infrastructure provides a yearly
financial support for level crossing consolidation projects that amounts to 75 million
euros per year [40].
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4 International consolidation models review

Studying the work done internationally is crucial to learn from the many experiences
and build upon them. However, it must be comprehended that every country has
unique conditions and therefore such differences must be accounted for. A model
applied in one country does not necessarily perform as well in another country. A clear
example is the application of the Australian Level Crossing Assessment Model
(ALCAM) in New Zealand. The model did not perform as well as in Australia and
special modifications needed to be introduced to match the conditions in New Zealand
despite the similarities between the two countries. Therefore, developing any model
for risk assessment in any country is recommended to be based on specific data and
specifications of the country itself. For countries with huge areas and big differences
between their regions, it is wise to adopt a different model for each region or state.

4.1 Basics of models
4.1.1 Risk

Risk is the combination of the frequency of occurrence of an accident and the
consequence of such accidents. This means that risk can be measured by calculating
the probability of a certain accident to happen and the extent of damage that this
accident causes. Figure 21 shows a standard risk matrix.

Consequence
Negligible Minor Moderate Catastrophic
1 2 5
Alns‘oﬁ Moderate High
. 5 10
certain
4 Moderate High
Likely 4 8
o
<]
_8 3 Low Moderate
T Possible 3 6
=L
o
2 Low Moderate | Moderate High High
Unlikely 2 4 6 8 10
1 Low Low Low Moderate | Moderate
Rare < § 2 3 4 5

Figure 21: A standard risk matrix [41].

The steps to perform a risk assessment include three major stages. The first is risk
identification. The second stage is the risk analysis which covers analyzing the
consequences, likelihood, and existing protection measures of the identified hazards.

33



Finally, the last stage is the risk evaluation in which various identified and analyzed
risks are compared and decisions are taken based on tolerability and priorities [41].

4.1.2 Accident and Hazard prediction models

Accident and hazard prediction models form the core of level crossing prioritization
tools and are used to develop the level crossing rating formulas. The main difference
between accident prediction models and hazard prediction models is that the accident
prediction model forecasts a number of accidents over a time period while the hazard
prediction model evaluates how prone the crossing is to accidents based on certain
characteristics [42].

4.1.3 Models by type of algorithm

Researchers at Arthur D. Little in a research conducted on behalf of the British Rail
Safety and Standards Board (RSSB) inspected the use of risk models internationally
to compare it with the British model ALCRM in terms of build-up and implemented
criteria in order to suggest improvements to the British model. As a result of the
inspection, the report suggested classifying the international models and approaches
based on the type of algorithm used into four types [43]:

A) Parameter Gate: simple approaches that utilize simple parameters for decision-
making and selecting the protection systems at level crossings. The chosen
parameters indicate their high significance from the point of view of responsible
authorities. The most chosen parameter in most parameter gate approaches is
traffic exposure. The researchers at Arthur D. Little argue that this kind of
approaches cannot be considered as a ‘model” because of the absence of risk
prediction. Parameter gate is used in many countries for the prioritization of level
crossings or the selection of protection type such as the Train Vehicle Unit
approach in India, Level Crossing Danger Index in Japan, and Rail and Road
Intensity Matrix in Russia.

B) Simple Weighted Factor: approaches that utilize factors with simple weighting
methodology for each factor. The weight of factors indicates the significance of
this factor in contributing to risk at the level crossing. ALCAM is considered the
most popular example of models that employ Simple Weighted Factor
methodology.

C) Complex Weighted Factor: Approaches that utilize factors with weights
derived using complex methodologies. Risk assessment techniques that can be
considered as complex methodologies include fault trees and event trees. Such
models often take into consideration the relationship between factors and
therefore produce more accurate predictions. Additionally, some of the complex
models do not only consider quantitative values for accidents but a complete
accident story including causing factors. The most popular example of models
that employ the Complex Weighted Factor methodology is ALCRM.
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D) Statistically Driven Approach: Approaches that build the weights of factors
based on accident statistics and accident history of each crossing. Most models
developed in North America take the Statistically Driven Approach. Models
based on statistically driven algorithms are popular in countries that have a large
number of level crossings and constantly updated databases that include a big
number of factors to enable driving statistical relationships.

The RSSB investigation is the last comprehensive investigation for international
approaches for the assessment of risk and prioritization of level crossings. The
investigation identified 23 approaches implemented in 13 countries worldwide.
However, since the investigation dates back to 2007, there have been many changes
and updates to the prioritization tools and approaches globally. Table 9 demonstrates
the approaches investigated in the RSSB report [43].

Table 9: International models and type of algorithms implemented [43]

Country | Approach | Typeofalgorithm |  Risk prediction
USDOT Accident Statistically Driven Accidents frequency
Prediction Formula Approach only
Accidents frequency
USA - .
Statistically Driven and consequences +
GradeDec.Net
Approach other consequences
(non-safety related)
Collision Prediction Statistically Driven Accidents frequency
Model Approach only
Canada o _ Accidents frequency
Statistically Driven and consequences +
GradeX
Approach other consequences
(non-safety related)
Risk Based Scoring Simple Weighted Frequency and
System (RBSS) Factor consequences
Simple Weighted
, F r
Australian Level acto
Australia Crossing Update: since 2007 the Frequency and
Assessment Model | model was updated to consequences
(ALCAM) include Complex Weighted
Factor and  Statistically
Driven Approach algorithms
RAAILC Statistically Driven Accidents frequency
Approach only
Product Simple Weighted Accidents frequency
New Assessment Factor only
Zealand | Accident Prediction Statistically Driven Accidents frequency
Model Approach only
Automatic Level Complex Weighted Accidents frequency
Crossings Model Factor and consequences
Great Al Level Crossinas Accidents frequency
Britain Risk Model 9 Complex Weighted and consequences +
Factor other consequences
(ALCRM)
(non-safety related)
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Event Window Complex Weighted Accidents frequency
Model Factor and consequences
COBA Junction Statistically Driven Accidents frequency
Model Approach and consequences
Accidents frequency
Network Risk Complex Weighted and consequences +
Ireland Model Factor other consequences
(non-safety related)
Level Crossing Complex Weighted Accidents frequency
Prioritisation Tool Factor and consequences
Northern Risk Assessment Simple Weighted Accidents frequency
and Investment
Ireland . Factor and consequences
Appraisal
Crpgsmg o Parameter Gate No risk prediction
Spain categorising criteria
EMEA method Complex Weighted Accidents frequency
Factor and consequences
Factors to
Sweden | determine crossing Parameter Gate No risk prediction
protection
Russia Rall and Roaq Parameter Gate No risk prediction
Intensity Matrix
India Train Vehicle Unit Parameter Gate No risk prediction
CIo_sed R_oad Parameter Gate No risk prediction
Traffic Indicator
Sl Level Crossin
g Parameter Gate No risk prediction
Danger Index

The risk assessment and prioritization models in all investigated countries except for
Australia and New Zealand had no major alterations since the completion of the report
in 2007. In Australia, ALCAM have been updated in 2008 to a complex weighting factor
model. The weights of factors of ALCAM were upgraded again in 2012 before the new
ALCAM that is based on a combination of complex weighting factor and statistically
driven algorithms was released in 2014 [44]. The new ALCAM is still implemented in
Australia to this day. ALCAM was also adopted in New Zealand in 2007 before it was
decided to create an altered version of ALCAM to overcome the shortcomings resulting
from differences between Australia and New Zealand. The new model was named “the
Level Crossing Safety Impact Assessment (LCSIA)” and was implemented for the first
time in 2016 [45]. ALCAM and LCSIA in addition to older risk assessment models in
Australia and New Zealand are presented in detail in chapter 4.3.

4.1.4 Factors Influencing safety at level crossings

Factors that influence the number of accidents and level of hazard at level crossings
can be generally divided into operational characteristics, Physical characteristics,
vehicle and train characteristics, Spatial characteristics, temporal characteristics,
environmental characteristics, and driver behavior factors [46].
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A lot of work was performed internationally to study the correlations between certain
factors and accident numbers. Naturally, it is very important to consider that the results
and significance of factors vary between different countries and regions due to the
nature of laws and driver behavior in addition to differences in the essence of the
factors themselves. For example, the types of protection used are not the same in all
countries, and such differences by having extra or fewer types should be naturally
considered. Therefore, specific analysis of each region’s accident data is advised.

Singh et al analyzed accident data of 578 level crossings in Florida from 2010 to 2019
using Chi-square statistical test to select the highest statistically significant factors that
led to those accidents and benefit from the results for prioritizing level crossing
upgrades across Florida [46]. The factors included operational and physical
characteristics, environmental and temporal characteristics, and characteristics related
to driver actions. The chi-square test results showed that the following factors
effectively impact the number of accidents:

Table 10: Analysis results of factors significance [46]

Factor Influence on the number of accidents

Type of crossing (Public or private) influential factor
lllumination influential factor
Type of protection influential factor
Whistle bans influential factor
Crossing surface influential factor
Road class influential factor
Condition of the road influential factor
Presence of highway monitoring influential factor
devices
Type of pavement markings influential factor
Number of lanes influential factor
Nearby intersections influential factor
Presence of traffic signals at the ,

: . No influence
nearby intersection
Area classification (Urban/Rural) influential factor
Number of daytime through trains influential factor
Number of nighttime through trains influential factor
Number of switching trains influential factor
Max train speed influential factor
Number of main tracks influential factor
Number of other tracks influential factor
Type of train influential factor
AADT influential factor
percentage of trucks influential factor
school buses influential factor
Road vehicles speed influential factor

* p-value < 0.05: Low significance; p-value < 0.01: Mid significance; p-value < 0.001: High significance

Keramati et al. investigated 30-years of accident records at US level crossings and
ranked the most influential factors on crashes based on a proposed mathematical
model named as the competing risks model as follows [47]:
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Table 11: Ranking of factors according to the competing risks model [47]

Rank | Factor

1 Type of train detection

2 Type of train service (Passenger, freight)
3 Existence of road pavement

4 Number of lanes

5 Daytime train volume
6

I

8

9

Avalilability of commercial power
Nighttime train volume

Trucks percentage

Total switching trains

10 | Maximum train speed

11 | Angle of intersection

12 | Distance to closest intersection

13 | Annual average daily traffic (AADT)

In light of those factors, it can be deduced that accidents at level crossings occur as a
result of:

Shortcomings in design or variation in operational characteristics of level
crossing users over time; including rail and road users.

Inadequate design or variation in physical characteristics of the crossing and its
surrounding area over time such as a deterioration in its pavement quality or an
increase in sight obstructions or decrease in illumination which limit visibility
over time.

Shortcomings in the design standards regarding the geometric requirements of
the crossing

Changes in local and national laws and regulations such as prohibition of train
whistles

Human error for all users
Dereliction in level crossing inspection and maintenance

Insufficient economical resources to perform upgrades or consolidation of
hazardous level crossings

Low public awareness of level crossings hazards and the correct driver behavior
at them and the lack of enough state-organized awareness campaigns that
employ seminars and training sessions to increase the public awareness

Disagreements between the different authorities involved in level crossing
projects regarding decision-making and resource allocation

Ril 815 divides hazard points at level crossings into concrete hazard which calls for
immediate measures to be performed and normal hazard that requires elimination
within a reasonable period of time. Hazard points identified by Ril 815 are:

Inadequate pavement size or quality at LC and road: LC pavement insufficient
in size or in bad condition, scratch marks at LC area and in the clearing sections
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¢ Inadequate right-of-way rules that may cause a tailback and blockage of the LC:
unsecured left-turn relationship, “right before left” right-of-way, missing “priority
to incoming traffic” rule in case of insufficient width of road

e Inadequate geometric standards of the rail track and highway at the LC area:
Curvature, insufficient width of road

e Changes in rail and road traffic volumes
e Missing safety devices and traffic signs (e.g. Whistle boards)

e Existence of other traffic components within the clearing section of LC:
Roundabouts, bus stops, pedestrian crosswalks

e Inadequate visibility

e Inadequate speed restrictions for road users
e Inadequate illumination

e Inadequate approach times

e Failures in safety systems or lack of protection for all LC users: lack of
dependency between traffic signals in the clearing section and the LC, lack of
technical protection for pedestrians and cyclists

4.1.5 Human error in Level crossings

The factor of human error is involved in 94% of all collisions at level crossings in
Germany [48]. Therefore, human behavior must be taken into consideration when
safety measures are applied to determine the effectiveness of those measures. The
high percentage of human error involvement in accidents obliges us to design the
maximum number of our level crossings and equip them with safety measures that
eliminate the highest possible percentage of human error for all users (drivers,
pedestrians, and cyclists).

Studying the driver behavior and human errors is particularly important at passive level
crossings where no security system is applied, and the safety of all users could depend
particularly on how the road user behaves.

To study driver behavior, researchers often employ one or a combination of the
following research methods:

a) Driving-simulation technology

b) On-field study

c) Mathematical models and artificial intelligence models
d) Surveys and questionnaires

Ngamdung and DaSilva found that 39.5 % of drivers do not look for the train when
passing the level crossing by measuring the amount of head movement of the driver
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while only 29.7% of the drivers look for both directions and 30.8% look in one direction
[49].

Brown et al analyzed accidents at passive rural level crossings and detected 9 issues
related to human error, five of which were related to the decision-making of the driver.
Figure 22 shows all the human factors identified by Brown et al [50].
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Figure 22. Issues related to human error at level crossings [50]

Some argue that the newly emerging intelligent transportation systems (ITS) that aim
to limit human error could have a negative impact on drivers” cognitive load by
overwhelming the drivers. However, Larue et al studied three ITS systems that were
considered to be implemented in Australia which are an in-vehicle visual ITS, an in-
vehicle audio ITS, and an on-road valet system. The results showed no significant
changes in cognitive load for the drivers as they approached the crossings [51].

There is clear evidence that driver behavior is connected to and affected by the type
of security at the level crossing. Lenné et al. found that drivers were less compliant
when driving at level crossings equipped with passive warning devices (stop sign) in
comparison with level crossings equipped with active warning devices such as flashing
lights and traffic signals [52].

Passive crossings are quickly becoming a growing safety threat in many countries due
to the higher risk compared to active crossings. Kasalica et al. studied the driver
behavior at passive crossings further and found a relation between visibility and risk of
accidents. In the study that included 61 road vehicle drivers in a situation of an
approaching train at a passively secured urban level crossing, it was found that drivers
with limited visibility failed to estimate the speed of the approaching train which
increased the likelihood of them taking more risky decisions that could lead to
accidents. The results show that 57% of the drivers did not comply with the stop sign
of whom 23% did not even slow down. The safety margin between the vehicle crossing
the tracks and the train’s arrival ranged from 10 to 86 seconds, with a mean of 32.7
seconds. Such results prove that passive warning devices are not sufficient to ensure
safety [53]. More worrying findings were found previously as stopping compliance at 9
passive level crossings was investigated and found that 79% of the drivers ignored the
STOP sign [54].
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Several other studies have revealed the significance of various demographic factors in
forming the responses of drivers to different traffic devices such as age and gender of
the driver. In a sample of 155 fatal accidents that occurred in Canada between 1993
and 2001, it was found that male drivers had the highest frequency of deadly accidents
with 49% compared to 17.4% for females. Additionally, more traffic violations are
committed by male than female drivers as males committed 64% of all violations and
had the majority in each violation severity category [55]. However, male drivers show
a better reaction to situations that require deceleration at intersections overall than
female drivers, but female drivers performed better at high-crash intersections.
Moreover, female drivers tend to brake more suddenly when unforeseen situations are
presented which could expose female drivers to greater risk for accidents at
intersections. As for age differences, the middle age group (35-55 years old) are more
compliant with stop and yield signs than younger and older drivers in addition to a
tendency to enter intersections with significantly less brake pedal differential time [56,
57].

Mohseni et al studied the data from all level crossing accidents that occurred in the
United States between 2004 and 2013 to find if certain factors contribute differently to
injury severities between male and female drivers. Results show that generally female
drivers have a higher chance of getting involved in a more severe accident than male
drivers. Additionally, the study linked weather and the presence of an audio warning
system to crash severity of male drivers. Meanwhile, female drivers were more affected
by the angle of intersection between the highway and railway, pavement condition, and
the presence of crossbucks. Train speed, driver age, vehicle speed, and light condition
were found to be common factors between both genders [58].

In addition to the driver demographics (gender and age), environmental factors like
weather and time of day play a role as well in changing the driver behavior. For
example, drivers from both genders tend to perform worse while driving at night. Also,
female drivers perform worse while driving under rain but better when it is snowing.
The snow condition has a negative impact in general with the consideration of the
influence of traffic control devices [59]. Furthermore, accidents that occur in foggy
conditions were found to cause more severe injuries than in clear weather conditions.
The age group that is affected the most from by foggy conditions are the older drivers
due to their slow reaction times [60].
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4.2 North America

Due to the huge size of the country and the major differences between states, there
are no unified set of rules to organize the consolidation decision throughout the United
States. Each state has the freedom to pick the closure candidates as well as the
methodology of prioritization. Around 34 national models were identified to be applied
in the United States.

However, most of the state models are alterations of 6 main formulas. These formulas
were developed between 1941 and 1986. The USDOT Accident Prediction Formula is
considered the most widely used and most comprehensive of all developed formulas
in USA. The main formulas that form the basis of all state formulas in addition to the
web-based tool "GradeDec.Net” developed by FRA are discussed in this section.

4.2.1 US Hazard and Accident prediction formulas
4.2.1.1 Peabody Dimmick Formula (1941)

The Peabody Dimmick Formula is considered one of the first models developed for the
purpose of prioritization of level crossings in the US. It was developed by L.E. Peabody
and T.B. Dimmick of the U.S. Bureau of Public Roads in 1941 based on accident data
collected from 3563 rural crossings across 29 states. A modified version of this formula
is still used only in the state of Georgia.

The formula is very basic and considers only three variables that are the Annual
Average Daily Traffic (V), Average Daily Train Traffic (T), and type of traffic control
device (P) as a coefficient.

(V0'170 TO'151) (Eq. 2)

Ay =128 — 5+ K

The fact that the Peabody Dimmick Formula was based on rural crossings only is
considered as one of its greatest shortcomings beside its very old age that leaves the
considered control devices outdated.

4.2.1.2 National Cooperative Highway Research Program (NCHRP) Hazard Index
(1964)

The NCHRP index was introduced after a joint effort between the American
associations of highways and railroads in 1964 as a response to a surge in level
crossing accidents. [42]

The NCHRP index as opposed to the Hampshire Index depends on factors that are
based on the same criteria of Average Daily Traffic and type of traffic control device.
But the Average Daily Train Traffic is not factorized. Additionally, the NCHRP index
takes the urban/rural classification into consideration.

EA=AxBxCTD (Eqg. 3)
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Where:

EA = expected accident frequency

A = Factor based on highway vehicles/day

B = Factor based on the type of protection and urban/rural classification
CTD = Current Trains per Day

4.2.1.3 New Hampshire Index (1971)

The New Hampshire Index is also a very simple accident prediction model that was
introduced in 1971 to act as an improved version of the Peabody Dimmick Formula.
The basic version of this formula keeps the same factors used in the Peabody Dimmick
Formula with a slight change for the protection device factor as it only considers a
protection factor for 3 types of protection systems, Gates (0.1), Flashing lights (0.6)
and Passive (1). However, several states introduced their own modified versions of the
New Hampshire Index that involved more factors which will be discussed later.

HI =V xT x PF (Eq. 4)

A survey performed by Bowman showed that 5 of the 6 states that depend on the New
Hampshire index as the main accident prediction model were generally satisfied with
its performance [61]. However, many states have updated the New Hampshire Index
by adding several more factors to develop their own formulas.

4.2.1.4 Coleman-Stewart Model (1976)

The Coleman-Stewart model was developed by Janet Coleman and Gerald R. Stewart
from the Federal Highway Administration in 1976 based on accident data collected
from 45 states. The main criteria adopted in the model are area classification
(urban/rural), number of tracks, protection device, and both traffic volumes.

logloA = BO + Bl (loglo C) + Bz(loglo T) + B3 (loglo T)Z (Eq 5)

Where:

A = Average number of crashes per crossing-year

C = Average daily traffic volume

T = Average daily train volume

BO, B1, B2, and B3 = coefficients of the accident prediction equation.

4.2.1.5 United States Department of Transportation (USDOT) Accident Prediction
Model (1982)

The USDOT model which was developed in 1982 is considered as the most
comprehensive accident prediction model applied in the United States as it takes into
calculation the widest set of factors related to a crossing. USDOT or a version of it is
used in 11 states of the USA and is considered as the most popular US model currently.
82% of the states that use the USDOT reported a general satisfaction with its
performance [61]. The produced ranking of USDOT is a result of three calculations.
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The first calculation is designed to predict an initial expected number of crashes per
year at a crossing and is based on several factors that reflect a certain important
physical characteristic of the crossing through a set value or an equation. The
foundation factors of the calculation are: Traffic control devices, highway traffic
(AADT), Train traffic, number of main tracks, Time (day/night), existence of highway
pavement, maximum train speed, street type, Area classification, and number of lanes.

a=KxEIxMTxDT xHP xMS x HT x HL (Eq. 6)

Where:

a = initial predicted accidents per year

K = constant

El = Factor of exposure Index

MT = Factor for number of main tracks

DT = factor for number of through trains per day during daylight
HP = factor for highway pavement

MS = factor for maximum train speed

HT = factor for highway type

HL = factor for number of highway lanes

The second calculation intends to include the accident history as a factor in predicting
future accidents. The number of years for accidents records is important in the
equation. The model considers any accident records older than 5 years to be irrelevant
due to the developments that occur over time to every crossing in characteristics [13].

— Do _To (NY. — _1 (Eq. 7)
B= To+T (a) + To+T (T) , where T, = 0.05+a

Where:

B = second predicted accidents per year
a = initial predicted accidents per year

N = Number of accidents

T = Number of Years of accident records

The third and final calculation is simply an adjustment to the resulting value (B) by
multiplying it with a normalizing constant specific to each type of protection device.

In addition to estimating the number of accidents, the model includes another
calculation to estimate the severity of accidents predicted at a level crossing. Separate
equations to calculate the probability of accidents with fatalities and accidents with
injuries were developed for the model. The probability equations for fatal accidents and
injury accidents are demonstrated in eq. 8 and eq. 9 respectively.

oA _ 1 (Eq. 8)
) = T7 695 x Ms1o7 (TT + 1)=01025 x (TT + 1)01025 x £0.188UR
FA Eq. 9
1A 1-P() (Eq. 9)
(7) = 1+ 4.280 x M5—0.2334 X 80.1176TK X 60.1844UR
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Where:

MS = Maximum train speed in mph

TT = Number of through trains per day

UR = 1 for urban crossings and 0 for rural crossings
TK = Number of tracks

Austin and Carson criticized the USDOT formula in regard to the complexity of its three
stages and claimed that the accuracy of the formula’s accident prediction declines over
time which they addressed by suggesting a simplified negative binomial regression
model [62]. These and other limitations of the model were later addressed with the
creation of a new model [63].

Nevertheless, results of statistical analysis in 1986 showed that USDOT performance
surpassed all other US models at that time based on the accident prediction
capabilities and hazard estimation. It is no surprise that until today, 11 states of the US
still use USDOT as the main accident prediction formula [64].

4.2.1.6 FRA New Model for Highway-Rail Grade Crossing Accident Prediction
and Severity (2020)

USDOT developed a new accident prediction model in 2020 to improve the accuracy
of predictions and to address the issues and limitation of the 1982 USDOT model. Itis
reported that the new model’s performance, that is based on Zero Inflated Negative
Binomial (ZINB) regression along with the Empirical Bayes (EB) adjustment method,
in terms of risk ranking, resource allocations and statistical significance assessment
ability of variances is better compared to the old model [65].

Factors such as number of tracks, Track type (Main or side track), number of trains in
daylight, road pavement, road type, number of lanes and train types were no longer
included in the new model. In the other hand, the factor of crossing surface type was
introduced to the new model.

The new model predicts first the number of crashes (Eq. 10) then adjusts the predicted
value by calculating the probability that the crossing has a number of crashes >0 (Eg.
11 and 12). The predicted value is then adjusted to correct for “regression-to-mean’
bias using Empirical Bayes (Eq. 13).

Ncountpredictea = (Eq. 10)
—8:3592+(0.1902xAADTXT)~(0.2848xD2)~(0.8577xD3)+(0.3935XxRU) +(0.1318xCS) +(0.6876x5)+(0.1063xAADT)]

Pinfiatedzero = Tz ; Where Z = ¢=11708=(1.0109T) (Ea. 11)
NPredicted = NCountPredicted X (1 - PInflatedZero) (Eq- 12)
Ngxpectea = WXNpregictea + (1 = w)xNopserved (Eg. 13)
Where: w = L ;and

V[NPredicted]
1+
Npredicted

1
V[NPredicted] = NPredictedx [1 + (NCOuntPredictedx (PlnflatedZero + 5))]
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Where:

N = Number of accidents

T = Number of daily trains

D2 , D3 = factors for type of protection

RU = factor for area classification (Rural/Urban)
CS = Crossin surface factor

S = Train speed

4.2.1.7 Jaqua Formula

Jaqua Formula considers many more factors than the other US models to predict the
number of accidents like type of train (n), number of trains (T), number of cars in the
train (C), AADT (V), speed of train (S), intersection angle, approach grade, curvature
of the highway, existence of entrances and exits to streets, number of blind quadrants,
number of lanes, number of tracks, speed of vehicles and trains, and street
intersections near a level crossing, Type of protection and area classification
(urban/rural).

| (Eq.14)
ACC5 = 22X where A= Y1, T, <(C"‘V) + V)

1610 '’ 3xS;

4.2.2 US Prioritization models

4.2.2.1 GradeDec.NET

The Federal Railroad Administration (FRA) developed GradeDec.NET in 2014 as a
web-based tool to support states and local authorities in prioritizing resource allocation
for level crossing projects. The application employs a cost-benefit analysis to assess
crossings for investment [66].

After inspection, 31 factors were found significant for GradeDec.NET which makes it
the level crossing assessment tool with the highest number of criteria in the US. The
model is designed to consider not just the existing traffic volumes of road and rail but
also predict future volumes and take them into account for prioritization. The model
focuses more on the traffic and operational factors of the crossing than the physical
factors. GradeDec.NET is considered a comprehensive model since it also includes
several economic and environmental factors for the cost-benefit calculation which is
the core of the model. The costs of the project, costs of accidents, costs of delay,
operating costs and environmental costs are all considered as significant in
GradeDec.NET.

However, social factors were not implemented as the model only takes the savings
from accidents as a monetized representation of the social benefits of consolidation.
The prediction of both the number and severity of accidents in GradeDec.NET are
based on the USDOT accident prediction model.
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4.2.2.2 Florida Priority Index Formula

Pasha et al. examined several accident and hazard prediction models to recommend
a model to be used for the level crossing consolidation in the state of Florida. The
models were evaluated using the chi-square statistic approach, grouping method of
crossings based on the actual accident data, and Spearman rank correlation coefficient
approach [67].

4.2.2.3 CPUC Priority Index Formula

CPUC Priority Index Formula follows a point system where every criterion is
designated a specific number of points and a priority index number is finally found
through a formula. The formula of CPUC Priority Index can be found in Appendix A.
Table 12 shows the points system that the index follows.

Table 12: Points system in CPUC Priority Index Formula

Main criteria Sub criteria Alternatives
ADT 1 per vehicle
Train Volume 1 per train
Light Rail Train 1 .
Volume per train
Number of accidents 3 per accident
Cost 1 per 1000%
Blocking delay 0-5
0-30 0
31-35 1
Road vehicles speed 36-40 2
limit (mph) 41-45 3
46-50 4
>51 5
0-25 0
26-35 1
36-45 2
Train maximum 46-55 3
speed (mph) 56-65 4
66-75 5
- s 76-85 6
Special Conditions >86 2
Sight distance 0-4
Skewed crossing
0-2
angle
Number of main 0-2
tracks
EIevated_surface 0-4
profiles
Parallel Road 0-1
Traffic signal within 0-1
200 ft
Entrance/exit within 0-1
100 ft
Raised median 0-1
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Main criteria | Sub criteria Alternatives

Track curvature 0-1

1-2 1

3-5 2

6-10 3

11-20 4

Passenger Train 21-30 5

Volume 31-40 6

41-50 7

51-60 8

61-70 9

>70 10

School buses 0-3
Passenger buses 0-3

Other Factors Hazardous material
0-3
trucks

Community impact 0-10

4.2.2.4 Kern County Grade Separation Prioritization Report

Kern county follows a model that considers both quantitative and qualitative criteria to
prioritize crossings for grade separation. The model assigns high priority for traffic
delay compared to similar models. Additionally, it considers economical and
community aspects such as feasibility and quite zone potential as well as future growth
predictions for road and rail traffic. The criteria considered are road traffic volume, train
volume, accidents in the last 10 years, Average vehicle delay, average queue length
per lane, constructability (feasibility), Traffic growth, train growth, geometrics, vehicle
speed, train speed, number of passenger trains, school bus routes, transit routes,
emergency vehicles routes, quiet zone potential and high-speed rail. Table 13
demonstrates scoring points for some of the quantitative measures in the Kern County
Grade Separation Prioritization model [68].

Table 13: Scoring system in Kern County Grade Separation Prioritization model [68]

Average Accidents Average Average Queue
daily Vehicle Delay | Length Per Lane | Points
. (10 years)
trains (sec/veh) .

0-2500 0-3 0 0-60 0-25 0
2501-5000 4-6 1 61-120 26-50 2
5001-7500 7-10 2 121-180 51-75 4
7501-10000 | 11-13 3 181-240 76-100 6

10001-15000 | 14-17 4 241-300 101-150 8
15001-20000 | 18-20 5 >300 >150 10
20001-25000 | 21-24 6 - - 12
25001-30000 | 25-27 7 - - 14
30001-35000 | 28-31 8 - - 16
35001-40000 | 32-34 9 - - 18

>40000 >34 >9 - - 20
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4.2.2.5 Grade Separation Priority Update Study for Alameda Corridor East
(Riverside County)

This prioritization methodology was developed by InfraConsult LLC in 2012 to rank
level crossings in Riverside County based on multiple criteria including safety, delay,
emissions, noise, and nearby grade separations. The weighting of criteria was based
on the judgement of a committee of experts. Table 14 demonstrates the weights of
factors for the approach [69].

The approach considers the highest value from each range for every criterion. For
example, If the APMV* value for a crossing was calculated as 0.16 but the LAPMV**
calculated as 12 then the crossing receives 1250 points for the safety criterion. The
model also considers both current and future delays.

The model gives higher priority to projects that have higher readiness and need less
further work and preparation. The three project elements recognized for measuring the
readiness of the project according to this model are:

e Whether or not environmental clearance is obtained
e Whether or not plans, specification and estimates is completed
e Whether or not right-of-way (ROW) acquisition is secured

The maximum scoring points from the main 8 criteria that any crossing can receive are
5000 points. However, there is a bonus criterion called “Isolated location” which
measures the accessibility of the level crossing. Any crossing that is located in an
isolated area where no alternative routes are available after consolidation or if the
consolidation significantly increases the out of distance travel for users; the crossing
receives an extra 250 points. Therefore, 5250 points are the maximum points any
crossing can have. The crossing with the highest points has the highest priority for
consolidation.

Table 14: Scoring system in Riverside County [69]

Criteria | Weight | Range 2 | Points
APMV* > 0.2 LAPMV** > 10 1250
0.15 < APMV*< 0.2 5 <LAPMV** <10 1000
Safety 2504 0.10 < APMV* < 0.15 3 <LAPMV** <5 750
0.05 < APMV*<0.1 1 <LAPMV** <3 500
0.001 < APMV* < 0.05 0 <LAPMV** <1 250
APMV* =0 LAPMV** =0 0
> 30 vehicle hours/day - 750
Existing 20-30 veh?cle hours/day - 600
: 15-19 vehicle hours/day - 450
Vehicle 15% -
Delay 10-14 ve_hlcle hours/day - 300
5-9 vehicle hours/day - 150
<5 vehicle hours/day - 0
Future > 150 vehicle hours/day - 750
Vehicle 15% 100-150 vehicle hours/day - 600
Delay (25 50-99 vehicle hours/day - 450
years) 25-49 vehicle hours/day - 300
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Criteria | Weight | Range 1 | Range 2 | Points

10-24 vehicle hours/day - 150
<10 vehicle hours/day - 0
Emissions 10% | Emissions score (0-100) x 5 - 0-500
Residential Noise score within 1600 ft Noise score within
: 10% 0-500
Noise (0-100) x 5 6400 ft (0-100) x 5
N ‘ > 1.0 mile - 500
eares 0.5 — 1.0 mile i 300
grade 10% -
separation 0.25-0.5 mlle - 100
< 0.25 mile - 0
Local 0 .
Priority 10% Local priority (1-25) x 20 - 20-500
All project elements i 250
completed
Pro!ect 506 2/3 project elements i 166.67
Readiness completed
1/3 project elements
completed ] SELEE
Bonus:
Accessibility i i ) =

*APMV: Accidents per million vehicles
*L APMV: Local accidents per million vehicles (within 250 feet of Crossings)

4.2.2.6 Railroad Crossing Assessment Tool (RCAT)

RCAT is a multi-criteria evaluation tool that was developed in 2019 by a research team
led by Olsson Associates to prioritize level crossings for grade separation projects
within a specific rail corridor. RCAT is considered one of the most modern and
comprehensive level crossing assessment tools in the US since it does not focus only
entirely on the factor of safety in the ranking of crossings but also takes into
consideration the economic, environmental and community livability factors and
produce weighted score for every level crossing through a series of calculations. 22
factors were found to be significant in RCAT [70].

RCAT has four main pillars that all contribute toward the final overall score of the level
crossing. Those pillars are the safety score, economic score, environmental score, and
the community score. A total of 29 criteria were identified in RCAT during review.

Safety score: Angle of intersection, distance to closest intersection, number of tracks,
Maximum timetable train speed, posted highway speed limit and Crossing surface are
the main factors considered as significant and therefore used to produce the safety
score. maximum train length and queue length were also identified as significant but
were not included in the model because of unavailability of data.

The safety score in RCAT is only an adjustment of the USDOT accident prediction
formula and is calculated for each type of protection as follows:
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= For level crossings with barriers: RCAT safety score = USDOT accident
prediction value + (0.017 x TS) + (0.017 x NHI) + (0.011 x CS)

= For level crossings with flashing lights: RCAT safety score = USDOT
accident prediction value + (0.047 x TS) + (0.005 x HS) + (0.005 x CS)

= For passive level crossings: RCAT safety score = USDOT accident
prediction value + (0.047 x TS) + (0.005 x CA) + (0.005 x CS)

Where:

TS = Maximum timetable train speed factor

NHI = Distance to nearby highway intersection factor
CS = Crossing surface factor

HS = posted highway speed limit factor

CA = Crossing angle factor

Table 15: factors of safety score in RCAT [70]

Variable Categories Factor Variable Categories  Factor

<10 Unconsolidated 1
10-20 0.2 Crossing Timber 0.5
Maximum 20-30 0.3 surface Asphalt 0
. . 30-40 0.4 Rubber -0.5
Timetable Train
Speed (mph) 40-50 0.5 Concrete -1
50-60 0.6 <20 -2
60-70 0.7 Posted 20-30 -1
>70 0.8 | highway speed 30-40 0
. <75 1 limit (mph) 40-50 1
neg'rsbtjﬂ‘i’;hfzay 75-200 | 05 | 50-60 2
[ 200-500 -0.5 Crossing <60 -0.25
>500 -1 Angle =260 0.5

Economic score: Includes quantitative and qualitative economic criteria such as
operating costs for personal and commercial vehicles that results from wasted travel
time and idling fuel costs. Also, the model considers factors like the economic impacts
on the population surrounding the LC based on population density, economic losses
to surrounding landowners, impact on land use, economic development opportunities
and supply chain savings.

Some examples of the scoring of qualitative economic factors of RCAT are
demonstrated in table 16.

Table 16: Example of qualitative economic factors scoring in RCAT [70]

| Supply chain savings | Score

Land use density |
Rural/Industrial

Impacts on land use
Industrial Trucks%: < 5%
- Trucks%: 6-10%

Trucks%: 11-15%
Trucks%: 16-25%

Suburban/Medium

residential density Suburban residential

Urban (City center, High
population density)

Urban (City center, High
population density)

Trucks%: >25%

g1 |l W NP
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Environmental score: RCAT takes into consideration a wide range of environmental
factors. The scoring of the environmental score is set according to the number of
environmental factors affected by the level crossing. In total, the model considers 15
environmental factors. For every three factors affected, the environmental score
increases by 1 with 1 being the basic score.

The 15 considered environmental factors are:

Coastal management areas

Critical habitat for threatened and endangered species
Wetlands

Wild and scenic rivers

Air quality non-attainment areas
Superfund sites

Tribal lands

Federal or state-owned lands

. Military installations

10. Historical properties

11.Parks and recreational areas
12.Low-income populations

13. Minority populations

14.Limited English-proficiency populations
15.Community severance

©CoNoO~wWNE

Community score: The community score in RCAT considers all the factors that
contribute to the quality of life of all residents surrounding the level crossing. This
may include their own safety in terms of risk of derailment and release of hazardous
materials. Additionally, the time savings of nearby population and the response
delays for emergency vehicles in the area.

Community livability factors and their scores are presented in table 17

Table 17: Community livability factors scoring in RCAT [70]

Variable | Categories | Score

210
25-40
Maximum Timetable Train Speed (mph) 40-60
60-80
>80
<35
35-40
Posted highway speed limit (mph) 45-50
55-60
265
<5
Large vehicle exposure (Trucks %) 5-9
10-14

= =
o|rNGloo|~NEloosN
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Variable | Categories | Score

15-19 8
=20 10
. Yes 1
Presence of hazardous train cars

No 0
. . o Low 1

Population density within 1/2 r .
m(i)lguo?tc?osg?ngs v /2 sauare Me;llum 3
High 5
Presence of Vulnerable populations Yes 1
within 1/2 square mile of crossing No 0
Presence of police station, fire station, Yes 1
or hospital within 1/2 mile of crossing No 0

4.2.3 Summary of US models

Itis clear that the US models developed over the years since the first Peabody Dimmick
Formula in 1941 and gradually increased in complexity to include more significant
factors. The simplicity of the first models is appealing but at the same time makes them
hardly applicable for highly complex modern traffic networks due to their shortcomings
in terms of prediction precision and risk elimination capabilities. Additionally, the older
models were rarely updated to involve the technology advances in protection systems.

Many attempts were made to improve and eliminate the shortcomings of existing US
models. One of the significant suggested models was the negative binomial regression
model by Austin and Carson [62]. After studying the accident data of 80962 US
crossings, their result model adopted new criteria such as the crossing surface and
pavement markings (stop lines) after spotting an increase in accident probability at
paved crossings compared to gravel. The authors suggested that such criteria might
not be independent as paved crossings are usually located where traffic volumes are
higher. A remarkable finding was also that only nightly train volume influenced the
accident frequency instead of the total train volume which gave special importance to
the number of crossing vehicles at particular timings. Such finding can be further study
to suggest partial level crossing closures to train traffic at certain times such as night
train ban of the day as an alternative to full consolidation.

Qureshi et al evaluated 7 selected states models to improve the Missouri exposure
index formula that was unchanged since 1970°s. The consultations of an expert panel
resulted in the decision to combine the Kansas Hazard Rating Model with the original
Missouri El to create the modified Missouri EI [71].

A creative approach to the prioritization process of level crossings was developed by
Arellano et al. and adopted by the North Carolina Department of Transportation
(NCDOT). Instead of taking each crossing separately, the authors proposed a
methodology that focuses on freight corridors. The suggested framework provides an
advantage of considering and improving the overall system rather than specific
crossings [72].
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In this project, 65 US models were reviewed with a majority of them being currently
applied national models within states in addition to 10 research models. The results of
the inspection of models adopted nationally show that some factors were present
abundantly such as AADT which was detected as a factor in almost all national models
except the formulas of Detroit, Mississippi, and Alameda Corridor East. Similarly, the
daily train volume factor was heavily present in almost all models except four. In
addition to Mississippi and Washington models, the daily train volume factor was
missing from the consolidation rating formula in lowa but present in the accident
prediction formula of the state.

Out of reviewed US national models, the factor of type of protection was identified as
significant in 74% of the models, accidents history in 72% of models, train speed in
62% and number of tracks in 60% of the models. Figure 23 shows the top 10 factors
used in national US models.

Top 10 factors used in US national models
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Figure 23: Top 10 factors used in US national models
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The US prioritization tool that included the highest number of factors was
GradeDec.Net with 31 criteria while Mississippi Formula was found to be the simplest
as it uses two parameters only to calculate risk which are sight distance and accidents
history.

A complete overview of the criteria identified in the reviewed US models and research
is presented in Appendix B.

4.2.4 Risk and consolidation models in Canada

Governments in Canada paid a special attention to improving level crossings since
the early 1900°s as it was reported that in 1909 the "Railway Grade Crossing Fund’
was established. One of the first attempts to create a hazard index for Canadian level
crossings was done by Zalinger et al. in 1977 with the development of an integrated
hazard regression model. Their work identified a small number of factors (12 only) to
be significant and rejected 5 other factors [73].

54



Efforts to create a Canadian model for risk assessment and prioritization of level
crossings were pushed further in the early 2000°s after The Canadian Transportation
Safety Board (TSB) reported that level crossing accidents cause 45 fatalities and 60
injuries yearly. As a response, Transport Canada created a nationwide program called
"Direction 2006" that aims to reduce level crossing accidents by at least 50% by 2006.
Therefore, it was necessary to create tools that helps with the resource allocation and
prioritize the highest risk crossings in the country [74].

Although the program failed to meet its 50% accident reduction goal since by 2006, LC
accidents and trespass incidents were reduced by 26% and 34% only respectively, the
program accelerated the efforts to create risk models and prioritization tools
significantly [75].

One of the main efforts to create an accident prediction model during the early 2000°s
was the model for evaluating countermeasures developed by Saccomanno and Lai.
The researchers first selected the significant factors to be included in the model based
on statistical review of LC and accidents data in Canada. Then according to the
identified factors, level crossings were grouped in 4 different groups [76]:

e Group 1: Crossings with high road volumes and equipped with active
protection. Crossings with the highest scores in this group are usually located
in urban areas.

e Group 2: Crossings with high train volumes and speeds. Road volumes are low.
These crossings are a mix of active and passive devices and are usually found
in rural areas on secondary highways.

e Group 3: Crossings with low road and train volumes, equipped with passive
protection. These crossings are found in suburban and rural areas with shallow
intersection angles and whistle prohibitions.

e Group 4: Crossings with low road and train volumes, and low vehicle speeds.
These crossings are also found in rural areas with angles of intersection that
exceed 70°.

Following the grouping of crossings, the authors developed the collision prediction
model using Poisson regression but when the results were unsatisfactory it was
decided to implement the negative binomial method which yielded more accurate
results after being validated using a chi-square goodness-of-fit test.

4.2.4.1 GradeX

The efforts of program "Direction 2006~ were crowned with the development of a web-
based risk assessment and decision-support tool for Canadian level crossings called
"GradeX” by a team of engineers from the University of Waterloo.

GradeX is based on a research model developed by Saccomanno et al. in 2004 in
which a model to predict number of accidents and consequences for crossings was
designed. Crossings with unacceptable risk levels were later referred to as
“Blackspots” or "hotspots” in the model and prioritized for consolidation [74].
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GradeX model is a based on statistically-driven approaches. Users can choose the risk
assessment methodology to be implemented from four options: accident history, or
accident prediction modelling using binomial equations, or accident prediction using
Empirical Bayes methods, or relative risk through comparing crossing specific risk to
the average risk of similar crossings.

After the potential high-risk level crossings (hotspots) are identified using data from
national crossing and accidents databases, GradeX runs a detailed safety assessment
and ranks crossings in a finalized hotspot list. The model then designs a list of
recommended countermeasures to be applied at each crossing according to its
individual risk assessment.

GradeX has also the advantage of including the economic factor by calculating the
costs of accidents, fatalities, and injuries.

A complete overview of the criteria identified in the reviewed Canadian models and
research is presented in Appendix B.

4.2.5 Additional factors in North American research and studies

Most often, resource allocation methodologies focus on safety factors and neglect
economical or environmental factors. Nevertheless, Schrader and Hoffpauer designed
a resource allocation model for Arkansas that is built upon 7 quantitative and qualitative
factors. In addition to safety, the often-neglected factors of noise, community cohesion,
delay, accessibility, connectivity, and geographic distribution were considered [77].

Remarkably, the work of Schrader and Hoffpauer invented the concept of community
cohesion which measures the dependency of the community in each half of the
crossing on the other. The authors provided three alternatives to quantify cohesiveness
based on the desire of community A to travel to B and desire of B to travel to A. The
alternatives are namely full cohesive communities where both sections depend on
each other (CCF=0), non-cohesive communities where both neither section need the
other (CCF=1) and semi-cohesive communities where one section needs the other
(0<CCF<1).

Additionally, Schrader and Hoffpauer used the concept of accessibility as a factor in
their suggested model. Accessibility is defined as the additional distance to be travelled
when the crossing is closed. The distance is naturally greater in rural areas than urban
areas since road intersections are more and closer within cities. Therefore, the removal
of a level crossing in a rural area could have greater effects on the surrounding
community in terms of distances travelled and time delays which translates into
economical disadvantages for the residents. Hans et al. suggested a similar factor in
their model for lowa state under the name of “out of distance travel” [78].

The factors that Schrader and Hoffpauer used in their model are Population within 0.83
km (P), Average daily train traffic (ADTT), Community cohesion (CCF), Average train
length in km (L), Train speed (S), signal activation time in mins (AT), AADT, average
duration of delay in mins (D), Difference in distance as a result of detour (D1-D2), road
classification (FC), number of highway-railway grade separations per km along the
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railroad subdivision (GS), total number of at-grade and grade-separated crossings per
km along the railroad subdivision (TC) and type of warning device (XD). In addition,
Peak trains per day, number of main tracks, existence of highway pavement, number
of highway lanes and number of accidents are needed to predict accidents per year
(A). The factors are demonstrated in the following formulas:

e Noise: NF = £2x4PTT (Eq. 15)
1000%250
e Community cohesion: CCF = 1 — Z’A—‘B (Eq. 16)
B-A
Lx60 4 AT+0.1667|xADTT Eq. 17
e Delay: DF = s Ao paDTx 2 (Eq.17)
leéo 60 480
o Accessibility: AF = == (Eq. 18)
e Connectivity: CF = 222% (Eq. 19)
20000
e Geographic distribution: GDF = 1 — % (Eq. 20)
o Safety: SF = = (Eq. 21)

XD
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4.3 Australia and New Zealand

4.3.1 Australia

Australia faced a severe problem with level crossing accidents in the late 1990°s
particularly in accidents where a pedestrian is hit by a train which made 53% of all
railway fatalities in that period. This resulted in a series of governmental measures
being taken to control risks at level crossings such as launching public awareness and
media campaigns, introduction of level crossing monitoring using CCTV and increased
funding for level crossing safety research. The efforts were finally crowned with the
introduction of the Australian Level Crossing Assessment Model (ALCAM) in 2003 [43].

In 2015, a special authority was formed to supervise and manage level crossing
removal projects under the name "Level Crossing Removal Authority (LXRA)" and a
major 10- year project was initiated with the aim of removing 85 level crossings by
2025. 66 Level crossings were removed as part of the program so far.

4.3.1.1 Australian Level Crossing Assessment Model (ALCAM)

ALCAM is the successor of the Risk Based Scoring System (RBSS) which is the first
prioritization model developed in Australia in 1999. It was decided that ALCAM will be
adopted in all Australian states in May 2003 after all transport ministers agreed to
implement ALCAM as the main risk assessment model in their states. New Zealand
joined the ALCAM group and started implementing the model as its national model in
2007 before switching to an improved and country-specific version of it called LCSIA
in 2016.

ALCAM includes a large number of traffic, physical and safety factors. In this study, 44
factors were identified in ALCAM; more than any US model. The weighting of factors
of ALCAM was done using the judgement of experts with a panel of experts from
Australia and New Zealand.

ALCAM produces a risk score for every level crossing. The risk score is the product of
multiplication of three individual factors which are the infrastructure factor, the
exposure factor, and the consequence factor. The infrastructure factor reflects the
contribution of physical characteristics of the crossing towards the yearly accidents
rate. The exposure factor considers the train and users volumes along with other traffic
and operational characteristics. The consequence factor represents the types of
expected injury types resulting from accidents.

ALCAM Risk Score = Infrastructure Factor x Exposure Factor x Consequence  (EQ. 22)
Factor

The infrastructure factor is calculated in ALCAM by multiplying the raw infrastructure
factor by an infrastructure modifier. The raw infrastructure factor indicates how much
does the physical characteristics of the crossing influence the accidents mechanism.
The raw infrastructure factor has a maximum value of 800 and could be obtained from
two matrices called the “characteristics matrix” which represents the physical
characteristics of the crossing and the “controls matrix” that represents the type of
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protection. In both matrices various accident mechanisms are implemented and
weighted using 6X6 probability matrix that consists of occurrence and collision
probabilities. The occurrence probability reflects the likelihood of occurrence of the
accident mechanism while the collision probability reflects the likelihood of an accident
to occur when the accident mechanism happens. This results in a weighting score
between 1 and 36.

The raw infrastructure factor is multiplied then by an infrastructure modifier to get the
infrastructure factor. The infrastructure modifier is a linear equation that was
determined using 10 years of accident data. The equation is different for every type of
protection at LC. The multiplication of the raw infrastructure factor by the infrastructure
modifier produces an infrastructure factor with a baseline of 1. This means that any
value obtained over 1 translates to increase in risk. For example, If the infrastructure
factor was calculated to be 1.08, then the LC has a crash risk of 8% more than the
baseline.

For the exposure model, the first version of ALCAM adopted a simple linear approach
by multiplying the volume of daily trains by AADT. However, it was found later that this
approach did not produce very accurate predictions. Therefore, a number of
international exposure models from USA, UK and Australia were investigated and it
was decided to adopt the Peabody Dimmick Formula from USA as the exposure model
of ALCAM. However, the linear approach is still used for pedestrian crossings.

The number of predicted accidents per year could be calculated by multiplying the
infrastructure factor by the exposure factor. The probabilities of individual accident
scenarios are calculated with the aid of the consequence factor. The consequence
factor is obtained from an event tree that assigns a probability for different accident
scenarios. Due to the events tree approach, ALCAM is able to predict the probability
of various accident scenarios such as fatalities, injuries and minor injuries, train
derailment, damage to railway equipment or infrastructure, train colliding with another
train, the risk of release of hazardous goods, and the probability of fire.

The level crossing could be ranked based on the risk score obtained by multiplying
infrastructure, exposure, and consequence factors. However, ALCAM provides
another advantage of treating level crossings based on individual factors since level
crossings are distributed according to each factor into five bands that each involves
20% of level crossings. This helps identify where exactly does risk come from. For
example, if a level crossing was in the lower band (safest) for infrastructure factor,
exposure factor and overall risk score but was in the high band (highest risk) for
infrastructure factor, it indicates that this LC has a very poor infrastructure and requires
an upgrade in this particular branch. Although it could be useful to look into and rank
crossings by individual factors but using the overall ALCAM risk score remains to be
the best and most comprehensive way of ranking [44].

ALCAM has an additional advantage that it includes a separate model to calculate risk
at pedestrians only crossings with a separate set of factors.
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Figure 24: ALCAM structure [44]

4.3.1.2 The Multi-Criteria Approach (MCA)

In 2009, Taylor and Crawford were tasked by the Victorian Department of Transport to
create a methodology to rank 177 crossings in Melbourne for grade separation. The
developed methodology was based on multiple quantitative and qualitative criteria from
various non-safety related aspects including economic, social, and environmental
aspects [79].

The weights of criteria in the model were derived using the judgement of three groups
of railway and road engineers. Each group was asked to assign a percentage of
importance to each criterion and sub-criteria and the average percentage from the
inputs of all three groups was taken as the weight of criteria.

Table 18 summarizes the selected factors of the MCA model and the final weights of
criteria:

Table 18: Weights of criteria in MCA approach [79]

Main Criteria | Sub Criteria Type ‘ Weight
Economic Benefit-cost ratio Quantitative | 36.7%
Risk of death or injury Quantitative | 9.3%
Community severance Qualitative 4.1%
Visual amenity Qualitative 2.1%
Social Noise amenity Qualitative 2.1%
Development opportunities Qualitative 3.1%
Connectivity/Accessibility Qualitative 6.2%
Impact on sites of social significance | Qualitative 3.1%
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Main Criteria | Sub Criteria Type ‘ Weight
Energy consumption and emissions | Quantitative | 9.7%

Environmental - .
Local nature environment Qualitative 1.9%

Strategic fit Road network operating objectives | Quantitative | 21.7%

The Benefit-cost ratio is calculated based on the project costs and other economic
benefits that could be gained from the implementation of a grade separation project
such as savings in travel time for road users based on the calculation of expected
future delay, savings in vehicles and train operating costs, and accidents savings
based on accidents and near misses history.

All criteria were given a score that represents the foreseeable change (improvement
or worsening) resulting from replacing the current LC with a grade separation. For
example, for the visual and noise amenity factors, each possible project type was
assigned a score between -5 and 5. Rail underpasses were determined to provide the
best improvement to the visual and noise situation and were assigned a +5 score.
Road underpasses were determined to be a good solution also and were assigned 3
points. On the contrary, rail overpasses were determined as a negative solution for
noise and visual amenity and were assigned a -3 score for visual amenity and -5 for
noise amenity. Road overpasses were also determined negative and received -3 for
noise and -5 for visual amenity [79].

The MCA model deducts points from projects that have a high impact on neighbor sites
of social significance that might be removed as part of the project. For example, If the
projects result in removing two or less local sites then 1 point is deducted. If multiple
local sites will be impacted, then 2 points are deducted. If the project impacts a
shopping or activity center, then 3 points are deducted. 5 points are deducted if the
project requires the removal of highly important site that could lead to community
concern such as heritage sites, churches, and community facilities.

As for the environmental criteria, the Energy consumption and emissions factor
accounts for the improvements or worsening in predicted rates of consumed energy,
emitted greenhouse gases and overall air quality. Meanwhile, the Local nature
environment factor is a qualitative factor of the impact of the project on the surrounding
environment such as whether a significant number of trees will need to be removed
and if nearby water bodies will be impacted.

4.3.2 New Zealand

4.3.2.1 Product Assessment Model

The attempts to create a risk assessment formula and a prioritization methodology in
New Zealand began in the 1980°s with the development of the "Product Assessment’
formula which relied on a number of factors such as number of day and night trains,
daily road vehicles volume, view factor, number of tracks and accidents history to
determine a risk score for each crossing [43].
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Product Assessment = [(2xTD) + TN] x RV x VF x HF (Eq. 23)

Where:

TD = daily trains volume

TN = Night trains volume

RV = daily road vehicles volume

VF = View factor

HF = Hazard factor (1 for single track, 1.25 for mainline track plus sidings, 2 for second
line or loop track)

The authorities in New Zealand used to prioritize crossings that score 10,000 or more
in Product assessment for upgrade to lights and bells. In addition, if the crossing scores
50,000 or more it was prioritized for upgrade to half barriers [43].

4.3.2.2 Accident Prediction Model

In 2002, a new statistically driven methodology was developed based on accidents
data specific to New Zealand’s level crossings. The model is very simple and considers
only traffic volumes of rail and road and the type of protection. The model predicts only
the number of yearly accidents with injuries at the crossing with no regard to detailed
consequences modelling [43].

Ar = bo x (daily trains volume)b! x (road vehicles volume)b? (Eq. 24)

Where bo, b1 and b2 are factors extracted based on type of protection.

4.3.2.3 Australian Level Crossing Assessment Model (ALCAM)

New Zealand used the Accident Prediction Model for 5 years only before it was decided
to adopt the ALCAM model from Australia in 2007 and include the accidents database
of New Zealand in the ALCAM model calculations. The details of ALCAM are explained
in detail in section 4.3.1.

New Zealand continued to rely on ALCAM as its national model for risk assessment of
level crossings and for prioritizing crossings for consolidation and upgrade projects for
9 years. It was realized in 2016, that results that ALCAM model provide were not
optimum and the level of prediction accuracy was determined as unsatisfactory by
KiwiRail. The factors and weights adopted in ALCAM were more suitable to Australian
conditions and did not reflect the required safety levels in New Zealand in equal
manner. KiwiRail also identified a number of general shortcomings in ALCAM that
limited its capabilities such as ignoring the judgement of experts and railway engineers
in the selection process of crossings and the disregard to the surrounding transport
network. Moreover, the risk assessment methodology in ALCAM was not reflecting the
changes in infrastructure and advancement in protection systems technologies [45].

Therefore, KiwiRail decided to develop a new model specific for New Zealand’s level
crossings that is based on ALCAM with alterations of factors weights and introduction
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of new factors that reflects better the specific conditions at New Zealand's level
crossings. The new model in New Zealand for level crossings risk assessment and
prioritization was named ‘the Level Crossing Safety Impact Assessment model
(LCSIA)".

LCSIA is different than ALCAM in three main fields [45]:

% ALCAM is designed based on general accidents data from New Zealand and
Australia but does not consider individual crash history of each level crossing.
This point was improved in LCSIA with the introduction of a Crash and Incident
History Analysis for each level crossing. LCSIA includes the number of
accidents and a detailed consequences modelling that considers beside
fatalities and injuries the incidents of near misses and specific types of incidents
such as when a driver drives through barriers.

% Including the judgement of railway experts and engineers in the safety
evaluation process of LCSIA while it is ignored in ALCAM.

% Including surrounding transport network in LCSIA while it is disregarded in
ALCAM.

4.3.2.4 The Level Crossing Safety Impact Assessment Model (LCSIA)

The risk rating of crossings in LCSIA is determined through the Level Crossing Safety
Score (LCSS). LCSS has a maximum score of 60 in which a higher score indicates a
higher level of risk. The risk score calculated through ALCAM has a weight of 50% of
the LCSS score.

LCSS score is the combined result of the following scores:

e ALCAM score (30 points)

e Crash and incident history score (10 points)

e Site-Specific Safety Score (SSSS) (10 points)

e Railway and road engineers’ risk assessment score (10 points)

Based on the results of LCSS, level crossings are classified into 5 different risk bands:

e High (LCSS score: 50-60): The riskiest level crossings. The potential of fatalities
and serious injuries accidents to occur is high.

e Medium-High (LCSS score: 40-49): risky crossing with a medium-high potential
of fatalities and serious injuries accidents to occur. Level crossing is surrounded
by several safety concerns.

e Medium (LCSS score: 30-39): crossing with a medium potential of fatalities and
serious injuries accidents to occur. Level crossing is surrounded by some safety
concerns.

e Medium-Low (LCSS score: 20-29): relatively safe crossing with a medium-low
potential of fatalities and serious injuries accidents to occur. Level crossing has
few safety concerns.
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e Low (LCSS score: <19): safe crossing with a low potential of fatalities and
serious injuries accidents to occur. Level crossing rarely has any safety
concerns.

The laws in New Zealand state that constructing new level crossings is strongly
discouraged. However, any newly constructed LC must be at the Low or Medium-Low
bands of LCSS score. The existing crossings that are selected for upgrade are
recommended to be upgraded to achieve a LCSS score of 29 or less.

The scoring methodology of the four LCSS scores to obtain the final LCSS score is
performed in the following manner.

A- ALCAM score

The details of calculation of ALCAM risk score are explained in section 4.3.1. LCSIA
assigns risk points to level crossings according to their ALCAM risk band following the
ranking performed by ALCAM. LCSIA risk points are assigned as follows:

Table 19: LCSS score based on ALCAM score

ALCAM . Medium- . Medium-
Risk Band ‘ Al ‘ High ‘ MIEE L ‘ Low ‘ o
LCSS 25-30 19-24 13-18 7-12 1-6
Points

B- Crash and incident history score

This score is the summation of the Crash Analysis System (CAS) score, Integrated
Regional Information System (IRIS) score, and New Zealand Road Assessment
Programme (KiwiRAP) score. However, if any fatal crash occurred at the crossing in
the last 10 years, the crossing gets the full score of 10 automatically.

The three scores are obtained using 10 years of accident data. The IRIS score
depends directly on the number of crashes as each crash scores 1 point with a
maximum of 10 points. The CAS and KiwiRAP scores are calculated as follows:

Table 20: CAS and KiwiRAP scores

CAS score \ KiwiRAP score | Points

No accidents - 0

Non-DS| accidents*=1 KiwiRAP collective rl_sk band: low, 1
medium-low, or medium

Non-DS| accidents*=2 KiwiRAP collective risk band: medium-high 5
for a nearby road

Non-DSI accidents*=3 KiwiRAP collective risk band: high for a 3
nearby road

Non-DSI accidents*=4 or KiwiRAP collective risk band: medium-high 4

Serious Injury accidents=1 for the LC road

Non-DSI accidents*=5 or

Serious Injury accidents=2 or | KiwiRAP collective risk band: high for the

) : ) - 5
(Serious Injury accidents=1 LC road
and non-DSI accidents*>3)
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* Accidents that does not involve any fatalities or serious injuries

IRIS score+CAS score+KiwiRAP score (Eq. 25)
2

Crash and incident history score =

C- Site-Specific Safety Score (SSSS)

The SSSS includes four factors in the calculation of score which are: Queuing (Q),
Nearby intersections (NI), Grounding out (GO) and compliance rate (CR). Queuing
factor depends on the percentage of time in which queues are formed during peak
hours. Nearby intersections factor depends on the existence of nearby intersections,
the number and location of legs of intersection and queues likelihood. Grounding out
factor depends on the history of grounding out incidents, nearby intersections, trucks
percentage, and AADT. The compliance rate score gives a score based on the
compliance rate of users, type of protection and visibility condition.

For pedestrian-only crossings the factors selected for SSSS are: Crossing type (CT),
Flange gaps (FG), Volume of vulnerable users (VU), Distraction or inattention factor
(DI) and cycle patronage (CP). The crossing type factor depends on type of protection,
visibility condition and availability of signs. The flange gap factor was included to
account for risk of wheel entrapments for pedestrians on wheels including wheelchair
users, scooters, baby prams, rollerblades, roller skates, and skateboards. The size and
condition of flange gaps are used to determine the score. The vulnerable users factor
includes visually impaired, school children, physically disabled, elderly, and intoxicated
users. However, in case of school children, if the crossing was supervised by an adult
during peak crossing periods the score is reduced by 50%. The factor of distraction is
based on whether the crossing is located on Urban or rural area and the number of
pedestrians and cyclists. The factor of cycle patronage is directly related to number of
daily cyclists. Table 21 demonstrates an example of the scoring system for the
pedestrians-only crossings SSSS.

Table 21: Example of SSSS scores in LCSIA for pedestrian crossings

Number of daily vulnerable users | Cycle Patronage: number of daily cyclists | Score

0 0 0
<10 <20 1
11-20 21-50 2
21-35 50-100 3
36-50 101-200 4
51-75 >200 5
76-100 - 6
101-140 - 7
141-170 - 8
171-200 - 9
>200 - 10
SSSSZQ score+ NI score -;-50 score +CR score (Eq. 26)
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CT score + FG score + VU score + DI score + CP score (Eq. 27)
3.5

SS58SPedestrian /Cyclist crossings =

D- Railway and road engineers’ risk assessment score

The Railway and road engineers’ risk assessment score is determined by consulting
one Railway engineer and one Engineer from Road Controlling Authority (RCA). Each
engineer gives a risk rating for each studied crossing. The railway engineer gives a
score out of 10 while the roads engineer gives a score out of 5. The score is a
combination of both scores given by the two engineers with an advantage in weight in
favor of Railway engineer (2/3) compared to the road engineer (1/3) on the basis that
railway engineers are more involved and get exposed more to level crossing projects.
The overall score has a maximum of 10 points [45].

Railway engineer score + RCA engineer score (Eq. 28)

Engineers assessment score = =

A complete overview of the criteria identified in the reviewed models and research from
Australia and New Zealand is presented in Appendix B.
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4.4 Europe

A level crossing consolidation program exists in Belgium and is funded from the
infrastructure authority’s overall budget. Meanwhile, the situation in France is similar
to Germany when it comes to legislations related to level crossing closure. However,
the rate of consolidation is much slower in France compared to Germany as only 572
level crossings were consolidated in the period from 2013 to 2019 with an average of
82 level crossing per year. The rate of consolidation in France is 3.66% annually
compared to 16% in Germany [80]. The reason of the slow level crossing removal rate
might be the absence of any governmental-funded consolidation program. However,
the governmental interest in safety at level crossings has increased in France since a
tragic accident in 2017 between a school bus and a train that led to life loss of 6
children. In 2018, SNCF Réseau spent €51.8 million for the removal of level crossings
[81].

The funding of such projects is endured mostly by local and regional public bodies
which bears almost 70% of the funding [82]. Like Germany, the prioritization of projects
in France is subject to prior safety data and the judgement of experts.

In Ireland, the closure of level crossings is financed by the government which considers
the closure of level crossings and risk elimination a priority. The prioritization of projects
is assigned to the national railway network operator larnréd Eireann which applies a
safety performance-based risk model [82].

In the Netherlands, the focus is more directed towards upgrading level crossings rather
than consolidation due to difficulties in planning a grade separated alternatives
because of the topography of the country [82].

Sweden has its own level crossing consolidation and upgrade program supported by
the Swedish government. However, the funds are allocated on the basis of no formula
or model. The distribution of costs is determined by negotiations between the
infrastructure operator, the highway authorities and local authorities [82].

In the United Kingdom, there is no single agency responsible for the consolidation of
level crossings nor a defined procedure for such process. Any initiative is probably
initiated by Network Rail but other non-rail industry bodies have also the right to initiate
a closure project. A level crossing closure order is also possibly acquired from the
magistrate’s court with the approval of Secretary of State [82].

A number of joint efforts in Europe to produce a methodology of level crossing risk
assessment were made throughout the last years. The most remarkable was the Safer
European Level Crossing Appraisal and Technology (SELCAT) project which was
performed under the patronage of EU as a joint effort between several European
countries. The project aimed to gather information and experiences from around the
world related to the safety of level crossings with the goal of benefitting from the
international experiences in the application of advanced technologies and
methodologies that may raise the safety situation at European level crossings.

The challenge was to develop a model that can quantify risk at different countries with
different characteristics and safety situation. The developed model measures the
operational and safety impacts that results from introducing new technologies.
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Another joint effort was done in 2018 as researchers from Czech Republic, Austria,
and Hungary joined efforts to create accident prediction models for the three countries.
The authors then compared the three resulting models to identify the differences in
significant criteria between the countries. A summary of the findings regarding the
significance of criteria studied and a comparison between countries is presented in
table 22 [83].

Table 22: Significance of factors for Austria, Czech Republic, and Hungary [83]

Criteria Austria Hungary

Road traffic D . .
Traffic volume Significant Significant Significant
exposure Rail traffic Significant Significant Significant
volume
Roal(ijn?i[t)eed Significant Not significant  Not significant
Speed Ralllirsr'ﬁfed Significant Not significant  Not significant
Speeding S L N
above 60 km/h Not significant Significant Not significant
Risk of poor
visibility due to S D N
Visibility vertical Not significant Significant Not significant
alignment
SIesige[S e Not significant  Not significant  Not significant
. Angle qf Significant Not significant Significant
intersection
Distance to
nearest A o L
Physical intersection up Significant Not significant  Not significant
characteristics to 50m
Road width SNl Not significant
Road
pavement / Not significant  Not significant  Not significant
marking

4.4.1 United Kingdom

In Europe, the most extensive efforts to design risk and prioritization models for level
crossings were made in the United Kingdom. The first attempt was in 1996 when the
Automatic Level Crossing Model was introduced to assess all British level crossings
annually and select candidates for upgrade or improvements. This model was the
corner stone for the development of a more comprehensive risk model in 2003 that is
still implemented till this day in UK and is called the “All Level Crossings Risk Model
(ALCRM)” [43].

In comparison with ALCRM, the Automatic Level Crossing Model is a simpler model
and revolves only around safety risks. Using the Automatic Level Crossing Model is
easy as the model was designed as a spreadsheet with a simple user-interface. The
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user is asked to enter the crossing details, traffic volumes, types of users and train
details and the model then predicts number and severity of accidents annually at each
crossing using fault and event tree analysis using the concept of “time window'. This
concept considers mainly the number of road users and trains, their speed and total
daily closure time of the crossing and assumes the time users spend inside crossing
area as an indication to the likelihood of a collision. The Automatic Level Crossing
Model also includes a simple derailment prediction [43].

However, due to its simplicity and many limitations, the Automatic Level Crossing
Model was later replaced by ALCRM in 2006. The main shortcomings of the Automatic
Level Crossing Model that incentivized the change were that the model was exclusively
limited to automatic crossings with no possibility to assess passive crossings. The
model was also based on outdated data which made the development of a modern
updated model after 10 years of use necessary [43].

Both ALCRM and the Automatic Level Crossing Model are complex weighted factor
models. However, ALCRM is considered to be better. The two main advantages of
ALCRM over the Automatic Level Crossing Model is the inclusion of all types of
crossings and the introduction of a cost-benefit analysis.

Unlike the Automatic Level Crossing Model, ALCRM is based on the concept of
“choking” introduced by Prof. Stott rather than "“time window". This concept is based
on the idea that the probability of a vehicle to get involved in a LC crash decreases if
it was not the first to arrive after activation based on the argument that drivers are more
effected by vehicles ahead than protection or safety devices. Therefore, a vehicle using
a LC located in a high traffic frequency area has a lower probability of a crash than in
a moderate traffic area. The suggested “choking” concept by Prof. Stott for automatic
level crossings is shown in figure 25. However, for passive crossings a linear model is
applied.

A more detailed derailment consequences module based on the geographic layout of
the LC is involved in ALCRM too.
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Higher traffic levels:
Queuing frequently occur:

Moderate traffic levels:
Queuing ccur at the

Opportunities for the 1st vehicle arriving just before the train

Mean flow (vehicles/second)

Figure 25: ‘Choking’ concept by Prof. Stott [84]

ALCRM revolves around three main accident scenarios which are accidents between
trains and road users, accidents between road users and LC equipment, and road user
incidents (No collision).

To compliment ALCRM, RSSB introduced in 2006 another web-based tool called the
“Level Crossing Risk Management Toolkit (LXRMTK)” that explores human factor risks
at level crossings and presents information for practitioners and the public about
measures to reduce risk. The main goal of the tool is to help designers and engineers
to implement cost-effective measures that effectively eliminates certain human
behavior risks at level crossings without the necessity of major solutions or projects.
Therefore, LXRMTK was selected to support the cost-benefit analysis implemented in
ALCRM. Moreover, LXRMTK was introduced with the intention of raising awareness
and influencing public behavior. The tool is designed under the concept that the vast
majority of accidents at level crossings occur because of human errors or violations
[85].

Another model used in UK is the Event Window Model which was designed by Halcrow
to help Network Rail select which level crossings in the West Coast Route
Modernisation project are to be kept, consolidated, or upgraded.

The algorithm of the Event Window Model is different than the other UK models as it
does not rely on fault and event trees but rather the ~ Monte Carlo simulation model
that is based on the concept of randomness in arrival for train and road users. The
Event Window Model produces a prediction of number of yearly fatalities for each level
crossing. One of the main shortcomings of the model is the absence of consequences
variety since the model assumes that all collisions result in fatalities.

Another major difference between the Event Window Model and other UK models is
that it does not use Accident history to predict the number of fatalities but rather
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calculates the probability of a human error to occur based on some input parameters
using HEART (Human Error Assessment and Reduction Technique) analysis. For that
reason, the numbers and consequences of previous accidents are irrelevant for the
determination of predicted future fatalities at any level crossing using the Event
Window Model.

4.4.2 Ireland

Two prioritization tools were developed in Ireland since mid-1990°s to prioritize Irish
level crossings. The first attempt was the Level Crossing Prioritisation Tool developed
by Arthur D Little as a tool to create risk model for crossings to assess their
performance. This model was developed in a similar manner to the UK"s Automatic
Level Crossing Risk Model. Accidents history and traffic moment form the basis of this
model in addition to several significant factors such as approach grade, sight distances,
temporary sight obstructions such as low sun, road width, train and vehicles speed,
vulnerable users, and hazardous goods.

The model works by calculating an individual risk of fatality and collision rate after
inserting the required inputs of crossing data. Then the crossings are assigned to three
bands based on the calculated risk of fatality [43].

= Black band: Risk of fatality = 1/10000 per year. This risk is considered
intolerable and requires special solutions to improve safety.

= Grey band: For crossings with a risk of fatality between 1/10000 and 1/20000
per year or a collision rate = 1/100 per year. Crossings in this band require
further evaluation from safety engineers to decide necessity of improvement.

= White band: Risk of fatality < 1/20000 per year and a collision rate < 1/100 per
year. Crossings in this band are generally safe and have low priority for
improvements.

The second attempt was in 2003 when the “Network Wide Risk Model” was introduced
as a model to aid in the resource allocation process for all railway projects including
level crossing improvements.

Since the model was designed to create risk models for all railway hazards, it is not
very specific to level crossings, and this reflects on the input data required as they are
more general. For example, the model gives a special significance to factors such as
train speeds, train types, and train and vehicles volumes. The model is also general
with calculation of risk at level crossings as it does not calculate risks on each individual
crossing but rather gives the same risk value for all crossings on the same line since
the model does not consider the individual physical factors of crossings in the
assessment process.

The model prioritizes investments based on a cost-benefit analysis using data obtained
from the risk model. The risk model performs fault and event trees analysis with a
variety of accidents consequences to calculate fatality and individual risks for each
studied investment type [43].
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4.4.3 Hungary

Borsos et al. proposed an improvement to the Hungarian methodology of level
crossings safety ranking by including statistical data and a model was created using
Generalized Linear Modeling approach (GLM). Table 23 demonstrates the factors
applied in the Hungarian model and the proposed changes on weights resulting from
the work of Borsos et al. [86].

Table 23: Factor weights in the Hungarian model [86]

| Weight (2008 model) | Weight (2015 model)
Traffic Exposure 25% 30%
Accidents history 30% 25%
Type of protection 15% 20%
Traffic signs 9% 9%
Recognizabilty 8.5% 8.5%
rivability, geometry
Road and rail speeds 10% 5%
Other factors 2.5% 2.5%

4.4.4 Serbia

There were numerous research attempts to develop a model for the prioritization of
Serbian level crossings. In 2013, Cirovi¢ and Pamugar developed an Adaptive Neuro
Fuzzy Inference System (ANFIS) to prioritize crossings based on predicted risk in a
multi-criteria analysis. The researchers used fuzzy multi-criteria decision making and
fuzzy clustering techniques to train a set of data obtained using the judgement of 20
road and rail traffic experts [87].

The panel of experts selected six quantitative and two qualitative criteria to form the
model. These criteria were identified as the most significant factors for the prioritization
of a level crossing to receive an investment. The model developed by Cirovi¢ and
Pamucar then produced the following weights for the eight selected criteria:

Table 24: Weights of factors of the ANFIS model [87]

Factor | Factor type | Weight

Rail traffic volume Quantitative 12%
Road traffic volume Quantitative 19%
Number of tracks Quantitative 11%
Train speed Quantitative 8%
Angle of intersection Quantitative 15%
Number of accidents (1 year) Quantitative 12%
Visibility Qualitative 14%
Investment value of activities related to the width of the o

level crossin Qualitative 9%

g

Another attempt to develop a methodology to rank level crossings was made in 2018
by Pamucar et al. using the same criteria except the ‘investment value” factor. The
researchers applied a FUCOM-MAIRCA (Full Consistency Method — Multi Attributive
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Ideal-Real Comparative Analysis) model. This approach is based on the ranking of
individual factors to obtain the weights of factors and then by performing a sensitivity
analysis the final weights are obtained [88].

The ranking of factors was performed by four experts and produced the following
results:

Table 25: Weights of criteria of FUCOM-MAIRCA model [88]

Criteria Average
Comparative Comparative Comparative 4 Comparative . 3
Significance Wl Significance Wl Significance gl Significance g wel g ht
Rail traffic 4 1.18 0.1318 4 1.15 0.1319 4 1.20 0.1294 4 117 0.1327 0.1314
volume
Road traffic 1 1 0.2190 1 1 0.2145 1 1 0.2140 1 1 0.2051 0.2132
volume
Number of 6 1.10 0.1141 6 115 0.1147 7 1.20 0.0910 6 1.17 0.1134 0.1083
tracks
Train 7 1.38 0.0827 7 1.25 0.0917 6 1.15 0.1093 7 1.30 0.0872 0.0927
speed
. Angle 9f 2 1.28 0.1711 2 1.31 0.1638 2 1.22 0.1754 3 112 0.1552 0.1664
intersection
NU".‘ber of 5 1.05 0.1256 5 1 0.1319 5 1.03 0.1256 5 1 0.1326 0.1289
accidents
Visibility 3 1.10 0.1556 3 1.08 0.1516 3 113 0.1553 2 1.18 0.1738 0.1591

StarCevicC et al. conducted a survey to inspect how highly different factors influence risk
and accident mechanisms at level crossings. The survey was answered by railway
safety experts worldwide. Since the obtained answers form the collective opinion of
experts from different continents, the results could be useful for any model under
development regardless of location. Experts were asked to determine the degree of
importance of each criteria using a scale of 1-5 where 1 is the least important and 5 is
the most important. Table 26 summarizes the importance values of each criterion
picked by the majority of the international experts [89].

Table 26: Results of factors importance survey [89]

Number of | Percentage
experts of experts

Criteria ‘ Importance ‘

Advance warning signs were not visible 25 330/
due to vegetation, damage or they were | 2 and 4 19/75 each eaéh 0
"drowned" among other signs

Existence of pbiec'gs outglde vehicle that 4 26/75 34.67%
can cause driver distraction

In-vehicle distraction (cell phones,

managing stereo systems, conversation 5 33/75 44%
with passengers, attending to children,

etc.)

Not k_nowmg traffic rules for level 5 28/75 37 33%
crossings

Not knowing characteristics of train

movement (unable to stop, long 5 2475 32%
stopping distance)

Drlvm_g too fast on approach to level 5 29/75 38.67%
crossing

Number of railway tracks 3 20/75 26.67%
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Number of | Percentage

Criteria Importance
experts of experts
Bad pavement condition on approaching 3 23/75 30.67%
roads
Steep road_ gradient on approach to 3 24/75 3204
level crossing
]I%z;d i\/(;/(::)ather conditions (rain, hail, snow, 3 and 4 21/75 each | 28% each
Miscalculation of train speed 5 28/75 37.33%
Crpssmg angle between road and 4 24/75 3204
railway tracks
Sun glare 2 21/75 28%
Familiarity with level crossings (daily 5 27/75 36%
usage)
Level crossing closure time 4 29/75 38.67%
Time between_ start of the warning signal 3 24/75 3204
and actual train arrival at crossing
Lack _of po_llce surveillance at level 3 22175 29.33%%
crossing sites
Lack of appropriate repression 5 23/75 30.67%
measures
4.4,5 France

Liang et al. developed an accident prediction model for the French level crossings in
2018 to address the issue of absence of risk modelling for level crossings in France.
The developed model uses 9 criteria to predict the number of accidents which are the
daily road traffic volume, daily train volume, train speed, crossing width, crossing length
approach grade, road curvature, region risk and accident history [90].

The accident history factor of the model uses accidents data from the last year only.
The daily road traffic volume, daily train volume, train speed, crossing width, and
crossing length are all quantitative criteria that are applied directly in their numerical
form in the model. On the other hand, the remaining four are criteria that are
represented in factors. For example, the number of accidents is used twice in both
accident history and region risk factors to obtain a certain factor that is applied in the
equation. While accidents history factor is the standard factor of the number of
accidents that occurred at LC over a certain period, the region risk factor is a special
factor that measures the collective performance of the level crossings in the region and
assigns a factor of risk for each region.

The horizontal and vertical alignments of road are both qualitative indicators that are
entered in the equation in the form of a factor. The model classifies horizontal
alignments to three qualitative groups: “straight”, “curve’, and “S-shaped”. Similarly, it
classifies the vertical alignment to two classes: "normal” and "hump or cavity”.
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4.4.6 Austria

In 2012, The Austrian federal railways (OBB) had the desire to apply a solid statistical
methodology for the assessment of Austrian level crossings in terms of hazards. The
task was assigned to the Road Safety Board (KFV) and Austrian Institute of
Technology (AIT) [91].

The developed model that was based on 10 years of accident statistics on 350 Austrian
level crossings produces a predicted number of accidents and a risk score based on 9
guantitative and 8 qualitative criteria.

The quantitative criteria in the model are: Number of accidents, Time range for applied
type of protection in the statistical dataset, maximum train speed, average daily train
volume, Road speed, Average daily road traffic, Angle of intersection diversion from
90°, Number of tracks, and maximum road width.

The qualitative criteria in the model are: Type of protection, Road direction from east
to west, lllumination, Usage intensity, Agricultural type of land, Spatial structure,
horizontal alignment of the road, and distance to the nearest intersection.

The factor of time range is applied to guarantee that only relevant accidents statistics
are applied in the model as it accidents data of a level crossing become irrelevant after
changing the type of protection. The road direction factor exists to address the sun
glare issue that obstructs the visibility of the drivers. The spatial structure is a factor
that defines the vertical alignment of the road.

A complete overview of the criteria identified in the reviewed European models and
research is presented in Appendix B.
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4.5 Prioritization models in other countries
4.5.1 Brazil

Until 1989 the "Degree of Importance” was the sole method to select the type of
protections at level crossings and to determine priorities for level crossing upgrades.
As part of the efforts to prioritize level crossings for upgrades or removal in Brazil, two
additional risk indicators were developed in 1989 and included in the Brazilian
guidelines [92].

Indicator 1: Degree of Importance (DI)

DI = daily trains volume x daily road vehicles volume x F (Eq. 29)

Where F is a function of visibility, approach grade, trains speed average, road Vehicles
average speed, and composition of road users percentages.

Brazilian regulations recommend the type of protection to be installed at crossings
based on the Dl indicator. For example, passive protection is allowed for crossings with
DI value that does not exceed 20,000.

Indicator 2: Weighed Factor of Accidents (WFA)

This indicator is used to give a quantified representation of accidents risk based on
accidents data obtained from the last 5 years.

WFAs = (9.5x M) + (3.5xF) + D (Eq. 30)

Where:

M = Number of accidents involving fatalities in the last 5 years

F = Number of accidents involving injuries in the last 5 years

D = Number of accidents involving material damage only in the last 5 years

Indicator 3: Moment of Circulation (K)

It is a more complex version of the Degree of Importance indicator and considers in
addition to the factors included in DI the factor of time for both rail and road users as it
differentiates between vehicles that pass the crossing during night or day in term of
weighting.

K=[(VaxTq) + ((1.4xVa) x To)]x L (Eq. 31)

Where:

V4 = Volume of road vehicles during the day
Ta = Trains volume through day

Vn = Volume of road vehicles during the night
Tn = Trains volume through night

L = Factor for number of tracks

The Brazilian regulations determine the type of protection to be selected based on the
K value obtained, the Road class, availability of electricity in the area, number of
pedestrians and area classification (urban or rural).
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Indicator 4: The Critical Index (CI)

This indicator was proposed in 2007 by Carmo et al. as a combination of the DI and K
indicators that brings the best factors of both indicators together in one indicator. The

Critical Index simply replaces the L factor in K indicator with a new factor.

Cl=[(VaxTa) +((1.4xVa) x Tn)] x F

(Eq. 32)

The weights of F factor were determined using the judgement of experts through a
guestionnaire that was answered by a panel of Brazilian railway experts and engineers.
Table 27 demonstrates the weights of factors to determine the value of factor F in the
Critical Index indicator. Factor F can have a minimum value of 1 and a maximum value

of 2.

Table 27: Weights of factors in the critical Index indicator (Cl)

Criteria | Alternatives | Weight

>300m 0.2

Visibility 150-300m 0.3

<300m 0.4

<3% 0.14

Maximum approach grade 3-5% 0.21
>5% 0.28

<40 Km/h 0.14

Train speed 40-80 Km/h 0.21

>80 Km/h 0.28

1 0.12

Number of tracks 2 0.18

>2 0.24

<50 Km/h 0.1

Maximum posted highway speed | 50-80 Km/h 0.15
>80 Km/h 0.2

<5% 0.04

Percentage of pedestrians 5-20% 0.06
>20% 0.08

1 0.1

Road lanes 2 0.15

>2 0.2

Inexistent 0.08

Pavement Condition Not Regular 0.12
Regular 0.16

Inexistent 0.08

lllumination Insufficient 0.12
Efficient 0.16

Indicator 4: The Safety Level Index

Campos et al. proposed using a new indicator that combines accidents history with the
level crossing operational and physical characteristics and therefore developed the
Safety Level Index based on the Critical Index (Cl) developed by Carmo et al. and the

Weighed Factor of Accidents (WFAs) developed in 1989 [92].

CcI
10000

SLI =

+ (1.5 x WFAs)
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45.2 India

There is no advanced methodology to evaluate and prioritize level crossings for
improvements in India yet. However, an evaluation technigue exists to decide the type
of protection to be installed at level crossings and when does the crossing becomes a
candidate of grade separation or protection improvement called “Train Vehicle Unit
(TVU) [93].

TVU is simply the traffic exposure parameter which is the product of multiplication of
road vehicles daily volume by the volume of daily trains. In addition to traffic exposure,
the Indian TVU states that all unmanned crossings must have at least 600m of sight
distance for road users. If this condition is not met, a crossing is prioritized to be
manned. Also, when the TVU value exceeds 100,000 The crossing is prioritized for
grade separation. The type of protection to be installed based on the TVU criteria are
as follows:

Table 28: TVU approach in India [93]

TVU Value (traffic exposure) | Sight distance | Type of crossing

TVU < 6,000 2600 m Unmanned
6000 < TVU < 10,000 - Prioritized to be manned if unmanned
10,000 < TVU < 100,000 - Manned
TVU > 100,000 - Grade separation
4.5.3 Japan

Japan used to depend on a simple approach to assess the level crossings for
consolidation. The approach was simply an improved version of the traffic exposure by
multiplying it with the crossing closure time. It was decided to take this approach
instead of the simple traffic exposure because it was found that many crossings with
very high exposure perform very well in terms of safety compared to other crossings
exposed to less traffic. Therefore, the idea was to prioritize the crossings based on
economic losses resulting from wasted time at crossings and thus a new indicator was
selected for prioritization called "Closed Road Traffic Indicator (CRT)" [43].

CRT = daily trains volume x daily road vehicles volume x Crossing closure time (Eq. 34)

Japanese authorities have set a CRT value of 10,000 as the threshold for grade
separation. When the CRT value of any crossing exceeds 10,000 the LC is
recommended to be grade separated. However, this rule was not strictly applied since
it was reported that some crossings exist with CRT values that exceed 10,000 and
even 100,000 in some cases.

The Closed Road Traffic Indicator (CRT) method was applied for a short term only in
Japan as a new methodology was developed later called "Level Crossing Danger
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Index”. This new index is also based on a parameters gate algorithm same as CRT but
is considered a bit more advanced since it includes 7 factors instead of 3.

The significant parameters that make up the Level Crossing Danger Index are daily
road vehicles volume, daily train volume, daily train passengers, number of tracks, road
width, crossing width and accident history.

Level Crossing Danger Index = number of accidents per year + daily train (EQ. 35)
volume + daily road vehicles volume + number of train passengers per day + Z

Where Z is a function of the difference in width of level crossing and road, the distance
between fixed warning signs and first rail, and the number of tracks [43].

45.4 Russia

The Russian Federation Railways use a matrix for determining the type of protection
at Russian level crossings called the "Rail and Road Intensity Matrix". This matrix
classifies all crossings into four classes depending on the road and rail traffic volumes
only. Only class 1 is required to be manned and protected by barriers [93].

However, the Rail and Road Intensity Matrix is not obligatory and only used as aiding
guideline as the type of protection in most cases is determined by The Russian
Federation Railways after an individual case study of each candidate crossing. Case
studies usually consider various factors such as sight distances and visibility, rail and
road traffic volumes, and availability of electricity. The same applies for selecting
crossings for protection upgrade or consolidation [93].

Table 29: Russian Rail and Road Intensity Matrix [93]

)3 oad Ve s 0 e
2t - 0 <200 |201-1000 | 1001-3000 | 3001-7000 | >7000
<16 39 Class | 2" Class
17-100 3" Class 2" Class
101-200 3 Class 2" Class
>200 39 Class | 2" Class | 2" Class
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4.6 Summary of all reviewed models

In this project, 112 International risk assessment and prioritization models were
reviewed. While most of the models were national models that are either currently or
formerly applied, many reviewed models were research attempts to create a risk
assessment, prioritization model or simply an attempt to study factors that significantly
influences the safety at level crossings.

The methodologies applied in USA, Canada, Australia, New Zealand, and UK were
found to be the most advanced and comprehensive on the international level. The
models in each geographical area are fairly similar and countries often use the
experiences of neighbor countries to develop their own models. This could be clearly
noticed when you consider the fact that LCSIA of New Zealand is developed on the
basis of ALCAM of Australia.

The models in Australia and New Zealand were found to be the most comprehensive
in terms of adopted factors in the model while the models in USA and UK adopted a
similar number of factors for evaluation. Figure 26 demonstrates a comparison of
international approaches and models in terms of considered factors.

Number of factors in most significant international approaches

50

30

20

) I I
0

LCSIA (New ALCAM SELCAT (EU) GradeDEC.Net ALCRM (UK) RCAT (USA) Canadian The safety level
Zealand) (Australia) {UsA) guidelines Index (Brazil)

Number of factors

Figure 26: Number of factors in most significant international approaches

As for individual factors, it is observed that the rail and vehicles daily volume remain to
be the most dominant in all models with a presence in 91% of models. Train speed
was a significant factor in 71% of models while safety factors such as type of protection
and Accident history were used in 58% and 57% of models respectively. Figure 27
demonstrates the top 11 factors identified in the 112 reviewed models in this project
and their respective percentages of presence.
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Top 11 factors used in International models
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Figure 27: Top 11 factors in international models

By comparing the results of top 10 factors in US models (Figure 23) and top 11 factors
in international models (Fig. 27), it is observed that a very close pattern and
percentages exist in both. Therefore, it is safe to assume that these identified factors
are indeed the most significant. To obtain a satisfactory level of prediction accuracy,
every risk assessment and prioritization model must include those highly present
factors.
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5 Development of German Level Crossing Consolidation
and Prioritization Model

5.1 History of German Level crossing models

Schone reported six historical attempts to study the main factors of safety or create a
model to select the appropriate type of protection or evaluate risks at German level
crossings [30].

First attempt: Professor Friedrich Raab developed a statistical model in 1955 based
on accident data to evaluate the relative safety of level crossings. The model was
proposed to determine the appropriate type of protection at crossings using limit values
derived from the statistical data [30].

Second attempt: An investigation performed by Miuller in 1965 to determine the
accident probability for every type of protection used at level crossings and suggest
criteria for selecting the type of protection [30].

Third attempt: The German federal highway institute (BASt) conducted a study in
1980 to determine whether the attention of the drivers is different when they approach
flashing lights compared to approaching light signals. The study concluded that there
were no significant differences and suggested several level crossing physical design
requirements as an outcome of the study [30].

Fourth attempt: An investigation study performed by Amann, Kérner and Kroh in 1981
to determine the significant factors on level crossings” safety by analyzing several
operational and physical factors in addition to factors related to driver behavior based
on accidents statistics. The study found that road vehicles characteristics such as road
vehicles volume and speed significantly influence the number of accidents. In addition,
it was found that the factor of familiarity is significant for safety at level crossings. It
means that drivers who are more familiar with the crossing or users who use the LC
more frequently have a higher risk of accident due to a tendency of ignoring safety
rules particularly at passive crossings. It was also found that drivers perform worse if
too many traffic signs were present because of a possible distraction. The study also
found that the visibility of the crossing has a big influence on accidents numbers [30].

Fifth attempt: Heilmann developed an accident prediction model that focused on the
misbehavior of drivers and other users like pedestrians and cyclists in relation to the
type of protection. Heilmann recommended that passive crossings secured by
overview to have an angle of intersection of 90° with the road to ensure sufficient level
of visibility on both sides. The author also questioned the effectiveness of protecting
crossings by whistle signal due to the likelihood of failure to perceive the signal by
drivers. Schone criticized the level of detail considered in Heilmann’s model as the
model does not consider the road users misconduct at specific crossings [30].

Sixth attempt: Basler & Partner AG investigated 3-years accidents data (1982-1984)
to develop decision-making criteria for upgrading the type of protection at German level
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crossings including safety and economic considerations. Schéne reported that the
study that was published in 1986 concentrated on the type of protection as the basis
of evaluation and ignored other important factors like the type of road users, LC and
road design factors, and visibility [30].

Seventh attempt: The derivation of several qualitative design requirements for level
crossings on the basis of an users behavior study conducted in 1989 by "The Research
Association for Underground Transportation Facilities (STUVA) [30].

Eighth attempt: Ellinghaus und Steinbrecher conducted a survey for road users in
2006 which helped understand further the behavior of road users when using level
crossings [30].

Despite all the previously mentioned attempts to identify the most significant risk
factors at German level crossings, there was no reliable model to quantitively assess
and prioritize crossings in Germany until 2013 when Schodne developed a risk
assessment procedure to evaluate level crossings based on various factors and aid
the selection procedure for the appropriate type of protection. The model was
developed using accidents data between 2003-2009 [30].

Schone investigated the influence of individual factors on individual and collective risk
for a set of road users including cars, trucks, Buses, motorcycles, cyclists, and
pedestrians. Factors identified as significant for investigation were selected after
conducting extensive literature review and empirical investigations. The list of
investigated factors included train length, train speed, trains volume, pre-blocking time,
road traffic volume, average road users speeds, angle of intersection, type of
protection, visibility or sight distance and queuing. In addition, risk acceptance limits
were defined for individual and collective risks. The study also covered the evaluation
of some of the risk control measures. Table 30 summarizes the most important findings
of Schone’s work [30].

Table 30: Influences of factors on individual risk [30]

Influence on risk for | Influence on risk for

motorized users non-motorized users
Train length Weak No influence
Train speed Strong Strong
Trains volume Medium Medium
L : 0-60s: No influence
Pre-blocking time Medium 60-240s: Medium
Road traffic volume Strong No influence
Road users speed Highly dependent on Highly dependent on
other parameters other parameters
Angle of intersection Weak Strong
Type of protection Strong Strong
Sight distance Strong Strong
Queuing Strong Strong

Schone has called for further research on several more factors that contribute to the
safety of level crossings in Germany. However, the lack of sufficient thorough statistics
obstructs the efforts to analyze risk factors. According to Schone, it is necessary to
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create an extensive German database for level crossing accidents data that includes
relatively rare or low consequence incidents including near misses. Such database
could accelerate the research efforts at the level crossings field [30].

In 2016, a research team from CERSS commissioned by the German Insurance
Association (GDV) created a quantitative and qualitative risk assessment and analysis
model.

The developed model involved the creation of an accident prediction equation for every
type of protection that was based on crossing data of 1040 level crossings in Germany
in addition to an accidents database of 103 accidents during the years 2005-2011 that
was prepared by the research team.

U = 0.008 x ADT 346 x (=3:899xPT)=(0.958xC)+(1.171xS) (Eq. 36)

Where:

ADT = Average daily traffic for road vehicles

PT = Factor for type of protection (1 for full barriers, 0.577 for half-barriers, O for flashing
light or light signals)

C = Road curvature (gon/m)

S = Factor for train speed (121-160 km/h: 1, 101-120 km/h: 0.57, 0-100 km/h: 0)

Another accident prediction formula was derived for cases when the daily traffic volume
IS missing:

U =0.105 x e(—3.574xPT)—(0.837xC)+(1.164xS) (Eq. 37)
Where S= Factor for train speed (121-160 km/h:1, 101-120 km/h:0.59, 0-100 km/h:0)

And a third accident prediction formula for passive crossings:

U = 0.019 x e(~0483xRC)~(1.203xRP)—(0.006xNI) (Eq. 38)

Where:

RC = Factor for road class (pedestrians or cyclists path: 1, Other road classes: 0)
RP = Factor for road pavement (unpaved=1, paved=0)

NI = Distance to closest intersection (m) [Maximum: 300m]

The factors selected to form the model were: average daily road vehicles volume, trains
volume per day, type of protection, track class, road class, existence of road pavement,
angle of intersection, number of tracks, number of lanes, existence of separate
pedestrian path, existence of separate cyclists lane, road curvature, approach grade,
existence of a nearby intersection within 250m from LC, distance to the closest nearby
intersection, distance to the closest train station, and maximum train speed [94].

The authors measured the correlation of factors upon each other to find out the factors
which were more reliant on other and the factors that were independent in influencing
risk. Table 31 summarizes the findings. Red marked cells indicate a strong correlation,
orange cells indicate medium correlation while white cells indicate weak correlation.
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Table 31: Factors correlation matrix [94]

ApPproa

The authors developed a points-based system to rate crossings according to their level
of risks based on the risk values calculated by Schéne in 2013. 1 indicates the lowest
level of risk while higher scores indicate higher risks. The risk point system is
demonstrated in table 32.

Table 32: Risk points system for German level crossings [94]

Main Non-motorized Motorized

criteria Alternatives Points Alternatives Points

<20 1 <20 1

Train volume 20-60 2 20-60 2

>60 3 >60 3

<40 km/h 1 <40 km/h 1

41-60 km/h 2 41-60 km/h 2

61-80 km/h 3 61-80 km/h 3

Train Speed 81-100 km/h 4 81-100 km/h 4

101-120 km/h 5 101-120 km/h 5

121-140 km/h 6 121-140 km/h 6

141-160 km/h 7 141-160 km/h 7

Full barriers 1 Full barriers 1

Type of Half barriers 2 Half barriers 5

protection Light signals 3 Light signals 7

Passive 4 Passive 9
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Main Non-motorized Motorized

criteria Alternatives Alternatives Points

Passive: all or light Passive: all or light signals:
signals: 0-30s or half 0-60 ' half barriers: 0- '
barriers: 0-60s or full 1 sorha ar_rlerg. 1
barriers: 0-120s 120s or full barriers: all
Pre-blocking | Light signals: 31-60s or . . ,
time half barriers: 61-120s or 2 L;%T: s:fr?iilrss'_ 6112112281%? 2
full barriers: 121-240s '
Light signals: >60s or , ,
hagljf bar?iers: >120s or 3 Light Sk‘)'gnals' >>1‘222§ or half 3
full barriers: >240s arriers. >2abs
<100 1 <100 1
Number of 101-300 2 101-300 2
daily users 301-1000 3 301-1000 3
1001-3000 4 1001-3000 4
>3000 5 >3000 3
Approach time > 1 Approach time > Clearance 1
Clearance time time
(0.66 x Clearance time) (0.66 x Clearance time) <
< Approach time < 2 Approach time < Clearance 2
Clearance time time
(0.33 x Clearance time) (0.33 x Clearance time) <
Visibility < Approach time < (0.66 3 Approach time < (0.66 x 3
X Clearance time) Clearance time)
Reaction time < Reaction time < Approach
Approach time < (0.33 x 4 time < (0.33 x Clearance 4
Clearance time) time)
Approach time < Approach time < Reaction
o 5 . 5
Reaction time time
- - Good 1
Detectability - - Road curve before LC 2
- - Intersection before LC 3
- - No clearance problems 1
Some compensated
- - clearance problems: e.g. 2
light signal ahead
Some uncompensated
Tail-back risk ) ) clearance problems or 3
many problems partially
compensated
Many uncompensated
) ) clearance problems: e.g. 4
intersection ahead with
heavy traffic

According to the model, crossings could be classified into 3 risk bands based on the
obtained risk points score:

e Low-risk band: There is no immediate action needed for crossings in this band.
This band includes crossings that score 6-13 points for non-motorized or 7-15
points for motorized.

e Medium-risk band: Level of risk for crossings in this band is accepted but a
comprehensive assessment is advised to decide whether risk control measures
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are needed. This band includes crossings that score 14-22 points for non-
motorized or 16-24 points for motorized.

High-risk band: Immediate action is needed for crossings in this band. This
band includes crossings that score 23-27 points for non-motorized or 25-34
points for motorized.
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5.2 Methodology

The decision-making process to select or prioritize level crossings for consolidation or
safety upgrade is a very complex decision and rely on various criteria as demonstrated
in the previous chapters. These criteria are not exclusively related to safety but also
several social, economic, and environmental factors are also key factors and ought to
be considered by decision makers. Therefore, it was decided that a Multi-Criteria
Decision Making (MCDM) approach would be the most suitable approach for the
creation of a level crossing prioritization model.

The majority of reviewed models used statistically driven approaches for the creation
of models. This aligns with the findings of RSSB review of international models. Despite
a statistically driven approach being the mostly used methodology internationally, it is
difficult to create a model based on this methodology due to the lack of reliable
databases for German level crossings accidents and characteristics. The model
created by Hantschel et al. remains the best available statistically driven approach
developed using accidents and LC data from Germany.

This model is based on a complex weighted factor method that was found to be used
in many countries with limited statistical data. The criteria selected in the model were
based on an extensive literature review of international models that were presented in
chapter 4. And a review of various researched individual criteria extracted from multiple
factors significance research studies presented in this chapter. This model also builds
on the models developed by Schéne and Hantschel et al. The risk scoring of criteria
from both models were taken into consideration while selecting the criteria of this
model.

As for the weighting methodology, the Analytic Hierarchy Process (AHP) was selected
to develop weights for the selected factors based on a survey conducted and answered
by German railway and level crossing experts from both the academic and professional
fields. In the survey, all experts were asked to compare the selected factors against
each other in a pairwise comparison approach. The results of experts survey were then
analyzed to calculate the weights of each main and sub criterion.

AHP was developed in the 1970°s by Saaty as a methodology to mathematically
analyze complex decisions through pairwise comparisons. It is considered one of the
best available methods for multi-criteria decision making (MCDM) and have been used
to create many models in various sectors including the railway sector. Since its
development, AHP has shown great effectiveness for MCDM and resource allocation
purposes.

The AHP methodology recommends a maximum of 9 factors to be compared at each
stage. If the model involves more factors, it is advisable to group the criteria at multiple
hierarchy levels. Due to the big amount of criteria considered in this model, all factors
were grouped into three hierarchy levels with 5 main factors at the first level, 21 factors
in the second level, and 32 factors in the third level of hierarchy. Therefore, the total
number of considered criteria in this model is 43 criteria.
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In addition to the easily manageable way of structuring, the hierarchies of AHP provide
a major advantage of flexibility to the model. The weights are distributed on all levels
and therefore, if any future modifications to the model through adding or removal of
factors were later desired, there will be no need to perform a completely new weighting
process but rather the weighting of the sub-group where factors were modified is only
required. In this case, the weight from the criterion on the higher hierarchy level will be
redistributed to the new set of factors.

Level 1 Goal
Level 2 Criterion 1 Criterion 2
Sub-criterion 1.1 Sub-criterion 1.2 Sub-criterion 2.1 Sub-criterion 2.2 Sub-criterion 2.3

Alternative 1 Alternative 2 Alternative 3

Figure 28: A standard hierarchical structure in AHP

Additionally, AHP has the advantage of transparency of factors significance. Through
the comprehensive weighting methodology by comparing all criteria against each
other, it is possible to understand the relative priorities of factors compared to each
other and therefore derive relations between factors.

However, AHP has some disadvantages and limitations too. For example, the
weighting process is completely reliant on the judgement of experts. Therefore, it is
highly influenced with the number of experts selected for performing the pairwise
comparisons and their level of experience. The results of AHP technique could be
unreliable if the experts did not have the required level of knowledge. Therefore, the
selection of experts is an extremely important stage in the AHP methodology.

AHP has been used in the field of railway systems evaluation and level crossing risk
assessment for years. Wang and Cui developed a safety assessment model based on
AHP for level crossings in China. Their model compared 21 influencing factors and
produced the following weights of criteria [95]:

Table 33: Weights of factors of the Chinese AHP model [95]

Main criteria Sub-criteria
Intersection angle 0.1627
Crossing factors Numbe_r of tr_acks 0.0990
Crossing width 0.0653
Crossing slope 0.2675
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Main criteria | Sub-criteria | Weight

Road types 0.4055

Guardrail, door 0.0939

Flash, sirens 0.1517

Obstacle Detection 0.2521

Safety device factors Road sign 0.3826
Road lights 0.0264

Vehicle monitors 0.0537

Safety device position 0.0396

Bad weather 0.1770

Visibility 0.2639

Traffic density 0.3863

Other factors Traffic chaos 0.0257
Accident emergency 0.0989

Road safety education 0.0482

Crossing management modes | 0.6371

Crossing managing factors Financing source 0.1052
Policies and laws 0.2582

Bureika et al. proved that applying AHP assessment of railway infrastructure in
Lithuania can help improve the safety situation on the long-term. The research
performed in 2013 included a case study of 25 risk factors that contribute to a higher
risk of human injury, derailment, or a collision of rolling stock. A railway line was
evaluated then based on the weights developed from the AHP method according to
those risk factors identified [96].

Hans et al. developed a consolidation rating formula in 2015 for level crossings in the
state of lowa in USA. The formula was developed based on a methodology similar to
AHP as 9 selected criteria were compared against each other, and two weighting
matrices were developed for urban and rural crossings. The factors comparison was
completed by a Technical Advisory Committee that involved city and county engineers,
agricultural industry representatives, railroad representatives, and lowa Department of
Transportation representatives. The developed model ranks all the crossings of the
state for consolidation based on the weighted factors and an Excel sheet was created
for the purpose. The results of the project produced the following weighting model [78]:

Table 34: Factor weights of Urban and rural crossings in the lowa consolidation model [78]

Criteria | Weight (Urban) | Weight (Rural)

AADT 0.16185 0.16185
Out of distance travel 0.17341 0.17341
Trucks volume 0.04624 0.04624
Roadway system 0.08671 0.12139
Number of emergency med_lcal services within 0.12717 )
3 miles radius
Number of emergency med_lcal services within i 012717
6 miles radius
Distance to closest emergency medical service 0.12717 0.12717
Number of schools within 2 miles radius 0.08671 -
Number of schools within 6 miles radius - 0.06936
Distance to closest school 0.08671 0.06936
Alternate route crash rate 0.10405 0.10405
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Recently, Baric and Dzambo developed a model to evaluate level crossing design
alternatives in congested urban area. The developed model considered 6 main criteria
and 15 sub-criteria and was tested for a level crossing in Zagreb, Croatia. Table 35
summarized the criteria selected for the model and their respective weights that were
derived through AHP methodology. However, for this model, the AHP weights were
not obtained through a survey for experts as usual but rather derived by comparing
various studies [97].

Table 35: Weighted factors of the design alternatives model [97]

Main criteria | Sub-criteria | Weight
Safety of pedestrians and cyclists 0.197
Safety factors Traffic accident possibility 0.124
Number of conflict points 0.078
Average waiting time 0.070
. Queue length 0.033
Traffic factors Average speed 0.023
Throughput capacity 0.117
Construction costs 0.062
Costs Maintenance costs 0.008
Land acquisition costs 0.017

Mobility of pedestrians and cyclists 0.014
Influence on traffic culture of LC users | 0.058

Social benefits

Noise 0.024

Ecological factors Exhaust gases 0.056
Area occupancy 0.015

Time for LC reconstruction - 0.106

In Germany, the AHP methodology was previously used by Muhlbacher and Kaczynski
in the healthcare sector [98].
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5.3 Work steps

The first step after identifying the most relevant criteria to be implemented in the model
was to group the factors into groups that share similar characteristics and distribute
them into three hierarchy levels. the first level of hierarchy are the main criteria of the
model; the second and third levels represent the sub criteria on the basis of which the
level crossings are to be evaluated and, finally, the fourth level presents the different
Alternatives (options) related to the criteria investigated.

The main evaluation criteria that form the core of this model are traffic and operational
factors, physical factors, safety factors, social factors, and environmental and
economic factors. A list of the selected criteria in the model and their respective levels
in hierarchies is presented in chapter 5.4.

After the model’s criteria were selected and distributed to groups in a hierarchy model,
a survey was created and distributed to a chosen group of experts. Level crossing
Experts, safety experts and traffic engineers were identified as key participants of this
study. Experts include those identified as having an extensive knowledge of level
crossing safety, level crossing consolidation and level crossing planning. Experts panel
included university academics, researchers, professional engineers, planners, etc.
Diversity in expertise and fields was taken into account by choosing the experts. The
participant experts were from railway, road traffic and traffic safety sectors. The survey
was completed by 11 contacted experts.

As part of the survey, the experts were asked to perform a pairwise comparison for
criteria against each other in terms of the factor contribution to overall risk, its negative
contribution to the environment, economy and the life quality of the surrounding
population, and the relative importance of the criteria towards consolidation or upgrade
priority. A total of 319 pairwise comparisons were completed by each expert. The
comparison is performed by choosing a number of 1-9 as rating of importance of one
factor over the other as demonstrated in figure 29. However, the rating must be
assigned according to a predefined AHP-scale. Table 36 demonstrates the standard
scale for AHP ratings as developed by Saaty [99].

Area
classification

Roadtype |9/8|7]6|5]4|3]|2]1/2[3|4]|5]|]6]|7]8
Figure 29 Example of AHP comparison:

9(8|7 41312/1/2(3|4|/5|/6|7|8|9| Roadtype

Track type

Table 36: Standard AHP scale [99]

Intensity of

. ‘ Definition Explanation
importance
Equal o :
1 , Both criteria have the same degree of importance
importance
3 Moderate | Experience and judgement slightly favor one criterion
importance | over another
5 Strong Experience and judgement strongly favor one criterion
importance | over another
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Intensity of

Definition Explanation

importance
K Very strong | One criterion is very strongly favored and its
importance | dominance is demonstrated in practice
9 Extreme The highest possible difference in significance
importance | between two criteria
2468 Intermediate _Ca_n be used as a compromise when factors are close
T values in importance

Experts were asked to keep in mind the following considerations while performing the
comparisons:

= Totality: It is important that experts keep the overall form of the model in mind
while comparing individual criteria. This means that the expert must consider
the criteria included in the lower levels while comparing criteria from the upper
levels.

= Consistency: Experts must strive for consistency in their answers. For
example, if criterion A is determined more important than criterion B and
criterion B is more important than criterion C, then a decision that criterion C is
more important than criterion A would be considered inconsistent.

Saaty proposed a consistency index (Cl) and a consistency ratio (CR) to check the
consistency of the derived matrices. The consistency checks are considered as a
validation of the derived weights of factors. If the comparison matrix fails the
consistency checks, the derived weights become unreliable and therefore cannot be
adopted. The following is the equation proposed by Saaty to calculate the consistency
index [99]:

CJ =2max —N (Eq. 39)

N-1

where Amax is the matrix maximal eigenvalue and N is the size of comparison matrix

The consistency ratio compares between the obtained consistency index and a
random index and is calculated by:

CR =% (Eq. 40)
Where RI is the random index value which could be obtained based on the
comparison matrix size (N) (Table 37). Saaty sets the limits of accepted consistency
ratio at 10% maximum. This means that if the CR value was calculated to be more
than 0.1, the judgement may be random and should be revised.

Table 37: Random index values [98]

N 1 2 3 4 5 6 7 8 9 10
RI'| 0.00 | 0.00 | 052 | 0.89 | 1.11 | 125 | 1.35 | 140 | 145 | 1.49

The results of the pairwise comparisons collected from experts were then analyzed
using the decision-making software “Super Decisions” that was developed by Saaty as
a tool of implementation of AHP. The required consistency checks were then
performed on the comparison matrices that were generated from the software.
Following the analysis and consistency checks, the final weights of factors were
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adopted, and a points-based evaluation system of level crossing was developed based
on the derived weights.
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5.4 The model’s hierarchy

The model consists of 5 main criteria, 21 sub-criteria, 32 sub-sub criteria and 147

alternatives.

Table 38: Hierarchy of the model criteria

Main criteria

Sub-criteria

Sub-sub-criteria
(Level 3)

Alternatives (Level 4)

(Level 1)

Traffic and
operational factors

(Level 2)

Functional
classification

Area classification

Rural

Urban

Federal highways

State roads

County roads

Road type City and municipal roads
Others (e.qg. field and forest
roads)
Main track
Track type Side track

Traffic Exposure

Average daily road
traffic volume

Weak: <100 vehicles/day

Moderate: 101-2500
vehicles/day

Strong: >2500 vehicles/day

Train volume

< 20 Trains/day

21-40 Trains/day

41-60 Trains/day

>60 Trains/day

Pedestrians and <5%
cyclists % 5-20%
>20%
<5%
Road users factor Trucks % 520%
>20%
Presence of buses and Present

school buses

Not present

Train characteristics

Train types

With passenger traffic

Only freight traffic

Train length

<100m

101-200m

>200m

Speed factor

Train speed

<20 km/h

21-40 km/h

41-60 km/h

61-80 km/h

81-100 km/h

101-120 km/h

121-140 km/h

141- 160 km/h

Maximum road speed

<10 km/h

11-30 km/h

31-50 km/h

51-70 km/h

>70 km/h

Waiting time (Delay)

<30s

31-60s

61-90s

91-120s

121-150s
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Main criteria

Sub-criteria

Sub-sub-criteria

Alternatives (Level 4)

Level 1

Level 2

Level 3

151-180s

181-210s

211-240s

Physical factors

Geometrical factors

Angle of intersection

61°-90°

31°-60°

0°-30°

Approach grade (AG)

<3%

3% < AG < 6%

6% < AG < 9%

9% < AG <12%

AG 2 12%

Track curvature

R < 250m

250m < R < 500m

500m < R < 750m

R =750m

Road curvature

<0.25 gon/m

0.25 - 0.5 gon/m

0.5-0.75 gon/m

0.75- 1 gon/m

> 1 gon/m

Road width

<4.75m

4.75-5.5m

5.5-6.35m

2 6.35m

Number of tracks

Number of lanes

Distance to nearby
intersection (DNI)

In clearance section
(£27m)

27 < DNI £ 50m

50 < DNI £ 100m

100 < DNI £ 150m

>150m

Visibility

Sight distance

>400m

200-400m

<200m

Sight obstructions

No obstructions

Obstructions exist

llumination

Sufficient

Insufficient

No illumination

Pavement

Type of crossing
surface

Rubber

Concrete

Asphalt

unpaved

Type of road pavement

Paved

Unpaved

Condition of crossing
and road pavement

Good condition

Poor condition

Safety factors

Type of protection

Full barriers

Half barriers

Light signals / Flashing
lights
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Main criteria

Sub-criteria

Sub-sub-criteria

Alternatives (Level 4)

Level 1

Level 2

Level 3

Passive

Accident history

Number of accidents

0

1-2

3-4

>4

Number of fatalities

0

1-2

3-4

>4

Number of severe
injuries

0

1-2

3-4

>4

Number of slightly
injured

0

1-2

34

>4

Road markings

Exist

No road markings

Traffic safety devices

Exist

No traffic safety devices

Hazardous material
transportation

No regular hazardous
material transportation

Regular hazardous
material transportation

Social factors

Emergency services

None exist within a radius
of 500m

Exist within a radius of
500m

Schools

None exist within a radius
of 500m

Exist within a radius of
500m

Vulnerable population
and sensitive facilities

None exist within a radius
of 500m

Exist within a radius of
500m

Special social and
event venues

None exist within a radius
of 500m

Exist within a radius of
500m

Environmental and
economic factors

Noise

No train whistle or
pedestrians audible
warning signal required
atLC

Industrial areas

Commercial and
agricultural areas

Residential areas

Near hospitals, schools,
health resorts and
retirement homes

LC secured by train
whistle or pedestrians
audible warning signal

Industrial areas

Commercial and
agricultural areas

Residential areas

Near hospitals, schools,
health resorts and
retirement homes

Vehicle emissions

Low emissions

Moderate emissions
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Main criteria Sub-criteria Sub-sub-criteria

Alternatives (Level 4)

Level 1 Level 2 Level 3
High emissions
Low costs
Operating costs - Moderate costs
High costs
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5.5 Description of the model’s criteria

The main criteria of the model were divided into five categories:

Traffic and operational factors: Factors that are related to traffic situation at
the level crossing. These factors simulate the exposure to risk of all users and
the characteristics that are significant in determining the consequences of
accidents.

Physical factors: These factors are related to the geometrical design of the
level crossing. The factors in this category relate to the risk imposed by the
crossing on its users and the ability of users to identify the risk and react to it.
Safety factors: this category of factors relate to the historical risk of the crossing
and safety measures applied at the crossing to improve safety.

Social factors: This category of factors relate to the special risk imposed on
vulnerable groups in society that needs a special elevation in safety and risk
elimination measures.

Environmental and economic factors: Factors that are non-safety related but
deal with the quality of life of the population that inhabits the area surrounding
the level crossing. In addition to the economic factor that could incentivize the
removal of the crossing.

5.5.1 Traffic and operational factors

The traffic and operational factors were classified into 6 sub-categories:

Functional classification
Traffic Exposure

Road users factor
Train characteristics
Speed factor

Waiting time (Delay)

5.5.1.1 Functional classification

This category relates to classifications that indicate the intensity of level crossing users.
There are three sub-sub criteria in this sub-category which are:

Area classification
Road type
Track type

5.5.1.1.1 Area classification

The presence of a level crossing inside or outside a city is an important factor that also
have a high influence on other factors. Traffic volumes and concentration of nearby
schools, emergency services and populations are significantly different in urban or
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rural areas. Also, the type of road users distribution is different between Urban and
rural crossings. For example, the percentage of trucks and agricultural vehicles would
be naturally higher at rural areas, but buses are expected to be higher in urban areas.
On the other hand, removing a level crossing in a rural area can significantly increase
the travel time for road users since less alternative roads exist. Some countries use
different models for urban and rural areas [78].

To answer the question of whether the highest risk lies at rural or urban crossings,
Saccomanno et al. investigated 5-years of accidents at Canadian level crossings and
created a risk-based model that is based on accidents frequency and consequences.
The researchers concluded that urban crossings with high AADT had the highest risk
in terms of frequency while rural crossings with high train speeds had the highest
accidents severity [74].

The factor of whether the level crossing is located at Urban or rural location is not only
important on its own but can also play a role in determining the significance of other
factors. For example, Johnson found that the road system, distance to nearest school
and percentage of trucks are more sensitive for urban crossings. Meanwhile, the
number of schools within 6 miles radius had a higher sensitivity as a factor for rural
crossings. AADT, out of distance travel and distance to nearest emergency service
were found to be sensitive for both [100].

In previous research in Canada, Zalinger et al. reported that the factors of train and
road vehicles speed, sight distance and road pavement were significant for rural
crossings only [73].

The main alternatives of this sub-sub-criterion are:

e Rural
e Urban

5.5.1.1.2 Road type

The road class is an indication to several factors that are highly significant for each
crossing. For example, each highway class suggests a different traffic volume and
maximum allowed speeds for road users. Moreover, other factors like pavement type
and lane width can also be related to the designated road type.

Highway class can also be an influencing factor on the effectiveness of other factors
on safety. To study the effects of highway class in addition to number of tracks on
various countermeasures for the purpose of accidents reductions at Canadian
crossings, Park and Saccomanno applied recursive partitioning method (RPART) and
found that accidents are reduced by 78.4% when protection type is upgraded from
passive to flashing lights at arterial or collector roads. Reduction rate is similar at local
roads with single track (78.8%) but is less if the local road intersects with multiple tracks
(68.8%). Table 39 summarizes the findings of Park and Saccomanno [101].

100



Table 39: Accidents reduction for countermeasures by highway class and number of tracks [101]

: Local or
Arterial
other
Countermeasure o] )
(Multiple
collector
tracks
upgrading passive to flashing lights | 78.4% 68.8% 78.8% 74.0%
Paving an unpaved crossing 0.0% 48.8% 61.7% 0.0%
Reducing Max allowed speed for 0 0 0 0
road vehicles by 10% 4.7% 0.0% 0.0% 0.0%

EBO and Ril 815 use certain road types such as field and forest paths, and private
roads in the selection process of the type of security of the level crossings [1,102].

Public highways and roads in Germany are classified by German regulations into five
categories. The model adopted the same classification of roads:

e Federal Highways (Bundesstraf3en)

e State roads (Landes-(Staats)-stral3en)

e County roads (Kreisstraf3en)

e City and municipal roads (Stadt und Gemeindestral3en)
e Other public roads (e.g. field and forest paths)

Figure 30 compares between the number of level crossings for each road class, the
type of protection and number of accidents according to data collected in 2020 [2]. The
data shows that crossings located at Municipal roads dominate the total share of
German level crossings with a percentage of 61.6% with a huge gap with the type with
the second highest share which is county roads that has a share of 10.6%. Accordingly,
the number of accidents at municipal crossings is the highest with a share of 68.4%.
The share is logical if taken in context with the share of crossings. Federal highways
are the riskiest as they have a high share of accidents that amount to 9.6% despite
their low quantity with only 3.9% of the overall number of crossings. This indicates that
a higher priority must be given to eliminate crossings at federal roads.
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Number of Level crossings and accidents for each road type in Germany (2020)
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Figure 30: Number of level crossings and accidents for each road type in Germany 2020 [2]

5.5.1.1.3 Track type

Most models differentiate between mainlines and non-mainlines as one of the main
criteria for consolidation and prioritization. This is because the type of tracks is
connected to other very important criteria. For example, Tracks are usually assigned
as main tracks when a high volume of daily trains operate on them, while side tracks
usually serve fewer daily trains.

In addition, Track type according to the German regulations have an influence on many
physical features of the railway infrastructure. Table 40 demonstrates the main
differences in physical features between mainlines and non-mainlines according to

EBO [4].

Table 40: Physical features comparison between Mainlines and non-mainlines according to German regulations [1]

Feature Mainline Non-mainline
Maximum track gauge 1465 mm 1470 mm
Minimum track radius 300 m 180 m
Maximum gradient 12.5 %o 40 %o
Minimum axle load 181t-5,6 /m_ 16t-4,5 tm

20 t (new constructions) 18 t (new constructions)
Maximum permitted train 160 Km/h )
speed at level crossings
Installing pedestrian
barrle_rs at passive Compulsory Optional
crossings with separate
pedestrian or cyclist lanes
Maximum permitted train
speed for passenger 250 Km/h 100 Km/h
trains

102




Feature Mainline Non-mainline

Maximum permitted train

speed for freight trains 120 Km/h 80 Km/h

Track type is one of the four main factors adopted by EBO and Ril 815 for the selection
of level crossing protection type. Railway tracks in Germany are classified into two
categories in which a different set of rules apply to each track type category according
to EBO [1] [102]:

e Main tracks (Hauptbahn)
e Side tracks (Nebenbahn)

5.5.1.2 Traffic exposure

There is a consensus in most presented models that traffic volumes of both trains and
vehicles are the most dominant factors of accidents frequency. Accidents data of many
studies support this claim [62]. Oh et al proved that higher AADT significantly increases
level crossing accidents with undeniable statistical t-ratio of 3.01. The findings for train
volumes were similar but not as significant with a t-ratio of 1.66 [103].

These findings support the conclusion of Saccomanno et al. in 2006, that the most
important factor for the predicted collision frequency at level crossings of all types is
the traffic exposure which is the product of AADT and daily number of trains [74].

The significance of traffic exposure was also tested by Heydari and Fu who studied the
statistical significance of various factors on level crossings accidents in Canada by
using the negative binomial model, the hierarchical Poisson-gamma model, and the
hierarchical Poisson-Weibull model. The researchers found that traffic exposure was
the most influential factor for all types of crossings [104].

In a similar study in Hungary, Borsos et al. studied the significance of various factors
found that road and rail AADT have the highest significance amongst factors on the
safety of Hungarian railway crossings. Based on the statistical findings of the study, it
was recommended to raise the weight of traffic exposure from 25% to 30% in the
Hungarian model. However, the same study deduced that many other factors that were
considered as significant in other models were rather insignificant for the Hungarian
study such as crossing angle, track alignment, number of tracks and sight distances
[86].

Although higher traffic volume has negative impact on accidents frequency since the
exposure and likelihood of a crash increases, it is not necessary that accidents severity
gets negatively impacted as well. Fan et al. classified AADT into 4 categories (<10,000,
10,000-20,000, 20,000-30,000, >30,000) to investigate the crash severity at each
category using a multinomial logit model. Results shown that highest crash severity
was when the AADT was the least (<10,000). The three other AADT categories were
found to be less likely to result in injury and fatal crashes. The researchers suggest
that drivers drive more cautiously in higher traffic volume conditions which lowers the
severity of any possible crash [105].

Despite being a dominant factor in all reviewed models, it is important that the traffic
volumes do not get overweighted and allow a fair representation of other factors.
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Khattak and Liu argue that using a modified AADT in models can improve the accuracy
of prediction. The authors propose an AADTp factor that “measures the portion of
AADT that actually encounters trains”. The idea is to eliminate the AADT that crosses
the crossing at times of train absence [106].

Based on the reviewed literature and international models, this sub-criterion involves
the two factors that were found to be the two most-used factors in the reviewed
international models for prioritization, risk assessment or accident prediction with a
presence rate of 91% of all models:

e Average daily road traffic volume
e Daily train volume

5.5.1.2.1 Average daily road traffic volume

EBO and Ril 815 determine the type of security to be installed at German level
crossings based on the average daily road traffic volume as acritical factor amongst
four factors. The classification of road traffic volumes to select the type of protection
stated in EBO was adopted in this model to fit the German standards and be easily
compatible with the LC evaluation reports created by DB engineers [1,102]:

e Weak: <100 vehicles/day
e Moderate: 101-2500 vehicles/day
e Strong: >2500 vehicles/day

5.5.1.2.2 Daily train volume

Although EBO and Rail 815 do not consider the volume of trains with the selection of
protection type at level crossing, this factor remains one of the most significant factors
in determining the risk since it is directly involved with the increased chances of
accidents following the growing potential of train existence in LC danger zone.
Therefore, it is not strange that this factor was found to be included in 91% of all
reviewed models in this study. The train volume alternatives included in this model are:

e <20 Trains/day
e 21-40 Trains/day
e 41-60 Trains/day
e >60 Trains/day

5.5.1.3 Road user factor

The factor of type of level crossing road users is highly important in determining the
consequences of a possible crash. For example, a level crossing that have a higher
percentage of pedestrian and cyclists users have naturally higher consequence in case
of accident since non-motorized users rarely survive an accident with a rail vehicle.

Some studies attempted to find the differences between different types of motorized
road users in terms of their contribution to crash severity. By setting automobiles as a
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reference, Fan et al. found interesting relationships between different types of vehicles.
For example, truck trailers were less likely to get involved in injury or fatal accidents
than automobiles, but pick-up trucks had on the contrary higher chances. Vans, buses,
and school buses showed similar attitude in reference to automobiles as all were found
to be more likely to get involved in injury accidents but less likely to get involved in fatal
ones [105].

It is assumed that the percentage of trucks have a direct influence on risk at any level
crossing. Therefore, the topic of trucks accidents risk and its influencing factors has
been studied thoroughly. Khan and Khattak researched the most influencing factors
that contribute to the highest severity of accidents for truck drivers at level crossings
and found that high train and vehicle speeds, older drivers, crashes at rural roads, and
at crossings with an angle of intersection between 60° to 90°, the presence of
intersections within 500 ft and the presence of sight obstructions. The study has also
concluded that the presence of gates reduces the probability of severe accidents
involving trucks. In addition to the vehicle and geometric characteristics, the study also
took into account the driver characteristics and found that older drivers (>55 years old)
were more likely to get involved in severe accidents. The researchers have identified
reducing allowed vehicle speeds, ensuring that trucks are easier to spot by train drivers
and applying four quadrant gates and other physical barriers as solutions to improve
safety for trucks using level crossings [107].

A similar study was conducted recently and involved many more factors including
driver, crash, vehicle, environmental and roadway attributes. Factors found to be
significant on the severity of crashes involving trucks are listed in Table 41 [108]

Table 41: Factors leading to higher crash severity for injury crashes involving trucks and percentages of probability increase
[108]

Driver Crash Vehicle Environmental Roadway
attributes attributes attributes attributes attributes
Gender: Male Driving speed: Truck type: Apf;gg(_:h
i >76 mph truck tractor Cloudy (2.2%) g :
(2.5%) (11.8%) (2.3%) downhill
' ' (2.6%)
Actions: Over speedin Vehicle Number of
Running a red @ 20/) 91 defects: Tire Dawn (3.8%) ways: two
light (14.5%) o7 defects (3.6%) ways (4%)
Actions: Airbag : Darkness with Presence of
Vehicle e )
Wrong way deployment ) no sufficient traffic
L defects: Brake , o
driving (27.3%- illumination controller
defects (8.2%)
(29.8%) 33.4%) (1.4%) (3.4%)
Actions: Unbuckled
Failing to yield bel
the right of seatbetts i i i
(18%)
way

Moreover, trucks are accused of increasing the likelihood and severity of derailments
at level crossings. Chadwick et al. tested this hypothesis and found that it is only partly
true. The researchers observed that trucks were four times more likely to cause a
derailment than other vehicle types. However, there was no evidence that trucks cause
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more severe accidents since the data of accidents involving trucks showed similar
derailment severity compared to data of accidents not involving trucks [109].

Figure 31 compares the number of accidents, fatalities, and injuries from each category
of road users as per data collected in 2020 for German level crossing accidents [2].

Accidents data for various types of road users at German level crossings (2020)

59
60 58

50
40
30

20

10 6 6 7 7
3 43
1 2 1 3,32 1
0 0 0 0
0 - ||
Personal cars Trucks Buses Tractors motorcycles Bicycles Pedestrians

W Accidents Fatalities Severe Injuries light injuries

Figure 31: Accident data for various types of road users at German level crossings in 2020 [2]

As expected, Personal cars have the highest share since they are the main users of
level crossings. It is also not surprising that vulnerable users such as cyclists and
pedestrians have high accidents rates too. This indicates a demand for special
attention to be given for special improvements to those two categories. Trucks,
although involved in slightly high number of accidents, have no fatalities and very low
severe injuries. However, they make the second highest number of light injuries after
personal cars. This could be due to the large vehicle size which provides a better
protection for the passengers when it collides with a train which minimizes the
accident’s consequences. On the other side, motorcycles have the exact opposite
effect as they often lead to very high consequences when they get involved in
accidents because of the absence of any protective vehicle body. Buses performed
fairly good in regard to share of accidents in 2020. This might be an indication of a
good quality of training that bus drivers receive which helps them make safer decisions
at level crossings.

In this model, this factor is used to account for road users that are exposed or expose
the public to higher-than-usual levels of risk:

e Pedestrians and cyclists %: the percentage of pedestrians and cyclists
combined from the total number of LC road users.

e Trucks %: the percentage of trucks from the total number of LC road users.

e Presence of buses and school buses: whether public transport bus lines or
school buses use the LC frequently.

5.5.1.3.1 Pedestrians and cyclists %

Based on reviewed literature, it was proven that the percentages of pedestrians and
cyclists are significant factors of risks at level crossings since the accident
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consequences for these two road user groups are much higher than accidents that
involve personal cars.

Alternatives of this sub-sub-criterion are:
e <50
e 5-20%
o >20%

55.1.3.2 Trucks %

Trucks increase the potential accident consequences for the colliding train because of
its size. The size of the truck increases potential of special consequences such as
derailment. Therefore trucks lead to higher likelihood of train passengers injuries and
fatalities.

Alternatives of this sub-sub-criterion are:
e <50
e 5-20%
e >20%

5.5.1.3.3 Presence of buses and school buses

Public transport buses and school buses impose higher-than-usual levels of risk
because of the larger number of users involved in any potential accident. However,
since buses or school buses exact numbers are difficult to obtain from the current
standard methodology of traffic counts performed in Germany, it was decided to
include this factor to account for the presence of frequent bus lines that uses the level
crossings. This factor could be further improved by separating school buses from public
transport buses and including a special count for both types in the standard traffic count
procedure.

Alternatives of this sub-sub-criterion are:
e Present: Bus lines passing the level crossings are present. Buses and school
buses frequently use the crossing.
e Not present: No Bus lines passes the level crossings. Level crossing is not used
frequently by buses and school buses.

5.5.1.4 Train characteristics

There are two train characteristics identified as significant based on reviewed literature
and selected for this model:

e Train types
e Train length
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5.5.1.4.1 Train types

The factor of type of train types is highly important in determining the consequences of
a possible crash. For example, a track where more freight trains operate than
passenger trains have less consequences and therefore level crossings that it passes
are considered less hazardous.

More developed models can take into consideration not only the type of train
(passenger or freight) but also consider factors such as the number of passengers for
passenger train and the money value of transported goods for freight trains.

The consequences of a level crossing accident involving a passenger train are not the
same as freight train. Naturally, the value of human lives that could be lost as a
consequence of a potential accident is more valuable than the value of goods. Since
both freight and passenger trains can travel on most existing German lines, this model
differentiates between lines where shared operation takes place and lines which only
freight trains operate in.

e With passenger traffic: Level crossings that exists on rail lines which passenger
trains are allowed to use.

e Only freight traffic: Level crossings that exists on rail lines which passenger
trains are not allowed to use.

5.5.1.4.2 Train length

The length of train is the factor that is involved the most in determining the duration of
LC closure. Longer trains mean longer closure times, and this leads to higher delays
and more wasted energy. Also, longer delay times encourage more risky driver
behavior, especially for drivers familiar with the level crossing. Many drivers would
attempt to race and beat the crossing before it closes in order to avoid waiting for a
long train to pass.

Moreover, lengthier trains mean that the crossing area will be occupied for longer time
which increases the risk of all crash types.

Train length contributes to the total delay time at level crossing since longer trains take
more time to evacuate the area of the level crossing and thus increases the waiting
time of the road vehicles. Additionally, when the time of crossing area occupancy
increases, the risk of collision increases accordingly.

Schone found that the length of train has an influence on individual risk for most road
users until 200 m train lengths only. Train lengths less than 100 m have a slightly
different influence on risk than length between 100-200 m. For values beyond 200
there is no influence on individual risk at all [30].
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Figure 32: Influence of train length on individual risk for different road users [30]

The alternatives chosen for train length criterion are based on the findings of Schone
[30]:

e <100m
e 100-200m
e >200m

5.5.1.5 Speed factor

The particular significance of train speeds as a factor stems from the very high stopping
distances that trains require to perform full stop. The higher speeds that trains are
allowed to travel, the higher distances they need to stop and less possibility for train
drivers to spot dangers and react accordingly. This explains why Germany bans trains
that travel with a speed exceeding 160 km/h from driving on tracks that pass through
level crossings.

The rail speed limit of 160 Km/h in Germany is considered usual in comparison to other
nations. In Norway the speed limit is set to 160 Km/h just like in Germany ([110]. The
maximum speed in Sweden is higher than the limit in Germany as trains are permitted
to drive up to 200 Km/h at tracks with level crossings [111]. Its Scandinavian neighbor
Finland on the contrary has a lower maximum limit of 140 Km/h for both active and
passive crossings [112]. Netherlands also has disallowed level crossings to be built at
tracks with train speeds more exceeding 140 Km/h [113].

In North America, Level crossings are allowed to exist on tracks with slightly higher
maximum speeds than in Europe. Canada permits rail traffic to operate at tracks
containing level crossings with speeds up to 200 Km/h [114]. In the United States, level
crossings at Interstate highways are not allowed and a grade separation or closure is
always required. Otherwise, crossings at other road classes that are equipped with
passive protection may travel up to 80 mph (128.75 Km/h) and 110 mph (177 Km/h)
for active crossings. However, level crossings can host train speeds up to 125 mph
(201.17 Km/h) after obtaining a special permit from the Federal Railroad Administration
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(FRA). Grade separation or closure is necessary for any speed exceeding 125 mph
[31].
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Figure 33: Maximum allowed rail speed at level crossings comparison by country

Higher allowed driving speeds for road vehicles may increase the risk of losing control
while approaching the crossing and shortens the sight distances lowering the chance
of spotting the crossing in the right time and taking the right decision. In case of ralil
vehicles, studies show that lower operating speeds increase the likelihood of a
derailment at level crossings. The study concluded that the highest probability of a
derailment to happen occur when a road vehicle with high speeds crash with a train
with low speed. The authors explain the surprising findings by that trains with high
speed would knock the road vehicle out of its way when driving at higher speeds while
it would not have sufficient power to do so at lower speeds leading it eventually to a
derailment [109].

The findings of Heydari and Fu suggest that road speed has higher influence than train
speed at passive crossings and therefore it can be more beneficial to attempt reducing
road speed by utilizing traffic calming devices at crossing of that type. The results of
study have further showed that train speed have influence on all crossing types except
those protected with barriers. Meanwhile, road speed has influence only at passive
crossings [104].

Higher speeds at road and rail significantly affect not only the crash frequency but the
severity as well. Fan et al. demonstrated that crash severity is higher when the vehicle
speed exceeds 72 km/h than speeds in the range of 40-72 km/h. The study also found
that vehicle speeds below 40 km/h are insignificant to crash severity at level crossings.
The study found that train speeds function in the exact same way too [105].

In this model, two speed factors are considered:

e Train speed
e Maximum road speed
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5.5.1.5.1 Train speed

This factor accounts for the risk imposed by high train speeds. The regulations of
Germany state that level crossings cannot exists at tracks with speeds higher than 160
km/h.

Schone proved that the individual risk increases with higher train speeds as
demonstrated in figure 34. From the figure, it can be observed that fine increments of
speed always lead to higher risk. Therefore, it can be concluded that the more speed
ranges included in any prioritization model, the more accurate risks will be produced
[30].

Accidents statistics at German level crossings for each train speed range are
demonstrated in figure 35.
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Figure 34: Influence of train speed on individual risk for different road users [30]
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Number of accidents and consequences for different train speeds in
Germany 2020
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Figure 35: Accident statistics for different train speeds in Germany in 2020 [2]

Based on that, 8 speed ranges were selected for the development of this model:

e <20 km/h

e 21-40 km/h
e 41-60 km/h
e 61-80 km/h

e 81-100 km/h

e 101-120 km/h
e 121-140 km/h
e 141- 160 km/h

5.5.1.5.2 Maximum road speed

Schone measured individual risk with regard to speed of road users. It can be observed
from the findings that the slope of risk to speed is different at every 20 Km/h benchmark
approximately.
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Figure 36: Influence of vehicles speed on individual risk for different road users [30]

Therefore, maximum road speeds were classified into five groups:
e <10 km/h
e 11-30 km/h
e 31-50 km/h
e 51-70 km/h
e >70km/h

5.5.1.6 Waiting time (Delay)

An important factor that has an impact on safety levels at active crossings is the waiting
time. Laure et al defines the waiting time as “the time road users have to wait before
being able to proceed through the crossing” [115].

Many studies researched the drivers behavior at crossings in regard to different waiting
times including the work of Laure et al. which concluded that more waiting time leads
to higher frustration levels for the drivers and increase the likelihood of risky behavior,
especially for waiting times that exceed 3 minutes. The study recommended keeping
the waiting time at level crossings below 3 minutes to achieve a good level of safety
[115].

It must be noted that patience levels are significantly less for pedestrians and cyclists.
Beard and Melo report that pedestrians start ignoring traffic lights and cross based on
their judgements when the waiting time exceeds 30s [116].

The maximum waiting time in the German standard Ril 815 allowed for light signals is
90s and 240s for light signals with half barriers. Ril 815 does not have a limit for the
waiting time at full barriers [102].

Schoéne measured the influence of “pre-blocking time” factor which the author defines
as the time period from the activation of the level crossing safety device until the arrival
of the rail vehicle at the level crossing. It was found that for non-motorized traffic, the
risk remains constant until the impatience threshold is exceed, then the risk start
increasing linearly. Meanwhile, the risk initially decreases due to the “Stott effect”
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(figure 25) then starts increasing as the impatience threshold is crossed before the risk

level becomes constant [30].

Impatience threshold determined by Schéne are demonstrated in Table 42:

Table 42: Impatience threshold values [30]

Non-motorized Motorized
road users road users
Light signals 30s 60s
Half barriers 60s 120s
Full barriers 120s -*

* No value due to absence of possibility to commit a violation

In addition to the safety risks that high waiting times poses, there are huge economical
losses that result from delay. Level crossings are a reason of huge collective loss in
time and money for a wide segment of road users. Arguably, the consolidation of level
crossings can save the society significant amount of money and improve the
community’s economy in general. Protopapas et al. predicted the economic and
environmental losses resulting from delays at 1200 level crossings in Houston, Texas
and estimated the total public cost of delay at $907 million in 10-years period and more
than $2.6 billion in 20-years period. Approximately 7.5% of those losses are the costs
of emissions and wasted fuel. The authors report that the 1200 level crossings studied
cause almost 2 million unproductive hours per year and 584 tons of additional
emissions [117].

It is worth mentioning that the state of lllinois adopted a benefit-cost methodology in
2002 to prioritize crossings based solely on user delay costs after estimating that
delays cost the region $74-120 million annually [118].

Waiting time at a level crossing impacts the level of frustration of drivers and can
increase the number of violations committed at a level crossing. Additionally, the more
time vehicles spend idle at a crossing, the more fuel is wasted and vehicle emissions
are discharged. This model uses the value of approach time (Anndherungszeit) as an
indicative of the delay time.

Based on the reviewed literature, this model assigns different risk value for the
following ranges of waiting times:

e <30s

e 31-60s

e 61-90s

e 91-120s
e 121-150s
e 151-180s
e 181-210s
e 211-240s
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5.5.2 Physical factors
The physical factors were classified into 3 sub-categories:

e Geometrical factors
e Visibility
e Pavement

5.5.2.1 Geometrical factors
There are 8 sub-sub-criteria considered within the geometrical factors category:

e Angle of intersection

e Approach grade

e Track curvature

e Road curvature

e Road width

e Number of tracks

e Number of lanes

e Distance to nearby intersection

5.5.2.1.1 Angle of intersection

Angle of intersection plays a role in determining the visibility of the level crossing. It is
always recommended to have intersections with 90° as it provides the best visibility
and highest level of comfort for users. The furthest the angle gets from 90 the less
visibility will the drivers have and the less safe will the level crossing be to use. Also,
some drivers especially older drivers have physical limitations that prevents them from
turning too much while checking the level crossing clearance. This may lead to a
hazard if a train was approaching from the difficult angle.

The risk analysis for the factor of angle of intersection performed by Schéne proves
that individual risk increases with the increase in deviation from 90°. The sharpest
increase in risk for most road users is at angles between 30°-60° and 120°-150°. Since
no difference in risk can be observed between acute and obtuse angles, this model
considers angle groups deviating from 90° to be identical. For example, if a level
crossing has angle of 130°, it would be considered same as 50° and will get risk score
of the 31°-60° category [30].
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Figure 37: Influence of angle of intersection on individual risk for different road users [30]

As a result, this model gives a different risk score for 3 categories of angles:

e 61°-90°: also refer to angles 90°-119°
e 31°-60°: also refer to angles 120°-149°
e (°-30°: also refer to angles 150°-180°

5.5.2.1.2 Approach grade

The factor of approach grades contributes highly to the sight distance at any level
crossing. In addition, it can influence the speeds of approaching car depending on
whether the approach grade is an uphill or downhill. High approach grades could also
be a risk factor in poor weather conditions such as snow or ice as drivers often find it

harder to control their cars on such conditions which may increase the risk.

Based on literature review the following alternatives were selected for approach grade

(SLN):

e <3%

e 3%<SLN<6%
e 6%<SLN<9%
e 9% <SLN<12%
e SLN=12%

5.5.2.1.3 Track curvature

The curvature of the railway track influences the visibility and sight distance for road
users which impacts the distance road users need to be away from the level crossing
to make a crossing judgement. Based on literature review, the following alternatives

were identified as significant for track radius (GBR):
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e GBR =750m

e 500m < GBR < 750m
e < GBR <500m

e GBR<250m

5.5.2.1.4 Road curvature

Road curvature has an influence over vehicles speeds, visibility, and imposes an
increased risk in bad weather conditions in case of C-shaped or S-shaped roads. This
model uses five different alternatives to determine the risk score resulting from road
curvature. The unit gon/m was decided to be used instead of grad/m to better fit the
standards in Germany.

e <0.25gon/m

e 0.25-0.5gon/m
e 0.5-0.75gon/m
e 0.75-1gon/m

e 1gon/m

5.5.2.1.5 Road width

Level crossings with insufficient lane widths form a hazard of congestion in the crossing
area if two vehicles crossed at the same time from opposite directions, especially if no
proper “priority to incoming traffic” rule was installed.

The width of the road along with the angle of intersection usually determine the width
of the level crossing. Wide roads can increase the risk at crossings secured with
barriers if the barrier length was not sufficient to cover the full length of the road. Some
drivers will feel tempted to maneuver the barriers by zigzagging if the road width and
barrier length allows such a movement. On the other hand, very narrow roads usually
force car drivers to approach the crossing with slower speeds which may lead them to
need longer time to clear the crossing and thus be exposed to higher risk.

Since the potential of road users committing violations such as zigzagging is closely
tied to the road width particularly at crossings secured with barrier arms that do not
cover the full width of road, it is recommended for the upgrade of this model or for any
models created in the future to include a factor that measures the difference between
barrier arm length and road width as an indicator to zigzagging risk.

German standards set the minimum width of road to be provided at level crossings as
3 m per lane. The same crossing width should be guaranteed to allow safe clearing of
the crossing. However, the widths could vary at roads where trucks are not allowed.
The factor of lane width is also used in determining the minimum barrier length for
technically secured level crossings [102].

Ril 815 sets the rules for design of the road width at level crossings based on possible
encounter cases. The following are the minimum road widths stated in Ril 815:

Case 1: truck-truck encounter = 6.35 m
Case 2: truck-car encounter = 5.55 m
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Case 3: car-car encounter =4.75m

Based on that, the following alternatives were selected in this model to reflect the limits
stated in Ril 815:

o <4.75m
e 475-55m
e 55-6.35m
e 26.35m

5.5.2.1.6 Number of tracks

Number of tracks factor is not an independent factor as it is often related to higher
traffic volumes. However, this does not cancel its own significance.

The number of tracks as it gets higher increases the risk as well. The reason is that
the higher the number of tracks that pass within the level crossing, the higher the time
road users will need to clear out the danger zone.

Another risk arises in the cases when multiple tracks with two directions of travel exist.
Road users might only overview one direction and proceed without making sure that
the opposite direction is clear as well. This driver behavior could lead to more
accidents.

The difference in effects of some countermeasures in terms of accidents reduction for
single track and multiple tracks is demonstrated in Table 39.

Even though most level crossings in Germany exist at roads that cross one railway
track only, there are crossing that exist at railways with 4 or more tracks in some cases
based on the LC statistics collected by Hantschel et al [94].

Therefore, the following alternatives were adopted in this model for number of tracks:

e Number of tracks =1
e Number of tracks = 2
e Number of tracks = 3
e Number of tracks =4

5.5.2.1.7 Number of lanes

Number of highway lanes is also not an independent factor as it is related to higher
traffic volumes too.

More road lanes mean more collision points at the crossing which also means higher
risk and exposure. A level crossing with two lanes gives the opportunity for two cars to
exist within the LC area at the same time which doubles the risk.

Heydari and Fu found that the factor of number of lanes is influential only at passive
crossings with STOP sign and at active crossings equipped with flashing light although
the significance at passive crossings was found to be higher than at the active ones
[104].
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According to Hantschel et al., only a small number of level crossings in Germany exist
at roads with more than two lanes. The majority of crossings are at one-lane or two-
lane roads [94].

Therefore, the following alternatives were adopted in this model for number of lanes:

e Number of lanes =1
e Number of lanes = 2
e Number of lanes 23

5.5.2.1.8 Distance to nearby intersection

The distance from the level crossing to the nearest intersection could be considered
as a risk factor if the distance was too short because it directly affects other factors
such as sight distance and could lead to problems of level crossing clearance.

If the distance between the LC and the closest intersection was too short, a car using
the intersection to turn towards the crossing would have a shorter sight distance and
thus a shorter reaction time. For cars leaving the crossing towards the intersection, if
the traffic flow was too high and the distance until the intersection was too short, a tail-
back (queue) could occur leading to a blockage in the level crossing.

However, Austin and Carson found in their work that vicinity intersections as a factor
is statistically insignificant and thus cannot be considered as a criterion for
consolidation [62].

Also, Keramati et al. created a mathematical model after investigating the accidents
data at US level crossings of 30 years and ranked factors based on the model. Out of
13 factors studied, only Nearby intersections and angle of intersection were found to
be statistically insignificant. Nearby crossings factor was ranked at 12 according to
impact on number of crashes [47].

A German research conducted in 2016 found that the accident rates at level crossings,
that are located in the vicinity of intersections at a distance less than 50 m, are
significantly higher compared to other level crossings [94]. By investigating the number
of accidents that occurred at German level crossings against the distance to nearest
intersection of each LC, the numbers showed that accidents rate decrease as the
distance to nearest intersection increases. These results support the findings of a
Japanese study that compared the average number of accidents at level crossings at
different distances from the closest intersection (<10m, 10-20m,20-50m, >50m). The
results showed significantly higher accidents rate when the distance is less than 10 m.
And similar to the German study, the accidents decreased by the increase of
intersection distance [119].

Since Ril 815 gives a special consideration for intersections within the clearance
section (£27m) in its risk points evaluation particularly if the intersection was not
controlled by a traffic signal. Therefore, a special alternative category for nearby
intersections with the clearance section was included in this model.

These are the alternatives selected for "Distance to nearby intersection” sub-sub-
criterion:
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e >150m

e 100 -150m
e 50-100m
e 27 -50m

e In clearance section (£27m)

5.5.2.2 Visibility

In this model, visibility was assumed to be a result of sufficient sight distance, absence
of any permanent or temporary sight obstructions, and presence of good illumination
to ensure good visibility during night hours. Sight distance and sight obstructions can
highly affect the quality of judgement of the driver and therefore the reaction.

The visibility criterion contains the following sub-groups:

e Sight distance
e Sight obstructions
e lllumination

5.5.2.2.1 Sight distance

Sight distance is the total visible length of the road and along the track that is visible to
the driver. Many models considered sight distance as a primary criterion since the
guality of observation can highly affect the quality of judgement of the driver and
therefore the reaction.

Highway-Rail Crossing Handbook divides sight distance into three major types [31]:

= Approach sight distance: It is the distance from the driver of the vehicle to the
closest track. This distance represents the length that the road user can spot
the crossing from to react accordingly.

= Corner sight distance: it measures the visibility in the quadrants and checks the
ability of the driver to normally perceive the approach of a train without
obstruction to his left or right.

= Clearing sight distance: It is the distance visible ahead of the driver when
stopped at the crossing

Sight distance triangle formulas in the United States are calculated based on the train
and car speeds according to the following table:
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Table 43: Sight distances in the American standards [31]

Train Case B Case A Moving Vehicle
Speed | Departure
(MPH) | from Stop Vehicle Speed (MPH)
— 0 10 | 20 | 34 | 4 | s0 | e | 70 | 80
Distance Along Railroad Crossing from d_ (ft)
10 255 155 110 102 102 106 112 119 127
20 509 310 220 203 205 213 225 239 254
30 794 465 331 305 307 319 337 358 381
40 1,019 619 441 407 409 426 450 478 508
50 1,273 774 551 509 511 532 562 597 635
60 1,528 929 661 610 614 639 675 717 763
70 1,783 1,084 771 712 716 745 787 836 890
80 2,037 1,239 882 814 818 852 899 956 1,017
90 2,292 1,394 992 915 920 958 1,012 1,075 1,144
Distance Along Highway from Crossing, d,, (ft)
— — | 69 | 135 | 220 | 324 | 447 | 589 | 751 931

Although bad sight distance can hinder the judgement of drivers, but there is no proof
that it contributes effectively to higher accidents rate. Messick concluded that there is
no correlation between number of accidents and sight distance after examining 81 level
crossings” accidents data against their available sight distances [120]. This might be
explained as that drivers recompensate for sight deficiencies with being more cautious
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Figure 38: Sight distances in the American standards

as they approach the crossing.

In Germany, sight distance triangle is calculated by determining the following values

[27]:

Road sight point (Sehpunkt): it is the point at road from which the road user is able to
spot the rail vehicle until the location of St. Andrew’s Cross (Stop line) and is measured

i
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by calculating the breaking distance (Anhalteweg la) based on car speed, breaking
delay, and reaction time.

Clearance time (Raumzeit): The time needed by the vehicle to clear the level crossing
area from the Road sight point.

Approach time (Annaherungszeit): a time value calculated to measure the time the
train takes to arrive at the level crossing after clearance time plus a safety margin is
over.

Rail sight point (Sichtpunkt): It is the point at rail track where the rail vehicle becomes
detectable for the road user and is measured by calculating the approach distance
(Annaherungsstrecke) based on approach time and train speed.

Figure 39 demonstrates the locations and distances of Road sight point, Rail sight
point, breaking distance, and approach distance [27]:
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Figure 39: Sight distance triangle according to German standards [27]

Visibility depends highly on geometrical factors like horizontal and vertical alignments
and angle of intersection.

Not only the visibility of the level crossing needs to be ensured but also the visibility of
all level crossing components such as signals, the St. Andrew’s Cross, and any traffic
signs. National standards contain specific dimensions of all components to ensure their
visibility to all users from safe distances. There are laws that prohibit blocking the
visibility of level crossings or some of their components by parking. For example, it is
not allowed to park in front of or behind a St. Andrew’s Cross up to 5 m at urban areas
or 50 m at rural areas.

In this model, Level crossings are rated based on these sight distance ranges:

e >400m
e 200-400m
e <200m
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5.5.2.2.2 Sight obstructions

Sight obstructions are all objects and factors that lead to a temporary full or partial loss
of sight and limits the sight distance while approaching the level crossing.

Sun glare effects must be considered by planning engineers in the design phase of
any level crossing while planning the geometrical factors such as the horizontal and
vertical alignments of both the road and track. After construction, it is usually very hard
to make adjustments to the geometrical elements to eliminate sun glare and therefore
an elimination of the level crossing could be the only solution if the problem is
confirmed as a safety threat. In some cases, sun glare can cause a temporary vision
loss for seconds which increases the risk of an accident.

Another temporary sight obstructions are the plants and trees near the level crossing.
Plants and trees grow and vary in their size and density at certain times or seasons. In
some cases, the level crossing might be inspected at a season when the surrounding
vegetation is short and do not obstruct the vision. Few months later, it becomes a sight
obstruction problem after growing. This can be an issue especially for rural crossings
located close to farms where long crops or trees are planted. However, the elimination
of such problem is often not complicated unlike sun glare.

Sight obstructions was also one of the factors that Austin and Carson rejected from
their model due to its statistical insignificance. Only 10% of the studied crossings had
obstacles existing blocking the view of drivers and therefore was decided to be an
undecisive factor [62].

Objects considered as sight obstructions in this model include trees and plants,
advertisement boards, structures and buildings, rail equipment and traffic safety
devices. In addition, any temporary visual impediments such as sun glare are
considered as sight obstructions.

In this model, a risk score is only given to the level crossing for this sub-sub-criterion if
sight obstructions were deemed present by the evaluator. Therefore, the alternatives
of this category in the model are:

e No sight obstructions
e Sight obstructions exist

5.5.2.2.3 lllumination

Ril 815 states that non-technically secured crossings must be illuminated if they are
occupied by unlit rail vehicles for long periods. It also states that sufficient lighting
should be provided for technically secured crossings with light signals and barriers to
aid the operator’s view of the level crossing or when the LC is supervised through
camera.

lllumination can be a big safety factor for level crossings at night since visibility is
reduced to the minimum particularly at rural crossings where there is no enough
surrounding illumination.
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Researchers attempted to answer whether the factor of illumination makes a difference
in significant factors towards accidents severities. The study included 10 years of
accidents data from US crossing and created two mixed logit models in terms of
existence of lighting. The results proved that there are massive differences between
illuminated and non-illuminated level crossings. Table 44 summarizes the main
findings of the study [121].

Table 44: most significant factors according to illumination conditions [121]

Fatality probability Fatality probability
Factor increase with sufficient increase with no
lighting existing illumination

Vehicle speed: = 50 mph 56% 87%
Train speed: =2 50 mph 37% 68%
Age: = 65 years 20% 58%
Gender: Female 3.7% 4.9%
Weather: cloudy 6% 13%
Weather: fog 9% 17%
Weather: snow 12% 25%
Weather: rain 4% 9%

Weather: sleet 15% 32%
Area type: open space 8% 18%
Pavement: non-paved 5% 12%

In this mode, three alternatives for the presence of illumination exist:

e Sufficient: lllumination is present at the level crossing and the intensity of
illumination is sufficient for safe visibility of the crossing during night hours.

e Insufficient: lllumination is present at the level crossing, but the intensity of
illumination is not sufficient for safe visibility of the crossing during night hours.

¢ No illumination: No illumination available at the level crossing. The crossing is
very dangerous to use during night hours.

5.5.2.3 Pavement
The pavement factor consists of three sub-factors:

e Type of crossing surface
e Type of road pavement
e Condition of crossing and road pavement

5.5.2.3.1 Type of crossing surface

The type of crossing surface is a significant when studying level crossings since it
contributes to the time the vehicle needs to clear the crossing. Also, when the crossing
is not paved, the danger of a vehicle getting stuck on the rails increases.

Ril 815 regulates the allowed types of crossings coatings in Germany. The majority of
approved systems are either made of rubber or concrete (Figure 40). The conditions
of selecting a coating are that it fulfills the safety requirements, traffic volumes and
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speeds and be economical. The guideline also allows level crossings to be coated with
asphalt (Figure 41) or mineral mixture (i.e., gravel) on crossings that have low road
traffic density (<100 vehicles per day) and low train speeds (max 80 km/h). crossings
that are exclusive for pedestrians and cyclists are allowed to be coated with asphalt or
mineral mixture (gravel) as well.

Figure 41: A level crossing with an asphalt coating in Regen

Austin and Carson found that using wood planks as crossing surface leads to higher
crash risk despite the fact that they are mostly used at crossings with low traffic
volumes [62]. These findings support the decision of not including wood planks as a
surface possibility for German level crossings.
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The different crash severity rates for each type of level crossing surface were studied
by Fan et al. The results however were surprising. It was found that rubber and
concrete level crossings has the highest likelihood of injury and fatal crashes while
asphalt and unpaved crossings had the lowest. The researchers explain the results by
arguing that drivers tend to be more careful when the type of level crossing coating is
of lower quality [105].

Crossing surface type is also a contributing factor to delay time and money loss at level
crossings. After drivers come to a complete stop or slow their speeds down, the friction
between tires and crossing type determine the speed that they reach while crossing.
A study performed in Thailand found that the average speed of cars on asphalt
crossings were 25.91 Km/h, while concrete and timber crossings recorded 19.41 Km/h
and 16.37 Km/h respectively. The difference in speed could be translated to economic
losses in terms of delay [122].

This model gives a different risk score to each type of crossing surface available in
Germany:

e Rubber
e Concrete
e Asphalt
e Unpaved

5.5.2.3.2 Type of road pavement

The work of Austin and Carson proved that the type of highway pavement influences
the accidents rate. It was found that more accidents happen on paved roads than
gravel roads. The authors suggested that these factors are also correlated with traffic
volumes as road pavement usually indicates high AADT. However, those factors were
still considered in their suggested model due to the high t-ratio and low standard errors
[62].

In this model, level crossings that are located at unpaved roads have a different risk
score than those located at paved crossings. Therefore, the two alternatives for this
category are:

e Paved
e Unpaved

5.5.2.3.3 Condition of crossing and road pavement

Not only the type of pavement used, but also the condition of the pavement can be a
big factor of risk. Poor pavements hinder the movement of road users and slows them
down which results in a larger needed clearing time. Additionally, severe defects in
pavement inside the level crossing can cause the vehicles drivers to stop or
significantly reduce their speed in the middle of the crossing which may lead to rear-
end collisions.
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Examples of defects that will result into a poor condition classification in this model are
based on Ril 815 and they include ruts (Spurinnen), net and single cracks (Netz und
Einzelrisse), and patches (Flickstellen).

This model evaluates level crossings according to two alternatives regarding condition
of pavement:

e Good condition: Both crossing and road pavements are in good condition.
e Poor condition: Both crossing and road pavements are in poor condition.

5.5.3 Safety factors

This category calculates a risk score for the level crossing based on the following sub-
criteria:

e Type of protection

e Accident history

e Road markings

e Traffic safety devices

e Hazardous material transportation

5.5.3.1 Type of protection

Caird et al. summarized the findings of various studies that measured the effectiveness
of level crossing safety devices between 1975 and 2002. It was reported that flashing
lights reduce accidents by 64% in accidents, 84% in injuries and 83% in fatalities over
crosshucks. While combining the flashlights with lights and gates manages to reduce
accidents by 88%, injuries by 93% and fatalities by 100% over crossbucks and
accidents by 44% over flashing lights only. As for the effectiveness of systems to stop
driver violations, the authors compared the efficiency of different systems against the
half barriers and concluded that median barriers can reduce 80% more violations than
half barriers, long arm gates (3/4 the length of full barriers) reduce 67-84% of violations.
Full barriers reduce 82% while combining median barriers with full barriers eliminates
92% of drivers violations. Additionally, monitoring the crossing with video/photo
surveillance was found to reduce 34-94% of violations. Finally, the option of closure
logically eliminates 100% of violations, accidents, injuries, and deaths [123].

In a study performed by Saccomanno and Lai on 10449 level crossings in Canada
using factor analysis to evaluate the performance of countermeasures at level
crossings, the authors found that an accident reduction of 58% can be achieved when
passive protection is upgraded to active protection using flashing lights and 63% when
upgraded to active protection using barriers. This means that adding barriers to passive
crossings can only improve the accidents situation by a small rate of 5%. The study
concluded that an upgrade of passive to active (flashing lights only) can be more cost-
effective than installing barriers. However, the addition of barriers to crossings
equipped already with flashing lights was found to improve the safety by 13%. [76].

In another study performed using propensity score method, the authors suggested that
limiting treatment selection biases that can be the result of dominant criteria can
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produce misleading improvement rates. Their work indeed resulted in less safety
improvement rates to Saccomanno and Lai with percentage reduction of 31.7% for
passive to flashing lights, 47.6% for passive to barriers and 24.4% for flashing lights to
barriers [124].

Elvik et al. studied several studies and accident prediction models between 1987-2009
that controlled the different potential biases and selected the best estimates based on
the collected results. Their best estimates show that accidents can be reduced by 26%
when a whistle blow is used to announce train approaching, 23% when signs only are
used and 65% when a Stop sign is used. Improvements data at level crossings were
also similarly studied and show that upgrading passive crossings (signs only) to
flashing lights and sound signals reduce the accidents by 51%, improving flashing
lights and sound signals to barriers reduce the accidents by 45% while going from
passive to active with barriers improves the safety by 68%. Additionally, they report
that improving sight conditions can lead to a 44% less accidents [125].

The variance of influential factors to safety in regard to the type of crossing protection
type was later demonstrated by Heydari and Fu in 2015 as they investigated
statistically significant factors for accidents at Canadian level crossings. Their findings
showed that traffic exposure was the most influential for all types and it was the only
influential factor for crossings equipped with barriers. The researchers attribute that to
the high influence of barriers on drivers behavior. Crossings equipped with flashing
lights only were found to be influenced by train speed, number of lanes and whistle
prohibition. Finally, passive crossings were found to be influenced traffic exposure and
speeds of road and train. However, if a passive crossing is equipped with a STOP sign,
the study shows that the influencing factors turn to be exactly as an active crossing
equipped with a flashing light [104].

Active protection methods are affected with the factor of waiting time. Road users tend
to commit more violations and cross the level crossing without authorization the more
they wait. Various researches have been conducted to study the impatience limits for
road users that are discussed in chapter 5.1.

Examples of different types of warning lights used worldwide are shown in figure 42.
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Figure 42: Examples of different types of flashing lights used worldwide

Accident statistics for various types of protection in Germany are presented in figure
14.

This model uses the four most popular types of protection in Germany as alternatives
for Type of protection sub-criteria:

e Full barriers

e Half barriers

e Light signals / Flashing lights
e Passive

5.5.3.2 Accident history

Accident history reflects clearly how the crossing is performing in terms of safety. The
duration of accident records is also a factor. Most models take 5-10 years of accident
records. However, it must be also considered that the duration correctly reflects the
real situation in case the crossing protection type was upgraded. For example, it makes
no sense to consider 5-years of accident data for a crossing that was upgraded from
Passive to active 2 years ago.

Most models do not consider the number of accidents only but have a different weight
for accidents of different severities. It is very logical that a crossing that causes high
fatality accidents but low overall accidents rates to be considered as a higher priority
than a level crossing with more overall accidents but with a majority of material damage
only accidents.
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Accidents data help researchers identify hazards in level crossings. To achieve better
safety situation and accurate research results, it is crucial that countries collect and
record accident data in a systemized way with a high level of detail and 