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Abstract: Railway level crossings pose risks to both train passengers and road users, worsened by
the complex interaction between rail and road traffic, particularly on local railways. This study
introduces a Risk Management (RM) framework designed to enhance safety at level crossings on local
railways by providing a decision-support tool. By individually assessing risk factors, the framework
allows for a precise evaluation of the current risk levels in terms of both Cumulated and Individual
Risk levels, Individual Risk, and the impacts of potential modifications. The framework allows
the quantitative assessment of risk and resource optimization, enabling infrastructure managers to
identify high-risk crossings and select the most effective safety interventions. The framework was
applied to 96 level crossings on an Italian local railway line, demonstrating its ability to support
decision-making for targeted interventions as well as broader network-level actions, significantly
improving system safety.

Keywords: railway level crossing; risk management; risk analysis; decision-support tools; quantitative
safety assessment; local railways

1. Introduction

Railway level crossings (LCs) represent significant safety challenges due to the in-
tersection of road and rail traffic. Despite advances in railway safety, LCs continue to
be high-risk areas, with accidents leading to severe consequences, especially for road
users, given the mass disparity between trains and vehicles [1]. This issue is particularly
critical for local railways, which often operate with outdated infrastructure and limited
safety systems.

Existing research on LC safety has largely focused on national railway networks,
with models calibrated for well-established systems where accident databases are com-
prehensive, and safety interventions are more feasible. However, local railways remain
under-explored, especially in terms of tailored Risk Management solutions. This research
gap is further exacerbated by the unique operational and infrastructural characteristics
of local railways, which demand specific risk assessment frameworks that address their
constraints and challenges.

The objective of this study is to develop and validate a quantitative Risk Management
(RM) framework specifically designed for local railways. The framework aims to enhance
safety at LCs by providing a decision-support tool that allows for accurate risk assessment
and resource optimization. By addressing the current research gap, this framework offers
a practical solution for improving safety in local railway systems.

To this end, Section 2 provides an overview of risk factors and Risk Management meth-
ods at level crossings, Section 3 describes the proposed RM framework for LCs, Section 4
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describes the application to the case study and the use of the framework as a decision-
making tool, and Section 5 describes the implications and advantages of the presented
methodology. Finally, Section 6 summarizes the conclusions on the implemented procedure.

2. Risk Factors and Risk Management Methods at Level Crossings

The identification of the parameters that influence the LC risk has been one of the
greatest challenges in recent years. The goal was to identify these parameters, mainly
related to traffic conditions (road and rail), environmental conditions, technical factors,
and human-caused factors [2], and to correlate them to the frequency and the accidental
consequences for the prediction of present risk levels and predicting future ones [3].

Different types of models have been proposed over the years, and, in particular,
those based on statistical approaches, such as safety performance factors (SPFs), have
generally returned the highest precision and objectivity [1]. This type of model is based on
mathematical equations that relate the accident frequency with a series of risk factors and
regression factors derived from the statistical analysis of accident data series.

Some of the main key risk factors for LCs that the models proposed in the literature
have taken into account are summarized in Table 1 (the risk factors considered in each
study are traced with “X”) and refer to the railway and road operational characteristics,
the geometry and quality of the road [4], the characteristics of the railway and the type of
signaling and external factors.

Table 1. Review of factors affecting risk at LCs.

(51 fel [71 81 [91 [11 [101 [11] [12] [13] [14] [15] [2] [16]

AADT road

X X X X X X X X

AADT train

X X X X

Train speed

Road vehicle speed

HV %

X

X X X X X X X
X
X

Number of tracks

Road width

Road pavement

Railway slope

Vehicle type

Skew angle

Sight distance

Rail signaling/type of LC

XXX XX

Traffic calming
(speed humps,
horizontal markings)

Near misses/accident history

Car driver (age, gender)

Environmental conditions

As shown, crucial risk factors identified in the literature are mainly the amount of
vehicles and trains that interact at an LC, the train speed, and how the LC is protected.
Information like road width, sight distance, car driver (age, gender), and environmental
conditions also seem to be chosen to assess the final risk level of LCs.
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These studies, however, despite providing important information on the elements to
consider for risk calculation and their role, do not highlight how to integrate the results
within a decision-making process to support the management of a railway.

In this sense, the Risk Management (RM) process provides an important tool for study-
ing the accident rate of level crossings and for evaluating action strategies for safeguarding
safety levels.

RM has seen its development in numerous disciplines [17-19], allowing, through
successive steps, for the identification, assessment, and treatment of the risk of a system
and, when used in conditions of limited resources, it constitutes a powerful tool for the
decision and prioritization of interventions [20].

The use of risk-based analysis frameworks for assessing safety levels in railway
systems has been addressed over the years [21]. In the early 2000s, Muttram [22] introduced
a railway safety risk model that utilized a combination of fault tree analysis (FTA) and event
tree analysis (ETA) to provide a structured representation of the causes and consequences
of potential accidents. This model laid the groundwork for a case-specific quantitative risk
assessment, particularly focused on evaluating derailment risks.

An et al. [23] later developed a Risk Management (RM) system that integrates the
fuzzy reasoning approach (FRA) with the analytical hierarchy process (AHP) to estimate
the risk level for each hazard by combining qualitative and quantitative data. Their model
was applied to assess the risk levels of a railway depot.

Berrado et al. [17] made further advancements by presenting an RM framework based
on historical databases, also employing FTA and ETA. This framework demonstrated its
utility in social and economic evaluations through cost-benefit analysis (CBA). It allows for
risk assessment based on historical data, categorizing risk by frequency and consequences
in a risk matrix, thus providing qualitative safety insights derived from quantitative data.

In the decision-making process and in the comparison of multiple alternative solutions,
the use of continuous quantitative risk indicators is crucial. In addition, often, in cases such
as new or unique systems, the accidental information is not enough for reliable statistical
analyses. This is the case of the Italian local railways, or railways isolated from the rest of
the national railway system, with unique characteristics and not very exhaustive accident
databases. For this reason, in [24], we present an RM framework capable of evaluating
frequencies and consequences from database data of reference railway systems adapted
through a calibration based on the safety barriers performance comparison and obtain
a quantitative index for risk evaluation and treatment.

In addition, Martani et al. [25] argue that often, the RM models for railways presented
are not able to take into account all the elements of the analyzed system but focus on single
parts. In this sense, the framework presented lays the foundations for system-level analysis,
being able to easily adapt and integrate the information necessary for such analysis. The
framework has been applied in environments with little accidental information for the
assessment and treatment of the risk of collision, fire, and derailment in metro systems [26]
and in local railway tunnels [27].

3. Risk Management Methodology

The safe management of a railway system is possible through the application of a sys-
tematic method of identifying, analyzing, and treating risk. In this sense, Risk Management
does not represent a sterile analysis of the current conditions of the system but provides
the tools for the definition of safety improvement strategies and for the evaluation of their
efficiency [24].

RM process involves several key phases, as shown in Figure 1.
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Figure 1. Risk Management process [24].

In the system definition phase, the characteristics, interfaces, and limits of the system
to be analyzed are expressed. All technological, operational, and organizational elements
of the system contributing to the overall safety and the historical information of the system
must be identified and accurately described [28].

The information collected allows analysts to identify, analyze, and evaluate events
that generate risks. The hazards identification phase intends to describe and characterize
all possible Hazardous Events (HEs) able to generate risk in the system. Accidental
historical data, hazard logs, and reliability information of systems, subsystems, and parts
are investigated, and hazards are identified through methodologies like checklists, Hazard
and Operability (HAZOP), Failure Modes, Effects, and Criticality Analysis (FMECA), and
so on [29]. The output of this phase is a list of critical hazards for the safe operation of the
system characterized by their respective frequencies and consequences [30,31].

For each identified HE, the risk analysis phase aims to estimate the associated risk
level starting from the available information.

Risk, in particular, is defined as the combination of the expected frequency of loss and
the related severity [32,33]. The risk linked to HE, however, is governed not only by the
frequency of the causes that can trigger it but also by the succession of possible consecutive
events capable of giving rise to different accident scenarios, characterized by different
frequencies and severities and, therefore, a different risk level. Based on this consideration,
the calculation of the risk associated with the HE must take into account all the possible
scenarios associated with it.

The ‘Bow-tie’ methodology allows the analysis of the evolution of an accident through
logical connections, starting from the triggering causes up to the expected final scenarios,
integrating into a common platform the fault tree analysis (FTA) for the accident causes
identification and the event tree analysis (ETA) for the accident evolution analysis [34].

FTA is a top-down, deductive methodology where an HE is decomposed into low-
level faults until the single independent causes, called Basic or Root Events (REs). Relation
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between events is expressed using Boolean logic. FTA is a commonly used methodology for
railway risk assessment and fits well with qualitative and quantitative input data [35-37].

ETA is a bottom-up methodology that, starting from the HE, combines the probabilities
that further subsequent events will occur or not, influencing each step both the extent of
the consequences and the probability of their occurrence, describing all the possible final
accidental scenarios [27]. Also, ETA has found application in the railway sector for the
qualitative and quantitative analysis of the accident consequences, usually applied after
FTA in a bow-tie structure [17,38,39].

In the risk calculation phase, the combination of the risk level of all scenarios expresses
the overall risk level of the HE analyzed. In particular, risk can be expressed as Total
Expected Risk (R), Cumulative Risk (CR), or Individual Risk (IR) [40].

Those indicators, in the risk evaluation phase, are compared with criteria and thresh-
olds to assess their acceptability [31]. In particular, the risk level can result in acceptable,
tolerable, or unacceptable. In the first case, the risk is low, no intervention is required, and
only monitoring activities should be carried out [27,41]. In the second case, the level of
risk is not entirely negligible, and the reasonability of implementing further barriers must
be assessed. Finally, in the last case, the risk is too high, and the implementation of all
necessary safety barriers is mandatory to restore the safety of the system.

The risk treatment phase takes place mainly in the latter case and for the evaluation of
the effectiveness of new barriers in case of tolerability. This represents a proactive step in
the RM process. Up to this point, in fact, the analyses have been based on the organization
and passive interpretation of data and information on the system. Risk treatment, on
the other hand, implies that the analyst, based on the results obtained, makes decisions
(in terms of implementation of new safety barriers) and evaluates their effectiveness by
updating the system characteristics and starting a new cycle of the RM process.

Having outlined the theoretical foundations and methodology for Risk Management,
this framework is applied to a real-world case study, demonstrating its practical utility in
assessing and mitigating risks at local railway level crossings.

4. Local Railway Level Crossing Case Study
4.1. System Definition

The methodology described was applied for the implementation of a management
tool for 96 crossings at the level of a 110 km narrow gauge Italian local line.

The isolated local lines, unlike the national railway network, are characterized by
limited economic and organizational resources, a strong heterogeneity of the environments
crossed, and unique geometric and operational characteristics. Furthermore, this mode of
transport serves short- and medium-range travel in environments where standard railways
are unable to operate, crossing from highly built urban environments to highly tortuous
mountain stretches.

The line lacks Active Train Protection/Active Train Control (ATP/ATC) systems, and
the position of the train is controlled by an axle counter block system between stations,
requiring greater attention to the evaluation of faults and errors of the driver.

All these factors contribute to generating vulnerable conditions in correspondence
with the LCs, increasing the risk both for passengers and vehicle occupants.

The strong heterogeneity is also found in the characteristics of the LCs along the line.
In addition to the context in which they are found, the LCs are characterized by a variety
linked to the protection systems they are equipped with, from fully automatic LCs and
protected by barriers to the LCs without any type of active protection. In particular, it is
possible to identify seven LC classes, as shown in Table 2.

In Class 1 LCs, the passage of a train activates a detection pedal located before the
crossing, which triggers the closure of the barriers and switches on the warning lights and
acoustic signals. A second pedal, positioned after the LC, detects when the train has passed,
opening the barriers and turning off the warning lights and acoustic signals.



Appl. Sci. 2024, 14, 8630

In Class 2 LCs, the barriers, warning lights, and acoustic signals are manually activated
and deactivated by an operator. This is also the case for Class 3 LCs, though these crossings

lack warning lights and acoustic signals.

Class 4 and Class 7 LCs are located on private roads and are only used a few times
a day by the road owners. Lastly, Class 5 and Class 6 LCs are open crossings, with Class 5

having acoustic or light warnings, while Class 6 has no such warnings.

As illustrated in Figure 2, the average density of LCs along the line is quite high at
0.87 LCs/km, compared to the Italian average of 0.35 LCs/km. This density is particularly
concentrated in urban areas, where higher traffic levels and limited visibility due to nearby

buildings and obstacles increase the risk.

Figure 2. LC distribution and classes along the studied line.

Table 2. Level crossing classes.

Type Description N°
CLASS 1 Automatic LC 59
CLASS 2 LC with manually act1vate§ bar.rlers, acoustic signals, and 2

warning lights
CLASS 3 LC with manually activated ba.rrler.s without acoustic signals 3
and warning lights
CLASS 4 Private LC protected by chains or gates 1
CLASS 5 LC with no barriers, with acoustic signals and warning lights 14
CLASS 6 LC with no barriers and no acoustic signals or warning lights 15
CLASS 7 Private LC with no barriers and no acoustic signals or 2

warning lights

TOT

96
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All these factors contribute to increased hazard exposure all over the line. In this
context, the methodology described in this work consents to provide the basis for a tool
capable of analyzing and optimally managing the safety level of each individual LC.

4.2. Level Crossings Data

The efficiency of the decision-making process is strongly influenced by the quality of
the data available for analysis.

For each level crossing, several categories of data are collected. General information
includes details like the LC’s name, the section, and road it is located on, its position along
the railway, and whether it is in an urban or suburban area. Information on the level
crossing protection system covers the type of barriers, how they are operated, the presence
of visual or acoustic signals, railway signaling, and the visibility between the road and the
train. Operational data consist of metrics such as the Average Annual Daily railway Traffic
(AADT,4j), the Average Annual Daily road Traffic (AADT,,q), and the average speed of
trains. Lastly, faults data include a log of all accidents and precursors that occurred at LCs.

The first type of data is intended to identify the LCs and the road section concerned.
The second type of information is crucial for the classification of LCs according to the seven
classes described in Table 2.

The Average Annual Daily road Traffic (AADT,,,q) was obtained from the combination
of the information road traffic counts published by the local authorities and from traffic
simulation models performed on the analyzed network. AADT,,; and estimated train
speeds at the LC were provided by the infrastructure manager.

Finally, data on the reliability and availability of the protection systems of the LC
were obtained from the fault database owned by the Local Railway Infrastructure Manager,
which reports all relevant events detected during monitoring and maintenance activities
on the line. The database reports all the failures of the LC systems from 2018 to 2021 for
a total of 1227 reports, each characterized by the following;:

Number, description, and date of input of the report;

Status of the report (i.e., pending, solved, etc.);

Start and end date of the repair and its duration;

Name and type of the LC involved;

Type of failure, part of the system involved, possible cause, and repair.

The faults described have been filtered in order to exclude non-safety-related events,
which are not able to influence the risk level of the LC. The relevant faults refer to the
following categories:

Train detection pedal failure;

Faults in logic, control, and power systems;
Vandalism;

Barriers failure;

Acoustic signals failure;

Warning lights failure;

Accidents due to rush or distraction of car drivers.

N U L=

As Figure 3 shows, the most recurrent fault is linked to the barriers, in particular to
the ‘Barrier does not lower’ fault, an event, however, solved on average in a few hours.
Vandalism, on the other hand, is a critical event as, despite having an average frequency, it
requires the most time to repair.
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Figure 3. Number of LC faults (N) per year and mean time to repair (MTTR) per part of the system.

4.3. Hazard Identification and Analysis of the Causes

The hazard identification process aims to highlight all events that could result in
harmful consequences for system users. At level crossings (LCs), the main hazardous
condition has been identified as the ‘Hazardous crossing of the LC” event. This occurs
when a train approaches the LC, and due to a failure in one or more systems, the crossing
cannot prevent the passage of road vehicles or fails to alert the train driver to the hazard.

The potential causes of this Hazardous Event can be grouped into three categories:

1.  Railway failure: A breakdown or malfunction in the rail-side safety systems allows
the train to pass through an unprotected LC;

2. LC failure: A failure or malfunction of the roadside LC protection systems permits
vehicles to cross the LC as a train approaches;

3.  Hazardous vehicle behavior: This includes cases where the road vehicle improperly
enters the track due to driver error or failure.

The fault database analysis identified Root Events (REs) for each fault type. In the case
of railway failure, the following REs were found:

Human error by the train driver (RE1);
Failure of the train detection pedal (RE2);
Logic and control system failure at the LC (RE3).

LC failure can occur due to the following:

Barrier malfunction (RE5);
Acoustic signal failure (RE6);
Warning light failure (RE7);
Vandalism (RE4).

Lastly, road vehicle driver errors can be linked to the following:

Vehicle breakdown (RES);
Driver rushing or distraction (RE9).

The structure of the fault tree illustrating these relationships is shown in Figure 4.
The probability that each of the REs occurs at the train passage at the generic LC (i.e.,
at the single activation of the LC) has been calculated using fault data available through
Equation (1).
N.o-
p= ev' NTTR )
nrc-Ntyear
where Ny is number of events occurred; 14,5 is number of days to repair; 1 ¢ is number
of LCs compatible with the fault; and ¢ year is number of trains/year for the LC.
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Hazardous crossing
of the LC

Railway failure LC failure Road vehicle failure

Train driver
error

RE2

Train detection
pedal failure

Rush/distraction of
vehicle drivers

Vehicle
breakdown

RES8

Failure of the logic
and control systems of
the LC

RE9

RE3

T

Barriers failure

Warning lights failure

Acoustic signals failure

RE4

RES

RE4 RE4

Acoustic signals Warning lights
failure failure
RE6 RE7

Figure 4. Fault tree of the Hazardous Event ‘Hazardous crossing of the LC".

The fault tree has been adapted for each class of LC, assuming a failure rate of 100%
where LC does not have a specific safety barrier (e.g., no barriers or no warning lights and
acoustic signal).

Where data were not available, the following methodologies were used:

Human error probability assessment methodologies, like HEART methodology [42];
Statistical analyses and expert judgments.

4.4. Analysis of the Consequences

The HE can trigger different accidental sequences depending on the characteristics of
the LC, the rolling stock, the rail operation, and the road traffic.

Taking this into account, the event tree shown in Figure 5 was developed.

The event identified considers both the train driver and vehicle driver behavior as
well as the evaluation of random events.

The probability that a road vehicle crosses the LC when the HE takes place has been
estimated considering the AADT,,q distribution throughout the day and the time taken to
cross the LC.

Then, the road vehicle driver’s ability to move off the tracks to avoid the hazard
has been evaluated based on human error analysis in high-stress conditions applying the
TESEO model [42] considering the level of stress and the average characteristic of the driver,
the environmental condition, and the time available to make decisions.

Human error analysis was also used to evaluate the train driver’s ability to perceive
the hazard in time and start the emergency braking maneuver.

Finally, the type of vehicle involved is crucial for the estimation of the total number of
people exposed to risk.
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Vehicle on Vehicle doesn't Train doesn't T .
ype of vehicle ID
track move brake
NO S1
NO S2
HE — — 53
Motorbike S4
YES NO
HV S5
Bus S6
YES
Car
S7
Motorbike S8
YES
HV*
S9
*Heavy Vehicle Bus S10

Figure 5. Event tree structure and scenarios probabilities of ‘Hazardous crossing of LC’".

4.5. Severity Analysis of the Accident Scenarios

Every event in the ETA structure influences the accident severity, varying the expected
FWI (Fatalities and Weighted Injuries) for each accident scenario. The FWI is a commonly
used synthetic meter of accidental consequences [39,43], where major and minor injuries
are expressed as a fraction of one fatality.

The accident severity (N) is evaluated as the total number of people exposed to the
accident (PAX) for a lethality factor (A) function of the train speed (V) as shown in (2). The
lethality factor represents the probability for each passenger to die from the accident.

N = PAX-A(V) [FWI] )

The probability of being injured inside the train or inside the road vehicle can be
very different. As presented in Joung [39], the average loss of a ‘train strikes road user’
causes one major injury on the vehicle (0.1 FWI), where the passengers exposed are usually
one or two, and two minor injuries on the train (0.01 FWI), where the total passenger are
many dozen.

For this reason, the accident lethality for the people inside the train needs to be
evaluated separately from that of the people inside the road vehicle, as expressed in (3).

N = PAXmil')\mil + PAXmud'/\road [FWI] (3)

To evaluate A,,;; and A,,,4 as a function of the train speed, different railway industry
data sources were examined. In particular, the Rail Safety and Standards Board (RSSB)
provides a wide database on the causes and consequences of railway accidents reported in
the U.K. railway network [44]. For each accident reported, the type of level crossing, the
train speed allowed, and the consequences reported among the passengers of the train and
road vehicle were considered. Through the linear interpolation of the data obtained, the
trend of the lethality factor shown in Figure 6 was obtained for the occupants of the railway
vehicle (a) and the road vehicle (b), respectively.
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Figure 6. Expected accident lethality trend vs. train speed for the passengers of the railway vehicle (a)
and the road vehicle (b).

Three main groups of final accident scenarios can be distinguished:

e  Scenarios S1 and S2: These are safe scenarios where no fatalities are expected. Conse-
quently, the risk is considered null for all LCs and vehicle types;

e  Scenarios S3, 54, S5, and S6: In these cases, the train driver perceives the hazard and
begins braking. As a result, the consequences of the accident are either equal to or
lower than the maximum possible, based on the train’s braking dynamics;

e  Scenarios 57, S8, 59, and S10: These involve an impact at the line speed, representing
the most severe scenarios.

The progression of Scenarios S3, 54, S5, and S6 depends on the sight distance (D) and
the braking distance (s;), specifically:

1. Ds > sp: the train is able to brake safely, avoiding a collision with the road vehicle;

2. Ds < sy the train impacts the vehicle at a speed determined by the available decelera-

tion within the given sight distance.

4.6. Risk Calculation and Evaluation

The previous steps provide the values of the frequencies (F) and severity (N) of each
of the scenarios identified as essential to calculate the main risk indicators.

For each LC, the total risk (R), Individual Risk (IR), and Cumulated Risk (CR) have
been calculated. R is equal to the sum of the risk of each single scenario estimated as the
product of F by N. IR is equal to R divided by the number of people exposed to the accident.
Finally, considering a generic severity, CR expresses the cumulated frequency of accidents
with a severity equal to or greater than that considered.

Figure 7 shows the CR curves of the 96 LCs of the line to be under the risk acceptability
threshold; therefore, they are considered safe. A couple of LCs, instead, fall within the
attention range between the acceptability and tolerability thresholds. For those LCs, further
actions need to be taken to bring back risk levels within the boundaries of safe conditions.
The same results are returned by the IR indicators shown in Figure 8.
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Figure 7. Cumulate Risk curves of all 96 LCs analyzed (different color for each LC).
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Figure 8. Individual Risk level of all 96 LCs analyzed (different color for each LC).

The results of the Risk Management (RM) methodology are relevant to various stake-
holders, so they must be easily interpretable by all. To achieve this, the methodology has
been integrated with a GIS system, which automatically assigns a yellow dot to LCs with
either the Individual Risk (IR) or Cumulative Risk (CR) falling within the attention zone
and a green dot to LCs with fully acceptable risk. This approach provides a clear visual
representation of the risk levels, as shown in Figure 9.
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Acceptable

Figure 9. GIS output of RM results.

4.7. Risk Treatment and Decision-Making Tool

The analyses conducted so far have allowed for the characterization of each LC
with its specific risk level, enabling an assessment of its acceptability. Level crossings
that fall between the acceptability and tolerability thresholds pose a non-negligible risk,
considered acceptable only when the effort required to reduce the risk outweighs the
potential benefits. In this case, the ALARP (As Low As Reasonably Practicable) principle
applies, meaning the risk is ‘tolerable only if further reduction is impractical or if the cost is
grossly disproportionate to the improvement gained’ [32].

Given these assumptions, the framework offers a robust tool for qualitative risk
assessment and for comparing the associated resource investments. Resource optimization
occurs on two levels: at the network level, where broader decisions affecting multiple
LCs—such as speed reductions or the closure of entire line sections—are considered, and at
the localized level, where interventions are focused on individual ‘black spots’, or specific
LCs that represent isolated risks. The tool is capable of identifying and evaluating solutions
for both types of critical issues.

The following section discusses a decision-making hypothesis for evaluating safety
alternatives at one LC, where further improvements must be assessed using the ALARP
methodology.

The analysis highlighted a criticality of LC#34 (Figure 10). Gray lines are the CR curves
for all other LCs of the line.
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Figure 10. CR curve of LC#34 (highlighted) without any new safety action.

In this case, the LC is classified as Class 5, with a train speed of 45 km/h and a sight
distance of 37.5 m. The risk assessment indicated that both the Cumulative Risk (CR) and
Individual Risk (IR) levels required attention.

The model enables an evaluation of the risk reduction benefits from the
following alternatives:

1.  Reducing the train speed at LCs;
2. Improving visibility conditions;
3.  Upgrading the LC safety barriers.

By holding other conditions constant, the risk analysis shows that a maximum train
speed of 20 km/h would be sufficient to ensure safety at the LC. As demonstrated in
Figure 11, reducing the speed lowers the frequency of accidents, shifting the risk curve and
its associated consequences to the left, indicating a safer scenario.
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Figure 11. CR curve of LC#34 (highlighted) with speed reduction.
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As illustrated in Figure 12, a sight distance of 150 m is necessary to ensure safety at
the LC. This increased visibility allows drivers to detect vehicles on the tracks in time,
significantly reducing the frequency of accident scenarios, especially those with higher
occurrence rates but lower consequences. This improvement in sight distance plays a key
role in enhancing overall safety at the crossing.
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Figure 12. CR curve of LC#34 (highlighted) with improved sight distance.

Finally, the results depicted in Figure 13 demonstrate that the installation of man-
ual barriers effectively reduces the risk at the LC to levels within the thresholds of ac-
ceptability. This intervention significantly enhances safety, bringing the risk down to
an acceptable range.
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Figure 13. CR curve of LC#34 (highlighted) with protection equipment class upgrade.
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The evaluation of the optimal solution may also involve a combination of the previ-
ously mentioned interventions. As shown in Figure 14, implementing all three mitigation
measures together results in a significantly reduced risk level. However, this comes with
substantial intervention costs and a potential decline in service quality, which must be
carefully weighed in the decision-making process.
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Figure 14. CR curve of LC#34 (highlighted) with all mitigation measures implemented.

The model quantitatively demonstrates the benefits in terms of risk reduction. In
the decision-making process, these benefits are compared with the economic costs associ-
ated with upgrading the LC class, the expenses for land expropriations and construction
to improve visibility, and the economic and social costs—such as reduced rail transport
competitiveness—due to speed reductions. This comparison enables infrastructure man-
agers (IMs) to identify the most effective solution for optimizing available resources.

5. Discussion

From the point of view of the accident history, it is necessary to identify all the causes
and consequences and their interactions in order to be able to predict even accidents that
have not yet occurred or that have not yet been recorded in the accident databases.

In this regard, the SPFs for risk modeling in local railways do not provide adequate
decision-making support. In fact, these factors, in addition to returning a simple accident
frequency and not a risk level, do not analyze the relationships between risk factors and are
calibrated in specific cases with different characteristics from the local railways. As a result,
applying the SPF results presented in the literature to the case of local railways is incorrect.

Qualitative RM methodologies overcome some of these limitations by analyzing causes
and consequences and thus providing a risk indicator.

The risk matrix, or qualitative risk classes estimated by combining frequency and
consequence classes, is frequently the result of these methodologies. Qualitative analyses,
on the other hand, have limitations when used in decision-making because they discretize
risk information and do not allow for ranking of risks in the same category or evaluating
the effects of small changes in the system on the level of risk with the same precision.

This work shows how the quantitative RM methodology presented here is able to
support the management of a railway system by providing all the information required
for the decision-making process. By calibrating the input data, the framework’s structure
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enabled it to evaluate even minor variations in the level of risk resulting from system
changes. This information, when combined, for example, with the financial and social
costs of introducing new system improvements, determines a critical tool for managers of
isolated railways and the limited budgets they must allocate.

6. Conclusions

To maximize the safety of a railway system, it is necessary to identify tools capable of
identifying, analyzing, and controlling the main hazards and preventing accidents. This
is even more true in LCs, where the normal risks of a railway are added to factors of
randomness related to the interaction with the road system.

To this end, this work describes a quantitative Risk Management framework capable
of assessing the risk level of level crossings and presents its application as a tool to support
the decision-making process for the management and improvement of the safety level.

In particular, the methodology is described in all its steps, from the system definition
phase to the risk acceptability and treatment. The application to 96 LCs of an Italian narrow
gauge local railway is presented. All the necessary data were collected, and the LCs were
characterized according to their safety protection systems. The available data made it
possible to quantitatively assess the causes and consequences of all accidental scenarios
for all LCs through the application of the FTA and ETA methodologies. Each scenario was
characterized by its relative frequency and severity, making it possible to calculate the
Individual (IR) and Cumulative (CR) Risk levels. The risk indicators were then compared
with the relative acceptability and tolerability thresholds, identifying the LCs at acceptable
risk and those in the area of attention for which any mitigating barriers must be assessed.

Then, for a level crossing with a risk level in the attention area, the use of the framework
as a tool to support decisions was described, evaluating the effect on the risk of three
different possible interventions to make the LC safe.

Additionally, the framework is not limited by geographic boundaries and can be
adapted for use in railway systems worldwide. Provided that relevant local data—such
as traffic conditions, safety systems, and environmental factors—are available, the RM
framework can be effectively tailored to various national contexts. Its flexible structure
enables it to accommodate different types of rail systems and crossing characteristics,
making it a universal tool for improving LC safety.

In conclusion, the methodology presented in this work, especially if combined with
GIS tools, is able to highlight the effect of changes both to the single LC and to the network.

From the perspective of level crossings (LCs), the tool identifies high-risk ‘black spots’
and highlights the specific risk factors that need mitigation. On a broader network scale,
it enables the evaluation of decisions such as changes in train speed or modifications in
the number and type of trains, offering an immediate overview of how these adjustments
affect the overall risk levels.

By applying the methodology iteratively within a cost-benefit analysis, the effective-
ness of each mitigation measure can be assessed, allowing for a clear prioritization of
interventions and helping to identify the most cost-effective solutions.

Finally, when integrated with additional non-quantitative factors—such as user com-
fort and environmental impact—within a Multi-Criteria Decision Analysis framework,
the results of the RM process can provide comprehensive and reliable insights to support
decision-making across the system.
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