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1 Executive Summary
This report considers the means of quantifying the safety of rail infrastructure across the European
Union (EU). Statistical data related to common causes of failure of railway infrastructure was
revealed through meetings with infrastructure managers (IM) and a literature study. A particular
emphasis was put on understanding the impact of weather hazards as these allow then an insight of
the effects of future climate change scenarios. Case histories of infrastructure failures were collated
to allow causal factors to be considered that cause failure of the objects considered; structures such
as bridges, tunnels and retaining walls in addition to earthworks and tracks. Since much of the
network is more than 150 years old consideration to how changes in use (increased speed and or
loading), climate change etc. might affect the safety performance of infrastructure and cause
increased incidence of existing or new heretofore unseen problems is critical. The outcome of these
analyses of failure modes is that by identifying causes, performance indicators can be specified and
means on how to measure these indicators can be recommended.
The GoSAFE RAIL project aims to implement machine learning approaches to aid decision making in
rail infrastructure management. The key to successful implementation of machine learning is data.
Since in reality the incidence of complete failure of major rail infrastructure objects is relatively low
the near-miss approach is adopted in this work. A near miss is an unplanned event that did not
result in injury, illness, or damage – but had the potential to do so. The application of the approach
to safety management of railways is introduced. The final output of this deliverable is a set of
measurable performance indicators, PIs including near miss PIs, for parts of railway infrastructure
which lead to relevant key performance indicators, KPIs on object level and the establishment of a
Global Safety Key Performance Indicator on the network level.
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2 Abbreviations and acronyms
Abbreviation / Acronyms

Description

GSKPI

Global Safety Key Performance Indicator

KPI

Key Performance Indicator

PI

Performance Indicator

IM

Infrastructure Manager

FWI

Fatality and Weighted Injury index

SPAD

Signal Sassed At Danger

RCF

Rolling Contact Fatigue

ASR

Alkali-Silica Reaction

GPR

Ground Penetrating Radar

UAV

Unmanned Aerial Vehicle

LiDAR

Light Detection and Ranging
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3 Background
The present document Deliverable D1.1 “Report on Global Safety KPIs” contributes to the TD 3.6 of
IP3, Dynamic Railway Information Management System (DRIMS) Demonstrator and CCA Work Area
2 KPI method development and integrated assessment (Shift2Rail Joint Undertaking, Multi-Annual
Action Plan, Brussels, November 2015).

4 Objective/Aim
This document has been prepared to provide a description of the work conducted in the Task 1.1;
giving a review of key problems from a safety perspective faced by Railway IM’s. The historical data
on operational railway performance together with infrastructure performance data (fused historical
data) is analysed together with introduction of near-misses indicators.
The European railway network has been incrementally developed over many years and is, too often,
a patchwork of components, sub-systems and localised improvements. As a result of this the
fundamental design of critical infrastructure assets are not capable of meeting the demands of
future rail transport and the wealth of data and information on the status of assets and traffic have
varying levels of quality and is distributed over a wide range of information systems and differing
standards that restrict data access and exploitation. (Shift2Rail Joint Undertaking, Multi-Annual
Action Plan, Brussels, November 2015)

5 Introduction
Safe and efficient transport infrastructure is a fundamental requirement to facilitate and encourage
the movement of goods and people throughout the European Union. There is approximately
215,400 km of rail lines in the EU which represent a significant asset. Many of the rail networks in
Eastern Europe and in parts of Western Europe were developed more than 150 years ago. Failure of
a single asset results in potential fatalities, large replacement costs, the loss of service for
sometimes extended periods and reputational damage. The safety level of much of the EU rail
network is significantly lower than modern highway infrastructure. Replacement costs for civil
engineering infrastructure items such as rail track, bridges and tunnels are prohibitive. Given current
economic constraints and the challenges of climate change and population growth it is vital that we
maintain safety level and develop optimal ways to manage our rail network and maximise the use of
all resources.
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The establishment of a Single European Railway Area (SERA) was seen in the 2011 Transport White
Paper as being critical to ensuring long-term competitiveness, dealing with growth, fuel security and
decarbonisation in the EU. The European Rail Industry employs 800,000 people and generates a
turnover of €73bn. Public investment in Rail is significant, amounting in 2012 to a spending of €34bn
on infrastructure. However, given the scale of the network and the significant challenges faced, it is
difficult for owners to prioritise rail investment and a large proportion of their budgets are used for
repair.
Given these challenges rail is still, according to statistical data, a safe form of transport. The
European Union Agency for Railways reported that the total number of passenger fatalities on the
European rail network 15 in 2014 was the lowest ever recorded making rail the mode of travel with
the lowest number of fatalities. Total fatalities in 2014 on rail network in Europe has been 1054 and
there has been a steady and distinct decline since 2010-2014 in all groups except level crossing
users. One explanation could be the increase in road traffic which leads to increased possibility for
train and road traffic collision.
Considering the data as fatalities per person kilometre travelled shows that the safety performance
of the rail and air were similar (See Table 1) and by far the safest sectors, with the road sector
having a fatal accident rate twenty times higher with certain vehicles (e.g. motorbikes) having very
high fatality rates.
Table 1 Fatality risk of passengers using different modes of transport (EU-27 in 2008-2012)

Transport mode used by user
Airline passenger
Railway passenger
Bus/Coach occupant
Car occupant
Powered two-wheelers

Fatalities per billion passenger kilometres
0.06
0.13
0.20
3.14
48.94

Besides casualties, the safety of railway traffic needs to be addressed from an economic point of
view. While railway infrastructure failures that result in serious injuries and fatalities are relatively
rare train derailments (without casualties), including both freight and passenger trains are occurring
almost daily across the European railway network as a result of minor failures and objects on the
tracks. This is causing immense economic, societal and environmental costs. The risk mitigation
measure that most railway agencies apply when safety risk is elevated is to reduce train speed
limits. For example due to cracks in the rails, failing railroad switches and other infrastructure
problems trains on 20 rail route lines (including some of busiest major route lines) in Sweden will
have to reduce speed from 200 km/h to 130 km/h through this year until maintenance is finished.
Losses produced by this kind of measures are sometimes hard to calculate because of its vast impact
GA 730817
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on society and environment at large. However, it is likely that longer and less certain journey times
lead passengers to transfer to cars, which is highly undesirable from a policy perspective and leads
to further reductions in the budgets available for maintaining and increasing safety and reliability on
the rail network.
The Railway Safety and Interoperability Directives (Directives 2004/49 and 2008/57/EC) divide the
railway system into 'structural areas' (the infrastructure, energy, control-command and signalling
and rolling stock subsystems) and 'functional areas’ (the operation and traffic management,
maintenance, and telematics applications subsystems).
This report is focusing on the structural areas of the railway system, specifically on the railway
infrastructure, which is under responsibility of infrastructure managers (IM).

Railway
infrastructure

Tracks
(rail, switches,
crossings...)

Earthworks
(cuttings,
embankements...)

Structures
(bridges, tunnels,
retaining walls...)

Figure 1 Parts of the railway infrastructure

In order to properly quantify hazards and risks, measureable key performance indicators should be
identified and monitored. This report provides a review of key problems from a safety perspective
faced by Railway IM’s (e.g. slope instability, bridge scour, switches and tracks and structures) using
case histories, which have been compiled. Based on historical data of problems and analysis of
research results, performance indicators leading to a Global Safety Key Performance Indicator
(GSKPI) are identified. Additionally to the case histories of incidents (which are actually very low for
railways), a new concept for GSKPI, based on the near miss approach which assumes that near
misses and accidents have the same relative causal patterns, is proposed. A near miss is an
unplanned event that did not result in injury, illness, or damage – but had the potential to do so. The
historical data on operational railway performance together with infrastructure performance data
(fused historical data) will be used in the project to build machine learning models capable of
detecting hot spots, based on the indicators.
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6 Overview of key problems for railways safety related to infrastructure
6.1 Literature study
According to statistics rail is by far the safest mode of land transport in Europe. However, a cursory
investigation of the infrastructure failures and consideration of the actual condition of much of the
aging EU rail network suggests that certain climate change scenarios could pose a significant
challenge to the viability of many parts of the network. From an EU perspective there is also
variation in infrastructure condition and safety across the union which poses policy problems, noting
the goal from the 2011 White paper on transport: "By 2050, complete a European high-speed rail
network. Triple the length of the existing high-speed rail network by 2030 and maintain a dense
railway network in all Member States. By 2050 the majority of medium-distance passenger
transport should go by rail."
Another concerning challenge for European railway network is climate change and its impact on rail
infrastructure. Periods of very high temperatures, extremely low or high precipitation quantities,
rising sea levels and sudden periods with low temperatures are all conditions that induce changes
on infrastructure and can lead to deterioration and sudden failure.
The IPCC Fifth assessment report (2014) on climate change for Europe projects with medium and
high confidence that climate change will cause regionally varying changes in temperature and
rainfall and increase the likelihood of systemic failures affecting multiple sectors, including rail See
Figure 2. It also states the following needs and impacts: the impacts of sea level rise on populations
and infrastructure in coastal regions can be reduced by adaptation; sea level rise and increases in
extreme rainfall are projected to further increase coastal and river flood risk in Europe and, without
adaptive measures, will substantially increase flood damages (people affected and economic losses);
climate change is projected to affect the impacts of hot and cold weather extremes on transport
leading to economic damage and/or adaptation costs, as well as some benefits (e.g., reduction of
maintenance costs) during winter.
Climate change is affecting the amount of water in the atmosphere and this can produce extreme
downpours instead of steady rainfall during longer periods of time. One of numerous examples is
when in June 2017 Berlin area was hit by a cyclone that produced up to 152 l/m2 of rain in some
parts of the city in less than a day, while average annual rain for this area is 571 l/m2 according to
German meteorological institute (DWD). Periods of drought in combination with high temperatures
is another impact that can cause infrastructure problems due to influence on steel parts (rail tracks,
bridges) and earthworks (reduction of optimum soil moisture). These influences are more intense on
aging or deteriorated structures and parts of EU railway network are more than 150 years old.
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Rising sea levels, flooding of coastal areas and river flooding are all events that are affecting all parts
of railway infrastructure. It is evident that adaptation measures are needed but with limited budgets
only certain parts of the network will be available for funding.

Figure 2 Environmental influence on parts of rail infrastructure network and IPCC projection (high and
medium confidence) about how climate change will affect Europe until 2100 (IPCC, 2014)
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There is a causal pattern between environmental impacts e.g. high and low temperature,
precipitation quantity and infrastructure safety performance but clear unbiased connections and
thresholds are not easily established.

6.1.1 Weather related incidents
The impact of climate factors (e.g. temperature, snow, rain, wind) on railway performance differs
between geographical locations and requires a detailed analysis. Stipanovic et al. (2013) Research
performed at two geographical locations on the railway network in the Netherlands. Using data
from 2000-2010 provided by Prorail, relationships between weather events and failure incident
occurrence was established. The analyses included 868 weather-related incidents on the regions
considered. The rate of occurrence was considered in relation to time, seasons and
geocodes/locations. After preliminary analysis two of the most critical sections were further
analysed and the data is discussed herein.
Figure 3 and Figure 4 show the distribution of the 868 incidents with time and season within the
observation period. It is noticeable from Figure 3 that the number of incidents has increased with
time. This may indicate either increased vulnerability of the infrastructure assets and/or an increase
in the number of severe weather events. Another explanation could be an improved recording of
weather-related failures and maintenance of the associated data base. Figure 4 suggests that the
winter represents the most critical season in terms of weather-related failures.

Figure 3: Distribution of incidents within the observed period (2000-2010)

GA 730817

P a g e 11 | 59

Figure 4: Seasonal distribution of incidents within the observed period (2000-2010)

Figure 5 and Figure 6 present the probability of incident occurrence during high and low air
temperature events. The probability of an incident is calculated as the ratio between the days with
an incident in a certain temperature range and the total number of days in that temperature range.

Figure 5: Probability of the event of incident related to the air temperature

Figure 5 shows that as the temperature rises above 20C, the probability of an incident increases
exponentially. At a temperature of 35°C the chance of an incident happening is 100%. The 50%
probability of an incident is reached at 31°C.
In Figure 6 the probability of an incident occurring increased exponentially when the temperature
falls below 0C. A probability of 100% is arrived at a temperature of -12°C. The 50% probability of an
incident is reached around -7°C.
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Figure 6: Probability of the event of incident related to the air temperature

In Figure 7 the probability of an incident related to snow fall is presented, calculated as a ratio
between number of days when incidents occurred and total number of days with snowfall recorded
at the nearest meteorological station. Whilst the quantity of snowfall is relatively low in the
Netherlands, large annual variations in snowfall rates occur. As a result in certain years snowfall can
have a significant impact on infrastructure safety.

Figure 7: Probability of incidents on a day involving snowfall
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In summary, the analysis of weather-related incidents on two regions in the Randstad area for the
period 2000-2010 revealed the following results:







Incidents most often occurred in the winter and summer seasons and appear to have
increased in recent years.
Snow, ice, storms and high temperature are the most critical weather-events for region.
Snow and ice on the track, breakdown of switch heaters, objects on track, and floating track
relays are the failure modes through which weather-events cause switch, track and
installation failures.
The probability of incidents rises exponentially rises with an increase of temperature above
20°C and with a decrease of temperature under 0°C.
Most of the switch failures occurred during weather conditions that are below the threshold
curves for switch heating used by ProRail.
Given the projected climate change scenarios for the region the probability of incidents
resulting from low temperature in winter will decrease. The probability of incidents resulting
from high temperature in summer will increase.

6.1.2 Infrastructure failures
As previously noted there will be regional effects that influence the incidence of infrastructure
failure across the EU. The Netherlands is a low-lying country with a high water table and extensive,
world-class flood control measures in place. As a result rainfall is not a major weather hazard. In
contrast in many EU countries rainfall and associated flooding are the number one cause of
infrastructure failures causing problems such as slope instability, bridge scour and flooding of
tunnels and tracks. Reviews of safety performance at an EU level suggest that the technical
conditions of the railway infrastructure together with the basic safety culture may be negatively
impacting safety performance. The number of incidence of infrastructure failure, train derailments
and train collisions have not declined in the past three years and despite a focus on safety at level
crossings, this saw only a minor improvement. (SPR EU 2016) Data about accidents and occurrences
that caused accidents is not uniformly available at an EU level, reporting about these events is made
on national basis and the level of sophistication and transparency of the information is not uniform
which presents a challenge for causal safety analysis.
In some countries there is available data about improvement of safety performance of
infrastructure. Annual safety performance report for railways in the United Kingdom (2015/2016)
suggests that the reduction in accidents due to infrastructure failures has been notable in the last
two decades, despite this major failures have occurred during severe weather events.
This report focuses on failure of rail infrastructure including; tracks, earthworks, structures and
objects on the line which can lead to railway accidents, See Figure 8.
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Tracks

Earthworks

Structures

Signalling

Objects on
the line

Track faults

Embankment
failures

Structural
failures

Animals

Gauge
faults

Cutting
failures

Bridge
strikes

Trees, objects
blown on the line

S&C faults

Flooding
Large falling
objects on the line
(e.g. rockfall)

Other
Figure 8 Grouping of failures by parts of infrastructure

The safety of railway traffic is considered from several points of view, risk to workforce, public and
passengers. Rail Safety and Standards Board (RSSB) produced The Precursor Indicator Model (PIM)
as a tool to quantify train accident risk. It is used by Network Rail in the UK to monitor and track
changes in train accident risk. According to their analysis the highest risk for passengers comes from
infrastructure failure events. Level crossing incidents have a large impact on public safety but low
impact on workforce and passenger safety risk. Incidence are reported using the Fatality and
Weighted Injury index, FWI based on the UK Railway Safety & Standards Board classification. This
assumes a relationship between the number of fatality, major injuries and minor incidence which is
normalised by 1,000,000 man hours. Compared in numbers an FWI value of 0.7 is the risk to
passengers from infrastructure failures, whilst SPADs (signal passed at danger) and infrastructure
operations both have an FWI of approximately 0.5 per year.
The available statistical data concerning asset types and identified failure types from the RSSB
2015/2016 Report are summarised in Figure 9 to Figure 13.
Infrastructure failures can in general be explained as failure of track parts (rails, sleepers, ballast,
parts connecting rails to substructure parts), structures that rails pass over (bridges, sea defences),
through (tunnels) or by (retaining walls), earthworks (embankments, cuttings) and signalling
systems.
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Track failures
700
600
500
400
300
200
100
0
Broken
fishplates

Broken rails Buckled rails Gauge faults

2011/2012

2012/2013

2013/2014

S&C faults

2014/2015

Twist and
geometry
faults

2015/2016

Figure 9 Number of track failures by type of failure

Structural failures
80
60
40
20
0
Culvert
failures
2011/2012

Overline
Rail bridge Retaining wall
bridge failures failures
failures
2012/2013

2013/2014

2014/2015

Tunnel
failures
2015/2016

Figure 10 Number of structural failures by type of structure

Almost all types of infrastructural failures show a decline in number of failure events in the past
three years except earthworks failure. This type of failure is highly affected by environmental
impacts e.g. heavy precipitation with the influence being increased by preceding drought. The
annual rainfall was seen to be a good indicator, with the landslide susceptibility being strongly
correlated to annual precipitation. But there are strong indications that single rainfall events are
more instrumental in triggering earthwork failures than antecedent or cumulative rainfall.
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Earthworks failures
200
150
100
50
0
Embankment failures
2011/2012

2012/2013

Cutting failures
2013/2014

2014/2015

2015/2016

Figure 11 Number of embankment and cutting failures

Considering objects on the line includes some events that can also be influenced by climate impacts
such as trees on the track, flooding, leaves etc. It also includes various obstacles that can obstruct
railway traffic such as road and all non-rail vehicles, large falling objects, animals or any other
object.
Objects on the line

Animals on the line

700
600
500
400
300
200
100
0
Trees on the
Non rail
Other
Objects on the
track
vehicles on the obstructions track due to
line
on the track vandalism
2011/2012

2012/2013

2013/2014

2014/2015

Flooding

2015/2016

1800
1600
1400
1200
1000
800
600
400
200
0
Animals on the line
2011/2012

2012/2013

2014/2015

2015/2016

2013/2014

Figure 12 Number of failures by type of object on the line and animals on the line

Bridge strikes are a major issue in railway safety performance because they can induce sudden
failure of parts or the whole structure and the number of these events is high. Bridge strike
incidents occur when a road vehicle impacts railway bridge going over the road or a road bridge
passing over rail. Bridge strikes always cause traffic delays for both rail and road traffic since
structures need to be checked for structural safety after this kind of incident. But it is often the case
that structures are so badly damaged they need to be replaced.
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Bridge strikes
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Figure 13 Number of bridge strikes
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6.2 Case histories
Serious rail accidents happen when trains collide driving on the same track or due to train
derailment caused by technical problems in the rolling stock, signalling, rails, security systems,
landslides, rock falls, avalanches, objects on the line, structure (bridges, tunnels, retaining walls etc.)
or due to damage or inadequate load capacity of structures. Investigations about these accidents
are very complicated and time consuming because they are often caused by a sequence of events
and not one single reason. The following chapters will analyze rail infrastructure safety issues that
can and in the past have caused rail accidents, with the emphasis on changing environmental
impacts. Actual case studies of railway accidents or infrastructure failures will be shown.

Figure 14 a and b Derailment in Hoppegarten, Germany 2015; material damage >2.000.000,00 € - light
passenger train derailed on the switch while entering railway station (http://www.bz-berlin.de)

6.2.1 Tracks
6.2.1.1 Rails and connections
Steel is a material prone to fatigue which can be defined as the weakening or breakdown of a
material subjected to prolonged or repeated stress. Due to longitudinal geometrical characteristic of
the rail and the thermal expansion coefficient of steel, extreme heat can cause railroad tracks to
buckle, See Figure 15 and Figure 16. A combination of fatigue and heat-related expansion, which
places a lot of stress on all parts of track (rail, fish-plates, bolts, sleepers, ballasts, and rail anchors
that keep the tracks fixed to the ground) can cause breakage which is a serious safety related issues.
Number of these events may increase and it may become present in some areas that this did not
happen in the past because of extreme temperatures and prolonged duration of heat due to climate
changes.
While high temperatures induce expansion low temperatures cause steel rails to progressively
shrink, increasing the probability for new defects and any existing defect to cause a failure. It affects
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ballast also which is used to bear load from the railroad ties and when it freezes it does not absorb
and transfer loads to subsoil as well. That is why rail can undergo greater shocks under the load of
heavy trains at temperatures below zero.

Figure 15 Rail buckling due to high temperature (Australia);
Figure 16 Corrosion of rails, coach screws, base plates and vertical screws (courtesy of Slovenian Railway,
2016)

There is a clear connection between rail buckling and high temperature as well as heavy
precipitation and track flooding but the early signs that could prevent these events on time are still
unclear. Smaller drainage problems (wet ballast during dry periods or standing water) along the
tracks should alert drainage problems to prevent bigger issues when heavy precipitation occurs.
Meteorological and hydrological historic data can be used as basis for predicting future performance
of tracks, See Figure 17.

Figure 17 a and b Freight train derailment in Langworth, Lincoln, UK 2015; material damage >2.000.000,00
€ - Train encountered a track buckle which derailed two wagons and after that five wagons left the track
completely (http://thelincolnite.co.uk)
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6.2.1.2 Ballast and the subsoil
Appropriate thickness of the ballast layer is an important issue for its stability and overall purpose of
absorbing and transferring load. If ballast is spreading and it needs periodic reballasting that can
indicate: on-going settlement of sub soil that can forewarn about the possibility of landslide; too
large thickness of ballast layer; drainage problems.
Ballast is used to prevent vegetation growth and as drainage to lead water from the tracks. Foul,
choked and degraded ballast can indicate drainage problems because clogging will reduce its ability
to drain properly and lead to problems in subsoil. Flooding can destabilise the tracks, when flood
water drains it can wash away the ballast and the sub soil leaving tracks completely unsupported.
Periodic reballasting (sinking ballast) can indicate problems with load bearing capacity of the subsoil
and inadequate or poorly maintained drainage system, See Figure 18.

Figure 18 Streams of water coming from beneath the ballast due to absence of or poorly maintained
drainage (courtesy of Croatian Railway, 2016)

6.2.1.3 Switches
The potential for derailments increases as trains move along switches so even though they are not
large infrastructure objects they are considered herein. The primary causes of failures of switches
were identified as failure due to ice, high temperatures affecting operation, cable removal by
thieves, differential settlement due to poor tamping, lack of or poorly performing drainage and track
geometry problems.
Switches have higher track stiffness and the conditions of the wheel-rail interface vary significantly
given the rail geometry discontinuities of the switch. This results in an increase of wheel dynamic
loads that deteriorates the switch, especially the crossing nose and blades that receive the impact
loads, causing wear, RCF – rolling contact fatigue – and noise.
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6.2.2 Structures
Europe has a very diverse stock of bridges, tunnels and retaining structures (walls, sea defences etc.)
on the railway network with a range of material types (steel, masonry, concrete) and varying age.
Some structures are over 100 years old and have trouble meeting todays needs and heavier types of
loads. Together with climate changes structures are exposed to increased environmental and traffic
loads which can cause unpredictable events and sudden failures.

6.2.2.1 Bridges
Failures due to over-loading are not a common problem on railway bridges like on road bridges
because there is more control of vehicles on rail tracks. However, with increased track speeds the
impact of dynamic loading factors should be considered especially on old structures.
Scour, the removal of material from around the foundation of a river pier or abutment during
periods of flooding, is an ongoing serious safety issue especially because it is difficult to detect on
time and often it is discovered only after a bridge or a span of a bridge collapses. An increase of
frequency and magnitude of floods caused by heavy precipitation (rain, snow melting) leads to
higher risk for scour induced failure of bridges. There are numerous cases of scour enforced failures
of railway bridges in Europe, See Figure 19.

Figure 19 a and b Scouring of a railway bridge over river Sava, Zagreb, Croatia 2009; material damage:
4.000.000,00 € (courtesy of Croatian Railways)

Accidental impacts on railway bridges can take place from road vehicles, train derailments or ships.
Most commonly bridge strikes result from road vehicles because of drivers not complying with
maximum height warnings. The outcomes are severe structural damage and often collapse of part
or even the whole bridge.
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Some other issues that can affect safety of all types of rail bridges are problems with foundations
(lack off or insufficient) that can lead to settlement, lack of transition zones which causes poor ride
quality and localized increased loading and problems with bearings.
6.2.2.1.1 Metallic bridges
Corrosion is a process that reduces the cross section of elements thus reducing stiffness and can
eventually lead to failure of metallic bridges. It depends on the environmental impacts (water, wind,
air) and can be intensified by some pollutants. Increased temperature and humidity can accelerate
corrosion. Railway bridges are exposed to repeated train loads that can cause fatigue which in
combination with corrosion can be a very critical safety concern. The fatigue performance of steel
bridges depends on a number of factors such as material characteristics, stress history, and
environmental conditions. (Lee et al. 2017) Other issues like welding cracks and buckling can also
develop in metallic bridges.
6.2.2.1.2 Concrete bridges
Characteristic concrete degradation processes generally are reinforcement corrosion and concrete
degradation. Corrosion of reinforcement is a process which is caused by carbonation (carbon
dioxide), chloride-contamination (coastal exposure and de-icing salts spraying from road vehicles
going under the bridge) and corrosion induced by stray current. The consequences of all types of
corrosion are a reduction in the cross section of reinforcing steel, cracking and spalling of concrete
cover and reduction in bond strength. Higher temperatures and moisture content in the
environment, as well as some air pollutants (soot, dusts, salt etc.) can increase corrosion rates. Steel
reinforcement tendons in pre-stressed and post-tensioned concrete bridges are generally exposed
to the same influences as reinforcement in conventional concrete bridges, but these bridges are
more recent and generally in a better condition. Nevertheless corrosion of pre-streesing or post
tensioned tendons have a much greater consequence and lead to sudden failure due to nature of
load bearing capacity.
The degradation processes that affect concrete are alkali-silica reaction (ASR), freeze thaw cycles
and sulphate attack. ASR is a reaction which causes efflorescence, pop-outs and eventually a highly
reduced concrete strength or even completely destroyed concrete. The speed of the reaction
depends on temperature and humidity. Freeze thaw cycles cause an ongoing loss of concrete
surface, local pop outs, micro cracking and loss of concrete strength at later stages. Chloride ingress
can increase the process. Concrete deterioration due to sulphate attack depend on the quality of
the concrete, exposure time, temperature, concentration, water or soil containing sulphates.

GA 730817

P a g e 23 | 59

6.2.2.1.3 Masonry bridges
All masonry bridges are old bridges and most of them are carrying loads larger than they were
predicted to when they were built. Mortar in the joints absorbs water and in the combination with
freeze thaw cycles it degrades mortar and bricks causing cracks (lateral, diagonal). It can cause
displacement or separation of parts of the structure. Cracks could also be caused by settlement of
the pier/abutment/foundation due various problems with soil such as weak soil, changing ground
water levels, drainage issues and drought followed by heavy precipitation. Some other issues
affecting masonry bridges are delamination of the plaster layer, penetrating vegetation and salt
efflorescence from bricks and mortar.

6.2.2.2 Tunnels
There are some common problems found in all types of tunnels across Europe including ground
water issues, drainage (seepage-ice formation) and flooding. Considering that many railway tunnels
are very old a quite common problem is also poor structural support and insufficient clearance
mostly in unlined and masonry tunnels. Many old railway tunnels were of bored construction,
unsupported through bedrock or with inadequate or degraded support through ground conditions
consisting of interbedded soil and rock profiles. In many cases tunnel bores do not provide adequate
clearance, particularly to allow electrification, and due to large number of these structures
replacement is not economically justifiable or operationally acceptable. The lack of adequate
structural support limits the options for remedial solutions such as under-excavation or the
introduction of ballastless tracks.
Poor drainage can result in several types of failure. Water pressure build up behind the lining will
result in cracks and collapse of parts of the lining. Water seepage through cracks or through lining
can create significant quantities of ice. Ice formations decreases clearance or fall onto track or
passing train and cause train derailment, See Figure 20.
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Figure 20 a and b Passenger train derailed in 2010 when it struck a large amount of ice that had fallen onto
the tracks from a ventilation shaft in Summit tunnel, UK (RAIB, 2011)

Heavy precipitation (rainfall and snow melting) or changes in ground water levels can cause tunnel
flooding and complete closure especially in tunnels that are lower than the surrounding area. The
consequences of these events can be avoided or reduced by proper and well maintained drainage.
Smaller drainage problems should serve as an indicator of possible future larger issues e.g tunnel
flooding.
Vegetation growth can cause problems in masonry lined tunnels (mainly near the entrance) and in
segmental lined tunnels. This will cause localised problems but can produce falling material on the
tracks. Vegetation in channels, due to lack of maintenance, can block drainage systems.

6.2.2.3 Sea defences
Sea defences can be damaged by accidental impacts of boats or ships but the primary deterioration
mechanisms come from sea water, See Figure 21. Climate change effects influence sea defences in
two ways: rising sea levels are a major concern for this type of structures, and in combination with
tides and currents can cause coastal erosion and scour of foundation or track bed; moisture changes
(heavy precipitation, drought) can cause failure of sea defences due to same mechanisms previously
mentioned for earthworks and retaining walls.
Like most railway structures sea defences are quite old and were not designed to resist loading and
vibration from modern traffic so there is a possibility of overloading.
In some cases vegetation growth can act as a degradation mechanism (root damage, weight
increase) for this type of structure and in another if it is acting as soil reinforcement, vegetation loss
can cause or signal failure.
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Figure 21 High tides damaged sea wall that supports the railway in 2015 near Dover Harbour, UK
(http://www.bbc.com)

6.2.2.4 Retaining walls
Retaining walls perform through interaction between the ground and the structure itself. If the soil
conditions change due to e.g. moisture content (heavy precipitation, drought) or the structure
deteriorates, a retaining wall may suffer failure, See Figure 22. Because of the effects of aging many
of the structures have relatively low factors of safety, aging degrades the structural capacity of the
blocks and any mortar in joints can disintegrate or flow out. Alterations in soil parameters or ground
water levels can cause changes in ground weight which can lead to deterioration or overturning due
to low safety margins of these structures.

Figure 22 Collapse of retaining wall in front of tunnel Kupjak in Croatia (courtesy of Croatian Railways)
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Amongst the problems facing designers in their attempts to assess these failure modes is that the
walls are large, not homogenous (e.g. they are constructed from discrete blocks) and it is not easy to
assess the structural integrity or to determine the condition at the wall-soil interface (which is
critical). They operate based on the assumptions that free draining material behind the wall or weep
holes in the structure itself prevent the establishment of static water pressure at the rear of the
wall. Therefore, the walls are sensitive to changes in the hydraulic regime and blocked drainage can
lead rapidly to the development of pore pressures at the rear of the wall and precipitate failure.
Vegetation growth is another issue that can cause deterioration and failure of retaining walls due to
weight increase and influence on the water content of soil and root damage.

6.2.3 Earthworks
Failure of slopes can be generally classified into two categories shallow translational failure and
deep seated rotational failure which are influenced and caused by different mechanisms.
Water (heavy precipitation, ground water, freeze/thaw) or lack of water (drought) has influence on
all types of earthworks and can cause slope problems such as shallow translational landslides caused
by high rainfall, settlement due to weak sub-layers, rock falls caused by freeze-thaw effects and
deep-seated rotational failures caused by weak sub-soils which are triggered by increased loading
and/or changes in the water table.
During very dry seasons cracks can appear in slopes and followed by precipitation period water can
percolate rapidly through these cracks reducing the soil strength and shallow translational landslides
occur. The stability of slopes (cuttings and embankments) is linked to heavy precipitation and
flooding but, due to number of parameters included in the analysis and their large variability, direct
connections are still constantly investigated. On the other side effect of soil water
saturation/surface suction on slope stability is understood (See Fourie et al 1999), as well as
influence of slope angle and height. Since many earthworks were built more than 100 years ago (this
varies a lot across Europe regarding the network age) slope angle of these structures is much higher
than is for new build rail infrastructure. The consequences of this event depends on the surrounding
area, position of the landslide in relationship to track and the clearance. If landslide develops
beneath the track, and is confined to earthwork structure with appropriate clearance between slope
edge and track, and because of relatively small volume of soil involved risk of affecting trains is
usually low. But a landslide above tracks with even small amount of soil that covers the track can
cause train derailment.
Consequences are much graver if landslide occurs in natural hill sides and debris flow, which can hit
a passing train or completely cover tracks, develops. This can be seen in Figure 23 of 2014 passenger
train derailment in Tiefencastel, Switzerland.

GA 730817

P a g e 27 | 59

Figure 23 a and b Passenger train derailment in Tiefencastel, Switzerland 2014; 1 fatality, 10 injured - Train
was struck by a landslide and derailed (http://metro.co.uk)

Erosion is another mechanism that can cause embankment failure due to scour if it is situated near
rivers or streams, especially during flood events which are increasing in number because of climate
change.
Purpose of earthworks vegetation (trees, bushes, grass...) serves to retain water, preserve moisture
and the roots act as soil reinforcement. Changes in vegetation can produce landslides but can also
indicate problems that can lead to landslides. Some external factors can affect slopes stability also
such as removal of material by third person/s, animal burrowing and erosion. Like all other
structures earthworks can also be subjected to overloading which can lead to failure.

Figure 24 Embankment scour in Croatia (courtesy of Croatian Railways);
Figure 25 Shallow landslide in Slovenia (courtesy of Slovenian Railways)

Deep rotational failure includes large quantities of soil and spread beyond toe of the embankment.
It is caused by changes in the surrounding boundary conditions for old structures or due to weak sub
soil when new construction is affected. It can occur on the interface with the top soil and e.g.
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embankment or in deeper layers of natural ground and can be influenced by ground water
instabilities.
Rock cuttings fail due to different mechanisms than soil. There are discontinuities present in the
rock mass either naturally or induced through construction (mining) which can produce rock falls
through erosion and freeze/thaw cycles. Unlike soil slopes where vegetation increases stability of
slopes, vegetation in rock mass can produce failure because of roots wedging in rock mass
discontinuities.

Figure 26 a and b Rockfalls due to the extensive rainfall and high temperatures – incidents in Croatia and
Slovenia (courtesy of Croatian and Slovenian railways)

6.2.4 Signalling and points
Trackside points (movable sections of track, allowing trains to move from one line to another) and
signalling equipment that rely on intricate wiring and power supplies can easily fail during flooding ,
high temperatures or temperatures below zero. Points can get clogged with debris or ice, the drive
mechanism might fail and they might expand too much in hot weather.
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Figure 27 a and b Damaged overhead lines and equipment during heavy icing in 2014, Slovenia (courtesy of
Slovenian railways)

6.2.5 Objects on the track
There are various reasons and ways how objects obstructing railway traffic end up on the tracks.
Following examples are regularly met on railway network lines:








Numerous incidents with all kinds of objects left on track after performed maintenance
work, e.g. parts of rails, sleepers, various tools etc. are reported
Fallen trees and animals
Leaves in the autumn which stick to damp rails and passing trains compress them into a
smooth, slippery, layer that reduces the trains grip
Snow on tracks
Road vehicles either stuck on the tracks or not complying with the signals
Water on the tracks due to flooding
Various objects that get blown on the lines, fall or get left on purpose by vandals.
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Figure 28 Obstruction-pile (app 1 t) had been left
on the line on completion of earlier engineering
works Lancashire, 2017 (https://www.gov.uk)

GA 730817

Figure 29 Animal hit on the track (courtesy of
Croatian Railways)
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6.3 Near-miss concept
Near-Miss Concept: The key to successful implementation of machine learning is data. A
consequence of the low number of failures experienced on the railway network is that training
(learning) on such a statistically insignificant dataset is not possible. Heinrich introduced the concept
of the safety triangle, See Figure 30 in which the near miss concept as an indicator of risk was
formulated. The idea has been widely applied across a number of industries including rail. The
Confidential Incident Reporting & Analysis System (CIRAS) developed at the University of Strathclyde
has been implemented in the UK since the 1999 Ladbroke Grove rail crash.

Figure 30 Heinrich’s triangle for near miss concept

For the near-miss approach to make sense there must be direct causal predictors of later, more
serious, accidents, this assumption is based upon the common cause hypothesis or the assumption
that near misses and accidents have the same relative causal patterns. Wright and Van der Shaaf
(2004) tested the hypothesis using data from UK rail industry that included 46 formal inquiry
reports, 88 signal passed at danger (SPAD) reports and 106 CIRAS reports and found that for the rail
sector the common cause hypothesis was valid. For model training purposes this project will
develop safety indicators with reference to Directive 2004/49/EC.
The failure mechanism for many failure modes is well understood. For example shallow translational
slope failures are becoming a more common problem along many networks. Fourie et al. (1996),
Gavin and Xue (2009) and others identify the reduction of soil suction as a result of rainfall
infiltration as being the primary cause of these failures. During a rainfall event infiltrating water
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reduces the near surface suctions in partially saturated soil masses. The failure surface usually
presents as a shallow (< 3m) translational slip that forms parallel to the existing slope surface. A
simplified model of the mechanism shown in Figure 31 assumes the wetting front depth as the
failure surface (See Gavin and Xue 2009). At the point of failure, suctions in the soil in the wetted
zone above the failure surface have reduced to some residual value, the magnitude of which
depends largely on the soil porosity, particle size distribution and the clay content of the soil in
question.
wetted soil
wetting front
drier soil

soil particle
water
air
Figure 31 Wetting front development in an unsaturated soil slope

Since the wetting front depth is directly related to the intensity and duration of a rainfall event, the
wetting front (or failure surface depth) is a proxy for the impact of a rainfall event. More intense and
prolonged events will lead to larger failures. Thus data collected on small failures should provide
information on the potential for larger events, See Figure 32.

Figure 32 Examples of small and large-scale rainfall induced landslides (Hasegawa et al. (2009)
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Martinovic et al (2016) analysed data from 500 minor slope failures on the Irish Rail network and
using machine learning techniques establish a link between past rainfall and failures; the impact of
increased rainfall (or climate change) can then be considered using climate models. This project will
develop these techniques for other failure modes; notably for bridges, tunnels and level crossings.
In addition to the issue related to lack of failure incidents to allow for model training (in an AI
sense), another challenge for the application of machine learning on rail networks is that there is
unlikely to be a link between consequences and events of a given scale (e.g. a major rainfall event).
This is because Railway IM’s routinely use speed limitations to minimise the risk of a train
derailment etc. So whilst there may be a link between incident severities there will not be the same
link with consequence as the operators manage this risk by operational means (restricting capacity).
For example the link between the rainfall and shallow landslides is clear. When periods of high
rainfall are predicted IM’s use colour coded rainfall thresholds to control line speeds. Thus the
hazard is elevated, however the lower speed reduces the likelihood that a train will collide with a
landslide and therefore the risk is reduced. This is an effective solution from a safety (or risk)
perspective but inefficient in terms of network capacity. In the GoSAFE RAIL project we will address
these issues using monitored data and by developing performance indicators that are directly
related to the failure (minor and major) modes. In the case of slopes knowledge suction is critical as
demonstrated above. This value can be measured in-situ using suction probes or water content
sensors or predicted using data from weather stations and climate models.
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7 Global Key Performance Indicator (GKPI)
7.1 Approach for identification and implementation of GKPI
Strategic decision-making for transport infrastructure has the responsibilities to come up with the
overall network policy, set targets for performance on a network level and for acceptable risk. The
required network performance is related to functional requirements and to policy goals applied to
the network as a whole. These goals are rather abstract and have to be specified from a network
level to requirements on a structural level. (Klanker et al., 2014) The required structural
performance is usually related to the structural safety or as a target reliability. Existing international
codes and standards are almost exclusively focusing on structural safety and serviceability.

Figure 33 Breakdown of goals and objectives and aggregation of data C. Stenström, A. Parida and D. Galar
(2012)

Safety of railway network can be represented by a single Global Key Performance Indicator which
considers all performance management practices. The management of operational and traffic safety
of railway network, on both tactical and strategic level, requires a comprehensive and measurable
set of performance indicators and assessment tools through which they are analyzed. Operators are
often in possession of vast amount of data which is incomplete, non-uniform and amenable to
reliable analysis. The available data should be translated into useful information about the
performance of the asset, in the form of performance indicators (PI). By focusing on the use of the
PIs and the needs of the decision and processes to be supported, agencies could define which
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assets and which PIs about these assets are more important for decision-making and tailor their
data collection accordingly.
Steps which need to be performed in this process are:
Step 1: Identify key problems
Step 2: Select and define outcome indicators
Step 3: Select and define activity indicators
Step 4: Collect and analyse data
Step 5: Report and act on findings
Step 6: Review
When developing and implementing PIs, other important contradictory PI characteristics are:


Off-the-shelf or tailor-made indicators: an important distinction if the indicators are
supposed to be used in benchmarks (Wireman, 2004)
 Long- or short-term indicators: an important distinction when deciding how long a time the
indicator measures have to be stored (IAEA, 2000)
 Slow or fast changing rate indicators: an important distinction when performing trend
calculations or deciding if slower/faster redundant indicators must be used or developed,
often the case for environmental issues (Miljövårdsberedningen, 1998, Kimberling et al.,
2001).
When designing PIs it is important that they should act as a signal or indicator that something is
happening and give a hint of the characteristics of necessary decisions (Mossberg, 1977). Global
Safety KPI is established based on key performance indicator for each object, belonging to the
analysed system, determined from set of measurable performance indicators as is shown in Figure
34.

GA 730817

P a g e 36 | 59

Findings - Measurable PI No1

Findings - Measurable PI No2

KPI on the object level object No 1

...
Findings - Measurable PI No1

Findings - Measurable PI No2

KPI on the object level object No 2

Global Safety KPI on the system
level

...
Findings - Measurable PI No1
Findings - Measurable PI No2

...

...
Findings - Measurable PI No1

Findings - Measurable PI No1

KPI on the object level object No n

...
Figure 34 Establishing Global Safety Key Performance Indicator on the system level
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7.2 Performance Indicators
Based on the failure cause analysis performance indicators have been identified for most common
hazards presented in Chapter 3. These are technical condition related performance indicators that
can be measured through monitoring, testing, collection and extraction of data. Some new relations
are established between identified cause of failure and PIs for evaluation of railway infrastructure
performance. The railway failure examples are divided into groups by parts of the railway network:
tracks (including switches and crossings, rails, ballast), structures (bridges, tunnels, retaining
structures) and earthworks.
The overview of failure examples for types of structures are shown with the relation to possible
identified causes, performance indicators and means on how to measure these indicators is given in
Table 2. PIs that can be classified as near miss are listed together with all other indicators and
highlighted in summary graph in Chapter 4.3.

GA 730817

P a g e 38 | 59

GoSAFE RAIL
Project Reference: 730814
S2R-OC-CCA-04-2015
Research and Innovation action as part of the Shift2Rail JU
Project Duration: 1 October 2016–30 September 2019

Table 2 Overview of failure examples wit identified cause and appurtenant measurable performance indicators
FAILURE EXAMPLE

IDENTIFIED CAUSE

PERFORMANCE INDICATOR

HOW TO MEASURE

Tracks
Tracks in general
Track flooding

 Extensive precipitation
 Flooding
 Drainage issues
 Ground water
 Fouling and ballast choking

 Meteorological and hydrological data
(historic analysis)
 Drainage (type, condition,
maintenance data)-possible previous
minor drainage problems (eg minor
water detainment)
 Ground water levels
 Ballast fouling

 Weather station / climate
models
 GPR monitoring
 Embedded sensors
 Piezometers
 Visual inspection

 Ice
 High temperatures
 Cable removal by thieves
 Differential settlement due to poor
tamping
 Lack of or poorly performing
drainage
 Track geometry

 Gauge faults
 Meteorological and hydrological data
(historic analysis)
 Changes in surrounding soil
(settlement)
 Drainage (type, condition,
maintenance data)
 Traffic volume

 Weather station / climate
models
 Lidar data
 Monitoring
 Embedded sensors
 Visual inspection
 UAV (drone) images

Switches and crossings
Failure issues related switches and
crossings

39

FAILURE EXAMPLE

IDENTIFIED CAUSE

PERFORMANCE INDICATOR

 Wear
 Traffic volume
 Objects on the line

HOW TO MEASURE
 In-situ test (soil)

Ballast problems
Ballast fouling or choking

 Ground water
 High stress level
 Cyclic loading
 Weathering
 Vegetation growth
 Inadequate thickness of ballast layer

 GPR echo
 Number of stress cycles
 Ground water level
 Retaining water

 Weather station / climate
models
 GPR monitoring
 Stress monitoring
(Embedded sensors)
 Load monitoring
 Piezometers
 Visual inspection

Ballast spreading

 Poor specification of the material
 Weak subsoil (settlement)
 Inadequate thickness of ballast layer
 Lack of or poorly performing drainage
 Ground water
 Flooding

 Granulation and shape (no sharp
edges) of material
 Type of soil
 Drainage (type, condition,
maintenance data)
 Reballasting (sinking ballast)
 On-going settlement of the sub soil
 Ground water level
 Track flooding

 GPR monitoring
 Embedded sensors
 Load monitoring
 Piezometers
 Visual inspection

GA 730817

P a g e 40 | 59

FAILURE EXAMPLE

IDENTIFIED CAUSE

PERFORMANCE INDICATOR

HOW TO MEASURE

Rail problems
Lateral buckling of the rail

 Extreme heat
 Vertical curvature of the tracks
 Ballast (spreading, damaged, fouled,
choked)
 Track consolidation
 Areas of shadow
 Wear

 Meteorological data (historic analysis)
 Vertical curvature of the tracks
 Ballast condition
 Track declination
 Traffic volume
 Radius

 Weather station / climate
models
 GPR monitoring
 Embedded sensors
 Visual inspection
 Lidar data
 Monitoring (deformation)

Breakage of rails, fishplates, anchors

 Cyclic nature of railway loading
leading to fatigue
 Extreme heat/low temperatures
 Degradation of material
 Fatigue

 Meteorological data (historic analysis)
 Number of loading cycles
 Age
 Corrosion

 Weather station / climate
models
 Visual inspection
 Monitoring (deformation)
 In-situ testing
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FAILURE EXAMPLE

IDENTIFIED CAUSE

PERFORMANCE INDICATOR

HOW TO MEASURE

Bridges
Bridges in general
Overloading
 Human error
 Design faults
 Deteriorated structure
 Old structures
 Increased loading

 Cracks
 Deformation
 Settlement of substructure elements
 High vibrations

 Extensive precipitation
 Flooding
 Weak soil

 Changes in water flow
 Material removal
 Soil type
 Settlement of abutments or pears

 Monitoring (deformation)
 Visual inspection
 In-situ testing

Scour
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 Underwater visual
inspection
 Monitoring (deformations)
 Vibration based scour
assessment using
accelerometers

FAILURE EXAMPLE

IDENTIFIED CAUSE

PERFORMANCE INDICATOR

HOW TO MEASURE

Accidental impact
 Non-observance of traffic regulation
 Non- existence or bad traffic
signalling

 Clearance (height from bottom of the
deck structure to the lowest point on
the land, or the water surface)
 Previous impacts
 Scratch signs on the soffit

 Monitoring
 Visual inspection

 Absence of transition zones
 Poor (or missing) foundations
 Problems with bearings (degraded,
slipped, missing...)

 Poor ride quality
 Declination of elements/structure
 Settlement behind/around
abutments
 Debris/material flow around
abutments

 Monitoring (deformation)
 Visual inspection
 In-situ testing

Other issues
Poor ride quality + large dynamic
amplification at abutments
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FAILURE EXAMPLE

IDENTIFIED CAUSE

PERFORMANCE INDICATOR

HOW TO MEASURE

Metallic bridges
Corrosion

 Material properties
 Damaged protection layer
 Increased temperature , humidity,
wind
 Pollutants
 Salts (deicing, seaborne)

 Meteorological and hydrological data
(humidity, temperature, climate zone,
winds)
 Pollution of atmosphere (soot, dusts,
salts…)
 Location
 Material and protection layer data

 Weather station / climate
models
 Air pollution monitoring
 In-situ monitoring

Breakage of elements/welds

 Cyclic nature of railway loading
leading to fatigue
 Extreme heat/low temperatures
 Degradation of material
 Fatigue

 Meteorological data (historic analysis)
 Number of load cycles
 Age
 Corrosion

 Weather station / climate
models
 Visual inspection
 Monitoring (deformation)
 In-situ testing

GA 730817

P a g e 44 | 59

FAILURE EXAMPLE

IDENTIFIED CAUSE

PERFORMANCE INDICATOR

HOW TO MEASURE

Concrete bridges
Corrosion of reinforcement

 Carbonation
 Chloride content (deicing salts, sea
borne, embedded)
 Stray current
 Increased temperature , humidity,
wind
 Pollutants
 Freeze/thaw cycles

 Bar cross section (reduction)
 Cracking and spalling of concrete
cover
 Bond strength (reduction)
 Meteorological and hydrological data
(humidity, temperature, climate zone,
winds)
 Pollution of atmosphere (soot, dusts,
salts…)
 Location

 Weather station / climate
models
 Air pollution monitoring
 Visual inspection
 Monitoring
 Embedded sensors
 In-situ testing

Concrete degradation

 Alkali-silica reaction (ASR)
 Freeze thaw cycles
 Sulphate attack
 Temperature and humidity
 Chloride ingress

 Efflorescence
 Popouts
 Concrete strength (reduction)
 Loss of concrete surface
 Micro cracking
 Meteorological and hydrological data
(humidity, temperature, climate zone,
winds)
 Pollution of atmosphere (soot, dusts,
salts…)
 Location

 Weather station / climate
models
 Air pollution monitoring
 Visual inspection
 Monitoring
 Embedded sensors
 In-situ testing
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FAILURE EXAMPLE

IDENTIFIED CAUSE

PERFORMANCE INDICATOR

HOW TO MEASURE

Masonry bridges
Cracks

 Settlements of bridge foundation
(weak soil, ground water levels,
drought, heavy precipitation)
 Overloading
 Freeze thaw cycles

 Removal of material around and
behind abutments
 Declination of elements/structure
 Spalling or delamination of mortar
from joints
 Meteorological and hydrological data
(humidity, temperature, climate zone,
winds)

 Weather station / climate
models
 Visual inspection
 Piezometers
 In-situ testing

Other issues:

 Freeze thaw cycles
 Humidity

 Spalling of material
 Vegetation growth
 Efflorescence

 Visual inspection

 delamination of the plaster layer
 penetrating vegetation
 salt efflorescence from bricks and
mortar
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FAILURE EXAMPLE

Identified cause

Performance indicator

How to measure

Tunnels
Flooding
 Extensive precipitation
 Flooding
 Insufficient drainage capacity
 Lack of or poorly performing drainage
 Ground water

GA 730817

 Meteorological and hydrological data
(historic analysis)
 Drainage (type, condition,
maintenance data)
 Leaking through tunnel lining
 Wet cracks/areas in tunnel lining
 Vegetation growth in drainage
channels
 Rising of ground water levels
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 Weather station / climate
models
 Monitoring (deformations)
 Visual inspection
 UAV (drone) images
 Drainage testing
 Piezometers

FAILURE EXAMPLE

Identified cause

Performance indicator

How to measure

Ice/seepage formation in tunnel lining
 Lack of or poorly performing drainage
 Insufficient drainage capacity
 Cracks
 Damaged tunnel lining
 Permeable tunnel lining
 Ground water
 Low temperature

 Meteorological and hydrological data
(historic analysis)
 Drainage (type, condition,
maintenance data)
 Leaking through tunnel lining
 Wet cracks/areas in tunnel lining
 Rising of ground water levels

Lack of support/clearance
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 Weather station / climate
models
 Monitoring (deformations)
 Visual inspection
 Drainage testing\
 Piezometers
 In-situ testing of lining

FAILURE EXAMPLE

Identified cause

Performance indicator

How to measure

 Old railway tunnels of bored
construction
 Unlined tunnels
 Masonry lined tunnels
 Degraded lining

 Insufficient clearance
 Poor structural support

 Lidar data
 Visual inspection
 In-situ testing of lining
 Monitoring (deformations)

 Cracks
 Degradation of tunnel lining
 Vegetation growth (joints in masonry
lining or segmental tunnel lining
mainly on tunnel entrance)

 Cracks
 Delamination
 Falling or loose parts of tunnel lining
 Vegetation growth

 Lidar data
 Visual inspection
 In-situ testing of lining
 Monitoring (deformations)

Tunnel lining deterioration
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FAILURE EXAMPLE

IDENTIFIED CAUSE

PERFORMANCE INDICATOR

HOW TO MEASURE

Earthworks
Deep rotational failure
Failure of rail line

 Change of boundary conditions
(instability of wider surrounding soil
area)
 Slope angel and height
 Ground water levels
 Weak sub-soil
 Deposition loading slope or its crest

 Changes in vegetation
 Small landslides
 Cracks
 Slope angel and height
 Changes at the slope toe
 Ground water instabilities
 Type of soil
 Minor scarps
 Ridges

 Visual inspection
 UAV (drone) images
 In-situ soil tests
 Piezometers
 Lidar data
 Inclinometers
 Laser scanners

 Drought
 Extensive precipitation
 Slope angle and height
 Vegetation change
 Lack of or poorly performing drainage
 Animal burrowing
 Near surface suction
 Settlement due to weak sub-soil

 Meteorological and hydrological data
(historic analysis)
 Slope angel and height
 Small landslides
 Soil/debris in clearance area
 Changes in vegetation
 Presence of animal burrowing
 Drainage (type, condition,

 Weather station / climate
models
 Lidar data
 Visual inspection
 UAV (drone) images
 In-situ soil test
 In-situ suction probe
and/or water content

Shallow translational failures
Shallow landslide
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FAILURE EXAMPLE

Debris flow

FAILURE EXAMPLE
GA 730817

IDENTIFIED CAUSE

PERFORMANCE INDICATOR

 Increased loading
 Vandalism
 Deposition loading slope or its crest

maintenance data)
 Unregulated water flows
 Type of soil
 Removal of material
 Slope angel of the adjacent ground
 Aspect (regarding position of sun,
prevailing wind direction)

 Extensive precipitation
 Vegetation change
 Karst weathering (caves and sink
holes)
 Slope angle and height

 Meteorological and hydrological data
(historic analysis)
 Slope angel and height
 Small landslides
 Soil/debris in clearance area
 Changes in vegetation
 Drainage (type, condition,
maintenance data)
 Unregulated water flows
 Type of soil
 Aspect (regarding position of sun,
prevailing wind direction)

IDENTIFIED CAUSE

PERFORMANCE INDICATOR
P a g e 51 | 59

HOW TO MEASURE
sensors

 Weather station / climate
models
 Lidar data
 Visual inspection
 UAV (drone) images
 In-situ soil tests
 Water content/suction
probes

HOW TO MEASURE

FAILURE EXAMPLE

IDENTIFIED CAUSE

PERFORMANCE INDICATOR

HOW TO MEASURE

Rock falls
 Drought
 Extensive precipitation
 Freeze/thaw cycles
 Karst weathering (caves and sink
holes)
 Vegetation growth (root damage)
 Erosion

 Meteorological and hydrological data
(historic analysis)
 Cracks
 Minor rockfalls
 Minor landslides
 Soil/debris in clearance area
 Unregulated water flows
 Changes in vegetation
 Slope angel of the adjacent ground
 Aspect (regarding position of sun,
prevailing wind direction)

 Weather station / climate
models
 Lidar data
 Visual inspection
 UAV (drone) images
 In-situ soil tests

 Extensive precipitation
 Flooding
 Erosion

 Meteorological and hydrological data
(historic analysis)
 Removal of material
 Unregulated water flows
 Minor landslides
 Slope angle
 Previous addition of material on
embankment

 Weather station / climate
models
 Lidar data
 Visual inspection
 UAV (drone) images
 GPR

Embankement scour
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FAILURE EXAMPLE

IDENTIFIED CAUSE

PERFORMANCE INDICATOR

HOW TO MEASURE

Settlement of embankment
 On-going settlement issues
 Weak subsoil
 Ground water
 Lack of or poorly performing drainage

 Soil/embankement declination
 Reballasting
 Ground water level
 Drainage (type, condition,
maintenance data)

 GPR
 Lidar data
 Visual inspection
 UAV (drone) images
 Piezometers
 Drainage testing

 Drought
 Extensive precipitation
 Slope angle and height
 Vegetation change
 Poorly maintained or blocked
drainage
 Animal burrowing
 Near surface suction
 Settlement due to weak sub-soil
 Increased loading
 Vandalism
 Climate condition (storm, waves)
 Coastal erosion
 Coastal flood
 Structure deterioration
 Scour of sea wall foundation and

 Meteorological and hydrological data
(historic analysis)
 Slope angel and height
 Small landslides
 Changes in vegetation
 Presence of animal burrowing
 Drainage (type, condition,
maintenance data)
 Unregulated water flows
 Type of soil
 Removal of material
 Cracks in structure
 Changes in the surrounding areas (sea
current changes)
 Slope angel of the adjacent soil
 Aspect (regarding position of sun,

 Weather station / climate
models
 Lidar data
 Visual inspection
 UAV (drone) images
 In-situ test (soil/structure)
 GPR

Sea defences
Failure (collapse)
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FAILURE EXAMPLE

IDENTIFIED CAUSE
track bed

PERFORMANCE INDICATOR

HOW TO MEASURE

prevailing wind direction)

Retaining walls
Retaining wall collapse

GA 730817

 Lack of or poorly performing drainage
 Changes in the hydraulic regime
 Increased loading
 Drought
 Extensive precipitation
 Flooding
 Structure deterioration
 Vegetation change
 Ground water levels
 Vandalism

 Unregulated water flows
 Drainage (type, condition,
maintenance data)
 Removal of material (joints)
 Changes in vegetation
 Meteorological and hydrological data
(historic analysis)
 Changes in surrounding soil
(settlement, landslides, animal
burrowing)
 Slope angel of the adjacent soil
 Aspect (regarding position of sun,
prevailing wind direction)
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 Weather station / climate
models
 Lidar data
 Visual inspection
 UAV (drone) images
 In-situ test (soil, structure)
 Piezometers

FAILURE EXAMPLE

IDENTIFIED CAUSE

PERFORMANCE INDICATOR

HOW TO MEASURE

Objects on the track
 Storm
 Heavy precipitation
 Drought
 Defective trees
 Non-rail vehicles
 Objects left on track by error (e.g.
after maintenance)
 Large fallen objects (e.g. from a
bridge overpassing rail)
 Vandalism
 Water (flooding, drainage problems)
 Snow
 Leaves

GA 730817

 Drainage (type, condition,
maintenance data)
 Changes in vegetation
 Meteorological and hydrological data
(historic analysis)
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 Lidar data
 Visual inspection
 UAV (drone) images
 Piezometers
 Drainage testing

GoSAFE RAIL
Project Reference: 730814
S2R-OC-CCA-04-2015
Research and Innovation action as part of the Shift2Rail JU
Project Duration: 1 October 2016–30 September 2019

Global Safety Key Performance
Indicator - GSKPI

7.3 Overview of GSKPI and KPIs

STRUCTURES - KPI RELIABILITY

TRACK - KPI CONDITION

PERFORMANCE INDICATORS COMMON FOR ALL STRUCTURES:

PERFORMANCE INDICATORS COMMON FOR ALL TRACKS:
 Meteorological and hydrological data (historic analysis)
 Drainage (type, condition, maintenance data)-possible previous minor
drainage problems (eg minor water retainment)
 Ground water levels
 Ballast fouling
 Gauge faults
 Changes in surrounding soil (settlement)

Ballast

PERFORMANCE
INDICATORS
 GPR echo
 Number of stress
cycles
 Retaining water
 Granulation and
shape (no sharp
edges) of material
 Type of soil
 Reballasting
(sinking ballast)
 Track flooding

Rails

PERFORMANCE
INDICATORS
 Vertical curvature
of the tracks
 Ballast condition
 Track declination
 Traffic volume
 Radius
 Number of
loading cycles
 Age
 Corrosion

EARTHWORKS - KPI RELIABILITY

Switches &
Crossings

PERFORMANCE
INDICATORS
 Gauge faults
 Meteorological
and hydrological
data (historic
analysis)
 Changes in
surrounding soil
(settlement)
 Drainage (type,
condition,
maintenance
data)
 Traffic volume

 Meteorological and hydrological data (humidity, temperature, climate zone, winds)
 Cracks
 Deformation

Bridges

Tunnels

PERFORMANCE INDICATORS
 Settlement of substructure elements
 High vibrations
 Changes in water flow
 Soil type
 Clearance (height from bottom of the
deck structure to the lowest point on
the land, or the water surface)
 Previous impacts
 Scratch signs on the soffit
 Poor ride quality
 Declination of elements/structure
 Settlement behind/around abutments
 Debris/material flow around abutments
 Pollution of atmosphere (soot, dusts,
salts…)
 Location
 Material and protection layer data
 Number of load cycles
 Age
 Corrosion
 Reinforcement bar cross section
(reduction)
 Cracking and spalling of concrete cover
 Bond strength (reduction)
 Efflorescence
 Popouts
 Concrete strength (reduction)
 Loss of concrete surface
 Micro cracking
 Removal of material around and behind
abutments
 Declination of elements/structure
 Spalling or delamination of mortar from
joints
 Spalling of material
 Vegetation growth

PERFORMANCE
INDICATORS
 Drainage (type,
condition,
maintenance
data)
 Leaking through
tunnel lining
 Wet cracks/areas
in tunnel lining
 Vegetation
growth in
drainage
channels, joints
 Rising of ground
water levels
 Insufficient
clearance
 Poor structural
support
 Falling or loose
parts of tunnel
lining

Retaining
structures

PERFORMANCE
INDICATORS
 Unregulated
water flows
 Drainage (type,
condition,
maintenance
data)
 Removal of
material (joints)
 Changes in
vegetation
 Meteorological
and hydrological
data (historic
analysis)
 Changes in
surrounding soil
(settlement,
landslides, animal
burrowing)
 Slope angel of the
adjacent soil
 Aspect (regarding
position of sun,
prevailing wind
direction)

PERFORMANCE INDICATORS COMMON FOR
ALL EARTHWORKS:
 Meteorological and hydrological data
(historic analysis)
 Changes in vegetation
 Small landslides
 Cracks
 Slope angel and height
 Changes at the slope toe
 Ground water instabilities
 Type of soil
 Minor scarps
 Ridges
 Soil/debris in clearance area
 Presence of animal burrowing
 Drainage (type, condition, maintenance
data)
 Unregulated water flows
 Removal of material
 Slope angel of the adjacent ground
 Minor rockfalls
 Aspect (regarding position of sun,
prevailing wind direction)

Embankments

Sea defenses

PERFORMANCE
INDICATORS
 Previous
addition of
material on
embankment
 Soil/embankme
nt declination
 Reballasting

PERFORMANCE
INDICATORS
 Changes in the
surrounding
areas (sea
current
changes)

Note: PIs that can be classified as Near-miss Performance Indicators are shown in italic

OBJECTS ON
THE LINE - KPI
TRAFFIC
SAFETY

PERFORMANCE
INDICATORS
 Drainage (type,
condition,
maintenance data)
 Changes in
vegetation
 Meteorological
and hydrological
data (historic
analysis)
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8 Conclusion
In this report a review of key problems from a safety perspective faced by Railway IM’s (e.g. slope
instability, bridge scour, and failure of switches and tracks and structures) using case histories has
been compiled and a framework for how to determine Global Safety Key Performance Indicator
(GSKPI) has been developed. Consideration of the effects of climate change on the safety
performance of infrastructure has been given.
The efficiency of infrastructure management of railway networks depends mainly on the quality of
its decision making process. The basis of this process, which includes risk assessment and risk
ranking (prioritization) of objects along the network, is data. Quality, reliability and traceability of
data and appropriate knowledge about data analysis and mathematical models is essential.
Additionally to the case histories of incidents (which are actually very low for railways), we have
developed a new concept for GSKPIs, based on the near miss approach which assumes that near
misses and accidents have the same relative causal patterns. A near miss is an unplanned event that
did not result in injury, illness, or damage – but had the potential to do so. The historical data on
operational railway performance together with infrastructure performance data (fused historical
data) will be used to build machine learning model to detect hot spots, based on near-misses
indicators.
PIs identified in this report present measurable data, which does not only describe the condition of
part of the network but can through appropriate mathematical models provide predictions about
future performance. Based on the framework developed in this deliverable, Guideline document on
railway safety indicators (D 4.1) will be developed, which will include the information about
measuring methods of PIs and threshold values where it is applicable.
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