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1 Introduction

In the context of the 26th Conference of the Parties for Climate Change
(COP26) taking place in Glasgow this year, this report looks at applying a
risk assessment technique to an industry that will be impacted by growing
climate change concerns. The focus of this case study is on the railway
industry, more specifically in the UK. If climate change follows scientific
projections, weather conditions might impact railways and train rolling stock
more frequently and more dramatically, causing further delays and accidents.
Looking at current meteorological and railway data, we can assess the current
risks that the environment causes in the rail industry, and develop a tool to
offer stakeholders a way to visualise how these risks might be heightened by
climate change so that they can mitigate them.

This report will start with a summary of statistics for climate change
projections in the UK, as well as past rail incidents in the UK. These statistics
will be used to identify an area where risks might be particularly increased
in the rail industry under climate change. A risk assessment technique will
then be applied to undertake impact analysis, following which the technique
will be evaluated for usefulness.

2 Context

2.1 Climate Statistics

In the UK, the Met Office provides statistical projections for environmental
change in their UK Climate Projections report. Their latest report was in
2018, which updated their 2009 projections. The report provides a large
range of statistics for different years and scales. Some notable projections
are reported here as follows.

e At the end of the century, all areas of the UK are foreseen to be warmer,
and more so in the winter [37].

— The current UK average temperature is 20.1C in the summer, and
7.2 degrees in the winter.

— By 2070, in the high emission scenario, this might increase in a range
of 0.9C to 5.4C in summer and 0.7 to 4.2C in winter.

e Rainfall patterns are not uniform and will vary within a range [37].



— The current UK average rainfall in summer is 191mm, and 229m in
winter.

— By 2080, in the high emission scenario, this will increase in a range
of -47% to +2% in summer, and -1% to +35% in winter by 2070.
This corresponds to an average precipitation of 270mm across most
of the country in winter.

— There will be changes in the type of rainfall, where rain events in
winter will be more frontal and of higher intensity while summer rain
events will come in short lived high intensity showers.

e Sea level might rise from 0.3m to 1.15m by 2100 in the high emission
scenario [9].

— The numbers for this vary from capital city but this corresponds to
an average of 0.5m in the North and 0.6m in the South.

2.2 Railway Incident Statistics
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Figure 1: Bar-stacked graph showing weather-related delay minutes categorised by
weather cause. Source: Network Rail [31]

A delay minute is a measure of performance in the rail industry. Over
the 2018-2019 period, the Office of Rail and Road (ORR) reported a total
of 16,743,884 delay minutes on the UK national rail network [23] and tallied
up 3,239,671 weather-related delay minutes [26]. Hence, weather accounts
for 19.3% of all delay minutes, which is in line with Thorne and Davis’s 2002
research reporting that weather causes about 20% of all delay minutes [7].
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Figure 1 highlights the weather sources of weather-related delay minutes
[31]. As we can see the cause of delays varies a lot from year to year and
seems relatively unpredictable. Nonetheless, we can note that floods have
caused substantial delays in the past decade, and heat faults contributed to
delays significantly more than it had before in the previous year.

The recent Storms Ciara and Dennis have also highlighted the significant
cancellations and delays intense rainfall and subsequent flooding can cause

[36).

Weather and Derailments

Between 2001 and 2019, there have been 334 derailments, 80 of which were on
passenger trains. This number has been declining, with only 1 derailment on
passenger trains recorded in 2018-2019 [10]. However, derailments can have
significant impacts on both life and infrastructure, as evidenced by the recent

Eastleigh derailment which has caused significant damage and cancellations
to trains [4], or the 2002 Potters Bar Crash which killed 7 [3].

Derailments are an interesting incident to study, as they have varying
causes, but are made more likely by extreme temperatures, which will be-
come more likely under climate change. A study done by the University of
Birmingham on the 2015 Summer heatwave found that 23,700 delay minutes
at that time were attributed to emergency speed restrictions to reduce the
risk of buckling, and 12,800 minutes were attributed to heat [5].

For the purpose of this study and the evaluation of a risk assessment
technique, the incident of study will be of derailment due to extreme tem-
peratures, both hot and cold.

3 Tool Development

3.1 Case Studies

It is accepted that doing risk assessment under growing concerns is necessary
and has advantages for understanding potential impacts and leading to the
adoption of mitigation strategies [21].

The UK government offers worksheets for companies to assess the impact
of climate change on their own activities, however there does not seem to
be a set standard that is used across or within industries [2]. In the rail
industry, Network Rail reports on different techniques, such as BowTie risk



assessments [30]. In the past few years, various rail companies have released
reports on rail incidents that might be heightened by climate change and
ways to mitigate them [32, 35].

Every report seems to use an in-house tool which might make compar-
isons harder. Hence, the immediate usability of such reports might not be
evident to all stakeholders, as they may have different levels of experience or
understanding.

External research has also been conducted, however the bulk of it involves

modelling future risks via statistical methods, and not risk assessment tools
(12, 11].

Fault Tree Analysis (FTA) is one risk assessment technique that has been
applied successfully in the context of rail transport before [28, 16], however re-
search on FTA combined with climate change is harder to come by. One case
study applies FTA to the case of urban railway infrastructure as impacted
by adverse weather [14]. Although the latter mentions climate change, it
does not take into account climate statistical projections for the future in its
calculations.

Hence, applying F'TA to railway infrastructure in the context of changing
environmental conditions under climate change does not seem to have been
yet researched or published. However, the multiple case studies that use it in
the context of the transport industry highlight that it might be a suitable tool
for the scenario. Given the released statistics for climate change and railway
incidents in the UK, this report will look at the applicability of the existing
Fault Tree Analysis technique for qualitatively and quantitatively assessing
the impact of climate change on the rail industry, and will later compare its
usability to Failure Mode, Effects and Criticality Analysis (FMECA).

3.2 Fault Trees and Fault Tree Analysis

Fault Trees are a top-down deductive analysis technique to represent the re-
lationships between an event and its root consequences. A fault tree consists
of a top event, which represents the event to be studied. This top event
is attached to basic events, which represent its causes, through logic gates.
After being constructed, fault trees can be quantitatively and qualitatively
analysed to identify which causes contribute the most to the top event, so
that they can be mitigated [13].
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Figure 2: An example fault tree in a railway context [28].

Methodology

The following steps set out a general methodology for building a fault tree
for assessing climate change impact.

1.

Starting from the top event, research what can cause it until a basic
event is reached.

. For each basic event, assign a probability of it happening.

For each basic event whose probability might be heightened by climate
change, combine climate change predictions with current probabilities
to get an updated number.

Draw out the tree without considering the climate change impact.

Add the climate change probability change by attaching a special “cli-
mate change” event in a new diagram block (an octagon) and use arrows
to draw out its impact on each higher-level event.

This new tree is the final tree and can be used for quantitative or qual-
itative analysis by considering either the base numbers or the climate
change numbers, and the events shown as impacted by environmental
causes.

3.4 Building the Tree

The tree built for this report covers a particular type of derailment caused
by rail track failures that are related to the environment. A bigger tree



(a) A buckled track (b) A broken track

Figure 3: Illustrations of (a) a track buckle and (b) a track break.

could be constructed to incorporate the impact of faulty rolling stock or
human error [16]. The choice for derailment due to track stressing is because
of its vulnerability to both extreme cold temperatures and extreme high
temperatures.

Root to causal events

Firstly, the top level event, Train derailment due to track failure has to
be analysed for causes. A train can derail because of a a rail track buckling,
which is a track geometry failure, or a rail track breaking [1, 38]. Figure
3 illustrates those failures.

A rail track will buckle under high temperatures combined with high pres-
sure forces, which will usually come from high-speed trains [38, 12]. However,
this might also depend on whether or not the rail track superstructure is solid
enough to withstand the distribution of the pressure. A rail track will break
under similar circumstances. A track becomes vulnerable if it has defects,
and if the environment reaches near freezing temperatures, it makes the track
at risk of breaking when a high speed train runs over it [20].

Both these events have a separate main factor, which is the extreme
temperature. Combined with the high pressure factor, they cause the track
failure.

High pressure being distributed onto the rail track has multiple sources,
the main one being a high speed train. Most rolling trains are considered



Level

Event

Source

Top

Derailment due to track faults

To be calculated in the tree. 12
were recorded over 2018-2019 [27]

Track buckling

To be calculated in the tree. 25
were recorded over 2018-2019 [25]

Track breaking

To be calculated in the tree. 90
were recorded over 2018-2019 [25]

Track is vulnerable

To be calculated in the tree.

High pressure distributed onto rail
tracks

To be calculated in the tree.

Temperature is too warm

This is the amount of days in Cen-
tral England with maximum tem-
perature over 27C in 2018-2019
[6].

Temperature is too cold

This is the amount of days in Cen-
tral England with minimum tem-
perature below 5C over 2018-2019
6].s

Defective track

To be calculated in the tree. An
underdeveloped event contributes
to this probability.

Increased pressure forces from
high speed train

This was calculated from the num-
ber of UK rail track kilometres
which allow speeds of over 40 mph
[24].

Weak track superstructure

To be calculated in the tree.

Manufacturing defects

No data was found for this event
but its contributing factor comes
from research on rail defects [33].

Usage defects

This corresponds to the ratio of
detected continuous rail defects to
the total length of the UK rail net-
work [19, 22].

Weak sleepers

This corresponds to the percent-
age of sleepers Network Rail was
consistently renewing every year
at the start of the decade, assum-
ing that there is a regular rate of
defective sleepers [18].

Weak foundation

This corresponds to the length of
ballast foundation Network Rail
did not maintain over 2018-2019
[19].

7

Table 1: Sources of the different probabilities reported in the fault tree.




as high speed, which is highlighted by train companies cancelling services
and putting speed restrictions in force in days of high temperatures [15].
The other main source is of a weak superstructure. A rail track is installed
on a rail bed, which is usually made of ballast, and of sleepers. There are
different types of sleepers and rail beds. They can get used or the different
types might be less resistant, such as concrete sleepers being more expensive
than ballast but sustaining pressure a lot better [38].

Assigning statistics to each event

After collecting all the possible events, the next step was to assign statistics
to each. All the events are reported in Table 1 alongside the methodology
for calculation.

Integrating the impact of climate change

For this scenario, we are interested in using temperature predictions as re-
ported in Section 2.1. In the high emission scenario, the mean increase
of temperature is of 3.1C in summer and 2.4C in winter. Using the same
method as above to calculate the number of days above or below the “risk”
threshold, that number was added to the Central England temperature data.
The resulting probabilities for number of cold and hot days were respectively
p=0.227 (a decrease) and p=0.098 (an increase). All this information was
then attached to the right tree events.

Drawing the Fault Tree

Figure 4 shows the final drawn out fault tree. A climate change event is
represented by an octagon, inspired by the “inhibit” hexagon event: these
probabilities will be applicable if climate change projections are truthful. The
climate change impact is then drawn out with arrows, which are coloured.
The vibrancy of the colour represents if the risk will be lower or higher as it
is carried out through the tree.
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4 Evaluation

4.1 Failure Modes, Effects, and Criticality Analysis

In order to evaluate how effective Fault Tree Analysis is at assessing risk in
the context of climate change, an evaluation was ran in collaboration with
another student, who developed a Failure Modes, Effects, and Criticality
Analysis (FMECA) assessment in the context of train rolling stock in the
rail industry in the UK.

FMECA is a popular methodology used to analyse the different compo-
nents that might fail in a system, as well as how they might fail. Each failure
mode has a risk number which is calculated by the severity of the failure,
its probability of occurrence, and its detection factor. There are case studies
which apply FMECA to both railway rolling stock [8] and a safety-related
industry in the context of varying climates [34].

The FMECA tool that was developed can be found in Appendix B. It
was adapted from the railway rolling stock FMECA research. The industry
of study is the same for consistency, but the scenario is different in order to
prevent learning effects in participants.

4.2 Structure of the Evaluation

Each participant was presented with the following two scenarios:

Scenario 1: Your are presented with a fault tree. The fault tree represents
the event “Derailment due to track failure” and its causes. Fach element
of the tree, which might lead to the top event, is a potential fault with a
probability associated with it. Derailment probability could be increased by a
changing climate, which is highlighted in the tree.

Scenario 2: You are presented with a spreadsheet. The first sheet shows a
filled out FMECA table, which shows how train components can fail and what
risk score is associated with each failure. Please experiment with changing
fields related to climate change. The components are related to the door
mechanisms on a train. The second sheet has data on climate change, and the
third sheet shows what the numerical failure ratings indicate. You may explore
the second and third sheets but they are not essential for the evaluation.

Each participant had to complete tasks related to each of these scenarios
and answer psychometric questions related to their attitude towards climate
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change, as well as answer some questions obtained from NASA’s Task Load
Index to evaluate the tool’s usability and user-friendliness [17]. The signed
Ethics form for this evaluation is available in Appendix C.

Running through the experiment was as follows:

1. The participant’s attitude towards climate change was assessed using
questions taken from the Climate Change Attitude Survey [29] with a
true/false answer or a Likert scale of 1-5.

(a) I am concerned about climate change.

(b) T think most of the concerns about environmental problems have
been exaggerated.

(c) It is a waste of time to work to solve environmental problems.
2. For each of the scenarios, the participant’s responses and time-to-
completion were recorded for the following tasks:

(a) Task 1: can you count the number of events that can cause failure?

(b) Task 2: can you identify the failure that has the biggest risk as-
sociated with it?

(c) Task 3: can you count the number of events that can cause failure
that are impacted by climate change?

(d) Task 4: can you identify which failure is most at risk from climate
change?

3. For each scenario, participants were then asked questions about the
usability of the tool, which included taken from NASA’s Task Load
Index, all to be answered on a 1-5 Likert scale.

(a) How confident are you in understanding the presented risk sce-
nario?

(b) How well did the visual elements of the tool convey the associated
risks?

(c) How mentally demanding was the task?
(d) How rushed was the pace of the task?

e) How successful were you in BCC()lIlphSllill what you were asked to
g
do?

(f) How hard did you have to work to accomplish your level of per-
formance?

11



(g) How insecure, discouraged, irritated, stressed, and annoyed were
you?

4. The same climate change psychometric questions from before the tasks
were asked to observe any changes.

4.3 Results
Audience

A total of 7 people participated in the evaluation. All participants were tak-
ing the Safety Critical Systems course. All participants described themselves
as being concerned by climate change, and believed that it is not a waste
of time to work to solve environmental problems. Only one participant was
neutral about believing that most concerns about environmental problems
have been exaggerated. These opinions did not change after completing the
scenario tasks.

Task performance

Time to completion for the tasks is summarised in Table 2. Full times are
available in Appendix 4. Table 3 shows the accuracy of people’s answers.

Participant Time to completion (mm:ss)
ID Task | FTA FMECA
1 0:43 £22s 0:37 £15s
Mean 2 0:44 £16s 0:47 £18s
3 0:39 £19s 0:38 £26s
4 0:39 £18s 0:33 £16s

Table 2: Average time and standard deviation for completion of the tasks for each
scenario.

Task-load

Each participant was asked about their confidence level, the visual elements
of the tools, mental demand, feeling rushed, how hard they worked at the
task, and if they felt any negative feelings related to stress or frustration
while completing the tasks. Figure 5 reports the participants’ confidence
in the two scenarios. All participants felt the same level of confidence for
scenario 1 with FTA, but there was an outlier for scenario 2 with FMECA,

12



Accuracy (%)
Task 5 TA [ FMECA
1 43 14
2 87 o7
3 43 Y
4 75 85

Table 3: Table reporting average accuracy of people’s answers to different tasks with
each tool.

2
! 1(14.3%)
0(0%) 0(0%) 0(0%) 0(0%) 0(0%) 0%
0
1 2 3 4 5 1 2 3

(a) Confidence levels for Fault Tree Analysis (b) Confidence levels for FMIECA

(¢) Frustration/stress/annoyance levels for (d) Frustration/stress/annoyance levels for
Fault Tree Analysis FMECA

Figure 5: Frustration and confidence levels for each scenario under different tools.

although understanding seemed to be in general higher. Figure 5 also shows
that frustration levels were distributed for both tools.

6 out of 7 participants thought that FTA visually conveyed the associated
risks with the scenario well or very well. 6 participants thought that FMECA
visually conveyed the risks very well.

For mental demand, participants were distributed for FTA. 60% of partic-
ipants gave it a low mental demand score. For FMECA, 70% of participants
gave the tool a low score.

When it came to participants rating how hard they had to work for their
level of performance, the results were distributed all across the scale, with
results reported for each point. The result were almost identical for both
tools, with FTA having a slightly lower score than FMECA. Most partici-
pants also did not feel rushed at the task, and again those results were the
same for both tools.

Final task load indices for FTA was 3/5 on the scale, and 2.8/5 for
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FMECA. Overall, both tools seem to have gathered similar statistics for task
load indices. However, when asked for a final choice between Fault Trees and

FMECA, 5 out of 7 ranked FMECA first.

5 Conclusions

The goal of this report was to investigate using risk assessment techniques
for analysing the impact of climate change. For the purpose of this, the
popular risk assessment techniques Fault Trees and Failure Modes, Effects,
and Criticality Analysis were tweaked to show climate events and associated
numbers quantifying their impacts.

The results obtained from evaluating FTA and FMECA show that nei-
ther tool seemed to be difficult to use to participants. Times to complete
tasks were low. Task Load for both techniques was very similar, and quite
average. However, there did seem to be some frustration for both tools in
some participants. It is also worth noting participants were evaluated as
users and not creators, so we cannot at this point quantify the the task load
index for actually building the scenario.

Participants’ answers to tasks for the Fault Tree were also on average
more accurate than for FMECA, although this accuracy decreased for climate
change-related tasks, which should have been made easier for the purpose
of this tool. This might have been exacerbated by the wordings of some
questions, where participants had trouble distinguished whether they should
report on basic events, or just any fault in the tree. The confusing wording
came from trying to standardise the questions across both scenarios. Future
evaluation might need to use wordings specific to each tool. Other limitations
of the evaluation setup include the repetitive questions, which might have
encouraged participants to work through questions faster without thinking
about their experience too much.

Time to complete tasks was very short and very similar across partici-
pants. Knowing that they were timed, participants might have rushed into
the tasks to finish faster rather than perform well. However, not all partic-
ipants reported feeling rushed. In the case of FTA, there is a decrease for
time to completion between the general tasks and the climate-related tasks,
which could show that the addition of climate-related events with a distinct
visualisation and event box could work well for stakeholders. However, there
was also a slight drop in accuracy. On the other hand, FMECA times also
dropped, but accuracy increased.
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This report has shown that risk assessment techniques could be easily
adapted to highlight climate change impact. A Fault Tree can easily be
tweaked to add external “multiplicator” events which might worsen or lighten
the probability of events. The same goes with FMECA, where “climate-
adjusted” risk numbers can be put in place in the worksheet. These additions
to the additional tools did not seem to catch out participants and their
confidence in answering the tasks, as recorded confidence levels were high.

To conclude on the information gathered throughout this report, I be-
lieve that a mix of FMECA and FTA would be a viable option to perform a
thorough risk assessment. In terms of applicability to climate change scenar-
ios, they can be easily extended to take into account statistical projections.
For content and usage, I cannot recommend FTA over FMECA as people do
seem to prefer the latter and it includes a higher level of detail. For stake-
holders that require more granular understanding of a scenario in order to
perform subsequent quantitative and qualitative analyses, FMECA might be
more adapted. It could allow for more detailed analysis of different concepts
involved in a failure i.e. probability, severity of consequence, detection factor.
FTA might be more applicable for external stakeholders such as the general
public as it could give a more visual, broken-down view of faults involved in
a potential accident.
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Appendices

A Task completion times

Participant Time to completion (mm:ss)
ID Task | FTA FMECA
1 0:33 0:45
2 0:46 0:15
SCSL 3 0:31 0:18
4 0:22 0:50
1 1:32 0:19
2 0:30 0:52
SC52 3 0:10 0:26
4 0:59 0:49
1 0:52 0:19
2 0:36 1:00
SCS3 3 0:33 0:15
4 1:00 0:57
1 0:42 0:32
2 0:52 1:00
SCs4 3 0:20 0:13
4 0:11 0:20
1 0:26 0:30
2 1:14 1:09
SCS5 3 1:04 0:47
4 0:29 0:10
1 0:40 0:52
2 0:22 0:23
SCS6 3 0:58 0:58
4 0:36 0:26
1 0:16 1:01
2 0:54 0:52
SCST 3 1:00 1:29
4 0:59 0:23

Table 4: Time taken to complete the tasks for each scenario.
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