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Abstract

The February 2014 extratropical cyclonic storm chain, that im-

pacted the English Channel (UK) and Dawlish in particular, caused signi-

ficant damage to the main railway connecting the southwest region to the

rest of the UK. The incident caused the line to be closed for two months,

£50 million of damage and an estimated £1.2bn of economic loss. This

incident highlighted the urgent need to understand the cascading nature

of multi hazards involved in storm damage and their impacts on coastal

railway infrastructure.

This study focuses on the Dawlish railway where a seawall breach

caused two months of railway closure in 2014. I used historical and con-

temporary data of severe weather damage and failure analysis to develop

a multi-hazard risk model for the railway. Twenty-nine damage events

caused significant line closure in the period 1846–2014. For each event,

hazards were identified, the sequence of failures were deconstructed and a

flowchart for each event was formulated showing the interrelationship of

multiple hazards and their potential to cascade. The most frequent dam-

age mechanisms were identified: (I) landslide; (II) direct ballast washout

and (III) masonry damage. I developed a risk model for the railway which

has five layers in the top-down order of: (a) Trigger (storm); (b) force gen-

eration; (c) common cause failure; (d) cascading failure and (e) network

failure forcing service suspension.
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Armed with the multi-hazard cascading risk model, I go on to col-

late eyewitness accounts, analyse sea level data, and conduct numerical

modelling in order to decipher the destructive forces of the storm. My

analysis reveals that the disaster management of the event was success-

ful and efficient with immediate actions taken to save lives and property

before and during the storm. Wave buoy analysis showed that a complex

triple peak sea state with periods at 4 – 8 s, 8 – 12 s, and 20 – 25 s

was present, while tide gauge records indicated that significant surge of

up to 0.8 m and wave components of up to 1.5 m amplitude combined as

likely contributing factors in the event. Significant impulsive wave forces

were the most likely the initiating cause of the damage. Reflections off

the vertical wall caused constructive interference of the wave amplitudes

that led to increased wave height and significant overtopping, our numer-

ical simulations suggesting up to 16.1 m3/s/m (per meter width of wall).

With this information and using engineering judgment I conclude that the

most probable sequence of multi-hazard cascading failure during this in-

cident was: wave impact force leading to masonry failure, loss of infill,

and failure of the structure following successive tides.

The multi-hazard cascading risk model developed in this research

is applicable for other infrastructure under a variety of natural hazards.

Examples are presented in this research. Given the current global climate

emergency and sea level rise, it is expected that the results of this work will

provide an important contribution to infrastructure resilience to natural

hazards.

Supervisors: Dr.Mohammad Heidarzadeh & Professor Mizi Fan
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Chapter 1
Introduction

1.1 Background

The British Isles sit at the north-western tip of the European continent bounded to

the west by the eastern North Atlantic Ocean and to the south-west by the Celtic

Sea and the Bay of Biscay. The climate of the UK is characterised as temperate,

without dry season, with warm summer according to the Köppen-Geiger climate

classes (Beck [9]). A significant influence on the climate of western Europe is the

Gulf stream which has the effect of keeping temperatures much warmer than the

latitudes would suggest (O’Hare [95]). In winter, powerful storms form over the

Atlantic Ocean and blow towards western Europe, these energetic extra-tropical

cyclonic storms are often responsible for widespread flooding of coastal areas and

sometimes significant infrastructure damage (Higgs [51]). Impending projected

Sea Level Rise (SLR), increased storminess and rainfall (UKCP18 [129]) has

the potential to overwhelm aging Victorian infrastructure along the UK coastal

margins and increase vulnerability to meteorological induced hazards.

The United Kingdom has nearly 16,000 km of open rail routes [97] with

a significant proportion of coastal alignment. Most of these are strategically

1



1.1. Background

important as they often are the only regional rail connection, or they provide

logistical support to critical national infrastructure. For instance, the Cumbrian

line in the lake district in north-west England (Fig.1.1c and d), is a vital link

providing public transport as well as freight capacity to the nuclear reprocessing

plant at Sellafield. The area is a UNESCO world heritage site and a major tourist

destination [91]. In Wales, the south and west coastal railways (Fig.1.1d) were

instrumental in providing infrastructure to support the coal mining and shipping

businesses of the nineteenth century [80]. Where coastal railways are subject

to direct wave action, they are particularly vulnerable to climate change effects

including sea level rise (SLR) and increases in storminess and rainfall [79]. Recent

studies have indicated that there is a 20% increase in the number and intensity

of storms [98, 70] while Castelle et al. [20] showed that the winter-mean wave

height has increased in recent years. The latest marine climate projections for

the UK [129] predict mean sea level rise between 0.39 m and 0.70 m by 2100

dependant on emission scenarios. Network Rail, the infrastructure owner in the

UK, has acknowledged weather resilience and climate change as a major risk to

future operations, and in response has produced a series of adaptation plans. The

latest is the “Second Climate Change Adaptation Report” [88], with a third due

in 2021 [110]; the organisation has also contributed to the “Tomorrow’s Railway

and Climate Change Adaptation”research programme [113].

The winter of 2013-14 saw extensive inland and coastal flooding in the

UK and a series of storms in February, in particular, led to significant coastal

infrastructure damage (Masselink et al. [75, 74]). The section of railway between

Exeter and Newton Abbott, UK (Fig.1.1a) is particularly vulnerable to climate

change effects. In 1845, a vertical seawall was built along the coastal margin to

support the railway alignment in Dawlish [106]. Soft red sandstone cliffs were

blasted along the coastline, with the unconsolidated material used to backfill the

2



1.1. Background

area between the cliff face and the frontage of the masonry seawall. Following the

second report by Beeching [12], this section of railway became part of the Great

Western mainline strategically connecting London to the south west of England.

This sole vital economic link was broken during the February 2014 storm when

successive deep extra-tropical cyclonic storms caused strong winds, violent waves

[75] and storm surge effects to cause structural failure on the seawall (Fig.1.1,

Fig.4.2, Fig.4.5d) and precipitated a route closure that lasted two months [87].

The cost of reinstatement was £50m with associated economic losses estimated at

up to £1.2bn for the South West region [100]. The rebuilding and reinforcement

of the seawall has persisted from the event in 2014 to today in 2022 and will

extend beyond this timescale. It is this failure, and a desire to understand the

processes involved that have led to this research project.

Contemporary reporting of the seawall failure by national press in the UK,

and the contingent effects on the local and regional communities affected pointed

towards a multi-factorial causation. Consequently, I decided to investigate the

events leading to the failure of the seawall with the purpose of proposing a multi-

hazard risk model with cascading failure pathways as a means of explaining the

nature of the failure and the mechanisms involved. Such a model would be useful

for other similar coastal transport infrastructure systems both in the UK and

further afield.

I aim to extend the usefulness of the risk model by using it, in combina-

tion with historical archival research and contemporary eye-witness accounts, to

explain the life cycle of the seawall particularly with regard to its history of sig-

nificant failure events. I then use modern Computational Fluid Dynamics (CFD)

methods and original engineer’s records to model the sea conditions during the

real life storm events of early February 2014 and their effect on the infrastructure.

3



1.2. Objectives

The purpose of these efforts, is to understand the magnitude of forces exerted on

the seawall and to postulate a likely cause of the failure event.

1.2 Objectives

This thesis presents research into the development and application of a multi-

hazard cascading risk model for coastal railway transport infrastructure. The

main aims of the research are:

1. Develop a qualitative understating of storm-related risks to coastal infra-

structure through a critical evaluation of the existing literature.

a) Evaluate the range of existing models for coastal defence structures.

b) Assess the existing models for aspects of multi-hazard applicability.

c) Review the current state of art for cascading risk and the integration

of this concept in risk analysis.

2. Develop a multi-hazard risk model integrating the ideas of cascading failure

for applicability to a case study site.

a) To investigate the historical record of failures for the South Devon rail

line especially with regards to the vertical seawall built by Brunel in

1845-46.

b) To identify the full range of hazards that were activated during an

example failure at the case study site.

c) To investigate the cascading nature of these failures and how they

interact to increase the risk.

4



1.2. Objectives

d) Consider the applicability of the developed model for use in other

contexts.

5



1.2. Objectives

Figure 1.1: a) The location of the railway at Dawlish. b) Major damage after the
February 2014 storm (©Matt Clark, Met Office UK). c) The coastal railway near
Sellafield in Cumbria. d) Map of Great Britain showing the extent of coastal railways
(red lines).

6



1.3. Structure of the Thesis

3. Investigate wave structure interaction for the case study site using the full

range of data available through numerical modelling.

a) Obtain, process and analyse realtime information for wave and tide

levels pertaining to the case study site.

b) Design a numerical model based on actual wall geometry and then to

recreate wave and tide environment during a storm event.

c) Evaluate the model outputs and compare with established empirical

relationships in order to reconstruct the likely cause of critical infra-

structure failure.

1.3 Structure of the Thesis

Chapter 2 gives a critical review of the literature related to the main areas of

research in this thesis. Section 2.1 addresses specifically the areas related to

cascading risk models and their genesis and introduces the concept of risk as a

product of the hazard, vulnerability and exposure for an engineered asset. Section

2.2 reviews the literature with regards to sea level data analysis, how I remove

erroneous data, extract signals using frequency band filters and ensure security

of the data. Section 2.3 looks at numerical modelling. A summary is given of

the research needs I have highlighted in this project in Section 2.4 as a result of

this critical review. In Section 2.5 These research needs are further distilled into

a series of research questions and sub elements that will enable the production of

a multi-hazard risk model and its application to a real life case study. I discuss

the use of numerical modelling techniques to recreate the hydrodynamic pressures

that a seawall was likely to experience during a specific storm event. I use these
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outputs to propose the likely damage mechanisms and failure pathways that were

responsible for a network disruption.

Chapter 3 details the data and methods used throughout the study. Sec-

tion 3.2 looks at the historical and contemporary sources of data available and

how they were used in this study in order to detail a complete history of failure

of a vertical seawall in South Devon from construction to the failure in 2014.

Section 3.3 details the methodology I used to produce a table of damage in-

cidents detailing both qualitative and quantitative data for each event. Section

3.4 sets out how I used existing fault tree and failure mode and effect analysis

to fit the observed damage patterns and how I used engineering judgement to

infer intermediate failure paths consistent with the historical record. Section 3.5

gives the results of a data collection procedure for eye witness accounts of the

2014 seawall failure incident and a methodology for relating these observations

into engineering analysis and probable causes. Section 3.6 details the data and

methodology pertaining to sea level and wave climate data analysis and Section

3.7 goes on to explain the numerical modelling and validation approaches to the

work.

Chapter 4 focuses on the development of the cascading multi-hazard risk

model for the railway at Dawlish in South Devon, detailing the analysis of historical

records of damage in Section 4.2, the formulation of the risk model in Section 4.3

and an analysis of the damage mechanisms proposed in Section 4.4. Application

of the proposed model is demonstrated for two incidents in the compiled history

of the seawall in Section 4.5 where individual damage mechanisms and failure

pathways are explained. Section 4.6 discusses the general application of the model

along with its limitations and proposes the potential flexibility of the model for

other hazard events. Finally in Section 4.7 I offer concluding remarks in the

8
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form of a synopsis of the model development and detail the main findings of the

research.

Chapter 5 is dedicated to the numerical modelling and reconstruction of

the seawall failure event, in Section 5.2 I discuss the eye witness accounts and

analyse their engineering correlations. Section 5.3 frames the sea level observa-

tions and spectral analysis of data to hypothesise the potential cause of observed

wave profiles and concludes that the most probable cause of prolonged period

waves observed in the data is a long swell wave coming from a distant source -

consistent with a large scale storm event. Section 5.4 emphasises the numerical

simulations I conducted on the seawall given the real time analysed data. I derive

the wave loading and overtopping calculations and compare these with empirical

relationships from other sources. I conclude with Section 5.5 where I detail the

main findings of the simulations and analyse the evidence to suggest the most

likely initiating cause of failure of the seawall.

Chapter 6 concludes the report by giving an overview of the thesis in

Section 6.1, detailing the main conclusions of the project in Section 6.2 and

outlining limitations and opportunities for future work in the final Section 6.3.

1.4 Research Outputs

Some of the work presented in this thesis has been published in journals and

conference proceedings - the relevant publications are listed below.
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Publications

Peer-reviewed journal articles:

1) K. Adams and M. Heidarzadeh. ‘A multi-hazard risk model with cascading

failure pathways for the Dawlish (UK) railway using historical and contemporary

data’. International Journal of Disaster Risk Reduction 56.102082 (2021). DOI:

doi.org/10.1016/j.ijdrr.2021.102082

2) K. Adams and M. Heidarzadeh. ’Extratropical cyclone damage to the seawall

in Dawlish, UK: eyewitness accounts, sea level analysis and numerical modelling’.

Nat Hazards (2022). DOI: doi.org/10.1007/s11069-022-05692-2

Conference Proceedings

1) K. Adams and M. Heidarzadeh. ’A risk model for the vulnerability of UK’s

south Devon coastal railway due to storm-related hazards.’ (2019, January). In

Geophysical Research Abstracts (Vol. 21).

2) K. Adams and M. Heidarzadeh. ’Developing fragility curves for vital coastal

infrastructure following extreme storms and sea level rise: A case study from

Dawlish, UK.’ (2021). American Shore and Beach Preservation Association, 2021

National Coastal Conference "Geaux Resilent". Hybrid In Person and Online.

3) K. Adams and M. Heidarzadeh. ’Recreating a disaster: how extratropical

storms finally buried Brunel’s historic seawall’ (2022) Coastal Sediments 2023:

Inclusive coastal science and engineering for resilient communities.

10

https://doi.org/10.1016/j.ijdrr.2021.102082
https://doi.org/10.1007/s11069-022-05692-2


Chapter 2
Literature Review

2.1 Cascading Risk Models

The relatively young body of academic literature in multi-hazard studies and

cascading failures has attracted a wide vocabulary for similar concepts as re-

viewed extensively by Tilloy et al. [127], in this work the authors discuss not

only terminology but also methods of modelling and quantification of risk used

by different academic disciplines. Differences of language used in Disaster Risk

Reduction (DRR) studies by diverse academic disciplines has led to an effort for

harmonisation in terminology as identified by Kappes et al. [60] and more recently

Monte et al. [82]. For clarity I define the terms used in this thesis in Table 2.1.

Risk (R) is defined by the Intergovernmental Panel on Climate Change [57]

as the product of hazard (H) and consequence (C):

R = H × C (2.1)

In this context consequence is the compound effect of the risk, expressed in

context of the area of interest. So for example, the consequence of seismic risk

maybe the extent of health effects, immediate and longer lasting or of business
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Table 2.1: Disaster Risk Reduction (DRR) nomenclature used in this thesis
where not explicitly defined elsewhere in the text.

Terminology Definition Reference

Risk Risk can be defined as a function between hazard and vulnerability,
which can provide answers regarding the preparation (or not) of an
individual, community, or system.

[82]

Multi-hazard
risk

The term multi-hazard risk refers to the risk arising from multiple
hazards. By contrast, the term multi-risk would relate to multiple risks
such as economic, ecological, social, etc.

[60]

Cascading “. . . one type of phenomena can clearly be distinguished: the triggering
of one hazard by another, eventually leading to subsequent hazard
events. This is referred to as cascade, domino effect, follow-on event,
knock-on effect, or triggering effect.”

[60, 28, 18]

Vulnerability Vulnerability can be defined as the state of community fragility and
the system in which it lives based on its physical, social, cultural,
economic, technological, and political aspects, thereby diminishing all
capacities. Whereas the vulnerability of transport systems is commonly
assessed in terms of physical vulnerability of its components depending
on the physical characteristics of the infrastructure assets, e.g. age,
material, structural types, and functional vulnerability depending on the
functional characteristics of the network, e.g. capacity and speed.

[82, 10]

Capacity Capacity and coping capacity are defined as the ability of a system to
be protected from a vulnerability by its stakeholders, through existing
measures of prevention and mitigation etc.

[18]

Resilience The ability of a system and its component parts to anticipate,
absorb, accommodate, or recover from the effects of a hazardous
event in a timely and efficient manner, including through ensuring the
preservation, restoration, or improvement of its essential basic structures
and functions.

[57]

Damage
Mechanism
(DM)

Each force generated by the triggering event or initiating hazard scenario
gives rise to a damage mechanism, which links the force to the structural
vulnerability (represented as a common cause failure and a cascading
failure). Each Damage Mechanism (DM) consists of one or more failure
pathways.

Failure Pathway
(FPW)

The path force is transmitted through the structural elements giving rise
to failure which has the potential to cascade between separate damage
mechanisms.

Exposure The presence (location) of people, livelihoods, environmental services
and resources, infrastructure, or economic, social, or cultural assets in
places that could be adversely affected by physical events and which,
thereby, are subject to potential future harm, loss, or damage.

[82, 57]

Disaster A disaster of natural origin can be considered the “materialization”
of risk or the product of interactions between natural phenomena and
individuals, communities, or systems in a given area and time that causes
a rupture in social well-being and requires external assistance.

[82]
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interruption as a result of the hazard event. Civil and Structural Engineers often

define risk by expanding the definition of consequence as the product of structural

vulnerability (V) and exposure (E) [22, 132]:

R = H × V × E (2.2)

Where vulnerability is considered, but not explicitly in the structural engin-

eering context, the concept of capacity should be considered. The United Nation

Development Programme (UNDP) define capacity as “. . . the existing strengths

of individuals and social groups. They are related to people’s material and phys-

ical resources, their social resources, and their belief and attitudes. Capacities

are built over time and determine people’s ability to cope with crisis and recover

from it.” [104] - in this way the relationship between a communities capacity to

resist, plan and recover from a disaster and their vulnerability is implicitly linked.

Combining the hazard and vulnerability of engineering assets, respecting

the intrinsic link between hazardous force generation and propensity for damage

as represented by structural vulnerability, is an approach adopted by Cardona et

al. [17] as a prerequisite for determining how meteorological extremes contribute

to disasters. Indeed, Cardona et al. [17] highlight the dependence of varying

temporal and spatial scales to the vulnerability and exposure metrics and highlight

the dynamic nature of their interactions. The benefit of this approach, is that

the exposure has been decoupled from the structural vulnerability. This allows

multiple stakeholders to interrogate the model using their own exposure metrics

to provide tailored evaluations of overall risk (e.g. insurance providers for loss

quantification, Network Rail (NR) for maintenance and capital expenditure and

local authorities for disaster risk planning).

The challenges of analysing multi-hazards have been comprehensively re-

viewed and discussed by Kappes et al. [60] and more recently Tilloy et al. [127]
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who make the relation between multi-hazard analysis and the objective of risk

reduction. In the first multi-hazard approach, the authors argue that the idea of

relevance is of prime importance in a defined area (the all-hazards-at-a-place ap-

proach) [50] (Table 2.1). In their second “thematically defined” approach Kappes

et al. [60] introduce the idea of multi-hazard as “one hazard that triggers a second

process” and go on to argue that one event may cause multiple threats.

Holistic treatment of multi-hazard risk (Table 2.1) is important, not least

because “hazards are related and influence each other” [60], hence the idea of

hazard chains or cascades [124, 71, 59]. The idea of hazard events having a

cascading effect on interlinked systems has recently been developed and reviewed

by Pescaroli et al. [103] and Pescaroli [101] in the area of emergency risk man-

agement while Huggins et al. [56] has recently reviewed the cascading effects due

to rain-related incidents. Climate change has been linked to increased severity of

hazard events, an example being the 2022 work by Huang and Swain [55] where

increased risk of mega-flood conditions are explicitly linked to extreme storm se-

quences, a phenomenon I have associated with the 2014 floods in the UK and

the subject of this study.

For a transportation system such as a coastal railway, which is subject

to multi-hazard risk scenarios, the potential for cascading effects is amplified -

especially when the network is critical infrastructure. Recent work by Fekete [32]

has analysed critical infrastructure and cascading effects and discusses the links

with climate change adaptation with obvious links to my work where Sea Level

Rise (SLR) on coastal margins has the potential to accentuate storm surge and

flooding events. Indeed, elements of failure which may cascade have the effect

of increasing the severity of a disaster event, this effect is explored extensively

with respect to tsunami hazards and critical infrastructure by Suppasri et al. [121]
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where diverse hazards are activated via the concept of escalation points during a

hazard event.

In terms of civil engineering infrastructure, Gardoni and LaFave [36] as-

sert that mitigation of risk must account for the impact of combined natural

and anthropogenic hazards, and that remedial strategies should account for in-

frastructure life cycles taking into account aging and deterioration. This idea of

a dynamic vulnerability, as the hazard evolves and the assets age, is developed by

Gill and Malamud [39] who define cascades as interaction networks of hazard and

detail the need to include these interactions in any multi-hazard risk framework.

A generalised multi-hazard risk model for coastal infrastructure damage was

proposed by Heidarzadeh et al. [48] for Dominica in the aftermath of Hurricane

Maria and for Japan following the 2016 Typhoon Lionrock [49]. Although these

works included seawall and subsequent road damage, they did not deal with a

complex interconnected and dense transport infrastructure like the UK rail net-

work or detail the specific structural components of the infrastructure concerned.

Similarly, Mase et al. [72] analysed the climate change effects on earthen dyke

reliability and proposed a generalised model of Failure Pathway (FPW), how-

ever these were exclusively based on wave overtopping rates as a surrogate of

total force generation and detailed only linear FPW. This approach may prove

simplistic for a complex rail network built on an historic masonry structure.

For a cascading series of events, using only wave overtopping to describe

force transfer means failure mechanisms not associated with wave energy maybe

missed. Gill and Malamud [38] discuss the spatial overlap and temporal likelihood

of natural hazard interactions.

Inherent in the approach of Pescaroli and Alexander [102] is the acceptance

that cascading events may involve damage to many disparate naturally occurring
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and man-made networks so increasing their overall effect. Van Eeten et al. [131]

discuss the multi-hazard nature of cascading failures across critical infrastruc-

ture and contend that their occurrence is much more common than originally

thought. Zscheischler, Martius and Westra [139] recently introduced the idea

of compound events defined as a combination of multiple drivers and hazards

which are responsible for many of the most severe weather and climate related

impacts. The formation of an integrated hazard and vulnerability model for the

civil engineering infrastructure of the coastal railway at Dawlish is highlighted as

a research need for the purposes of this study.

2.2 Sea Level Data Analysis

When studying hydrodynamic effects of sea on critical coastal infrastructure it is

important to understand the constituent elements of sea state in order to take

account of all the contributing factors that may have an effect on static and

dynamic pressures felt by the structures impacted. For clarity I have defined the

main terms relating to sea level in Table 2.2.

A critical review of the analysis of sea data for the purposes of this project

has been split into two distinct and complimentary sections.

1. Tide Gauge Records: These are some of the oldest records of systematic

sea-level monitoring in the world and consist of (a) historical paper records

for a handful of UK ports from 1830 onwards and (b) digital records to

present day. They aim to give a relative indication of water levels at a

location at a particular point in time with the aim to study the patterns of

tidal cycle variation (see Hogarth et al. [53]).
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2. Wave Buoy Data: This typically high frequency real time data (≈ 1Hz)

is produced as a result of instruments moored in the ocean and in coastal

areas and provide wireless transmission of high quality wave environment

data onshore. Modern wave buoys can monitor individual wave heights

based on displacement measurements as well as directional information

thanks to a set of accelerometers and magnetic compass.

Tide Gauges

A brief history of the UK tide gauge network is available in Woodworth et al.

[137] who additionally outline the main value of the tide gauge asset. In terms

of civil engineering infrastructure and for this thesis, the main attributes can be

defined as providing:

• Determination of the heights of extreme sea levels for coastal engineering

design.

• Production of precise tidal prediction.

• Provision of flood warning during periods of high tide and storm surge.

The processing of tide gauge data is an important step in understanding the

evolution of long trend changes such as sea level rise and storm surges with

various projects having been recently undertaken to digitise and process historical

data. Murdy, Orford and Bell [83] automatically digitised long duration analogue

records from the Belfast (UK) harbour tide gauge with the aim of completing a

110 year record for the site. The aim of this work was to allow the study of decadal

and century long changes in tide levels in order to document the variation in mean

sea level and historical storm surges. The work produced a consistent annual-

based legacy data series with over 2 million data points. More recently a UK tides
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citizen science project, organised by the National Oceanography Centre (NOC),

utilised 3,800 volunteers to transcribe handwritten tide data from two sites in

Liverpool with records dating from 1853-1903. The data is currently undergoing

quality control processing with the computed tidal records being made available

for future sea level change studies [136].

Long term tidal data can provide a useful tool in analysing historical storm

surge and other long period wave phenomena. Indeed, Goring [41] has applied a

methodology for separating long period waves from tidal signals and applied them

to example applications for meteorologically generated long waves (rissaga), far

infragravity waves and tsunami. For purposes of clarity, I refer to the definition

of ocean waves given by Holthuijsen [54]. The processes used by Goring can be

simplified as:

1. Detiding

2. Despiking

3. Degapping

4. High Pass Filtering

5. Denoising

Detiding involves removing the tide from the signal as typically it represents

more than 90% of the variance of tidal data, the output from this step is a non-

tidal residual which contains long period oscillations (>2 weeks), storm surges

(>1.5, <14 days), remnant tides (4-24 hours) and short period oscillations (1 -

240 minutes).

Despiking - Spikes in tide gauge records are usually either transmission

errors or reflections from targets in the sea other than the sea surface. It is
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important to detect and eliminate them since they are high frequency phenomenon

that contaminate the record.

Degapping - where telemetry faults cause data dropouts, or where spikes

have been eliminated, the gaps produced need to be filled for high-pass filtering

and denoising. Linear interpolation between adjacent good data is the normal

procedure. Indexes of gaps are recorded to allow subsequent reintroduction if the

signal is required.

High-Pass Filtering involves, preferentially, the use of orthogonal wavelet

decomposition for non-stationary data this ensures any remnant tide as well as

longer period fluctuations are removed.

Denoising of the non-tidal residual is essential to ensure the long-wave

signal is not being obscured by noise caused by instrument error and residual

swell waves (Periods of 8s to 20s) aliased to the long wave signal.

These steps are similar to the adopted approach as outlined later (see

figure 3.4) with two main differences - firstly since the data underwent a quality

control procedure before publication I opted to despike and degap the data before

the detiding step - I did this to ensure the tidal fitting package I used would

have minimal error in estimating the tidal components and secondly instead of a

separate denoising step, I analysed the detided residual signal for variations and

estimated an error margin for the predictions (see Section 3.6).

Storm surge is a long period wave with approximate duration of a few

hours to a few days ([73, 94]), and have been correlated to the duration of the

storms that are responsible for their formation [54]. Typically these storms are

characterised as tropical or extra-tropical cyclones in the northern hemisphere and

are observed as a change in water levels rather than a surface water wave and in

extreme cases can cause flooding, disruption to coastal activities and death (for
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example: Fritz et al. [35], Gerritsen [37] and Holthuijsen [54]).

In circumstances where small increases in still water levels are significant

in relation to the available freeboard (that is the height of the crest of the wall

above the Still Water Level (SWL)) at a coastal defence structure, such as a

vertical seawall, it is important to quantify the observed surge component of a

storm as it has a direct impact on the amount of seawater which may overtop the

structure (wave overtopping). This calculated surge component is highlighted as

a key research need for this project.

Wave Buoys

The recent measurement of waves was catalysed in Europe following the damaging

tidal surges of 1953, which claimed many lives in UK, Germany and Netherlands

- it was this event which led to the development of the sea dykes in the Nether-

lands and the Thames Barrier in the UK (both still in operation 70 years later).

Although rudimentary work had been conducted on wave measurements during

World War II - 1939-1945 (WWII) by Sverdrup and Munk [122, 123] these fo-

cused on visual observations; meanwhile in the UK, at the same time, a series of

pressure transducers moored at 40 feet water depth were used for measurement of

dynamic pressures allied to wave height which led Cartwright and Longuet-Higgins

[19] to postulate the theoretical statistical distribution of wave heights. Following

the end of WWII and the devastating results of the 1953 North Sea storm surge,

methods for automatic measurement of wave heights were developed. One of the

first by C. M. Verhagen in the Netherlands led to the formation of Datawell BV

in 1961, a company now producing directional wave buoys worldwide.

Wave buoys are sea borne moored instruments which record the passing

of waves by measuring the vertical heave of the wave profile by using an ac-
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Table 2.2: Sea level nomenclature used in this thesis where not explicitly defined
elsewhere in the text.

Terminology Definition Reference

Sea Level Sea level refers to the vertical change in the height of the sea
surface which occurs over all time and space scales from many
different mechanisms (including waves, seiches, tides, storm surges,
tsumamis, etc.), with tides being the most predictable and the dominant
component of sea level variability in many parts of the world’s oceans
and coasts.

Haigh et al.
[43]

Water Level The term water level is used to refer to the height of the sea surface
above some reference level or benchmark (i.e. a tidal datum).

[43]

Tide Tides are the regular and predictable rise and fall of the sea caused by
the gravitational attraction and rotation of the earth, moon and sun
system. Tides are normally used to refer to the vertical change in sea
level.

[43]

Storm Surge A storm surge is large change in sea level generated by low atmospheric
pressure and strong winds associated with an extreme meteorological
event. Storm surges can elevate sea level over an area of hundreds to
thousands of square kilometres. Storm surges affect low lying coastlines
around the globe and are responsible for significant damage and loss of
life. The most devastating coastal floods occur when surges coincide
with high spring tides.

[43]

Mean Sea Level
(MSL)

The average height of the sea over longer periods of time (usually a
month or year), with the shorter-term variations of tides and storm
surges averaged out. Eustatic (or absolute) mean sea level reflects only
the change in sea height, whereas relative mean sea level represents the
change in sea height and changes in the level of the land at a local or
regional scale.

[43]

Still Water Level
(SWL)

The average water level at any instant, excluding local variation due to
waves and wave set-up, but including the effects of tides, storm surges
and mean sea level.

[43]

Wave Local or remote storms produce large wind or swell waves, which can
overtop coastal defences/beaches and cause flooding and erosion.

[43]

celerometer. In modern units, such as the ones deployed by Channel Coastal

Observatory (CCO) in the English Channel (the area covered by this study),

there are additionally two further accelerometers that measure movement in two

other planes (Northing and Easting) which, when processed, allow a directional

spectrum to be produced for the wave environment. The buoys are moored to

the bottom of the sea bed on long elastic moorings and with the recent advent of

improved battery life and communication technology provide an effective service

for 6 months without servicing. The buoy measures the vertical acceleration due
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to gravity thanks to an artificial horizon which is a weighted stage inside the

buoy. The stage is balanced on a liquid half sphere and is calibrated to have a

natural frequency of 40s. In consequence, any waves above a period of 30s are not

effectively captured and represent the limiting maximum wave period threshold

of the instrument. Wave displacement is calculated by twice integration of the

acceleration value with respect to time (as shown in Equation 2.3):

∫
a dt = v,

∫
v dt = d (2.3)

Where a is the measured acceleration, v is the velocity and d is the buoy

displacement.

The wave buoys collect data at a frequency of 3.84Hz which is subsequently

filtered and down-sampled for transmission to shore via a high-frequency radio

link in 1.28Hz increments. Packets of data are transmitted every thirty minutes

along with on-board calculated wave parameters. Quality control of the data is

both automated and manually inspected. No data is removed but suspect or poor

data is flagged meaning the raw data can be processed by the user as a means of

self quality control. Additional information on the quality control and calculation

procedures are available in Bushnell [15] and [96, 31]. The review and analysis of

the raw wave buoy data is highlighted as a research need for this project.

2.3 Numerical Modelling

In CFD, modern numerical modelling involves the use of a computer; typically

with specialist software installed; that can iteratively solve the governing equations

of the Conservation Laws. These are:
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• the conservation of mass

• the conservation of momentum

• the conservation of energy

In terms of fluid flow, for a viscous fluid, the full Navier-Stokes equations

govern the action of the fluid. When these equations are simplified to neglect the

influence of viscous effects completely, and this is a valid assumption in systems

with thin boundary layers compared to the dimension of the body, the simplified

form of the governing equations are called the Euler equations (2.4). It was this

simplification that allowed discretization methods and boundary conditions for

the modelling domain to be developed.

∂

∂t

∫
Ω

W⃗ dΩ +
∮

∂Ω
F⃗c dS =

∫
Ω

Q⃗ dΩ (2.4)

where, Ω is the finite-volume, W⃗ is the vector of the conservative variables, F⃗c

is the vector of convective fluxes, dS is the elemental surface area and Q⃗ is the

vector of volume sources due to body forces and volumetric heating.

The finite-difference method was one of the first methods used to solve the

Navier-Stokes/Euler equations (2.4). The numerical approximation of differential

equations was probably undertaken by Euler in 1768 using hand methods em-

ploying a Taylor expansion (2.5) according to Blazek [11]. The finite-difference

method is directly applied to the differential form of the governing equations,

employing a Taylor series expansion for the discretisation of the derivatives of the

flow variables. So, for instance to calculate the first derivative of a scalar function

U(x) at some point x0, the developed Taylor series in x is:

U(x0 + ∆x) = U(x0) + ∆x
∂U

∂x

∣∣∣∣
x0

+ ∆x2

2
∂2U

∂x2

∣∣∣∣
x0

+ . . . (2.5)
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using this expansion, we can see that an approximation of the first derivative is

given as:
∂U

∂x

∣∣∣∣
x0

= U(x0 + ∆x) − U(x0)
∆x

+ O(∆x) (2.6)

with O(∆x) in (2.6) representing the truncation error in the first order, tending to

zero with the first power of ∆x. One of the major strengths of the finite-difference

method is that this same procedure can be applied to derive more accurate finite-

difference formulae and therefore to obtain higher-order derivatives. In contrast,

one of the restrictions is that the method relies on a structured grid and as such

it struggles to deal with complicated geometry, however this facet of the method

makes it computationally efficient.

Numerical modelling of complex science and engineering problems became

more common following the end of WWII, which saw a dramatic increase in the

use of computing and modelling in the war effort, especially in the areas of code

breaking (after Alan Turing OBE FRS used his computer to break the Enigma

code at Bletchley Park [117]) and in atomic bomb explosion modelling (as part

of the Manhattan Project based at the Los Alamos Laboratory in New Mexico

headed by Dr J Robert Oppenheimer [111]). In the immediate post war years, the

development of numerical modelling moved away from a military focus towards

civilian use and with the advent of increasing computing power and availability

of powerful computers in university departments (and much later personal com-

puters), the ability to numerically model complex engineering problems became

possible. With this came the development of the finite-element method first in-

troduced by Turner et al. [128] in 1956 in aeronautical engineering as a method of

estimating stiffness and deflection of components. The method is still commonly

used in structural engineering projects but it has really only commonly been used

for solution of the Navier-Stokes equations since the beginning of the 1990s [11].
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The finite-element method requires an unstructured grid since the physical

space is divided into triangular or tetrahedral shapes in 2D. This method can be

computationally intensive but is especially useful for application in complex geo-

metries and when dealing with non-Newtonian fluids. The increased complexity of

the method stems from the unstructured grid having to possess a certain number

of points at the boundaries and/or inside the elements where the solution to the

flow problem must be found. The number of these points multiplied by the num-

ber of unknowns determines the degrees of freedom of the model. The variation

of the solution inside an element is represented by a shape function and in prac-

tical applications, linear elements are usually employed. This means the shape

function takes on a linear distribution with a zero value outside the corresponding

element. The result is a second-order solution on a smooth grid. In contrast to

the finite-difference method which is directly applied to the differential form of

the governing equations, finite-element analysis relies on the transformation of

the governing equations into the equivalent integral form (See Equation (2.4)).

The transformation can be achieved in two different ways. The variational

principle can be used, where a physical solution is sought and for which a func-

tional relationship possesses an extremum or, the preferred option for most ap-

plications is the weak formulation. In this process the weighted average of the

residuals is zero over the physical domain, with the residuals akin to the errors of

an approximation of the solution. This allows for discontinuous solutions such as

shocks. The finite-element method is mathematically rigorous and can be shown

to be equivalent to the finite-volume discretisation (discussed below), however,

the numerical effort required is significantly greater. It is thought that this in-

creased effort is the reason that finite-volume methods became more popular.

The finite-volume method sits conveniently between the structured, po-
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tentially inflexible finite-difference method and the much more computationally

intensive finite-element method. It was developed much later than the other two

methods, and was first documented by McDonald [77] in 1971 for the simulation

of 2D inviscid flows. The method directly utilises the conservation laws which are

the integral form of the Navier-Stokes/Euler equations. The equations are dis-

cretised by dividing the physical space into arbitrary polyhedral control volumes.

This then allows the surface integral (right hand side of equation (2.4)) to be

approximated as the sum of the fluxes crossing the control volume faces. The

shape and position of the control volume within the grid can be defined as either

a cell-centred scheme (where flow quantities are stored at the cell centroid) or

cell-vertex schemes (where flow quantities are stored at grid points). The main

advantage of the method is that the discretisation is related directly to the phys-

ical space and therefore no transformations are necessary between coordinate

systems - this makes the method efficient for complex geometries. Since con-

servation of mass, momentum and energy is achieved by direct discretisation of

the conservation laws it is possible to compute weak solutions to the governing

equations accurately. However, since these solutions are non-unique in the Euler

equations, an additional entropy condition must be employed. The entropy con-

dition prevents unrealistic features like expansion shocks violating the second law

of thermodynamics [11].

Around the same time as the development of the finite-volume method,

scientists from the Los Alamos Scientific Laboratory were continuing to develop

the finite-difference method for use in turbulent fluid dynamics - this method is

much more computationally efficient due to its need for structured grids and has

the advantage of being able to easily resolve the equations to obtain higher order

approximations and therefore higher spatial discretization of the model domain

[11]. To overcome some of the drawbacks of using a finite-difference model Nich-
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ols and Hirt [93], scientists at Los Alamos, proposed a method for calculating the

transient free surface flows past stationary objects. This work was expanded later

by both authors into the volume of fluid method for dynamics of free boundar-

ies [52] and it was this work that resulted in the development and marketing of

a CFD package called Flow-3D and a subsidiary application aimed at Civil and

Coastal Engineering CFD problems (Flow Science [34]).

The volume of fluid (VOF) method for use in structured grids came about

to overcome the inherent problems of convective flux approximations in Eulerian

methods. The smoothing of flow quantities results in a smearing of surface of

discontinuity such as at free surfaces. The problems of defining the free surface

and how it is represented in a numerical model has been addressed by using

height functions, line segments and latterly marker particles. The benefit of

working with volumes occupied by fluid in the marker particle method has the

advantage of eliminating all logic problems associated with intersecting surfaces

that are inherent in height function and line segment solutions. The volume

of fluid method extends the benefits of the marker particle method by defining

a single step function F , whose value is unity at any point occupied by fluid

and zero otherwise. The average value of F in a cell would then represent the

fractional volume of the cell occupied by the fluid. It logically follows that any

cell with a fractional F value must contain a free surface.

In addition to computing which cells contain a free surface, it is also ne-

cessary to compute where the fluid is located in the boundary cell. The normal

direction to the boundary lies in the direction in which the value of F changes

most rapidly - therefore calculation of the derivatives of F give the boundary

normal. This information, along with the value of F , then allows a line to be

constructed that approximates the interface. The boundary is then used in the
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setting of the boundary conditions.

Having identified which cells contain a free surface and the approximate

position of the free surface, it is necessary to understand the evolution of the F

field, this relationship is defined as:

∂F

∂t
+ u

∂F

∂x
+ v

∂F

∂y
= 0 (2.7)

this equation shows that F moves with the fluid, it simplifies to F remaining

constant in a Lagrangian mesh but means that in an arbitrary Lagrangian-Eulerian

mesh F must be computed. Since F is a step function, an approximation is made

using the donor-acceptor method [58].

Flow3D-Hydro solves the transient Navier–Stokes equations of conservation

of mass and momentum using a Finite Difference Method and on Eulerian and

Lagrangian frameworks ([76]). The aforementioned governing equations are:

∇ · u = 0 (2.8)

∂u

∂t
+ u · ∇u = −∇P

ρ
+ ν∇2u + g (2.9)

where u is the velocity vector, P is pressure, ρ is water density, ν is kinematic vis-

cosity and g is the gravitational acceleration. A Fractional Area/Volume Obstacle

Representation (FAVOR) is adapted in Flow3D-Hydro, which applies solid bound-

aries within the Eulerian grid and calculates the fraction of areas and volume in

partially blocked volume in order to compute flows on corresponding boundaries

(Hirt and Nichols [52]).

The selection and development of an appropriate CFD package and design

of model are highlighted as essential research needs for the purposes of this work.
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2.4 Summary of Research Needs

This chapter has outlined the key aspects of the engineering objectives of this

thesis. I have looked at the complex area of cascading risk models and their

genesis, discussing the differences in multi-hazard and risk analysis, dynamic vul-

nerabilities and cascading effects which influence the understanding of engineering

failures. In terms of understanding the physical conditions that contribute to fail-

ures of coastal infrastructure I have focused on the hydrostatic and hydrodynamic

conditions that combine to increase forces on a structure and given that these

conditions may be modelled I have highlighted the type of numerical model which

would need to be created in order to demonstrate the magnitude of forces exper-

ienced by failing infrastructure during a storm event.

2.4.1 RN1 : Formation of a Cascading Multi-Hazard Risk

Model for Coastal Railway Infrastructure

Many existing studies have focused on the vulnerability of coastal infrastructure

solely from a flooding viewpoint where that infrastructure has a primary role of

stopping a flooding event. Where discussion on failing infrastructure has taken

place it is couched in terms of a failure of an engineered component, for example

an earthen dyke, where simplified assumptions on the force generating mechan-

isms have been made. Previous studies have sometimes used a single surrogate

for force generation, commonly wave overtopping. However, I have highlighted

that in a complex engineered structure like a seawall supporting vital transport in-

frastructure such as a main railway with multiple additional uses of flood defence

and amenity value, simply using one force surrogate may seriously under-estimate

the risk associated with a particular storm event. I have highlighted the need for
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understanding the multitude of different force generating mechanisms in order

to understand the global effects of a hazard. Work conducted before this study

has rarely been focused on railway transport infrastructure. Various authors have

highlighted the need to understand the relationship between multi-hazards and

cascading effects and this has been highlighted as a task for this work.

2.4.2 RN2 : Application of tide gauge data for coastal

risk studies

The manipulation and processing of real time tide gauge data is highlighted as

a research need in order to quantify the effect of the quasi-static elements of

structural loading that the target infrastructure experienced throughout the course

of a storm event. By understanding this data I can estimate the values of SWL

that were present throughout the storm and therefore estimate the magnitude

of forces experienced by the seawall. In combination with information on wave

climate (Section 2.4.3) tide data will be used as an input for effective numerical

simulation of elements of the storm event.

2.4.3 RN3 : Application of real time wave climate data

for coastal risk studies

The additional hydrodynamic forces created by waves impacting on the coastal

infrastructure are vital to the understanding of the compound effect of quasi-

static and dynamic forces experienced throughout the storm event. By isolating

the specific dynamic components I expect to be able to quantify typical maximum

forces which may provide an insight to the activating mechanisms of failure of the

asset. This data stream which includes significant wave height, wave direction
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and period at 1Hz granularity will provide a feed to the input conditions for the

numerical model.

2.4.4 RN4 : Numerical Simulation of failure events

Following successful development of a cascading multi-hazard risk model for

coastal railway infrastructure, is it possible to recreate the forces that were in-

flicted on the seawall with a view to evaluating the contribution of quasi-static

and hydrodynamic forces on the failure? Can I identify an activating failure path-

way for the disaster and postulate a potential explanation for the initiating failure

that cascaded eventually to complete service disruption on the line and significant

losses to the local and regional economy?

2.5 Research Question

Given the type of damage observed to a vertical seawall after an extratropical cyc-

lone can I construct a comprehensive multi-hazard risk model, including cascading

elements for critical coastal engineering transport infrastructure, that could have

wider application for other sites or other hazards?

With a multi-hazard cascading risk model, can I use real-time information to

reconstruct the sea state and wave forces exerted on the wall during a particular

storm to demonstrate a likely damage mechanism (DM) and failure pathway

(FPW) that initiated and then cascaded to cause a complete network failure and

significant losses?

I have subdivided this research question to answer the research needs high-

lighted in the literature review (Section 2.4) into three chapters of this thesis:
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Chapter 3 provides the basis of the data and methods used in the study to support

the following chapters. In chapter 4 I detail the work conducted to formulate the

multi-hazard risk model and the complimentary cascading FPW which interact

between separate DM to increase the severity of the event. Chapter 5 introduces

the work conducted on the original Brunel drawings of the seawall and the numer-

ical modelling used to estimate magnitude of forces acting on the infrastructure

during the storm event.

The thesis answers the research question by splitting it into supplementary

parts, for which I use the research needs as constituent elements.

1. In order to formulate a cascading multi-hazard risk model for critical coastal

railway infrastructure:

a) Can I identify the separate forces that impact on the rail infrastructure

from a compound event such as a coastal storm? (RN1)

b) Having identified these forces and labelled them damage mechanisms

(DM) can I use historical failure information to sub-divide these into

separate failure pathways (FPW) which affect different infrastructure

elements? (RN1)

c) After cross-referencing the complete historical record of significant

failures on the coastal railway, is there a commonality in one or more

of the failures which suggest a cascading effect which bridges separate

damage mechanisms (DM)? (RN1)

d) Given the specific development of the risk model can I apply it to other

coastal railways in the UK for similar hazards, or even a different

coastal railway in another country for a different initiating hazard?

(RN1)
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2. If I have a multi-hazard risk model for a particular critical coastal infra-

structure, is it possible to recreate the disaster in order to hypothesise the

likely failure sequence?

a) Hydrostatic forces on a structure are components of tidal variation

and quasi-static influences such as storm surge - can I isolate real

time information on these components to reconstruct the force at a

particular time? (RN2)

b) Hydrodynamic forces are a function of sea state during a storm, which

in themselves are a function of wind and pressure environment - can I

reconstruct specific elements of a damaging storm in order to identify

the wave characteristics that led to damage. (RN3)

c) Can I construct a model of the seawall that is true to the original as

designed and built structure and numerically model the wave environ-

ment in order to study the wave/structure interaction? (RN4)

d) Can this information provide enough circumstantial evidence to sug-

gest a forensic explanation for how the seawall collapsed? (RN4)

Figure 2.1 details a flowchart for the various thesis sections and interlinks

these with the research needs and overarching questions.

Several novel concepts are developed and presented in this investigation:

• The enumeration of distinct and separate force generation steps from a

triggering storm hazard event.

• The concept of separate Failure Pathway (FPW) bridging separate Damage

Mechanism (DM) to form a cascading disaster.
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Figure 2.1: Flowchart showing thesis sections addressing each research
objective.

• The formulation of a multi-hazard risk model which is proposed for use in

other geographical locations and potential for use in diverse hazard events.

• Detailing the static, quasi-static and hydro-dynamic components of a spe-

cific storm and using these in numerical simulations of the wave/structure

interaction in order to recreate the effects of a storm on a masonry seawall.

• From application of the risk model in combination with Computational Fluid

Dynamics (CFD) modelling to reconstruct a disaster event and to use this

information forensically to propose the likely initiating cause of failure.
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Chapter 3
Data and Methods

3.1 Introduction

In this research, I study historical and contemporary data on the failure of the

Dawlish railway by storm induced forces to establish a multi-hazard risk model

with cascading failure pathways (FPW) which could be used with an exposure

database to evaluate risk to the structural assets. I use primary historical accounts

and identify damage mechanisms (DM) and FPW that cascade between separate

DM.

Section 3.2 provides details of the methodology I developed to analyse the

historical damage data and the methods for assimilating this data into a table

of major incidents (Section 3.3 Table 3.1). These incidents affected the railway

line since its inception in 1845 until the major incident in February 2014 which

closed the line for 56 days. The latter event is estimated to have had a financial

impact to the South West region of the UK of up to £1.2bn from a combination

of loss of tourism, business interruption and loss of industrial output as well as

the replacement costs of the railway network itself.
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Detailed contemporary reports of damage from selected newspaper articles

are presented in Appendix A. Additional cross-referenced damage data is also

presented as Appendix B.

Section 3.3 sets out the rationale and definitions of significant failure events

for the railway line and highlights the cut-off criterion I have used to exclude the

numerous minor events which have not significantly impacted on the operation

of the line. In some cases, otherwise major events have been excluded where

cross-referenced secondary evidence is not available or where specific details of

the duration of interruption were unavailable.

Section 3.4 details the methodology for disaggregating the failure events

into a linear series of cause and effect relationships. The result of this process is a

series of event tree analysis flowcharts presented in Appendix D for each historical

major event. I then used each separate flowchart generated to aggregate the data

into a dominant failure matrix (Appendix C) which in turn allowed me to generate

the multi-hazard cascading model presented in Chapter 4.

The data sources used in the numerical modelling study comprises eyewit-

ness accounts, sea level records from coastal tide gauges and offshore wave buoys

as well as structural details of the seawall. As for methodology, I analyse eyewit-

ness data, process and investigate sea level records through Fourier Transform and

conduct numerical simulations using the Flow3D-Hydro software package [34].

Section 3.5 investigates and analyses personal accounts of the storm of 2014

and its effects on the local population of Dawlish in Devon. This was conducted

through a research of published work by the local Dawlish museum and is cross

referenced using social media postings and news broadcasting organisations both

at national and regional level. This information allowed me to understand the

development of the damage to the railway network, the sequence of failures that
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occurred and the approximate times when disaster mitigation measures were put

into place by the civil contingency organisations.

Sea Level and Wave Data Analysis sources and techniques for processing

the large amounts of data are presented in Section 3.6. It was important that

I conducted the analysis on raw quality controlled data from the tide gauges

and wave buoys to ensure that no data was truncated or otherwise lost in post-

processing of long time period records. This allowed me to isolate the specific

conditions observed before, during and after the storm in question.

Section 3.7 details the process of modelling the wave structure interactions

using a commercial computational fluid dynamics package. Aspects of valida-

tion against vertical seawalls are explained as well as the underlying governing

equations of conservation of mass and momentum used in the software.

3.2 Seawall Damage Data

Archival research of historical damage data and interpretation of damage inform-

ation was used in combination for this study. This approach has been widely

applied in the past for natural hazard analysis, for example by Soloviev [118],

Ambraseys and Melville [4] and Heidarzadeh et al. [47]. I establish DM associ-

ated with each event, detail the multi-hazards triggered (e.g. wave overtopping,

wave impacts or excess soil pore pressure) and identify the cascading nature of

the hazards. Research was undertaken to investigate the frequency of occurrence

and nature of the damage suffered by the seawall in Dawlish from the date of

work commencing in 1845 until the February 2014 storms. The British Newspaper

Archive at the British Library (BL)1 facilitated a comprehensive review of dam-
1https://www.britishnewspaperarchive.co.uk/
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age reports with some details of prevailing weather and sea conditions that led to

failure (Fig.3.1). A copy of this resource is appended at the end of this research

as Appendix A. The historical records were cross referenced for accuracy with ad-

Figure 3.1: a) Newspaper extract detailing damage to Dawlish seawall and
engineering remedies [13]. b) Nineteenth Century Admiralty map of Dawlish
showing ordinary tide high water and annotated with site of the February 2014
seawall failure [126]

ditional resources provided by Brunel University London Special Collections1, The

National Archives (TNA) at Kew2, University of Bristol Brunel Collection3, the

UK Institution of Civil Engineers (ICE)4 and Network Rail5. The historical record
1https://www.brunel.ac.uk/life/library/Special-Collections
2https://www.nationalarchives.gov.uk/
3http://www.bristol.ac.uk/library/special-collections/strengths/brunel/
4https://www.ice.org.uk/knowledge-and-resources/ice-library
5https://www.networkrail.co.uk/
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up to the late 1980’s was comprehensively detailed in Kay’s work on the history of

the Exeter to Newton Abbott line which benefited from personal interviews with

the dedicated ‘seawall gang’ of technicians and masons based at Dawlish station,

whose job was to constantly survey and maintain the fabric of the seawall [61].

3.3 Risk Models

The railway damage information is compiled into Table 3.1. From a large list

of numerous damage incidents, I study significant failure events. A significant

event is defined as one which led to either the complete closure of the line for at

least 12 h or required one of the lines to be closed for at least one day (single

line closure; Table 3.1, Column 5). In total, 29 separate incidents of significant

failure were discovered in the 169-year history of the line to 2014 and are listed

in Table 3.1.

A more comprehensive list of events affecting the railway line was also com-

piled by Dawson, Shaw and Gehrels [26] although their interest was focussed on

human geography and anticipated sea level rise. I limited the entries in Table

3.1 to events which demonstrated major failure mechanisms of the engineered

assets using the criteria above since the objective is to establish a multi-hazard

risk model. The result is that I do not include minor incidents which may, for

instance, result in speed restrictions or delay on the line or those which are regu-

larly corrected by the dedicated team of maintenance linesmen based at Dawlish

station.

By adopting this approach, I have satisfied the criterion of “cut-off” [50]

where the severity of an event is defined by its spatial scale and relevance – in

effect I have defined the exposure by quantifying the extent of the network failure.
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Table 3.1: Significant damage events on the Dawlish Mainline from its con-
struction in 1846 to February 2014 associated with weather induced failure.

Incident Date
(d/m/y)

Asset Location Full
Closure
(days)

Single
Line
Closure
(days)

Predominant Failure (FPW
activated)

05/10/1846 Seawall Breeches Rock 3 n/a Masonry Damage (5)

20/11/1846 Seawall Cockwood 1 n/a Masonry Damage (5)

26/12/1852 Cliff Face Breeches Rock 0.5 n/a Slope Instability (1)

28/12/1852 Cliff Face Breeches Rock 7 n/a Slope Instability (1)

04/02/1853 Cliff Face W Kennaway 3 n/a Slope Instability (1)

13/02/1853 Cliff Face W Kennaway 0.5 n/a Slope Instability (1)

16/02/1855 Seawall Smugglers Lane 12 n/a Toe Scour (4)

25/10/1859 Seawall Sprey Point 3 n/a Flooding of Rails (2)

31/01/1869 Seawall Sea Lawn 5 n/a Toe Scour (4)

25/12/1872 Seawall Rockstone 1 n/a Masonry Damage (5)

30/12/1872 Seawall Rockstone n/a 2 Toe Scour (4)

11/01/1873 Seawall Rockstone 1 7 Masonry Damage (5)

01/02/1873 Seawall Rockstone 3 n/a Toe Scour (4)

01/12/1874 Cliff Face n/a 3 n/a Slope Instability (1)

01/12/1875 Cliff Face n/a 1 n/a Slope Instability (1)

03/02/1916 Seawall Rockstone n/a 1 Toe Scour (4)

12/03/1923 Cliff Face Sprey Point 3 8 Slope Instability (1)

24/12/1929 Seawall Sea Lawn n/a 2 Toe Scour (4)

04/01/1930 Seawall Sea Lawn 5 n/a Toe Scour (4)

10/02/1936 River Wall Powderham 3 n/a Toe Scour (4)

01/03/1962 Seawall Rockstone 0.5 8 Coping & Parapet Walls (3)

11/02/1974 Station Dawlish Station 0.5 5 Wave Debris Damage (-)

26/02/1986 Seawall Smugglers Lane 6 7 Toe Scour (4)

01/01/1996 Seawall Rockstone 7 n/a Toe Scour (4)

01/12/2000 Seawall Sprey Point 3 n/a Masonry Damage (5) &
Slope Instability (1)

27/10/2004 Seawall Smugglers Lane 5 n/a Masonry Damage (5)

22/09/2006 Track Dawlish Station n/a 3 Wind Damage (-)

08/04/2013 Seawall n/a n/a 3 Coping & Parapet Walls (3)

05/02/2014 Seawall Sea Lawn 56 n/a Masonry Damage (5) &
Slope Instability (1)
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This allows stakeholders to use the model to determine the scale of loss for an

individual event and to understand the probable FPW which contribute to loss of

service.

3.4 Fault Tree Analysis

In this research I applied a multi-hazard risk assessment methodology, considering

cascading failure paths to analyse historical failure events, previous work was un-

dertaken by Marzocchi, Mastellone and Ruocco [71] and Egli, Hochwasserschutz

and Raumplanung [30] with event tree analysis which provides a basis for the ap-

proach. In their work on multi-risk assessment the authors establish a ranking of

different types of risk that takes into account possible interactions among them.

As detailed these interactions may amplify the overall risk and in a significant

difference to single risk assessment methodologies, a multi-hazard analysis index

must take account of possible cascade or trigger related adverse events.

In the present study I modified a top-down Fault Tree Analysis (FTA) [68]

and bottom-up Failure Mode and Effect Analysis (FMEA) [119] to fit the known

observed damage events (Table 3.1). I then applied engineering judgement to infer

any intermediate failure paths which led to a known network failure condition while

being consistent with the historical record. For the most recent events, where

detailed records are available, the FMEA route was chosen. Where the severity

of the hazard data was postulated from contemporary newspaper reporting, the

FTA was used.

FTA is a top down approach where reverse engineering is used to detail

the potential failure of a component. A typical question to ask for this process

is "how likely is it that this asset will fail". The process replicates how failure

41



3.4. Fault Tree Analysis

moves through a system and graphically shows how component failures lead to

system wide failures. The process developed in the early 1960s specifically for

the development of the intercontinental ballistic missile systems for the US air

force. The method allows systematic fault assessment and interrelationships to

be accounted for - this top down approach allowed me to define the triggering

event, look at each individual potential force generating step, its effect on large

scale engineering component (the common cause failure) and then the effect

on subsidiary engineering components, which in themselves would then have a

potential to cascade across each other. The idea of low level cascading effects is

the major development to the method that I introduced. It is the method used

to construct the failure sequences shown in Appendix D for the older events (D.1

to D.13).

The FMEA was used in a bottom up approach where recent events were

detailed in a comprehensive civil engineering methodology. This approach focuses

on the failure modes of a component and additionally on the domino effect that

particular failures have an the system as a whole. It is commonly used in the

reliability, safety and quality control industries. The bottom up approach is used

on existing assets - looking at each component individually with the aim of as-

sessing it as part of a bigger system. A typical question to ask at the start of this

process is "Given that the seawall has collapsed, which elements were respons-

ible for the failure". The final step is the definition of the hazard responsbile.

This method was used to construct the modern examples of failure shown in

Appendix D specifically D.14 to D.25.

I justify the judgements made through temporal alignment of the failure

events over successive decades. For each incident I produced a diagram detailing

the specific elements of common cause failure (a FPW within a DM) and cascad-
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ing failure (a FPW linking different DM) leading to network failure (an exposure)

stemming from an initiating triggering hazard, in this case a storm (Appendix D).

I then aggregated these into a model following the structure of Lee et al.

[67] and developed it by adding an intermediate force generating step in the DM

between the trigger and common cause failure lanes. The triggering event encap-

sulates the initiating hazard which in the model is a storm which leads to service

suspension. In reality, the hazard is a complex combination of extra-tropical

cyclonic weather systems, sometimes appearing as series of discrete events, tem-

porally aligned with high spring tidal cycles, prolonged rainfall and easterly or

south-easterly prevailing winds. In combination, they generate large and violent

waves which can impart destructive energy onto the railway infrastructure. The

forces that are generated because of this hazard sequence are divided broadly into

wind dominated, hydrodynamic (or wave) and geotechnical effects which in turn

initiate a primary common cause failure. I define a common cause failure here

as a series of simultaneous multiple failures that result from a single event [29,

134], which can subsequently cascade across DM, increasing the severity of the

disaster and precipitating a service suspension.

3.5 Eye Witness Data

The scale of damage to the seawall and its effects led the local community to

document the first-hand accounts of those most closely affected by the storms

including residents, local businesses, emergency responders, politicians and en-

gineering contractors involved in the post-storm restoration work. These records

now form a permanent exhibition in the local museum in Dawlish and some of

these accounts have been transcribed into a DVD account of the disaster [25].

43



3.5. Eye Witness Data

I have gathered together data from the Dawlish Museum, national and

international news reports, social media tweets and videos. Table 3.2 provides

a summary of the eyewitness accounts. Overall, 26 entries have been collected

around the time of the incident. The analysis of the eyewitness data is provided

in the third column of Table 3.2 and is expanded in Chapter 5.

Table 3.2: Eyewitness accounts of damage to the Dawlish railway due to the February

2014 storm and my interpretations.

Date

(d/m/y)

Eyewitness accounts Analysis and observations Reference

04/02/2014 Flooding of town centre, river

overflowing, wind and waves

inundating at various points along the

seawall especially near centre of town.

(1400 hrs)

Surge and waves were

intensive causing overtopping

of the wall.

Dawlish Museum

[25]

Network Rail shuts the mainline down.

First Great Western (the railway

company) cancel all trains after some

engines get stranded and battered on

the down line by large storm waves.

(1515 hrs)

Severe overtopping of the

seawall and inundation.

Dawlish Museum

[25]

Town centre damage reported Strong wave actions and

inundations.

BBC [5]

The road “Sea Lawn terrace”– report

of house flooding by resident to fire

service due to high wind and waves. A

car is stranded and has water

inundation along Marine Parade (the

coastal road)

Severe coastal flooding along

Marine Parade.

Dawlish Museum

[25]

“Roof rattling, roof tiles, doors and

windows leaking water”. (Sea Lawn

Terrace, 1800 hrs)

Winds and wave overtopping

cause structural damage to

houses fronting the sea at Sea

Lawn Terrace.

Chris Saich, local

resident [7]
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3.5. Eye Witness Data

Date

(d/m/y)

Eyewitness accounts Analysis and observations Reference

Fire station manager reports the cliffs

being threatened at various points east

of Dawlish towards the Warren due to

large waves.

The storm cascades to other

hazards such as coastal

landslides.

Robert Porch,

Dawlish Fire

Station Manager

[25]

Road already collapsed, gas mains

have been broken, smell of leaking gas

by fire service along Sea Lawn Terrace.

Cascading hazards of energy

line failures and damage to

infrastructure along Sea Lawn

Terrace.

Robert Porch [25]

Sea Lawn Lodge Guesthouse, signs

blown down. (2100 hrs)

Strong gusting wind, as a

result of the storm, causing

damage.

Gerard Belcher,

Sea Lawn Lodge

[25]

Rivera terrace is evacuated, concern

over houses being vulnerable. (2115

hrs)

Local police declare major

incident and arrange

evacuation of local residents.

Dawlish Museum

[25]

Reports of ballast having been washed

away, rail line hanging in mid-air at

Sea Lawn Terrace.

Severe damage to railway

infrastructure at Sea Lawn

Terrace.

Dawlish Museum

[25]

Police ask Sea Lawn Lodge (a local

hotel) to act as clearing house for

evacuated residents, police in

attendance to take registration of all

residents and search for missing

persons. (2300 hrs)

Temporary evacuation centre

for local people.

Gerard Belcher

[25]

“Water coming through windows,

down the chimney into our lounge” at

Sea Lawn Terrace. Evacuation by

local police. (2300 hrs)

Wave overtopping and impact

forces so severe, ballast is

breaking windows and water

ingress down chimney

suggests water reaching in

excess of 10m above wall base

level along Sea Lawn Terrace.

Chris Saich, local

resident [8]

Police evacuation for River Terrace –

“it was like an earthquake, the houses

were jumping up and down on their

footings . . . it wasn’t a storm, it was

a hurricane”. (2345 hrs)

Local residents, used to

coastal storms, identify this

event as extreme and liken it

to a hurricane.

Robert Parker,

local resident [8]
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Date

(d/m/y)

Eyewitness accounts Analysis and observations Reference

05/02/2014 Local Leisure Centre re-purposed for

resident evacuation. (0200 hrs)

Temporary evacuation centre

for local people.

Gerard Belcher,

[25]

80 mph winds. (0700 hrs) Strong gusting wind.

Riviera Terrace seawall gone; 1st

storm was abating. Took some

pictures pre-dawn. (0744 hrs)

Report by David Crome (First

Great Western General

Manager – West).

Steve Briers, [25]

As morning went on, the hole in the

wall got bigger and bigger as waves

wash away more infill material and

undermine road asphalt etc.

The storm has caused major

damage to the railway and

line was washed away.

Steve Briers [25]

Station platform, structure being

seriously damaged by wind and waves.

Damage to the station. Dawlish Museum

[25]

Coastal Road flooded due to storm

surge

Continuing coastal flooding. Dawlish Museum

[25]

Marine Parade (a coastal road),

shifting ballast traps cars and knocks

down railings on town side.

The debris from railway

damage impacted the nearby

road and caused damage.

Dawlish Museum

[25]

Seawall along the frontage near the

viaduct is breached in many sections.

Wave impact damage to the

seawall.

Dawlish Museum

[25]

Marine Parade (a coastal road)

extensive damage to tracks and

ballast.

Wave overtopping damage. Dawlish Museum

[25]

Boat Cove – many beach huts

destroyed, blocking the access to the

cove.

Wave Impact Damage. Dawlish Museum

[25]

5000 t concrete poured, 150 t steel.

Pumping through 100 mm pipes from

town to site of damage.

Initial temporary repair work. Gerard Belcher

[25]

Breaches of wall reported from

Dawlish Warren to Coryton Cove. 300

engineers working costing a total of

£15m.

Continuing damage due to

wind and wave overtopping.

Dawlish Museum

[25]
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3.6. Sea Level and Wave Data Analysis

Date

(d/m/y)

Eyewitness accounts Analysis and observations Reference

“Biggest structural engineering feat in

the southwest in the last decade . . .

worst damage ever seen to the seawall

in the local engineers’ careers”.

Evaluation of the storm

suggests this was an extreme

event with multiple cascading

hazards activated.

Patrick Hallgate,

Network Rail

Engineer [5]

3.6 Sea Level and Wave Data Analysis

Figure 3.2: Location of Tidal Gauges on Channel Coast used in this study.

The sea level data is a collection of three tide gauge stations (Newlyn,

Devonport, and Swanage Pier, Figure 3.2) owned and operated by the UK Na-

tional Tide and Sea Level Facility for the Environment Agency 1 and four offshore

wave buoys (Dawlish, West Bay, Torbay, and Chesil Beach, Figure 3.3). The tide

gauge sites are all fitted with POL-EKO2 data loggers. Newlyn has a Munro float

gauge with one full tide and one mid-tide pneumatic bubbler system. Devonport

has a three-channel data pneumatic bubbler system and Swanage Pier consists of

a pneumatic gauge. Each have a sampling interval of 15 min, except for Swanage
1https://ntslf.org/
2www.pol-eko.com.pl
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3.6. Sea Level and Wave Data Analysis

Pier which has a sampling interval of 10 min. The tide gauges are located within

the port areas whereas the offshore wave buoys are situated approximately 2 -

3.3 km from the coast at water depths of 10–15 m. The wave buoys are all

Datawell Wavemaker Mk III1 units and come with sampling interval of 0.78 s.

The buoys have a maximum saturation amplitude of 20.5 m for recording the

incident waves which implies that every wave larger than this threshold will be

recorded at 20.5 m. The data are provided by the British Oceanography Data

Centre (BODC)2 for tide gauges and the CCO3 for wave buoys.

Figure 3.3: Location of Wave Buoys in Lyme Bay used in this study.

The sea level data underwent quality control to remove outliers and spikes

as well as gaps in data (Figure 3.4). I processed the time series of the sea level

data using the Matlab signal processing tool [76]. For calculations of the tidal

signals, I applied the tidal package TIDALFIT (Grinsted [42]), which is based

on fitting tidal harmonics to the observed sea level data. To calculate the surge

signals, I applied a 30-min moving average filter to the de-tided data in order to

remove all wind, swell and infra-gravity waves from the time series. Based on the

surge analysis and the variations of the surge component before the time period
1https://www.datawell.nl/Products/Buoys/DirectionalWaveriderMkIII.aspx
2https://www.bodc.ac.uk/
3https://coastalmonitoring.org/
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3.7. Numerical Modelling and Validation

of the incident, an error margin of approximately ±10 cm is identified for the

surge analysis. Spectral analysis of the wave buoy data is performed using the

Fast Fourier Transform (FFT) package in Matlab [76].

Figure 3.4: A flowchart of sea level data analysis conducted in this research.

3.7 Numerical Modelling and Validation

Numerical modelling of wave-structure interaction is conducted using the compu-

tational Fluid Dynamics package Flow3D-Hydro version 1.1 [76]. I validated the

numerical modelling through comparing the results with analytical equations of

Sainflou for design of vertical seawalls (Sainflou [114], Ackhurst [2]). I validated

the numerical modelling through comparing the results with Sainflou’s analytical

equation for the design of vertical seawalls (Sainflou [114] and Ackhurst [2]),

which is as follows:
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pd = ρgH cosh k(d + z)
cosh kd

cos σt (3.1)

where pd is the hydrodynamic pressure, ρ is water density, g is the gravita-

tional acceleration, H is the wave height, d is water depth, k is the wavenumber,

z is the difference in still water level and mean water level, σ is the angular fre-

quency and t is time. Sainflou’s equation (Equation 3.1) is used to calculate the

dynamic pressure from wave action, which is combined with static pressure on

the seawall.

Using Flow3D-Hydro, a model of the Dawlish seawall was made with a

computational domain which is 250.0 m in length, 15.0 m in height, and 0.375 m

in width (Figure 3.5(a)). The computational domain was discretised using a

single uniform grid with a mesh size of 0.1 m. The model has a wave boundary

at the left side of the domain (x-min), an outflow boundary on the right side

(x-max), a symmetry boundary at the bottom (z-min) and a wall boundary at

the top (z-max). A wall boundary implies that water or waves are unable to

pass through the boundary whereas a symmetry boundary means that the two

edges of the boundary are identical and therefore there is no flow through it. The

water is considered incompressible in the model. For volume of fluid advection

for the wave boundary (i.e., the left-side boundary) in the simulations, I utilised

the “Split Lagrangian Method”, which guarantees the best accuracy [34].

The stability of the numerical scheme is controlled and maintained through

checking the Courant number (C) as given in the following:

C = V · ∆t

∆x
(3.2)

where, V is the velocity of the flow, ∆t is the time step and ∆x is the spatial

step (i.e., grid size).
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3.7. Numerical Modelling and Validation

Figure 3.5: a) The model seawall showing the location of two gauges A and B, where
wave time series are recorded (not to scale). b) and c) Time series of wave oscillations
at the gauges A and B considering different mesh cell sizes.
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3.7. Numerical Modelling and Validation

The Courant number is a non-dimensionless group used in CFD simulations

to evaluate the time step requirements of a transient simulation for a given mesh

size and flow velocity. In a simulation the number broadly indicates how much

information travels across a computational grid cell per unit time. Any number

greater than one would mean information is propagating over more than one cell

at a time, making the solution inaccurate and potentially leading to nonphysical

results or divergence of the solution. For stability and convergence of the numer-

ical simulations, the Courant number must be sufficiently below one (Courant,

Friedrichs and Lewy [21]). This is maintained by a careful adjustment of the

∆x and ∆t selections. In transient and pseudo-transient approaches to solutions

the time step implemented does not nee to constant. Flow3D-Hydro applies a

dynamic Courant number, meaning the program adjusts the value of time step

(∆t) during the simulations to achieve a balance between accuracy of results and

speed of simulation. In the simulation, the time step was in the range ∆t =

0.0051 - 0.051 s.

In order to achieve the most efficient mesh resolution, I varied cell size for

five values of ∆x = 0.1 m, 0.125 m, 0.15 m, 0.175 m, and 0.20 m. Simulations

were performed for all mesh sizes and the results were compared in terms of

convergence, stability and speed of simulation (Figure 3.5). A linear wave with an

amplitude of 1.5 m and a period of 6 s was used for these optimization simulations.

I considered wave time histories at two gauges A and B and recorded the waves

from simulations using different mesh sizes (Figure 3.5). Although the results are

close (Figure 3.5), some limited deviations are observed for larger mesh sizes of

0.20 m and 0.175 m. I therefore selected mesh size of 0.125 m as the optimum,

giving an extra safety margin as a conservative solution.

The pressure from the incident waves on the vertical wall are validated in
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the model by comparing them with the analytical equations of Sainflou [114],

Equation 3.1, which is one of the most common sets of equations for design of

coastal structures (Figure 3.6). The model was tested by running a linear wave

of period 6 s and wave amplitude of 1.5 m against the wall, with a still water

level of 4.5 m. It can be seen that the model results are very close to those

from analytical equations of Sainflou [114], indicating that the numerical model

is accurately modelling the wave-structure interaction (Figure 3.6).

Figure 3.6: Validation of the computer model seawall showing the probe locations
(with identifiers) where pressures are recorded and comparison of the simulated pres-
sures for a linear wave (red circles) with those calculated using the theoretical equations
of Sainflou [114]

3.8 Synopsis

This chapter has collated, compared and expanded on the current state-of-the-art

data and methods for the formation of a multi-hazard cascading risk model for

vital coastal infrastructure. I have achieved this through research and analysis of

contemporary reporting of disaster events on the railway line since its inception in
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1845 up to, and including, February 2014 when a catastrophic event took place

on the line and resulted in an unprecedented service suspension.

A mechanism for disaggregating damage data reporting has been developed

and the process of using failure tree analysis for civil engineering application has

been improved and described.

Novel use of raw, quality controlled data from both tide gauges and wave

buoys have allowed me to develop an understanding of the underlying sea-state

conditions in the preceding hours before a catastrophic storm struck the seawall

at Dawlish in Devon. Using eye witness accounts and cross-referencing these to

social media reports has allowed me to understand the genesis of a disaster in

real time.

I describe a process for validating the wave-structure interactions for a

vertical seawall, like that in Dawlish, during a storm. Using a commercial CFD

package validated against the equations of Sainflou, I was able to show excellent

agreement between predicted model pressures and those analytically derived.
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Chapter 4
Development of a Cascading

Multi-Hazard Risk Model

4.1 Introduction

In this research, I study historical and contemporary data on the failure of the

Dawlish railway by storm induced forces to establish a multi-hazard risk model

with cascading failure pathways (FPW) which could be used with an exposure

database to evaluate risk to the structural assets. I use primary historical ac-

counts and identify damage mechanisms (DM) and FPW that cascade between

separate DM. The innovation in this study is the identification of storm initiated

multi-hazards and the development of cascading structural vulnerabilities of rail

network infrastructure in the UK. To my knowledge, this is one of the pioneering

multi-hazard risk models with cascading FPW for rail networks in coastal set-

tings. The combination of historical damage data with contemporary engineering

understanding of cascading risk is a particular strength of this research. A multi-

hazard risk model such as this would be beneficial for improving the resilience

of the railway network to severe weather events by providing a tool that predicts
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4.2. Analysis of Historical Records of Railway Damage

possible FPW to inform future engineering interventions.

4.2 Analysis of Historical Records of Railway

Damage

Despite Victorian (1837-1901 AD) engineering determination that man could

curtail the action of the seas, ‘Mr Brunel [the chief engineer] is confident that he

can keep out the sea from the line’ (Figure 3.1a), damage to the railway’s seawall

and associated engineering assets were a feature of constructing and operating

the railway in Dawlish from the beginning in 1845. Initial damage was to the wall

structure since it was constantly bombarded by energetic coastal waves whilst

being built. Early recognition that stronger materials were needed is reported

in the press: ‘coping and seawall, formed of massive blocks of sandstone, are

destroyed’, while the engineering team searched for a local supply of stronger

stone: ‘. . . massive wall of Babbicome limestone, with a back filling of layers of

fagot and sandstone.’ The cost of the remedial works to decrease the vulnerability

of the seawall were estimated: ‘in vain to shrink even from £100,000’ [13], which

in present-day value is equivalent to £6m [125].

However, it was only a few years later that a second hazard was to be

identified. The soft sandstone cliffs that were blasted and used to build the

seawall, and subsequently used to backfill the stronger sections, gave way in the

winter of 1852 on two occasions and a few months later in 1853 [61]. In the

historical records of significant damage events (Figure 4.1), 29% of occurrences

involved slope instability or cliff face failure above the railway line, while 62%

involved seawall failure (masonry, coping and toe scour). Successive newspaper

reports and technical records show that damage was sustained in a similar manner
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4.2. Analysis of Historical Records of Railway Damage

Figure 4.1: Relative predominance of cause of failure on the Dawlish Mainline derived
from data in Table 3.1

throughout the life of the railway on average every decade or so (Table 3.1). In

the few occurrences where seawall failure or geotechnical considerations are not

explicitly mentioned, the force of water due to excessive overtopping has been

responsible for flooding of the rails (3%) while wave debris damage accounted for

3% and direct wind damage a further 3%. Figure 4.2 presents some images of

major historical damage of a few of the incidents listed in Table 3.1.

In all cases of significant damage, weather considerations were implicitly

implicated. The easterly facing embayed nature of the Dawlish coastline makes it

vulnerable to high spring tides, supplemented by storm surge when accompanied

by deep cyclonic storms blowing south-easterlies landwards. Heaps [44] points

out that along the southern coastlines of the UK, the tidal conditions at the time

of a storm surge are often the most important factor – high spring tides coupled

with hydrodynamic forcing can result in high water levels risking flooding as

well as large waves which impart strong forces on coastal infrastructure. Figure
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4.2. Analysis of Historical Records of Railway Damage

3.1b shows the line of high-water ordinary tides as being at or above the wall

footings. To the east of the site of the 2014 damage at Rockstone, high-water

ordinary tide is shown as being beyond the track bed and seawall. In these

circumstances it is not surprising that 11 separate incidents from a total of 29

(≈38%) can be attributed to the Sea Lawn and Rockstone areas (Table 3.1).

Dawlish’s soft red sandstone geology and the weathering of the cliffs in this

bay has historically provided material for beach nourishment. The historical and

contemporary accounts are consistent; during extended periods of stormy weather

such as encountered during winter months (November to March), beach levels

can be significantly eroded leading to the toe sections of the wall being uncovered.

The lower beach levels lead to higher significant wave heights which in turn exert

higher impact forces on the structure and in turn increased toe scour.
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4.2. Analysis of Historical Records of Railway Damage

Figure 4.2: Position and magnitude of historical damage events on the coastal section
of the Western Mainline between Exeter and Newton Abbott. The size of the circles
and triangles are proportional to the number of closure days.
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4.3 Dawlish Railway Risk Model

Based on the data in Table 3.1 and the damage descriptions in historical and

contemporary accounts, I established the multiple hazards contributing to railway

failure, their cascading order, DM and FPW. For each of these I developed a

separate flowchart. In terms of railway resilience to storms and weather incidents,

such flowcharts are helpful towards identifying the weak links in the infrastructure

system and to the strengthening of those elements to reduce vulnerability.

I combined the separate flowcharts to form the proposed risk model con-

sisting of five layers of precedence (Fig.4.3):

1. A triggering event (see Pescaroli [101]) which contributes to the hazard

element of the risk equation (in this case a storm). The initiating hazard is

temporally coincident with strong easterly to south easterly winds, sustained

rainfall and high spring tides. The combined effect is to significantly increase

energy delivery to the coastline.

2. Hazard force differentiation where discrete energy transfer processes en-

compassing wind, wave and excess soil pore pressure are generated. Each

of these represent a DM which consequently initiates:

3. A series of common cause failures (FPW) which can occur simultaneously,

are related to structural vulnerability and lead to:

4. Cascading failures which can link separate DM and has the effect of in-

creasing the severity of the event, and ultimately:

5. Network failure and resulting railway service suspension – exposure.
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4.3. Dawlish Railway Risk Model

Figure 4.3: Risk model for the Dawlish railway network. Where: ST: storm; DM:
damage mechanisms; WD: wave debris impact force; Ue: excess pore pressure in the
soil; SI: slope instability; LS: landslide; WOv: wave overtopping force; FR: flooding of
rails; DCPW: damage to coping stones and parapet walls; BW: ballast washout; WI:
wave impact force; DFU: foundations undermined due to toe scour; DM: damage to
masonry elements; IL: loss of infill material; FUS: failure of upper sections of wall; GI:
Wind impact force; FPW: failure pathway; SS: service suspension.

The three most common damage mechanisms (DM I to DM III) develop

five separate failure pathways (FPW 1 to 5) each one associated with a common

cause failure in the third layer of the risk model.
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4.4 Analysis of Damage Mechanisms

The risk model identifies five damage mechanisms, each with their own generating

force, these are:

DM I: Excess pore pressure (Ue) in the shear faced cliff soils generated by

prolonged rainfall leading to slope instability and landslide (Fig.4.4b).

DM II: Overtopping forces (WOV) generated by wave heights incident on

the front face of the seawall energetic enough to propel water above the top

surface of the seawall and onto the back side of the structure, initiating direct

ballast washout due to rails flooding or damage to the coping stones and parapet

wall separating the railway from the seawall frontage (Fig.4.5).

DM III: Hydraulic impact forces (WI) which involve the transfer of energy

from the incoming waves (whether breaking or not) onto the vertical surface of

the seawall, causing failure of main seawall elements due to masonry damage

usually affecting the upper sections of the wall or due to loss of infill material

after foundation failure initiated by toe scour (Fig.4.8c).

DM IV: Wave debris impact (WD) which involves the transport of material

in the water column and subsequent impact of that on network infrastructure

requiring service suspension.

DM V: A wind-dominated impact force (GI) which can damage and destroy

elements of the network due to the speed and gusting of the prevailing winds and

precipitate a service suspension.

The first three DM represent 94% of all recorded significant events (Fig.4.1).

These three main DM are discussed in more detail following. Cascading failure

between DM II and III result in indirect ballast washout and ultimate service

62



4.4.1. DM I: Landslide

suspension. I observed that more than one mechanism can be activated in an

event.

4.4.1 DM I: Landslide

Figure 4.4: a) Highly folded and faulted shear faced red sandstone cliffs separated
from English Channel by the Railway line near the Dawlish railway station. b) 20,000
tonne landslides at Holcombe near Dawlish [85]

Landslides typically have multiple causes, but only one trigger. The trigger

is an external stimulus such as storm waves, increased hydrostatic water pressure

or rainfall that causes a response in the form of a landslide by increasing stresses

or by reducing the strength of slope materials. Sometimes, there appears to be no

trigger due to long term action of gradual slope deterioration due to, for instance,

chemical or physical weathering of soil components. Excess pore pressure builds in

the soil and leads to slope instability in the shear faced cliffs, which then activates

a landslide – this is a linear DM which can, of itself, result in network failure.

The soft red Permian breccias and sandstone rock-faces in south Devon

have provided beach material for the coastline through natural erosion for cen-

turies. When the seawall was erected 170 years ago, a vital supply of material

was isolated from the foreshore; in addition, the blasting of the cliffs to provide

even alignment and backfill, exposed shear faces and steep inclines to weathering
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by precipitation. Despite efforts especially in the 1920s to regrade the slopes

to make them more stable, the typical slope angles observed along the coastal

railway are often in excess of 65◦ and in some instances approach 90◦ shear faces.

The sandstone is widely folded and faulted along the coast (Fig. 4.4a), and this

makes it particularly unstable when there is a period of extended rainfall. The

steep gradients result in frequent shallow landslides of the soil and weathered

rock during the winter storm season caused by slope instability as excess pore

pressure is released. This mechanism is well documented and involves the ex-

ceedance of combined thresholds of intensity and duration of storm related rain-

fall. For instance Cannon [16] successfully identified landslide triggering rainfall

thresholds for more than 18,000 shallow landslides involving soil and weathered

rock. These movements were often similar in nature to the events seen in Dawl-

ish and were triggered at thresholds which ranged from 20mm/hr rainfall for 4

hours, to 8mm/hr for 24 hours. This difference in duration explains the temporal

displacement of landslide events. It should be noted that these thresholds are

regional, depending on geologic, geomorphic and climatological conditions.

The rapid infiltration of rainfall, causing soil saturation and a temporary

rise in pore water pressures is generally believed to the mechanism which most

shallow landslides are generated during storms according to Wieczorek [135].

Although landslides (Fig. 4.4b) may accompany wave damage of the sea-

wall, they are seldom reported separately in the historical reports.

4.4.2 DM II: Wave Overtopping

Ballast washout is the terminal cascading failure which causes service suspension

in all cases of masonry damage from wave overtopping. Despite the engineers’

assertion that they could ‘keep out the sea from the line’ (Fig.3.1a), at times of
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normal high tide, the water surface is barely 0.5 m from the top of the coping

stones of the seawall near the site of the 2014 collapse (Fig.4.5a) and this often

leads to preventative line closures when high tide and weather risks coincide [90].

With easterly wind direction and large waves incident on the seawall [74], the

railway has often suffered from wave overtopping forces which, when significant,

can flood the tracks and wash the ballast away (Fig.4.5c), leaving the railway

inoperable. This FPW 2 occurs often and is generally accompanied by masonry

damage or undermining of foundations of the seawall (Fig.4.5d).

Wave overtopping often results in enough force transfer to activate FPW 3

causing coping stones at the top of the seawall to be removed or broken (Fig.4.5b).

These large stones, typically granite, are then propelled against the adjacent

1 m high parapet wall that separates the track bed with the promenade (Fig.4.5e).

The damaged parapet then fails with successive wave overtopping and blocks the

rail line. This can occur over a significant distance along the coastal railway and

is usually repaired by the dedicated line gang based at Dawlish railway station.

4.4.3 DM III: Wave Impacts

FPW 4 involves wave impact forces causing damage to the foundations of the

seawall due to toe scour and loss of infill material.

This is a bottom-up mechanism, where sections of the wall will often be

affected by lower masonry being removed following destruction of the toe protec-

tion (Fig.4.6). Here the backfill material behind the upper sections of the wall

are not removed so protecting them from collapse; however, backfill is removed

near the toe by suction from successive waves and eventually the lower masonry

sections yield. This is the most common and significant failure mechanism among
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Figure 4.5: a) Ordinary high tide close to coping stone level, 2018. b) Wave over-
topping damage to coping stones [138]. c) Ballast protection using gabion wire mesh
baskets. d) Washout due to overtopping accompanied by parapet wall masonry dam-
age in 2014 [109]. e) Ballast covers on the line closest to the sea as mitigation for
wash-out. Pictures a,c,e by author (2018).

the damage incidents studied in this research accounting for 55% of all events

(masonry damage 23% and toe scour 22%) (Fig.4.1).

Wave impact removes large amounts of sand cover during storms, thereby

exposing the footings of the foundations of the main seawall. Toe scour due to

successive wave trains leads to accelerated erosion at the interface of the soft

red sandstone foundation and the more durable rock forming the frontage of the

railway seawall. Waves wear away the foundation and then backfill material is

sucked out of the cavity behind the frontage. In the absence of infill material,

masonry damage to the wall fascia is sustained either at low or high level by wave

impact force. This can lead to the rail tracks being left suspended in mid-air

(Fig.1.1, 4.2, 4.8).
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Whereas toe scour is initiated through a bottom-up mechanism, masonry

damage is a top-down wave impact failure, initiated in the seawall by removal

of upper courses of masonry. Although this FPW 5 is not the most common it

has the potential to be the most expensive and disruptive, it often accompanies

the top sections of coping and parapet walls failing due to overtopping of waves

(FPW 3). Subsequently flooding of the rail bed occurs and ballast is washed away

exposing backfill material. Wave impact forces then remove the upper courses

of masonry allowing washback of overtopped water and infill material to the sea.

Repeated actions over a high tide then accentuates the mechanism and causes

further masonry to be removed. The cascading nature of the failure of the upper

courses of masonry and ballast washout significantly increases the severity of the

event.

Figure 4.6: Stepped toe protection keyed into existing wall foundations providing
increased resistance to scour. a) Granite faced wall near the site of the 2014 storm
damage in Dawlish. b) A section of original sandstone seawall near Holcombe, Dawlish.
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4.5 Model Application in South Devon

Two applications of the multi-hazard risk model are presented as case studies for

the Dawlish railway below.

Figure 4.7: Event flowchart for the 1986 seawall failure. a) Railway engineers inspect-
ing the foundation failure due to toe scour after wave impact damage. b) The result of
overtopping is shown here: removal of coping and parapet walls. c) Recent example of
damage after rail flooding and ballast washout due to wave overtopping. Where: ST:
storm; WI: wave impact force; DFU: foundations undermined due to toe scour; IL:
loss of infill material; WOV: wave overtopping force; FR: flooding of rails; BW: ballast
washout; DCPW: damage to coping stones and parapet walls; SS: service suspension;
FPW: failure pathway.
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4.5.1 The 1986 incident

Evidence was collated for an incident that occurred on February 26, 1986 follow-

ing a violent storm. Dawson, Shaw and Gehrels [26] used information gathered

from Rogers and O’Breasail [112] to detail the remedial works required following

a failure to the seawall (Fig.4.7a). I cross referenced this material with Network

Rail [87] and Kay [61] to detail the specific failure paths that were activated. I

identified the involvement of DM II and III (as described above) through three

FPW as shown in Fig.4.7. The storm generated wave impact and overtopping

forces on a previously undamaged section of the original seawall between Dawl-

ish and Teignmouth. Impact damage caused toe protection to be stripped away

(Fig.4.7a) and led to a common cause failure of the foundations due to under-

mining. A cascading failure of loss of infill material behind the wall and ballast

washout followed (Fig.4.7b). At the same time, wave overtopping forces caused

flooding of rails and damage to the coping stones and parapet walls cascading to

a ballast washout (Fig.4.7c). Service was suspended for six days and for a further

seven days of single line closure (Table 3.1).

4.5.2 The 2014 incidents

During February 2014, a series of storms coincided with high tides to cause severe

damage to the rail network in the South West of England. The events were

extensively reported in the press and were the subject of academic articles [75, 26,

74] as well as technical and impact assessments by the network operator [88, 110,

87] and local community and business groups [100]. I collated this information

into a database of articles, pictures and videos to obtain a clear view of the

timeline of the events and their sequencing specifically in terms of damage to
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the engineering assets of the railway. A field survey was conducted in September

2018 to examine the site of the damage and to evaluate the restoration works

undertaken. The local museum in Dawlish [25] provided extensive information on

the disaster, augmented by interviews with residents, engineers and emergency

workers involved in the first response and subsequent rebuilding.

Figure 4.8: Event flowchart showing multi-hazard and cascading failures that led to the
Dawlish network failure of February 2014. a) 20,000-tonne landslide between Dawlish
and Teignmouth activating first failure path [85]. b) Failure path with significant wave
overtopping flooding rails and leading to ballast washout. [89] c) Failure path of the
upper sections of the seawall due to wave impact forces [84]. Where: ST: storm; Ue:
excess soil pore pressure; SI: slope instability; LS: landslide; WOV: wave overtopping
force; FR: flooding of rails; BW: ballast washout;WI: wave impact force; DM: damage
to masonry elements; FUS: failure of upper sections of wall; SS: service suspension;
FPW: failure pathway.

The seawall was reported to have failed during storms on the February 4,

2014, although I have studied reports and interviews with witnesses which prove
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the damage was initiated on the 3rd of February. Evidence suggests that three

FPW were activated which led to the two-month suspension of service as shown

in Fig.4.8. I identified the involvement of DM I, II and III with the following FPW

for the 2014 event:

FPW-1: Long periods of high rainfall were sustained in the area prior and

subsequent to the February damage to the seawall; this had the effect of causing

a large landslide on 21st March due to slope instability brought on by excess pore

pressure in the shear faces of the sandstone cliffs above the railway line (Fig.4.8a).

This increased the severity of the disaster and represented a multi-hazard aspect

to the event, lengthening the period of reconstruction and significantly impacting

on the costs of recovery.

FPW-2: Wave overtopping and flooding of the rails led to significant

amounts of direct ballast washout (Fig.4.8b); this flooding has the effect of dis-

placing the ballast which supports the rails and uncovers the backfill material

underneath. When overtopping and wave impact forces combine, further waves

incident on the structure cause the infill to fluidise and become more mobile –

hence material is washed out to sea and additional damage to the masonry struc-

ture is sustained. The result is V-shaped damage to the wall and hanging rails

over a void space (Fig.1.1, 4.2, 4.8c).

FPW-5: The storm generated wave impact forces which initiated a com-

mon cause failure, damaging masonry elements in the wall structure cascading to

failure of the upper sections of wall and ballast washout (Fig.4.8c).
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4.6 Model Application in other contexts

The resilience of coastal railways to natural hazards such as storms and surges is

an important aspect of disaster risk mitigation in those countries with vulnerable

transport infrastructure. The present risk model (Fig.4.3) is spatially specific to

the Southwest England rail mainline through Dawlish but has application in other

coastal railway alignments throughout the UK, such as in Cumbria, west and

south Wales (Fig.1.1) where similar hazards are encountered and the engineering

assets were constructed during the same era and using similar design methods.

Adaptation of the hazard elements to include local meteorological and wave en-

vironments would allow direct usage of the model in those regions. An example

application would be for the analysis of damage events such as the January 3,

2014 incident in Cumbria [86, 6]. High spring tides, storms and landward winds

caused extensive damage to the embankments, ballast and track and forced a

week long suspension of service near Flimby (Fig.1.1). Reports of this event

would suggest DM II and III were activated with FPW 2,3 and 5 being involved

in the cascading failure evident as shown in Fig.4.9.

This type of model may also be applicable to other countries. Koks, Rozen-

berg and Zorn [63] in their global risk analysis report that approximately 27% of

all road and rail assets are exposed to at least one hazard worldwide. In Italy,

coastal infrastructure has been shown to be vulnerable to wave action and severe

erosion [27] and specifically railway infrastructure along the Battipaglia-Reggio

Calabria coastline [1]. For sea level rise and increased storminess, Dawson, Shaw

and Gehrels [26] report potentially vulnerable coastal transport infrastructure in

several major international cities. A key facet of the proposed model is the adapt-

ive nature of its elements. Kazama and Noda [62] discuss the effects of the Japan
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Figure 4.9: Event flowchart showing multi-hazard and cascading failures that led to
the Cumbria network failure of January 2014. a) Network Rail inspecting rail bed failure
near Flimby. b) Google Earth picture (2020) showing new rock armour reinforcement
at same position. Where: ST: storm; WOV: wave overtopping force; FR: flooding of
rails; BW: ballast washout; DCPW: damage to coping stones and parapet walls; WI:
wave impact force; DM: damage to masonry elements; FUS: failure of upper sections
of wall; FPW: failure pathway; SS: service suspension.

2011 earthquake and subsequent tsunami event, reporting widespread rail network

disruption in over 1700 locations. AIR international [66] in their modelling report

of the 2011 great earthquake and tsunami also point out that water induced dam-

ages can outweigh the costs of earthquake and liquefaction in transport systems

over a large spatial scale. Although this risk model has been developed for ex-

tratropical storms with hydrodynamic forcing, it has common DM and FPW that

could be used for evaluation of risk following tsunami events. An example of this

is for the Japan 2011 event where DM II - wave overtopping, FPW 2 and 3 are

activated leading to flooding of rails and ballast washout [64]. These pathways

were positively identified along with DM I leading to landslide, DM III leading
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to toe scour and loss of infill material behind earth retaining walls [65, 116] and

DM IV – wave debris force, which is a rare occurrence for UK rail networks but a

much more important, costly and common DM in tsunami induced failures [120].

One of the major strengths of this study and conversely challenges in im-

plementing this approach to other settings is its reliance on long term records

of damage incidents. The Victorian rail network in the UK and the coastal

alignments are some of the oldest in the world and represent the first attempts

at coastal engineering for vital transport infrastructure. The historical record

stretches for 170 years with significant contributions in newspaper articles, books

and company records. This research suggests that significant failure occurs on

average every 8 years. Despite this comprehensive and long-term record there

remains some epistemic uncertainty in the exact nature of the damage and se-

quence of events, increasing with older records – this is considered a limitation of

the study. The amalgamation of the separate rail companies into GWR and then

British Rail in the 1950’s and the rationalisation of records means some details of

engineering interventions have been lost and newspaper articles by their nature

are non-technical so accentuating the uncertainty. The model is based on the

hazard-vulnerability of the Dawlish railway, characterised by a vertical masonry

seawall elevating the rail alignment above normal high tide level. The line is built

along a coast characterised by soft sandstone deposits which readily weather and

have historically provided nourishment for the beach. The age of the asset will

affect its vulnerability and the application of the model to other Victorian coastal

railways will be dependent on these criteria. However, the methodology and sys-

tematic identification of separate force mechanisms from a single initiating event

provides a valuable tool for infrastructure stakeholders to tailor the model for

diverse application as demonstrated briefly by reference to the Cumbrian main-

line in north-west England and potential application to tsunami related damage
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following the 2011 event in Japan.

4.7 Synopsis

I developed a multi-hazard risk model with cascading FPW for the Dawlish railway

through retrieving and analysing major damage incidents in the period 1846–2014

with the aim of risk reduction. This approach allowed me to:

• Identify 29 damage events of significant engineering impact (i.e. line closure

more than 12 h) on the Dawlish railway in the period 1846–2014 through

archival research of historical and contemporary data.

• Based on the railway damage data, the three most frequent DM were iden-

tified which are:

I: landslide

II: direct ballast washout due to wave overtopping

III: failure of the upper sections of the wall and loss of infill material after

foundation failure due to wave impact force which cascade to indirect

ballast washout.

• For each of the 29 failure events, I have identified the common hazard

involved, deconstructed the sequence of civil engineering failures and for-

mulated a flowchart for each event, showing the interrelationship of multiple

hazards and their potential to cascade.

• For the February 2014 railway damage incident in Dawlish, three FPW were

identified:
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1) the storm generated wave impact forces which damaged masonry ele-

ments in the wall structure cascading to failure of the upper sections

of wall and ballast washout;

2) washout exacerbated by additional wave overtopping leading to flood-

ing of the rails; displacing the ballast and uncovering the backfill ma-

terial underneath;

3) intensive rainfall causing large landslides due to slope instability brought

on by excess pore pressure in the shear faces of the sandstone cliffs

above the railway line.

• I was then able to develop a risk model for the civil engineering assets

associated with the railway network in Dawlish with the potential to provide

stakeholders with a probability-based method of risk evaluation following

further development. The proposed model has five cascading layers in the

top-down order of:

a) triggering event (storm);

b) force generation (debris impact, wave impact, overtopping, excess pore

pressure, wind impacts);

c) common cause failure (foundation scour, masonry damage, rail flood-

ing, slope instability);

d) cascading failure (landslide, ballast washout, upper masonry seawall

failure, loss of infill material), and

e) network failure forcing service suspension.

• I have demonstrated the application of the developed risk model to other

vulnerable coastal railway infrastructure. In the case of storm and surge

damage I have used the example of the Cumbrian coast railway in the
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UK where I identified DM II and III were activated with FPW 2,3 and 5

being involved in the cascading failure evident. In a further extension of its

applicability, I have demonstrated the potential for the model to be used

in other diverse hazard environments with differing initiating hazards. An

example is given of the Tohoku (Japan) earthquake and tsunami of 2011

where I identified DM II - wave overtopping, FPW 2 and 3 leading to

flooding of rails and ballast washout, along with DM I leading to landslide,

DM III leading to toe scour and loss of infill material behind earth retaining

walls and DM IV – wave debris force.
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Chapter 5
Numerical Modelling and

Reconstruction of the Seawall

Failure

5.1 Introduction

The progress of climate change and increasing sea levels has started to have wide

ranging effects on critical engineering infrastructure (Shakou et al. [115]). The

meteorological effects of increased atmospheric instability linked to warming seas

mean we may be experiencing more frequent extreme storm events and more

frequent series or chains of events as well as an increase in the force of these

events, a phenomenon called storminess (Mölter et al. [81] and Feser et al. [33]).

Features of more extreme weather events in extratropical latitudes (30° -

60°, north and south of equator) include increased gusting winds, more frequent

storm squalls, increased prolonged precipitation, rapid changes in atmospheric

pressure and more frequent and significant storm surges (Dacre and Pinto [24]).
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A recent example of these events impacting the UK with coincident signi-

ficant damage to coastal infrastructure was the extratropical cyclonic storm chain

of winter 2013/14 (Masselink et al. [74] and Adams and Heidarzadeh [3]). The

cluster of storms had a profound effect on both coastal and inland infrastructure

bringing widespread flooding events and large insurance claims (R.M.S. [105]).

Figure 5.1: Location of Dawlish railway station. a) The completed section of the new
seawall looking towards the train station along King Harry’s Walk. b) An aerial view of
the seawall damage sustained at Riviera Terrace in February 2014.c) Waves impacting
the newly constructed seawall south of the station, now 2.5m taller with an integrated
wave return. ©Network Rail.[92]

The extreme storms of February 2014 which had a catastrophic effect on

the seawall of the south Devon stretch of the UK’s southwest mainline caused a

two-month closure of the line and significant disruption to the local and regional
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Table 5.1: The 20 scenarios considered for numerical simulations in this
study.

Water
Depth

Storm
Surge

Still Water
Level

Wave Amp-
litude

Maximum
Overtopping
Flowrate

Maximum
Force

Scenario (m) (m) deff (m) (m) (m3/s/m) (kN)

1 4.0 0.5 4.5 0.5 4.5 171

2 3.0 0.5 3.5 0.5 3.8 138

3 2.0 0.5 2.5 0.5 n/a 92

4 2.5 0.5 3.0 0.5 n/a 108

5 3.5 0.5 4.0 0.5 1.2 151

6 2.0 0.8 2.8 0.5 n/a 103

7 2.5 0.8 3.3 0.5 1.4 134

8 3.0 0.8 3.8 0.5 2.3 144

9 3.5 0.8 4.3 0.5 2.8 163

10 4.0 0.8 4.8 0.5 5.9 190

11 4.0 0.5 4.5 1.5 14.4 253

12 3.0 0.5 3.5 1.5 3.0 158

13 2.0 0.5 2.5 1.5 0.7 120

14 2.5 0.5 3.0 1.5 2.6 134

15 3.5 0.5 4.0 1.5 6.5 286

16 2.0 0.8 2.8 1.5 2.3 123

17 2.5 0.8 3.3 1.5 2.9 149

18 3.0 0.8 3.8 1.5 6.2 176

19 3.5 0.8 4.3 1.5 7.5 204

20 4.0 0.8 4.8 1.5 16.1 258

economy (Figure 5.1b) (Network Rail [87], Dawson, Shaw and Gehrels [26] and

Adams and Heidarzadeh [3]). Restoration costs were £35m and economic effects

to the southwest region of England were estimated up to £1.2bn (Peninsula

Rail Taskforce [100]). Adams and Heidarzadeh [3] investigated the disparate

cascading failure mechanisms which played a part in the failure of the railway

through Dawlish and attempted to put these in context of the historical records

of infrastructure damage on the line.

Subsequent severe storms in 2016 in the region have continued to cause

damage and disruption to the line in the years since 2014 (Met Office [78]).

Following the events of 2014, Network Rail who owns the network, has undertaken
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a resilience study and as a result has proposed a £400m refurbishment of the civil

engineering assets that support the railway (Figure 5.1) [87].

The new seawall structure (Figure 5.1a,c), which is constructed of pre-cast

concrete sections, encases the existing Brunel seawall (named after the project

lead engineer, Sir Isambard Kingdom Brunel) has been improved with piled rein-

forced concrete foundations. It is now over 2 m taller to increase available crest

freeboard and incorporates wave return features to minimise wave overtopping.

The project aims to increase both the resilience of the assets to extreme weather

events as well as maintaining or improving amenity value of the coastline for

residents and visitors.

In this chapter, I return to the Brunel seawall and the damage it sustained

during the 2014 storms which affected the assets on the evening of the 4th and

daytime of the 5th of February and eventually resulted in a prolonged closure of

the line.

The motivation for this research is to analyse and model the damage made

to the seawall and explain the damage mechanisms in order to improve the resi-

lience of many similar coastal structures in the UK and worldwide.

The innovation of this work is the multidisciplinary approach that I take

comprising a combination of analysis of eyewitness accounts (social science), sea

level and wave data analysis (physical science) as well as numerical modelling and

engineering judgement (engineering sciences).

I investigate the contemporary wave climate and sea levels by interrogating

the real time tide gauge and wave buoys installed along the southwest coast of

the English Channel (Figure 5.1). I then model a typical masonry seawall (Figure

5.2), applying the computational fluid dynamics package FLOW3D-Hydro [34],

to quantify the magnitude of impact forces the seawall would have experienced
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leading to its failure. I triangulate this information to determine the probable

sequence of failures that led to the disaster in 2014.

Figure 5.2: a) An original sketch of the Dawlish seawall made by the lead Engineer
Mr Brunel around 1844–46 [14]. b) The 3D wall model created for the numerical
simulations based on Brunel’s sketch and subsequent additions of toe reinforcement for
scour protection and low-level walkway. The original seawall section is shown in green,
with later additions of toe scour protection shown in blue.

5.2 Eye Witness Account Analysis

Contemporary reporting of the 4th and 5th February 2014 storms by the main

national news outlets in the UK (BBC, ITV and Channel 4) highlight the extreme

nature of the events and the significant damage and disruption they were likely

to have on the communities of the southwest of England. In interviews this was

reinforced by Network Rail engineers who, even at this early stage were forecasting

remedial engineering works to last for at least 6 weeks. One week later, following

subsequent storms the cascading nature of the events was obvious. Multiple

breaches of the seawall had taken place, with up to 35 separate landslide events

and significant damage to parapet walls along the coastal route also were reported.
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Residents of the area reported extreme effects of the storm, one likening it to an

earthquake and reporting water ingress through doors windows and even through

vertical chimneys (Table 3.2). This suggests extreme wave overtopping volumes

and large wave impact forces. One resident described the structural effects as:

“the house was jumping up and down on its footings”.

Disaster management plans were quickly and effectively put into action by

the local council, police service and National Rail. A major incident was declared

and decisions regarding evacuation of the residents under threat were taken around

2100h on the night of 4th February when reports of initial damage to the seawall

were received (Table 3.2). Local hotels were asked to provide short term refuge

to residents while local leisure facilities were prepared to accept residents later

that evening. Initial repair work to the railway line was hampered by successive

high spring tides and storms in the following days although significant progress

was still made when weather conditions permitted (Table 3.2).

5.3 Sea Level Observations and Spectral

Analysis

The results of surge and wave analyses are presented in Figures 5.3 and 5.4. A

surge height of up to 0.80 m was recorded in the examined tide gauge stations

(Figure 5.3b-d). Two main episodes of high surge heights are identified: the first

surge started on 3rd February 2014 at 0300 h (UTC) and lasted until 4th February

2014 at 0000 h; the second event occurred in the period 4th February 2014 1500 h

to 5th February 2014 at 1700 h (Figure 5.3b-d). These data imply surge durations

of 21 h and 26 h for the first and the second events, respectively. Based on the

surge data in Figure 5.3, I note that the storm events of early February 2014 and
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Figure 5.3: a) Area map showing the locations of tide gauges examined in this study.
b), c), d) The surge signals calculated at different tide gauge stations.

the associated surges were relatively powerful, which impacted at least 230 km

of the English south coast with large surge heights.

Based on wave buoy records, the maximum recorded amplitudes are at

least 20.5 m in Dawlish and West Bay, 1.9 m in Tor Bay and 4.9 m in Chesil

(Figure 5.4a-b). The buoys at Tor Bay and Chesil recorded dual peak period
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bands of 4 – 8 s and 8 – 12 s, whereas at Dawlish and West Bay registered

triple-peak period bands at 4 – 8 s, 8 – 12 s, and 20 - 25 s (Figure 5.4c-d). It

is important to note that the long-period waves at 20 – 25 s occur with short

durations (approximately 2 min) while the waves at the other two bands of 4 – 8 s

and 8 – 12 s appears to be present at all times during the storm event.

The wave component at the period band of 4 – 8 s can be most likely

attributed to normal coastal waves while the one at 8 – 12 s, which is longer, is

most likely the swell component of the storm. Regarding the third component

of the waves with long period of 20 - 25 s, which occurs with short durations of

2 min, there are two hypotheses; it is either the result of a local (port and harbour)

and regional (the Lyme Bay) oscillations (eg. Rabinovich [108], Heidarzadeh and

Satake [46] and Wang et al. [133], or due to an abnormally long swell. To test the

first hypothesis, I consider various water bodies such as Lyme Bay (approximate

dimensions of 70 km × 20 km with an average water depth of 30 m; Figure 5.4),

several local bays (approximate dimensions of 3.6 km × 0.6 km with an average

water depth of 6 m) and harbours (approximate dimensions of 0.5 km × 0.5 km

with an average water depth of 4 m). Their water depths are based on the online

Marine navigation website1. According to Rabinovich [107], the oscillation modes

of a semi-enclosed rectangle basin is given by the following equation:

Tmn = 2√
gd

[(
m

2L

)2
+

(
n

W

)2
]− 1

2

(5.1)

where, Tmn is the oscillation period, g is the gravitational acceleration,

d is water depth, L is the length of the basin, W is the width of the basin,

m = 1, 2, 3 . . . and n = 0, 1, 2, 3 . . . ; m and n are the counters of the different

modes. Applying Equation 5.1 to the aforementioned water bodies results in
1https://www.navionics.com/usa/
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oscillation modes of at least 5 min, which is far longer than the observed period

of 20 – 25 s. Therefore, I rule out the first hypothesis and infer that the long

period of 20 – 25 s is most likely a long swell wave coming from distant sources.

As discussed by Rabinovich [108] and Wang et al. [133], comparison between sea

level spectra before and after the incident is a useful method to distinguish the

spectrum of the weather event. A visual inspection of Figure 5.4 reveals that the

forcing at the period band of 20 s - 25 s is non-existent before the incident.

5.4 Numerical Simulations of Wave Loading

and Overtopping

Based on the results of sea level data analyses in the previous section, I use a dual-

peak wave spectrum with peak periods of 10 s and 25 s for numerical simulations

because such a wave would be comprised of the most energetic signals of the

storm (Figure 5.4). For variations of water depth (2.0 m – 4.0 m), coastal wave

amplitude (0.5 – 1.5 m) (Figure 5.5) and storm surge height (0.5 m – 0.8 m)

(Figure 5.3), I developed 20 scenarios (Scn) which I used in numerical simulations

(Table 5.1). Data during the incident indicated that water depth was up to the

crest level of the seawall (approximately 4 m water depth); therefore, I varied water

depth from 2 m to 4 m in the simulation scenarios. Regarding wave amplitudes, I

referred to the variations at a nearby tide gauge station (West Bay) which showed

wave amplitude up to 1.2 m (Figure 5.5). Therefore, wave amplitude was varied

from 0.5 m to 1.5 m by considering a factor a safety of 25% for the maximum

wave amplitude. As for the storm surge component, time series of storm surges

calculated at three coastal stations adjacent to Dawlish showed that it was in the

range of 0.5 m to 0.8 m (Figure 5.3). These 20 scenarios would help to study

86



5.4. Numerical Simulations of Wave Loading and Overtopping

Figure 5.4: a) Area map showing the locations of wave buoys examined in this study.
b), c), d), e) Sea level oscillations recorded at wave buoys at different locations. f),
g), h), i) Corresponding spectra for each sea level record.
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uncertainties associated with wave amplitudes and pressures.

Figure 5.5: Oscillations of wave (high-frequency oscillations) and tide (low-frequency
oscillations with 12-hour recurrence) at the West Bay tide gauge station.

Figure 5.6 shows snapshots of wave propagation and impacts on the seawall

at different times. In order to detail the evolution of the pressures impacting on

the seawall, and in particular the dramatic increases in pressure that were not

foreseen, we have shown an isosurface for the incoming wave. The isosurface

is a powerful graphical representation of all areas in the incoming wave with

similar pressures. In effect, 5.6 represents a curated sample of instances from

the wave timeseries. Typically due to linear hydrostatic pressure increase with

increasing water depth, the figures show well defined demarcation between areas

of increasing pressure (see 5.6 a,c and d) with highest pressure towards the seabed

(red colour) and lowest pressure (in blue) shown at the water surface. However,

unexpectedly in Figure 5.6b at time interval 61½ s, near the most vulnerable

parapet wall section, we see a dramatic increase in pressure close to the water

surface which is due to wave breaking energy impacting on the masonry elements.

5.4.1 Wave Amplitude Simulations

Large wave amplitudes can induce significant wave forcing on the structure and

cause overtopping of the seawall, which could eventually cascade to other hazards
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Figure 5.6: Wave pressure iso-surface due to Scn-15 (see Table 5.1 for details of this
scenario). a) Breaking wave at t = 61 s. b) Maximum breaking pressure at parapet
wall t = 61½ s. c) Wave overtopping wall crown at t = 62 s. d) Downward overtopping
pressure on rail bed t = 63½ s.

such as erosion of the backfill and scour [3].

The first 10 scenarios of the modelling efforts are for the same incident

wave amplitudes of 0.5 m, which occur at different water depths (2.0 – 4.0 m)

and storm surge heights (0.5 – 0.8 m) (Table 5.1 and Figure 5.7). This is because

I aim to study the impacts of still water level (deff – the sum of mean sea level

and surge height) on the time histories of wave amplitudes as the storm evolves.

As seen in Figure 5.7a, by decreasing still water level, wave amplitude

increases. For example, for Scn-1 with effective depth of 4.5 m, the maximum

amplitude of the first wave is 1.6 m, whereas it is 2.9 m for Scn-2 with effective

depth of 3.5 m. However, due to intensive reflection and interference of the waves
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in front of the vertical seawall, such a relationship is barely seen for the second

and the third wave peaks. It is important to note that the later peaks (second or

third) produce the largest waves rather than the first wave.

Extraordinary wave amplifications are seen for Scn-2 (deff =3.5 m) and Scn-

7 (deff =3.3 m), where the corresponding wave amplitudes are 4.5 m and 3.7 m,

respectively. This may indicate that the still water level of deff = 3.3 – 3.5 m

is possibly a critical water depth for this structure resulting in maximum wave

amplitudes under similar storms.

In the second wave impact, the combined wave height (i.e., the wave amp-

litude plus the still water level), which is ultimately an indicator of wave overtop-

ping, shows that the largest wave height is generated by Scn-2, -7 and -8 (Figure

5.7b) with still water levels of 3.5 m, 3.3 m, and 3.8 m and combined heights

of 8.0 m, 7.0 m, and 6.9 m (Figure 5.7b). Since the height of seawall is 5.4 m,

the combined wave heights for Scn-2, -7 and -8 are greater than the crest height

of the seawall by 2.6 m, 1.6 m, and 1.5 m, respectively, which indicates wave

overtopping.

For scenarios 11-20, with incident wave amplitudes of 1.5 m (Table 5.1),

the largest wave amplitudes are produced by Scn-17 (deff =3.3 m), Scn-13 (deff

=2.5 m) and Scn-12 (deff =3.5 m), which are 5.6 m, 5.1 m and 4.5 m. The

maximum combined wave heights belong to Scn-11 (deff =4.5 m) and Scn-17 (deff

=3.3 m), with combined wave heights of 9.0 m, and 8.9 m (Figure 5.8b), which

are greater than the crest height of the seawall by 4.6 m and 3.5 m respectively.

the simulations for all 20 scenarios reveal that the first wave is not always

the largest and wave interaction, reflection and interference play major roles in

amplifying the waves in front of the seawall. This is primarily because the wall

is fully vertical and therefore has a reflection coefficient of close to one (i.e.,
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Figure 5.7: a) Time series of wave oscillations at the foot of the seawall (point “A”
in Figure 3.6 for scenarios 1-10 with incident wave amplitude of 0.5 m. b) As in “a”,
but for instantaneous water depth (still water level plus wave amplitude).

full reflection). Simulations show that the combined wave height is up to 4.6 m

higher than the crest height of the wall, implying that severe overtopping would

be expected.
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Figure 5.8: a) Time series of wave oscillations at the foot of the seawall (point “A”
in Figure 3.6) for scenarios 11-20 with incident wave amplitude of 1.5 m. b) As in “a”,
but for instantaneous water depth (still water level plus wave amplitude).

5.4.2 Wave Loading Calculations

The pressure calculations for scenarios 1-10 are given in Figure 5.9 and those of

scenarios 11-20 in Figure 5.10. The total pressure distribution in Figures 5.9-

5.10 mostly follow a triangular shape with maximum pressure at the seafloor as

expected from the Sainflou design equations [114]. These pressure plots comprise

both static (due to mean sea level in front of the wall) and dynamic (combined
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Figure 5.9: Distribution of maximum wave pressure along the height of the seawall
from scenarios 1-10 with wave amplitude of 0.5 m.

effects of surge and wave) pressures.

For incident wave amplitudes of 0.5 m (Figure 5.9), the maximum wave

pressure varies in the range of 35 – 63 kPa. At the sea surface, it is in the

range of 4 – 20 kPa (Figure 5.9). For some scenarios (Scn-2 and 7), the pressure

distribution deviates from a triangular shape and shows larger pressures at the

top, which is attributed to the wave impacts and partial breaking at the sea

surface. This adds an additional triangle-shaped pressure distribution at the sea

surface elevation consistent with the design procedure developed by Goda [40] for

braking waves. The maximum force on the seawall due to scenarios 1-10, which is

calculated by integrating the maximum pressure distribution over the wave-facing

surface of the seawall, is in the range of 92 – 190 kN (Table 5.1).

For scenarios 11-20, with incident wave amplitude of 1.5 m, wave pressures

of 45 – 78 kPa, and 7 – 120 kPa, for the bottom and top of the wall, respect-

ively were observed (Figure 5.10). Most of the plots show a triangular pressure

distribution, except for Scn-11 and -15. A significant increase in wave impact

pressure is seen for Scn-15 at the top of the structure, where a maximum pres-
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sure of approximately 120 kPa is produced while other scenarios give a pressure

of 7 – 32 kPa for the sea surface. In other words, the pressure from Scn-15

is approximately four times larger than the other scenarios. Such a significant

increase of the pressure at the top is most likely attributed to the breaking wave

impact loads as detailed by Goda [40] and Cuomo et al. [23]. The wave simula-

tion snapshots in Figure 5.6 show that the wave breaks before reaching the wall.

The maximum force due to scenarios 11-20 is 120 – 286 kN.

The breaking wave impacts peaking at 286 kN in the simulations would

suggest destabilisation of the upper masonry blocks, probably by grout malfunc-

tion. This significant impact force initiated the failure of the seawall which in

turn caused extensive ballast erosion. Wave impact damage was proposed by

Adams and Heidarzadeh [3] as one of the primary mechanisms in the 2014 Dawl-

ish disaster. In the multi-hazard risk model proposed by these authors, damage

mechanism III (failure pathway 5 in [3]) was characterised by wave impact force

causing damage to the masonry elements, leading to failure of the upper sections

of the seawall and loss of infill material. As blocks were removed, access to the

track bed was increased for inbound waves allowing infill material from behind

the seawall to be fluidised and subsequently removed by backwash. The loss of

infill material critically compromised the stability of the seawall and directly led

to structural failure. In parallel, significant wave overtopping (discussed in the

next Section) led to ballast washout and cascaded, in combination with masonry

damage, to catastrophic failure of the wall and suspension of the rails in mid-air

(Figure 5.1), leaving the railway inoperable for two months.

94



5.4.3. Wave Overtopping

Figure 5.10: Distribution of maximum wave pressure along the height of the seawall
from scenarios 11-20 with wave amplitude of 1.5 m.

5.4.3 Wave Overtopping

The two most important factors contributing to the 2014 Dawlish railway events

were wave impact forces and overtopping. Figure 5.11 gives the instantaneous

overtopping rates for different scenarios, which experienced overtopping. It can be

seen that the overtopping rates range from 0.5 m3/s/m to 16.1 m3/s/m (Figure

5.11). Time histories of the wave overtopping rates show that the phenomenon

occurs intermittently and each time lasts 1.0 – 7.0 s. It is clear that the longer

the overtopping duration, the larger the volume of the water impacted on the

structure. The largest wave overtopping rates of 16.1 m3/s/m and 14.4 m3/s/m

belong to Scn-20 and -11, respectively. These two scenarios also give the largest

combined wave heights (Figure 5.8).

The cumulative overtopping curves (Figures 5.12 and 5.13) show the total

water volume overtopped the structure during the entire simulation time. This is

an important hazard factor as it determines the level of soil saturation, water pore

pressure in the soil and soil erosion (Van Der Meer et al. [130]). The maximum
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Figure 5.11: Wave overtopping rates for all scenarios with overtopping events.
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Figure 5.12: Cumulative wave overtopping volumes per metre length of wall from
scenarios 1-10 with wave amplitude of 0.5 m. No overtopping was experienced in
scenarios 3, 4 and 6.

volume belongs to Scn-20, which is 65.0 m3/m (cubic metres of water per meter

length of wall). The overtopping volumes are 42.7 m3/m for Scn-11 and 28.8

m3/m for Scn-19. The overtopping volume is in the range of 0.7 – 65.0 m3/m

for all scenarios.

For comparison, I compare the modelling results with those estimated using

empirical equations. For the case of the Dawlish seawall, I apply the equation

proposed by Van Der Meer et al. [130] to estimate wave overtopping rates, based

on a set of decision criteria which are the influence of foreshore, vertical wall,

possible breaking waves and low freeboard:

q√
gHm

3
= 0.0155

Hm

hs

 exp
−2.2 Rc

Hm

 (5.2)

where, q is mean overtopping rate per meter length of the seawall (m3/s/m),

g is acceleration due to gravity, Hm is incident wave height at the toe of the
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Figure 5.13: Cumulative wave overtopping volumes per metre length of wall from
scenarios 11-20 with wave amplitude of 1.5 m.

structure, Rc is the wall crest height above mean sea level, hs is the deep-water

significant wave height, and exp(x) is the exponential function.

It is noted that Equation (5.2) is valid for 0.1 < Rc/Hm < 1.35. For

the case of Dawlish seawall and considering the scenarios with larger incident

wave amplitude of 1.5 m (hs= 1.5 m), the incident wave height at the toe of

the structure is Hm = 2.2 - 5 m, the wall crest height above mean sea level is

Rc = 0.6 – 2.9 m. As a result, Equation (5.2) gives mean overtopping rates

up to approximately 2.9 m3/s/m. A visual inspection of simulated overtopping

rates in Figure 5.11 for Scn 11-20, shows that the mean value of the simulated

overtopping rates are close to estimates using Equation (5.2).
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5.5 Synopsis

I applied a combination of eyewitness account analysis, sea level data analysis and

numerical modelling in combination with my engineering judgement to explain the

damage to the Dawlish railway seawall in February 2014. The main findings are:

• Eyewitness data analysis showed that the extreme nature of the event was

well forecasted in the hours prior to the storm impact, however the mag-

nitude of the risks to the structures were not well understood. Multiple

hazards were activated simultaneously, and the effects cascaded to amplify

the damage. Disaster management was effective, exemplified by the es-

tablishment of an emergency rendezvous point and temporary evacuation

centre during the storm indicating a high level of hazard awareness and

preparedness.

• Based on sea level data analysis, I identified triple-peak period bands at

4 – 8 s, 8 – 12 s, and 20 – 25 s in the sea level data. Storm surge heights

and the wave oscillations were up to 0.8 m and 1.5 m, respectively.
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• Based on the numerical simulations of 20 scenarios with different still water

levels, incident wave amplitudes, surge heights and peak periods, I found

that the wave oscillations at the foot of the seawall results in multiple wave

interactions and interference. Consequently, large wave amplitudes, up to

4.6 m higher than the height of seawall, were generated and overtopped the

wall. Extreme impulsive wave impact forces of up to 286 kN were generated

by the waves interacting with the seawall.

• I measured maximum wave overtopping rates of 0.5 – 16.1 m3/s/m for my

scenarios. The cumulative overtopping water volumes per meter length of

the wall were 0.7 – 65.0 m3/m.

Analysis of all the evidence combined with my engineering judgement sug-

gests that the most likely initiating cause of the failure was impulsive wave impact

forces destabilising one or more grouted joints between adjacent masonry blocks

in the wall. Maximum observed pressures of 286 kN in my simulations are four

times greater in magnitude than background pressures leading to block removal

and initiating failure. Therefore, the sequence of cascading events was:

1. Impulsive wave impact force causing damage to masonry

2. Failure of the upper sections of the seawall

3. Loss of infill resulting in a reduction of structural strength in the landward

direction

4. Ballast washout as wave overtopping and inbound wave activity increased

5. Progressive structural failure following successive tides.

From a risk mitigation point of view, the stability of the seawall in the face

of future energetic cyclonic storm events and sea level rise will become a critical
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factor in protecting the rail network. Mitigation efforts will involve significant

infrastructure investment to strengthen the civil engineering assets combined with

improved hazard warning systems consisting of meteorological forecasting and

real-time wave observations and instrumentation. These efforts must take into

account the amenity value of coastal railway infrastructure to local communities

and the significant number of tourists who visit every year. In this regard, public

awareness and active engagement in the planning and execution of the project

will be crucial in order to secure local stakeholder support for the significant

infrastructure project that will be required for future resilience.
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Chapter 6
Conclusions and Further Work

6.1 Overview of Thesis

The thesis has presented the work undertaken to formulate a multi-hazard risk

model for critical coastal rail infrastructure incorporating aspects of separate dam-

age mechanisms (DM) leading to cascading failure pathways (FPW). I have

achieved this by a combination of historical and contemporary archival research.

I have detailed and analysed eye witness accounts of real time damage to an

historic masonry seawall originally built by I.K. Brunel in 1845. Having developed

the multi-hazard risk model, I then proved it’s ability to be used in real life events

on the South Devon Railway (SDR).

Since the model was developed for coastal rail infrastructure generally, I

then progressed to look at other vulnerable coastal rail alignments in the UK

to ensure the model had applicability beyond the main line in Devon. In this

regard I highlighted two diverse areas in the UK - one in South Wales and the

other in Northwest England. I successfully applied the risk model for a similar

initiating hazard on a rail alignment in Cumbria. I demonstrated that common

DM and FPW were present in both places and both led to service suspension
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of a strategically important rail link. The application of the model was further

extended to encompass a different initiating hazard - that of a tsunami following

an earthquake in Japan. Common DM and FPW were discovered acting on

the Japanese coastal rail network following the events of the Tohoku tsunami of

2011. The multi-hazard risk model developed in this study has also been applied

to other diverse hazards worldwide, such as to flood-related dam failures in the

UK [45], and complex cascading risk interactions within human, software and

organizational systems [99].

Finally, I used a numerical model of the seawall to simulate the magnitude

of wave forces that acted on the seawall during the events of 4th and 5th February

2014. My results pointed to a likely cause of the failure of the vertical masonry

seawall, and I used eye witness accounts and engineering judgement in combina-

tion with the results of my numerical modelling to hypothesise the chain of events

which evenutally led to collpase of the wall, 56 days of service suspension and up

to £1.2 bn of losses to the Southwest of England.

Chapter 2 presented a critical review of the literature related to the genesis

and synthesis of cascading risk models for civil engineering infrastructure and

their connection with DRR efforts. The history of the development of cascading

disasters was discussed and how these interact with multi-hazard scenarios to

form complex disaster events. I reviewed the necessary steps in sea level data

analysis techniques and the development of computational fluid dynamics for use

in numerical modelling of wave/structure interactions. At the end of the chapter,

I summarised the research needs:

• Formation of a cascading multi-hazard risk model for coastal rail infrastruc-

ture

• Development of a source of tide gauge data
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• Processing of real time wave climate data

• Numerical simulation of failure events

Based on these research needs I formulated a set of research questions and

approach in Section 2.5 which highlighted the development and application of the

multi-hazard risk model to explain observed damage events on a coastal railway

in Devon and then to extend its use to explain the most likely cause of failure

using analysis and numerical simulation.

Chapter 3 outlined the sources of data used throughout the study and

provided information on the methodology I adapted to process this data in order

to generate the outputs.

The development of the cascading multi-hazard risk model was presented in

Chapter 4 along with analysis of the most important damage mechanisms (DM),

the model application in South Devon for two selected events and consequently

model application in other geographical and hazard contexts.

Chapter 5 saw me return to the vertical masonry seawall in Dawlish and the

efforts to numerically model the structure and the wave interactions. The purpose

of this work was to identify the magnitude of forces that the wall sustained during

the storm and from the results to suggest a likely cause of failure.

6.2 Main Conclusions

The results of my work are discussed at the end of each chapter, however the

main conclusions of the study can be summarised as follows:
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1. Current state-of-the-art data and methods were collated, compared and

expanded for the formation of a multi-hazard risk model for critical coastal

infrastructure.

2. A mechanism for disaggregating damage data reporting was developed and

used in conjunction with failure tree analysis for application to civil engin-

eering infrastructure.

3. Novel use of raw, quality controlled data from tide gauges and wave buoys

allowed me to develop an understanding of sea state conditions during a

major storm.

4. I develop and describe a process for validating wave-structure interactions

for a vertical masonry seawall during a storm.

5. A multi-hazard cascading risk model is developed for the Dawlish railway

incorporating DM and cascading FPW.

6. Using the model I identified the most frequent DM from historical railway

damage data and highlighted the most important FPW that were activated

in 2014.

7. Extension of the model applicability was demonstrated for a similar hazard

on a different railway line in England.

8. Use of the model for diverse activating hazards was demonstrated by us-

ing the case of the Tohoku earthquake and tsunami event. I identified

commonalities in DM and FPW in both Japan and UK.

9. Eyewitness data analysis suggested the 2014 event was extreme in nature,

was forecasted well and demonstrated the cascading effects amplifying the

damage suffered. Disaster management response was effective.
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10. A triple band sea state was identified with abnormally long wave periods of

20-25 s. Storm surge heights and wave oscillations were up to 0.8 m and

1.5 m respectively.

11. Numerical simulations demonstrated significant wave interactions and in-

terference in front of the seawall. Consequently, wave amplitudes of up to

4.6 m higher than the height of the seawall were generated. This caused

extensive wave overtopping to occur.

12. The most likely sequence of cascading events which led to failure of the

seawall was identified as:

• Impulsive wave impact force causing damage to masonry

• Failure of upper sections of the seawall

• Loss of infill material leading to reduction of structural strength in the

landward direction

• Ballast washout as wave overtopping and inbound wave activity in-

creased

• Progressive structural failure following successive high tides

6.3 Limitations and Future Work

This thesis focuses on the development of a multi-hazard risk model for the

Dawlish railway in Devon, UK. As such the model is aimed at understanding

the wave-structure interaction of a coastal vertical masonry seawall carrying a

railway alignment. In the UK, there are many cases of vertical seawalls which are

subject to storm damage, with some of these carrying coastal railways, roads or
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pedestrian promenades. With minor changes to the potential DM and FPW the

model could be used for other types of coastal defence structure.

As part of this work I have successfully used the model in alternative railway

settings in the UK and have suggested its use for alternative types of initiating

hazard event (eg tsunami following earthquake in Japan).

The methodology undertaken to develop the model is a result of a rich

and long seam of historical information, both in terms of weather events and in

the subsequent engineering interventions undertaken since the inception of the

railway line by Brunel in 1845. As such it is unique in its high cost of maintenance.

This approach is a limitation for other assets, where they are not as old or where

differing local conventions were used in construction.

Work is currently underway to document a series of disaster events using

the risk model where I believe common types of damage have historically oc-

curred. As I have detailed earlier, future work on understanding and applying

the cascading risk model on other critical infrastructure types such as transport

infrastructure (e.g. roads, airports, motorways and dams) as well as alternative

initiating hazards (e.g. coastal flooding, earthquake, tsunami and hurricanes) is

recommended to be extended by other researchers. Other recommended future

work includes extending the application of the historical database to a probabilistic

hazard analysis taking into account future SLR in the UK and also to integrate

the present work with a full Bayesian Network analysis potentially integrating the

approach of multi-criteria decision analysis [69].

107



Bibliography

[1] L. Abbruzzese, F. Amatucci and G. Piro. ‘A Railway Protection-Coastal

Structures on Tyrrehenian Calabrian Coastline’. en. In: Coastal Zone’87.

ASCE, 1987, pp. 4090–4110.

[2] M. Ackhurst. Design of Vertical Gravity Sea and Quay Walls. en. West-

minster, London: ICE Publishing, 2020, p. 180.

[3] K. Adams and M. Heidarzadeh. ‘A multi-hazard risk model with cascading

failure pathways for the Dawlish (UK) railway using historical and contem-

porary data’. en. In: Int J Disaster Risk Reduc 56.102082 (2021). doi:

10.1016/j.ijdrr.2021.102082.

[4] N.N. Ambraseys and C.P. Melville. A history of Persian earthquakes. en.

Cambridge University Press, 2005.

[5] B.B.C. Dawlish train battered by waves. en. Accessed 12 May 2022. 2014.

url: https://www.bbc.co.uk/news/av/uk-26076630.

[6] B.B.C. ‘Repairs to storm-hit Cumbrian rail line to take a week’. en. In:

(2014). accessed 16 January 2021. url: https://www.bbc.co.uk/

news/uk-england-cumbria-25612478.

108

https://doi.org/10.1016/j.ijdrr.2021.102082
https://www.bbc.co.uk/news/av/uk-26076630
https://www.bbc.co.uk/news/uk-england-cumbria-25612478
https://www.bbc.co.uk/news/uk-england-cumbria-25612478


Bibliography

[7] B.B.C. Dawlish storm victim: ’Water coming through our windows’. en.

Accessed 12 May 2022. url: https://www.bbc.co.uk/news/av/uk-

26056696.

[8] B.B.C. Devon and Cornwall storm: ’Like living in a washing machine’. en.

Accessed 12 May 2022. url: https://www.bbc.co.uk/news/uk-

england-devon-26051900.

[9] Present Beck. ‘future Köppen-Geiger climate classification maps at 1-km

resolution, Sci’. In: Data https://doi. org/10.1038/sdata (2018).

[10] J. Birkmann. ‘Framing vulnerability, risk and societal responses: the MOVE

framework’. en. In: Natural hazards 67.2 (2013), pp. 193–211.

[11] Jiri Blazek. Computational fluid dynamics: principles and applications.

Butterworth-Heinemann, 2015.

[12] British Railway Board. The development of the major railway trunk routes.

en. Tech. rep. accessed on 15 April 2020. 1965. url: http://www.

railwaysarchive.co.uk/documents/BRB_Beech002.pdf.

[13] Bristol Mercury. ‘Railway Intelligence’. en. In: 7 (4 14th Nov. 1846). ac-

cessed 30 April 2020. url: https://www.britishnewspaperarchive.

co.uk/viewer/bl/0000034/18461114/020/0007.

[14] Brunel Institute. ‘A collaboration between the University of Bristol and

the SS Great Britain’. en. In: DM162/8/1/3/GWR Sketchbook21/folio

10. Accessed on 22 February 2022. 2022. url: https://archives.

bristol.ac.uk/Record.aspx?src=CalmView.Catalog&id=DM162%

2f8%2f1%2f3%2fGWR+Sketchbook+21%2ffolio+10.

[15] Mark Bushnell. ‘Manual for Real-Time Quality Control of In-Situ Surface

Wave Data: A Guide to Quality Control and Quality Assurance of In-Situ

Surface Wave Observations Version 2.1.’ In: (2019).

109

https://www.bbc.co.uk/news/av/uk-26056696
https://www.bbc.co.uk/news/av/uk-26056696
https://www.bbc.co.uk/news/uk-england-devon-26051900
https://www.bbc.co.uk/news/uk-england-devon-26051900
http://www.railwaysarchive.co.uk/documents/BRB_Beech002.pdf
http://www.railwaysarchive.co.uk/documents/BRB_Beech002.pdf
https://www.britishnewspaperarchive.co.uk/viewer/bl/0000034/18461114/020/0007
https://www.britishnewspaperarchive.co.uk/viewer/bl/0000034/18461114/020/0007
https://archives.bristol.ac.uk/Record.aspx?src=CalmView.Catalog&id=DM162%2f8%2f1%2f3%2fGWR+Sketchbook+21%2ffolio+10
https://archives.bristol.ac.uk/Record.aspx?src=CalmView.Catalog&id=DM162%2f8%2f1%2f3%2fGWR+Sketchbook+21%2ffolio+10
https://archives.bristol.ac.uk/Record.aspx?src=CalmView.Catalog&id=DM162%2f8%2f1%2f3%2fGWR+Sketchbook+21%2ffolio+10


Bibliography

[16] Susan H Cannon. ‘Rainfall conditions for abundant debris avalanches, San

Francisco Bay region, California’. In: Geology 38 (1985), pp. 267–272.

[17] Omar Dario Cardona et al. ‘Determinants of risk: exposure and vulnerab-

ility’. In: Managing the risks of extreme events and disasters to advance

climate change adaptation: special report of the intergovernmental panel

on climate change. Cambridge University Press, 2012, pp. 65–108.

[18] A. Carpignano et al. ‘A methodological approach for the definition of

multi-risk maps at regional level: first application’. en. In: J Risk Res 12

(2009), pp. 513–534.

[19] David Edgar Cartwright and Michael S Longuet-Higgins. ‘The statist-

ical distribution of the maxima of a random function’. In: Proceedings of

the royal society of london. series a. mathematical and physical sciences

237.1209 (1956), pp. 212–232.

[20] B. Castelle et al. ‘Increased winter mean wave height, variability, and

periodicity in the Northeast Atlantic over 1949–2017’. en. In: Geophysical

Research Letters 45.8 (2018), pp. 3586–3596.

[21] Richard Courant, Kurt Friedrichs and Hans Lewy. ‘Über die partiellen

Differenzengleichungen der mathematischen Physik’. In: Mathematische

annalen 100.1 (1928), pp. 32–74.

[22] D Crichton. ‘The Risk Triangle. Natural disaster management: a present-

ation to commemorate the International Decade for Natural Disaster Re-

duction (IDNDR) 1990–2000’. In: Ingleton J: Tudor Rose (1999).

[23] G. Cuomo et al. ‘Breaking wave loads at vertical seawalls and breakwaters’.

en. In: Coastal Eng 57.4 (2010), pp. 424–439.

110



Bibliography

[24] H.F. Dacre and J.G. Pinto. ‘Serial clustering of extratropical cyclones: a

review of where, when and why it occurs’. en. In: Clim Atmos Sci 3.48

(2020). doi: 10.1038/s41612-020-00152-9.

[25] Dawlish Museum. ‘Dawlish The Great Storm’. en. In: available on DVD

at: 2015. url: https://www.devonmuseums.net/The-Great-Storm-

DVD/Dawlish-Museum/View-Product/..

[26] D. Dawson, J. Shaw and W.R. Gehrels. ‘Sea-level rise impacts on transport

infrastructure: The notorious case of the coastal railway line at Dawlish’.

en. In: England. J Transport Geog 51 (2016), pp. 97–109.

[27] T. De Pippo et al. ‘Coastal hazard assessment and mapping in Northern

Campania, Italy’. en. In: Geomorphology 97.3-4 (2008), pp. 451–466.

[28] G. Delmonaco, C. Margottini and D. Spizzichino. Report on new method-

ology for multi-risk assessment and the harmonisation of different natural

risk maps. pt. Tech. rep. 2006.

[29] J.N. Dodd, F.J.W. Preece and G.T. Williams. Electrical system analysis,

Electrical Systems and Equipment. en. Third. Pergamon, 1992, pp. 84–

192.

[30] T. Egli, T. Hochwasserschutz and Raumplanung. Schutz vor Naturge-

fahren mit Instrumenten der Raumplanung-dargestellt am Beispiel von

Hochwasser und Murgangen. de. Vol. 100. vdf Hochschulverlag AG, ETH

Zurich, oRL-Bericht, 1996.

[31] Centre for Environment Fisheries and Aquaculture Science. Wavenet QA/QC

procedure. en. Tech. rep. Weymouth, 2022. url: https://www.cefas.

co.uk/data-and-publications/wavenet/qa-qc-procedure/.

111

https://doi.org/10.1038/s41612-020-00152-9
https://www.devonmuseums.net/The-Great-Storm-DVD/Dawlish-Museum/View-Product/.
https://www.devonmuseums.net/The-Great-Storm-DVD/Dawlish-Museum/View-Product/.
https://www.cefas.co.uk/data-and-publications/wavenet/qa-qc-procedure/
https://www.cefas.co.uk/data-and-publications/wavenet/qa-qc-procedure/


Bibliography

[32] Alexander Fekete. ‘Critical infrastructure and flood resilience: Cascad-

ing effects beyond water’. In: Wiley Interdisciplinary Reviews: Water 6.5

(2019), e1370.

[33] F. Feser et al. ‘Storminess over the North Atlantic and northwestern

Europe—A review’. en. In: Quarter J R Meteorol Soc 141 (2015), pp. 350–

382. doi: 10.1002/qj.2364.

[34] Flow Science. FLOW3D-Hydro version 1.0.1.3. en. Accessed February 12,

2022. 2022. url: https://www.flow3d.com/products/flow-3d-

hydro/..

[35] Hermann M Fritz et al. ‘Hurricane Katrina storm surge reconnaissance’. In:

Journal of Geotechnical and Geoenvironmental Engineering 134.5 (2008),

pp. 644–656.

[36] P. Gardoni and J.M. LaFave. ‘Multi-hazard Approaches to Civil Infra-

structure Engineering: Mitigating Risks and Promoting Resilience’. en. In:

Multi-hazard Approaches to Civil Infrastructure Engineering. Ed. by Gar-

doni P. and LaFave J. Springer, Cham, 2016. doi: 10.1007/978-3-319-

29713-2_1.

[37] Herman Gerritsen. ‘What happened in 1953? The Big Flood in the Neth-

erlands in retrospect’. In: Philosophical Transactions of the Royal Society

A: Mathematical, Physical and Engineering Sciences 363.1831 (2005),

pp. 1271–1291.

[38] J.C. Gill and B.D. Malamud. ‘Reviewing and visualizing the interactions of

natural hazards’. en. In: Reviews of Geophysics 52 (2014), pp. 680–722.

doi: 10.1002/2013RG000445.

112

https://doi.org/10.1002/qj.2364
https://www.flow3d.com/products/flow-3d-hydro/.
https://www.flow3d.com/products/flow-3d-hydro/.
https://doi.org/10.1007/978-3-319-29713-2_1
https://doi.org/10.1007/978-3-319-29713-2_1
https://doi.org/10.1002/2013RG000445


Bibliography

[39] J.C. Gill and B.D. Malamud. ‘Hazard interactions and interaction networks

(cascades) within multi-hazard methodologies’. en. In: Earth System Dy-

namics 7 (2016), pp. 659–679. doi: 10.5194/esd-7-659-2016.

[40] Y. Goda. Random seas and design of maritime structures. en. Vol. 33.

World Scientific Publishing Company, 2000, p. 462.

[41] DG Goring. ‘Extracting long waves from tide-gauge records’. In: Journal

of waterway, port, coastal, and ocean engineering 134.5 (2008), pp. 306–

312.

[42] A. Grinsted. Tidal fitting toolbox. en. Accessed 6 February 2022. 2008.

url: https://uk.mathworks.com/matlabcentral/fileexchange/.

[43] Ivan D Haigh et al. ‘An improved database of coastal flooding in the United

Kingdom from 1915 to 2016’. In: Scientific data 4.1 (2017), pp. 1–10.

[44] N.S. Heaps. ‘Storm surges, 1967–1982’. en. In: Geophysical Journal Inter-

national 74.1 (1983), pp. 331–376. doi: 10.1111/j.1365-246X.1983.

tb01883.x.

[45] M. Heidarzadeh and S. Feizi. ‘A cascading risk model for the failure of the

concrete spillway of the Toddbrook dam, England during the August 2019

flooding’. In: International Journal of Disaster Risk Reduction 80 (2022),

p. 103214.

[46] M. Heidarzadeh and K. Satake. ‘Excitation of basin-wide modes of the

Pacific Ocean following the March 2011 Tohoku tsunami’. In: Pure and

Applied Geophysics 171.12 (2014), pp. 3405–3419.

[47] M. Heidarzadeh et al. ‘Historical tsunami in the Makran Subduction Zone

off the southern coasts of Iran and Pakistan and results of numerical

modelling’. en. In: Ocean Engineering 35.8-9 (2008), pp. 774–786.

113

https://doi.org/10.5194/esd-7-659-2016
https://uk.mathworks.com/matlabcentral/fileexchange/
https://doi.org/10.1111/j.1365-246X.1983.tb01883.x
https://doi.org/10.1111/j.1365-246X.1983.tb01883.x


Bibliography

[48] M. Heidarzadeh et al. ‘Storm wave runups and sea level variations for the

September 2017 Hurricane Maria along the coast of Dominica, eastern

Caribbean Sea: evidence from field surveys and sea-level data analysis’.

en. In: Coastal Engineering Journal 60.3 (2018), pp. 371–384.

[49] M. Heidarzadeh et al. ‘Field surveys and numerical modeling of the Au-

gust 2016 typhoon Lionrock along the northeastern coast of Japan: The

first typhoon making landfall in Tohoku region’. en. In: Natural Hazards

(2020), pp. 1–19. doi: 10.1007/s11069-020-04112-7.

[50] K. Hewitt and I. Burton. Hazardousness of a place: a regional ecology of

damaging events. en. Toronto: Toronto Press, 1971.

[51] Stephanie Higgs. Extraordinary Weather, Ordinary Losses: The 2013-2014

Extratropical Cyclone Season in the UK. en. accessed 5 October 2022.

2014. url: https://www.air-worldwide.com/publications/air-

currents/2014/extraordinary-weather-ordinary-losses-the-

2013-2014-extratropical-cyclone-season-in-the-uk/.

[52] C.W. Hirt and B.D. Nichols. ‘Volume of fluid (VOF) method for the dy-

namics of free boundaries’. en. In: J Comput Phys 39.1 (1981), pp. 201–

225. doi: 10.1016/0021-9991(81)90145-5.

[53] P. Hogarth et al. ‘Changes in mean sea level around Great Britain over

the past 200 years’. In: Progress in Oceanography 192 (2021), p. 102521.

issn: 0079-6611. doi: https://doi.org/10.1016/j.pocean.2021.

102521. url: https://www.sciencedirect.com/science/article/

pii/S0079661121000112.

[54] Leo H Holthuijsen. Waves in oceanic and coastal waters. Cambridge uni-

versity press, 2010.

114

https://doi.org/10.1007/s11069-020-04112-7
https://www.air-worldwide.com/publications/air-currents/2014/extraordinary-weather-ordinary-losses-the-2013-2014-extratropical-cyclone-season-in-the-uk/
https://www.air-worldwide.com/publications/air-currents/2014/extraordinary-weather-ordinary-losses-the-2013-2014-extratropical-cyclone-season-in-the-uk/
https://www.air-worldwide.com/publications/air-currents/2014/extraordinary-weather-ordinary-losses-the-2013-2014-extratropical-cyclone-season-in-the-uk/
https://doi.org/10.1016/0021-9991(81)90145-5
https://doi.org/https://doi.org/10.1016/j.pocean.2021.102521
https://doi.org/https://doi.org/10.1016/j.pocean.2021.102521
https://www.sciencedirect.com/science/article/pii/S0079661121000112
https://www.sciencedirect.com/science/article/pii/S0079661121000112


Bibliography

[55] Xingying Huang and Daniel L Swain. ‘Climate change is increasing the risk

of a California megaflood’. In: Science advances 8.31 (2022), eabq0995.

[56] T.J. Huggins et al. ‘Infrastructural Aspects of Rain-Related Cascading

Disasters: A Systematic Literature Review’. en. In: International Journal

of Environmental Research and Public Health 17 (2020). doi: 10.3390/

ijerph17145175.

[57] Intergovernmental Panel on Climate Change. Managing the risks of ex-

treme events and disasters to advance climate change adaptation: special

report of the intergovernmental panel on climate change. en. Tech. rep.

28th May 2012.

[58] WE Johnson. ‘Development and application of computer programs related

to hypervelocity impact’. In: Systems, Science and Software report 3SR-

353 (1970).

[59] M. Kappes, M. Keiler and T. Glade. ‘From single- to multi-hazard risk ana-

lyses: a concept addressing emerging challenges’. en. In: Mountain risks:

bringing science to society. Proceedings of the international conference.

Ed. by J.P. Malet, T. Glade and N. Casagli. Florence, 2010, pp. 351–356.

[60] M.S. Kappes et al. ‘Challenges of analyzing multi-hazard risk: a review’.

en. In: Natural Hazards 64 (2012), pp. 1925–1958. doi: 10 . 1007 /

s11069-012-0294-2.

[61] P. Kay. Exeter - Newton Abbot: A Railway History. en. Sheffield: Platform

5, 1993.

[62] M. Kazama and T. Noda. ‘Damage statistics (Summary of the 2011 off

the Pacific Coast of Tohoku Earthquake damage’. en. In: Soils and Found-

ations 52.5 (2012), pp. 780–792. doi: 10.1016/j.sandf.2012.11.003.

115

https://doi.org/10.3390/ijerph17145175
https://doi.org/10.3390/ijerph17145175
https://doi.org/10.1007/s11069-012-0294-2
https://doi.org/10.1007/s11069-012-0294-2
https://doi.org/10.1016/j.sandf.2012.11.003


Bibliography

[63] E.E. Koks, J. Rozenberg and C. Zorn. ‘A global multi-hazard risk analysis

of road and railway infrastructure assets’. en. In: Nat Commun 10 (2019),

p. 2677. doi: 10.1038/s41467-019-10442-3.

[64] J. Koseki. ‘Damage to railway earth structures and foundations caused by

the 2011 off the Pacific Coast of Tohoku Earthquake’. en. In: Soils and

Foundations 52.5 (2012), pp. 872–889.

[65] J. Koseki and S. Shibuya. ‘Mitigation of disasters by earthquakes, tsuna-

mis, and rains by means of geosynthetic-reinforced soil retaining walls and

embankments’. en. In: Transportation Infrastructure Geotechnology 1.3-4

(2014), pp. 231–261.

[66] T. Lai. ‘Modelling railway damage due to shake, liquefaction, and tsunami

for the 2011 Tohoku earthquake’. en. In: International Efforts in Lifeline

Earthquake Engineering (2014), pp. 267–274.

[67] S. Lee et al. ‘Bayesian Network-based Seismic Damage Estimation for

Power and Potable Water Supply Systems’. en. In: Reliability Engineering

& System Safety (2020), p. 106796.

[68] W.S. Lee et al. ‘Fault Tree Analysis, Methods, and Applications - A Re-

view’. en. In: IEEE Trans. Reliability R-34(3) (1985), pp. 194–203.

[69] I. Linkov et al. ‘From comparative risk assessment to multi-criteria de-

cision analysis and adaptive management: Recent developments and ap-

plications’. In: Environment International 32.8 (2006). Environmental Risk

Management - the State of the Art, pp. 1072–1093. issn: 0160-4120. doi:

https://doi.org/10.1016/j.envint.2006.06.013. url: https://

www.sciencedirect.com/science/article/pii/S0160412006000833.

116

https://doi.org/10.1038/s41467-019-10442-3
https://doi.org/https://doi.org/10.1016/j.envint.2006.06.013
https://www.sciencedirect.com/science/article/pii/S0160412006000833
https://www.sciencedirect.com/science/article/pii/S0160412006000833


Bibliography

[70] C. Loureiro and A. Cooper. ‘Temporal variability in winter wave conditions

and storminess in the northwest of Ireland’. en. In: Irish Geography 51.2

(2019), pp. 155–170.

[71] W. Marzocchi, M. Mastellone and A. Ruocco. Principles of multi-risk as-

sessment: interactions amongst natural and man-induced risks. en. Tech.

rep., European Commission, 2009.

[72] H. Mase et al. ‘Analysis of climate change effects on seawall reliability’.

en. In: Coastal Engineering Journal 57.03 (2015).

[73] Stanislaw Ryszard Massel. Ocean surface waves: their physics and predic-

tion. Vol. 11. World scientific, 1996.

[74] G. Masselink et al. ‘Extreme wave activity during 2013/2014 winter and

morphological impacts along the Atlantic coast of Europe’. en. In: Geophys

Res Lett 43.5 (2016), pp. 2135–2143. doi: 10.1002/2015GL067492.

[75] G. Masselink et al. ‘The extreme 2013/14 winter storms: hydrodynamic

forcing and coastal response along the southwest coast of England’. en.

In: Earth Surf. Process. Landforms 41.2016b (), pp. 378–391.

[76] Mathworks. MATLAB. en. 2018.

[77] Patrick W McDonald. The computation of transonic flow through two-

dimensional gas turbine cascades. Vol. 79825. American Society of Mech-

anical Engineers, 1971.

[78] Met Office. Strong winds and flooding from storm Angus. en. Accessed 4

March 2022. 2016. url: https://www.metoffice.gov.uk/binaries/

content/assets/metofficegovuk/pdf/weather/learn-about/uk-

past-events/interesting/2016/strong-winds-and-flooding-

from-storm-angus-november-2016---met-office.pdf,.

117

https://doi.org/10.1002/2015GL067492
https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/weather/learn-about/uk-past-events/interesting/2016/strong-winds-and-flooding-from-storm-angus-november-2016---met-office.pdf,
https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/weather/learn-about/uk-past-events/interesting/2016/strong-winds-and-flooding-from-storm-angus-november-2016---met-office.pdf,
https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/weather/learn-about/uk-past-events/interesting/2016/strong-winds-and-flooding-from-storm-angus-november-2016---met-office.pdf,
https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/weather/learn-about/uk-past-events/interesting/2016/strong-winds-and-flooding-from-storm-angus-november-2016---met-office.pdf,


Bibliography

[79] Met Office. UKCP18 Factsheet: Sea level rise and storm surge. en. Tech.

rep. 2018. url: https://www.metoffice.gov.uk/binaries/content/

assets/metofficegovuk/pdf/research/ukcp/ukcp18-fact-sheet-

sea-level-rise-and-storm-surge.pdf.

[80] B.R. Mitchell. ‘The Coming of the Railway and United Kingdom Economic

Growth’. en. In: The Journal of Economic History 3 (1964), pp. 315–336.

[81] T. Mölter et al. ‘Review on the Projections of Future Storminess over the

North Atlantic European Region’. en. In: Atmosphere 7.4 (2016). doi:

10.3390/atmos7040060.

[82] B.E.O. Monte et al. ‘Terminology of natural hazards and disasters: A

review and the case of Brazil’. en. In: International Journal of Disaster

Risk Reduction 52 (2021). doi: 10.1016/j.ijdrr.2020.101970.

[83] Joanne Murdy, Julian Orford and James Bell. ‘Maintaining legacy data:

Saving Belfast Harbour (UK) tide-gauge data (1901–2010)’. In: GeoResJ

6 (2015). Rescuing Legacy Data for Future Science, pp. 65–73. issn:

2214-2428. doi: https://doi.org/10.1016/j.grj.2015.02.002.

url: https://www.sciencedirect.com/science/article/pii/

S2214242815000108.

[84] Network Rail. Damage to the railway at Dawlish in Devon. en. accessed

7 July 2020. 2014. url: https://www.networkrailmediacentre.co.

uk/resources/mg-0207-2.

[85] Network Rail. ‘Network Rail’s orange army battle on second front near

Dawlish’. en. In: Media Centre (2014). accessed 21 April 2020. url:

https://www.networkrailmediacentre.co.uk/resources/teignmouth-

slip-2.

118

https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/research/ukcp/ukcp18-fact-sheet-sea-level-rise-and-storm-surge.pdf
https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/research/ukcp/ukcp18-fact-sheet-sea-level-rise-and-storm-surge.pdf
https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/research/ukcp/ukcp18-fact-sheet-sea-level-rise-and-storm-surge.pdf
https://doi.org/10.3390/atmos7040060
https://doi.org/10.1016/j.ijdrr.2020.101970
https://doi.org/https://doi.org/10.1016/j.grj.2015.02.002
https://www.sciencedirect.com/science/article/pii/S2214242815000108
https://www.sciencedirect.com/science/article/pii/S2214242815000108
https://www.networkrailmediacentre.co.uk/resources/mg-0207-2
https://www.networkrailmediacentre.co.uk/resources/mg-0207-2
https://www.networkrailmediacentre.co.uk/resources/teignmouth-slip-2
https://www.networkrailmediacentre.co.uk/resources/teignmouth-slip-2


Bibliography

[86] Network Rail. Track washed away at Flimby. en. accessed 16 January

2021. 2014. url: https://www.networkrailmediacentre.co.uk/

resources/track-washed-away-at-flimby-2.

[87] Network Rail. West of Exeter Route Resilience Study. en. Accessed 4 May

2022. 2014. url: https://cdn.networkrail.co.uk/wp-content/

uploads/2019/05/West-of-Exeter-Route-Resilience-Study-

1.pdf..

[88] Network Rail. Climate Change Adaptation Report 2015. en. Tech. rep. ac-

cessed 09 January 2020. London, 2015. url: https://cdn.networkrail.

co.uk/wp-content/uploads/2019/05/Climate-Change-Adaptation-

Report-2015-FINAL.pdf.

[89] Network Rail. Dawlish 2 March 2018-3. en. accessed 7 July 2020. 2018.

url: https://www.networkrailmediacentre.co.uk/resources/

dawlish-2-march-2018-3,.

[90] Network Rail. Dawlish 2 March 2018-4. en. accessed 7 July 2020. 2018.

url: https://www.networkrailmediacentre.co.uk/resources/

dawlish-2-march-2018-4-2,.

[91] Network Rail. Cumbrian Coast Study Railway investment choices. en.

Tech. rep. accessed 12 December 2019. London, 2019. url: https :

/ / cdn . networkrail . co . uk / wp - content / uploads / 2019 / 11 /

Cumbrian-Coast-Study-2019.pdf.

[92] Network Rail. Media Centre: Pictures and Videos. en. Accessed 6 July

2022. 2022. url: https://www.networkrailmediacentre.co.uk/

resources?SearchString=dawlish.

119

https://www.networkrailmediacentre.co.uk/resources/track-washed-away-at-flimby-2
https://www.networkrailmediacentre.co.uk/resources/track-washed-away-at-flimby-2
https://cdn.networkrail.co.uk/wp-content/uploads/2019/05/West-of-Exeter-Route-Resilience-Study-1.pdf.
https://cdn.networkrail.co.uk/wp-content/uploads/2019/05/West-of-Exeter-Route-Resilience-Study-1.pdf.
https://cdn.networkrail.co.uk/wp-content/uploads/2019/05/West-of-Exeter-Route-Resilience-Study-1.pdf.
https://cdn.networkrail.co.uk/wp-content/uploads/2019/05/Climate-Change-Adaptation-Report-2015-FINAL.pdf
https://cdn.networkrail.co.uk/wp-content/uploads/2019/05/Climate-Change-Adaptation-Report-2015-FINAL.pdf
https://cdn.networkrail.co.uk/wp-content/uploads/2019/05/Climate-Change-Adaptation-Report-2015-FINAL.pdf
https://www.networkrailmediacentre.co.uk/resources/dawlish-2-march-2018-3,
https://www.networkrailmediacentre.co.uk/resources/dawlish-2-march-2018-3,
https://www.networkrailmediacentre.co.uk/resources/dawlish-2-march-2018-4-2,
https://www.networkrailmediacentre.co.uk/resources/dawlish-2-march-2018-4-2,
https://cdn.networkrail.co.uk/wp-content/uploads/2019/11/Cumbrian-Coast-Study-2019.pdf
https://cdn.networkrail.co.uk/wp-content/uploads/2019/11/Cumbrian-Coast-Study-2019.pdf
https://cdn.networkrail.co.uk/wp-content/uploads/2019/11/Cumbrian-Coast-Study-2019.pdf
https://www.networkrailmediacentre.co.uk/resources?SearchString=dawlish
https://www.networkrailmediacentre.co.uk/resources?SearchString=dawlish


Bibliography

[93] BD Nichols and CW Hirt. ‘Methods for calculating multidimensional, tran-

sient free surface flows past bodies’. In: Proceedings of the First Interna-

tional Conference on Numerical Ship Hydrodynamics. Vol. 20. Naval Ship

Research and Development Center Bethesda, MD, USA. 1975.

[94] Peter Nielsen. Coastal and estuarine processes. Vol. 29. World Scientific

Publishing Company, 2009.

[95] Greg O’Hare. ‘Updating our understanding of climate change in the North

Atlantic: the role of global warming and the Gulf Stream’. In: Geography

96.1 (2011), pp. 5–15. doi: 10.1080/00167487.2011.12094303. eprint:

https://doi.org/10.1080/00167487.2011.12094303. url: https:

//doi.org/10.1080/00167487.2011.12094303.

[96] Channel Coastal Observatory. Specifications for Hydrodynamic Services.

National Network of Regional Coastal Monitoring Programmes of England.

en. Tech. rep. Southampton, 2021.

[97] Office of Road and Rail. Rail Infrastructure and Assets 2018-19 Annual

Statistical Release. en. Tech. rep. accessed 12 December 2019. London.

url: https : / / dataportal . orr . gov . uk / media / 1533 / rail -

infrastructure-assets-2018-19.pdf.

[98] G.J. Oldenborgh et al. ‘Climate change increases the probability of heavy

rains like those of storm Desmond in the UK-an event attribution study

in near-real time’. en. In: Hydrology & Earth System Sciences Discussions

12.12 (2015).

[99] Tarannom Parhizkar, Ingrid B Utne and Jan-Erik Vinnem. ‘Human, Hard-

ware, and Software Interactions in Risk Assessment’. In: Online Probabil-

istic Risk Assessment of Complex Marine Systems. Springer, 2022, pp. 55–

74.

120

https://doi.org/10.1080/00167487.2011.12094303
https://doi.org/10.1080/00167487.2011.12094303
https://doi.org/10.1080/00167487.2011.12094303
https://doi.org/10.1080/00167487.2011.12094303
https://dataportal.orr.gov.uk/media/1533/rail-infrastructure-assets-2018-19.pdf
https://dataportal.orr.gov.uk/media/1533/rail-infrastructure-assets-2018-19.pdf


Bibliography

[100] Peninsula Rail Taskforce. Closing the gap: The South West Peninsula

strategic rail blueprint. en. Tech. rep. Accessed 4 May 2022. 2016. url:

https://peninsularailtaskforce.files.wordpress.com/2016/

11/prtf-closing-the-gap.pdf.

[101] G. Pescaroli. ‘Perceptions of cascading risk and interconnected failures

in emergency planning: Implications for operational resilience and policy

making’. en. In: International journal of disaster risk reduction 30 (2018),

pp. 269–280. doi: 10.1016/j.ijdrr.2018.01.019.

[102] G. Pescaroli and D. Alexander. ‘A definition of cascading disasters and

cascading effects: Going beyond the "toppling dominos" metaphor’. en.

In: Planet@Risk 2.3 (2015), pp. 58–67. url: http://citeseerx.ist.

psu.edu/viewdoc/download?doi=10.1.1.874.4335&rep=rep1&

type=pdf.

[103] G. Pescaroli et al. ‘Understanding and mitigating cascading crises in the

global interconnected system’. en. In: International Journal of Disaster

Risk Reduction 30, Part B (2018), pp. 159–163. doi: 10.1016/j.ijdrr.

2018.07.004.

[104] United Nations Development Programme. Capacities and Vulnerabilities

Assessment Framework (CVA). en. Accessed 16 July 2023. url: https:

//www.adaptation-undp.org/sites/default/files/resources/

6 _ capacities _ and _ vulnerabilities _ assessment _ framework _

cva_framework.pdf.

[105] R.M.S. White Paper 2013-2014 Winter Storms in Europe: An insurance

and catastrophe modelling perspective. en. Accessed 12 May 2022. 2014.

url: https://forms2.rms.com/rs/729-DJX-565/images/ws_2013_

2014_europe_winter_storms.pdf.

121

https://peninsularailtaskforce.files.wordpress.com/2016/11/prtf-closing-the-gap.pdf
https://peninsularailtaskforce.files.wordpress.com/2016/11/prtf-closing-the-gap.pdf
https://doi.org/10.1016/j.ijdrr.2018.01.019
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.874.4335&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.874.4335&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.874.4335&rep=rep1&type=pdf
https://doi.org/10.1016/j.ijdrr.2018.07.004
https://doi.org/10.1016/j.ijdrr.2018.07.004
https://www.adaptation-undp.org/sites/default/files/resources/6_capacities_and_vulnerabilities_assessment_framework_cva_framework.pdf
https://www.adaptation-undp.org/sites/default/files/resources/6_capacities_and_vulnerabilities_assessment_framework_cva_framework.pdf
https://www.adaptation-undp.org/sites/default/files/resources/6_capacities_and_vulnerabilities_assessment_framework_cva_framework.pdf
https://www.adaptation-undp.org/sites/default/files/resources/6_capacities_and_vulnerabilities_assessment_framework_cva_framework.pdf
https://forms2.rms.com/rs/729-DJX-565/images/ws_2013_2014_europe_winter_storms.pdf
https://forms2.rms.com/rs/729-DJX-565/images/ws_2013_2014_europe_winter_storms.pdf


Bibliography

[106] W.M.Cornelius R.S.S. Cornelius’s Guide. Dawlish: Historical and Topo-

graphical, Etc. en. The Preface Is Signed R. S. S.], 1869.

[107] A.B. Rabinovich. ‘Seiches and harbor oscillations’. en. In: Handbook of

coastal and ocean engineering. 2010, pp. 193–236.

[108] Alexander B Rabinovich. ‘Spectral analysis of tsunami waves: Separation

of source and topography effects’. In: Journal of Geophysical Research:

Oceans 102.C6 (1997), pp. 12663–12676.

[109] Network Rail. ‘Dawlish - damage after the 14th February storms’. en.

In: Media Centre (2014). accessed 1 May 2020. url: https://www.

networkrailmediacentre.co.uk/resources/dsc-0011-5,.

[110] Network Rail. Climate Change Adaptation. en. Tech. rep. accessed 09

January 2020. 2019. url: https://www.networkrail.co.uk/communities/

environment/climate-change-and-weather-resilience/climate-

change-adaptation/.

[111] Bruce Cameron Reed. The history and science of the Manhattan Project.

Springer, 2014.

[112] J. Rogers and B. O’Breasail. Frontage Management Strategy, Dawlish to

Teignmouth Seawall. en. Tech. rep. Surrey, 2006.

[113] Rail Safety Standards Board RSSB. Tomorrow’s Railway and Climate

Change Adaptation (T1009. en. Tech. rep. accessed 09 January 2020.

London, 2015. url: https://catalogues.rssb.co.uk/research-

development - and - innovation / research - project - catalogue /

t1009.

[114] G. Sainflou. ‘Essai sur les digues maritimes verticales. Annales de ponts

et chaussées’. fr. In: vol. 98.tome II. 1928, pp. 5–48.

122

https://www.networkrailmediacentre.co.uk/resources/dsc-0011-5,
https://www.networkrailmediacentre.co.uk/resources/dsc-0011-5,
https://www.networkrail.co.uk/communities/environment/climate-change-and-weather-resilience/climate-change-adaptation/
https://www.networkrail.co.uk/communities/environment/climate-change-and-weather-resilience/climate-change-adaptation/
https://www.networkrail.co.uk/communities/environment/climate-change-and-weather-resilience/climate-change-adaptation/
https://catalogues.rssb.co.uk/research-development-and-innovation/research-project-catalogue/t1009
https://catalogues.rssb.co.uk/research-development-and-innovation/research-project-catalogue/t1009
https://catalogues.rssb.co.uk/research-development-and-innovation/research-project-catalogue/t1009


Bibliography

[115] L.M. Shakou et al. ‘Developing an innovative framework for enhancing

the resilience of critical infrastructure to climate change’. en. In: Safety

Sci 118 (2019), pp. 364–378. doi: 10.1016/j.ssci.2019.05.019.

[116] T. Shimozono and S. Sato. ‘Coastal vulnerability analysis during tsunami-

induced levee overflow and breaching by a high-resolution flood model’.

en. In: Coastal Engineering 107 (2016), pp. 116–126.

[117] Michael Smith. The secrets of Station X: How the Bletchley Park codebreak-

ers helped win the war. Biteback Publishing, 2011.

[118] S.L. Soloviev. ‘Tsunamigenic zones in the Mediterranean Sea’. es. In: Nat-

ural Hazards 3.2 (1990), pp. 183–202. doi: 10.1007/BF00140432.

[119] D.H. Stamatis. Failure mode and effect analysis: FMEA from theory to

execution. en. Quality Press, 2003.

[120] A. Suppasri et al. ‘Damage Characteristic and Field Survey of the 2011

Great East Japan Tsunami in Miyagi Prefecture’. en. In: Coastal Engineer-

ing Journal 54.1 (), 1250005–1–1250005 30. doi: 10.1142/S0578563412500052.

[121] Anawat Suppasri et al. ‘Cascading disasters triggered by tsunami haz-

ards: A perspective for critical infrastructure resilience and disaster risk

reduction’. In: International Journal of Disaster Risk Reduction 66 (2021),

p. 102597.

[122] Harald Ulrik Sverdrup and Walter Heinrich Munk. ‘Empirical and theoret-

ical relations between wind, sea, and swell’. In: Eos, Transactions American

Geophysical Union 27.6 (1946), pp. 823–827.

[123] Harald Ulrik Sverdrup and Walter Heinrich Munk. Wind, sea and swell:

Theory of relations for forecasting. 601. Hydrographic Office, 1947.

123

https://doi.org/10.1016/j.ssci.2019.05.019
https://doi.org/10.1007/BF00140432
https://doi.org/10.1142/S0578563412500052


Bibliography

[124] T. Tarvainen, J. Jarva and S. Greiving. ‘Spatial pattern of hazards and

hazard interactions in Europe’. en. In: Natural and Technological Haz-

ards and Risks Affecting the Spatial Development of European Regions.

Vol. 42. Geological Survey of Finland, 2006, pp. 83–9.

[125] The National Archives. Currency converter: 1270-2017. en. accessed 18

December 2019. 2019. url: http://www.nationalarchives.gov.uk/

currency-converter,.

[126] The National Archives. ‘Admiralty Map of South Devon’. en. In: vol. MPEE

1/138, 1880-1891.

[127] Aloıs Tilloy et al. ‘A review of quantification methodologies for multi-

hazard interrelationships’. In: Earth-Science Reviews 196 (2019), p. 102881.

[128] M Jon Turner et al. ‘Stiffness and deflection analysis of complex struc-

tures’. In: journal of the Aeronautical Sciences 23.9 (1956), pp. 805–823.

[129] UKCP18. UK Climate Projections. en. Tech. rep. Nov. 2018. url: https:

/ / www . metoffice . gov . uk / pub / data / weather / uk / ukcp18 /

science-reports/UKCP18-Overview-report.pdf.

[130] J.W. Van Der Meer et al. EurOtop, Manual on wave overtopping of sea

defences and related structures. en. An overtopping manual largely based

on European research, but for worldwide application. 2018. url: www.

overtopping-manual.com.

[131] M. Van Eeten et al. ‘The state and the threat of cascading failure across

critical infrastructures: the implications of empirical evidence from media

incident reports’. en. In: Public Adm 89.2 (2011), pp. 381–400.

[132] D.J. Varnes. Landslide hazard zonation: a review of principles and practice.

3. 1984.

124

http://www.nationalarchives.gov.uk/currency-converter,
http://www.nationalarchives.gov.uk/currency-converter,
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Overview-report.pdf
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Overview-report.pdf
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Overview-report.pdf
www.overtopping-manual.com
www.overtopping-manual.com


Bibliography

[133] Yuchen Wang et al. ‘Source properties and resonance characteristics of

the tsunami generated by the 2021 M 8.2 Alaska earthquake’. In: Journal

of Geophysical Research: Oceans 127.3 (2022), e2021JC018308.

[134] Lynn E. Weaver. ‘A review of accident risks in light-water-cooled nuclear

power plants’. In: Nuclear Power Safety. Ed. by James H. Rust and Lynn E.

Weaver. Oxford: Pergamon, 1976, pp. 303–349. isbn: 978-0-08-021744-4.

doi: https://doi.org/10.1016/B978-0-08-021744-4.50015-4.

[135] Gerald F Wieczorek. ‘Landslides: investigation and mitigation. Chapter

4-Landslide triggering mechanisms’. In: Transportation Research Board

Special Report 247 (1996).

[136] Joanne Williams. Over 3,800 volunteers help the NOC to record tide

gauge data in Liverpool. Feb. 2022. url: https://noc.ac.uk/news/

over- 3800- volunteers- help- noc- record- tide- gauge- data-

liverpool.

[137] Philip Woodworth et al. Proposals for the development of the UK national

tide gauge network. Proudman Oceanographic Laboratory, 2004.

[138] T. Wynn-Clarke. ‘Holcombe beach seawall – morning of 8th March 2018’.

en. personal communication.

[139] J. Zscheischler, O. Martius and S. Westra. ‘A typology of compound

weather and climate events’. en. In: Nat Rev Earth Environ 1 (2020),

pp. 333–347. doi: 10.1038/s43017-020-0060-z.

125

https://doi.org/https://doi.org/10.1016/B978-0-08-021744-4.50015-4
https://noc.ac.uk/news/over-3800-volunteers-help-noc-record-tide-gauge-data-liverpool
https://noc.ac.uk/news/over-3800-volunteers-help-noc-record-tide-gauge-data-liverpool
https://noc.ac.uk/news/over-3800-volunteers-help-noc-record-tide-gauge-data-liverpool
https://doi.org/10.1038/s43017-020-0060-z


Appendix A
Contemporary Reports of Damage

The British Newspaper Archive at the BL provides a comprehensive record of

regional and national press from the 1700s onward and currently consists of over

55 million pages of press. In addition, the Newsroom at the British library also

gives access to national publications such as The Times, The Telegraph and The

Guardian. As part of this research I collected and analysed newspaper articles

mentioning Dawlish, the sea wall, storms, disruption and railway. The results of

this research and some comments on the articles are included in this appendix.

The articles are presented chronologically and note is made here that not

all events have been included in my records of seawall damage in Table 3.1, for

the same reasons as mentioned earlier. My focus was on damage that resulted

in a (cross-referenced) incident that caused either a complete closure of the line

or single line working for at least 12 consecutive hours. As noted, my table of

incidents are therefore conservative when viewed from the perspective of storm

damage to the railway. The articles following do, however, provide considerable

evidence to support my conclusions on the likely damage mechanisms (DM) given

independent opinion on reports of wave heights, sea state and damage to the

infrastructure.
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A. Contemporary Reports of Damage

Exeter Flying Post

Wednesday 1st October 1845

Weather was playing an important part in the discourse over railway development
in South Devon even before the coastal railway was opened. There seems consid-
erable concern and opinion that an internal routeing of railway would ultimately
be more resilient to storm and flooding damage. Mr Brunel is portrayed in this
article as being overly confident of his engineering prowess and his almost blind
belief in being able to tame the weather and the sea. This demonstrates his
(probably necessary) belief in engineering capabilities as a pioneering engineer.

Mention is also made of the public’s need for personal safety and how this might
influence their usage of the South Devon Line in the future, despite Mr Brunel’s
contention that all trains will be safe. Reference is also made of missed construc-
tion deadlines and promises not kept in terms of the railway development.

Figure A.1: Newspaper Excerpt from 1845
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A. Contemporary Reports of Damage

Bristol Mercury

Railway Intelligence - from Exeter Gazette

Saturday 14th November 1846

Seven combined seawall and coping breaches, consisting of approximately 83m,
105m, 27m, 63m, 71m, 71m and 27m lengths. One breach of coping stones only
- 33m long. Total rebuilding is required as confirmed by Mr. Brunel. 150 men
working on the wall with an additional 32 stone masons.

Local orator warns the Directors that although the tide was high, the wind was
not. He predicted on-going problems for the wall due to weather related incidents.

"In winter the waves break far above the line ..."

Confirmation of overtopping known as a potential problem from the beginning.

"The rocks are so shaken and cracked by blasting that for many years portions
are likely to come off in frost and wet."

Landslides are predicted as a result of local geology, engineering intervention and
weathering processes.

Figure A.2: Newspaper Excerpt from 1846
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A. Contemporary Reports of Damage

Exeter Flying Post

Saturday 1st January 1853

Reporting of the likely 1st event mentioned in Brunel’s report to the SDR annual
general meeting (ref A.4). By all accounts from multiple sources this storm event
was powerful and geographically significant.

As well as the South West of England damage, casualties and structural damage
in London was also reported at the same time.

Figure A.3: Newspaper Excerpt from 1853
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A. Contemporary Reports of Damage

Figure A.4: Brunel Engineers’ Report
1853

The Western Courier

SDR Annual General Meeting

Engineer’s Report

Wednesday 23rd February 1853

Brunel suggests that the railway structures
are coping well with the weather, but the
cliffs are suffering from high amounts of
rainfall leading to landslides.

At the end of 1852, Breeches Rock failed
in landslide leading to 6 days of disruption
to the service, and damage to the seawall.
Permanent repairs are nearly completed (2
months later). Smaller slips followed but
of little consequence.

Recently, a larger slip has occurred on land
not owned by the railway, however material
was carried onto the rails and needed to be
removed. This disrupted service for 6 days
similar to the first event at Breeches Rock.

Two abnormally severe gales are reported,
however no damage to the railway or sea-
wall is reported apart from some embank-
ment damage near Dawlish Warren.

Brunel specifically thanks Mr Margery, the
resident engineer, for his diligent work.
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A. Contemporary Reports of Damage

Exeter Flying Post

(post 1871)

At some point in the 1870’s a SDR annual general meeting reported a serious en-
gineering problem with the sea wall on the railway. This report came a significant
time after the death of Mr Brunel (1859).

The report below shows that Mr Brunel had knowingly built the seawall, without
adequate provisions for foundations to the bedrock. This was apparently done in
order to economise on costs and represents a significant finding of my research. It
would appear that the engineering judgement of Mr Brunel had been compromised
in favour of costs and that this may have significantly contributed to the damage
record of the seawall since its inception in 1846.

Figure A.5: Newspaper Excerpt post 1871
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A. Contemporary Reports of Damage

Blackburn Standard

Wednesday 5th February 1873

Multiple breaches in seawall and ballast wash out caused by south easterly winds
stretching approx 400 metres. Service suspended.

Figure A.6: Newspaper Excerpt from 1873
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A. Contemporary Reports of Damage

Figure A.7: North Devon Journal
1873 (1/2)

The North Devon Journal

Thursday 6th February 1873

(1 of 2)

South-easterly gales lasting Saturday night into
Sunday morning - significant storm event.

Reported as worst storm experienced by eye-
witnesses.

Significant wave overtopping the line on Sat-
urday.

No seawall damage - repairs seem secure. En-
gineers expressed confidence in temporary em-
bankment.

Later that same evening - strong south easterly
storm caused multiple breaches in the wall and
threatened damage to a footbridge.

Rail impassable, mail trains suspended on the
line. Passengers had to be ferried by other
means to their destinations.

Worst weather seen at Dawlish for many years.
Significant wind and snow storms.

New breach in wall approximately 30m long.
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A. Contemporary Reports of Damage

Figure A.8: North Devon Journal
1873 (2/2)

The North Devon Journal

Thursday 6th February 1873

(2 of 2)

There are now 3 breaches in the wall: First,
60m long made on Christmas Day; Second,
40m breach on 11th January; Third, 30m
long.

Rails hanging in mid air (c.f. Feb 2014)

Seawall washed to beach level in several
places and cracked and damaged in all dir-
ections - near collapse condition by suc-
cessive tides.

Reported such serious damage to require
several months service suspension.
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A. Contemporary Reports of Damage

Exeter & Plymouth Gazette

Saturday 6th March 1880

An overhanging cliff is reported to have caused a landslip near the railway and
blocking access to a local beach. A comprehensive review of the mechanism
of landslip is given detailing geotechnical details of faulting and fissures in the
strata. Vibration of passing trains are mentioned as potential for activating further
landslips and as such the railway company should make a contribution to the costs
of cutting back the overhanging cliffs and reinforcing a cave underneath the breach
with masonry to improve strength.

Figure A.9: Newspaper Excerpt from 1880
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A. Contemporary Reports of Damage

Figure A.10: Newspaper Excerpt
from 1912

Exeter & Plymouth Gazette

Tuesday 6th February 1912

Houses along marine parade are flooded up
to 1m with sea water.

Waves rising up to 10m above the sea wall.

South easterly wind direction, high spring
tides (cf. 2014 event).

Rock armour material of up to 26 tonnes
being moved easily by the sea conditions -
the waves moving the block 1m above the
promenade.

Flooding of rails and caverns appearing -
gangs of men involved in replacing washed
out materials near Dawlish station.
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A. Contemporary Reports of Damage

Figure A.11: Newspaper Excerpt from
1925

The Western Morning News

Tuesday 6th January 1925

Extensive heavy rains lead to landslides on
the railway between Dawlish and Teign-
mouth.

Single line working instigated by GWR.
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A. Contemporary Reports of Damage

Exeter & Plymouth Gazette

Thursday 8th January 1925

Single-line working in operation - major landslip on Monday was estimated over
500 tons, with additional landslips along the whole section of railway between
Dawlish and Teignmouth.

Workers are suspended trying to consolidate the loose material on the cliff edge.

Figure A.12: Newspaper Excerpt from 1925
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A. Contemporary Reports of Damage

Figure A.13: Newspaper Excerpt from
1930

The Western Courier

Monday 6th January 1930

This report erroneously claims that the
Brunel wall has remained intact for 77
years. This claim was repeated during re-
porting of the 2014 breach. The 1930
breach is very similar to, if not as serious
or widespread as the breach in 2014 - but
was approximately in exactly the same po-
sition. There are considerable similarities
in the details of the damage between both
events.

Single line working is mentioned after com-
plete failure of the seawall over successive
high tides.
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A. Contemporary Reports of Damage

Exeter & Plymouth Gazette

Monday 19th January 1931

Landslide outside of Dawlish causes suspension and single line working of the
railway.

The event lasts some days and disruption is reported to both passenger and freight
trains.

Figure A.14: Newspaper Excerpt from 1931
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A. Contemporary Reports of Damage

Figure A.15: Newspaper Excerpt from
1996

The Daily Telegraph

Tuesday 9th January 1996

Services suspended along the SDR due
to storms and high tides making repair
work impossible. Waves have breached
the seawall with replacement bus ser-
vices needed to ferry passengers across
the region.

Note the considerable wave overtop-
ping also apparent at Sidmouth, 20 km
to NE of Dawlish.
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Appendix B
Consolidated Damage Record

Use was made of the information gathered by Dawson, Shaw and Gehrels [26] and
Rogers and O’Breasail [112] which was obtained via personal communication with
Dr. David Dawson, Lecturer in Transport Management & Resilience at University
of Leeds in order to cross-reference the original material obtained in Appendix A.
The information presented in Table B.1 has been compiled as part of a resilience
study of the climate change effects and future SLR on transport infrastructure in
the South West of England.

The data of damage to the railway in Table B.1 is arranged primarily in chro-
nological order and includes important information on the exact position of the
destruction events with some information on interventions taken to repair the
damage.

In the UK, the national rail network is surveyed linearly in Gunter chains (a unit
of measure equal to 66 feet or approximately 20.12m), with 80 chains to 1 mile,
from the headquarters or terminus of the original train company. For the Great
Western mainline, this station is Paddington in London. The definition of the
chain is contained in the UK Weights and Measure Act 1985 and can be found at:
https://www.legislation.gov.uk/ukpga/1985/72/schedule/1/part/VI.

Every engineering asset on the line will be referenced according to its chainage to
aid surveying and asset management. Consequently, the seawall at Dawlish runs
from Langstone Rock in the east (204.70 miles or 204 miles 70 chains) to Sprey
Point in the west (208.16 miles, 208 miles 16 chains). The location of major
assets of interest in this study are given below:
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B. Consolidated Damage Record

• Rockstone Footbridge, 205.42 miles

• Sea Lawn Terrace, site of 2014 breach, 205.51 miles

• Dawlish Station, 206 miles

• King Harry’s Walk, Marine Parade, 206.15 miles

• Smuggler’s Lane, 207.47 miles

Table B.1: Consolidated Damage Record

Chainage
Position
(from)

Chainage
Position
(to)

Year Damage Details

208.35 1859 A washaway of the line occurred. The breach in the wall was repaired in
limestone and apparently at the same time an apron in limestone was
built to protect the footings.

205.15 1863 Coping washed off.

205.42 1867 Footbridge also washed away.

205.40 1867 Two chains of the retaining wall washed away.

205.71 1868 A washout occurred.

205.41 205.50 1869 A length of wall washed away.

205.39 205.42 1872 Sections of main wall and parapet walls were washed away.

205.60 1873 Wall washed away.

205.00 206.00 1879 Coping knocked off.

206.60 1885 High tide and rough sea came over line at Dawlish Station, East Cliff.
Damage to slipway.

205.00 1893 Breakwater wall and planking damaged at Langstone point.

204.60 1895 The sea washed beach away at Langstone causing the sand between the
seawall and parapet to run out. Seawall at Langstone damaged, coping
and piling damaged.

204.70 1899 At Langstone, a hole was washed out in the seawall.

204.60 1903 Hole in wall between Langstone and the Warren.

205.76 1904 Walls of crib undermined, the western most groyne further damaged,
eastern most groyne also damaged. Beach bare east of station.

205.77 1904 Heavy gales, great damage to slipway under Coastguard’s house.

204.59 1911 Large hole in footpath on seawall near Langstone.

204.64 1911 A length of wall was washed away and rebuilt.

206.60 1914 Heavy seas lifted platform deck at Dawlish station and washed it on to
beach.

205.26 205.36 1915 100 linear feet of coping loosened.

205.32 205.40 1916 40 linear feet of coping loosened.

207.74 208.50 1916 Seawall path damaged by storm 27/10/1916. Some places 9" to 1’ deep.

208.14 1916 Breakwater at Spray Point badly damaged and rebuilt.
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B. Consolidated Damage Record

Chainage
Position
(from)

Chainage
Position
(to)

Year Damage Details

208.20 208.30 1916 Footings of wall damaged.

205.44 1917 A hole 45’ long appeared between the seawall and parapet wall, the
ground sank 7’.

207.15 1917 Large cavity of 20’ deep and 36’ long. The cavity was filled with dry rock.

205.60 1928 The seawall was damaged in three places. Wall rebuilt and granite faced.

205.60 1930 Wall and ballast washed away leaving tracks hanging.

206.26 206.33 1941 Ballast replaced under down Main Line.

207.40 1943 Stone tipped to protect seawall following damage to protective works.

207.48 208.15 1944 Repairs carried out to apron of seawall after damage by heavy gales and
high tides.

205.70 1947 Repairs carried out to face wall and slipway, damaged by gales.

206.60 1974 13c length of platform deck (Dawlish station) lifted by storm February.

207.10 207.17 1984 A series of depressions formed in at the portal in the down cess at the
back of the seawall as a result of storms.

207.50 207.78 1986 Concrete spraying due to severe undermining.

206.76 1987 Massive void of 6ft.

206.25 206.30 1988 Concrete spraying to repair undermining of foundation

207.14 207.18 1988 Voiding at back of seawall.

205.51 1990 Steps damaged. Repairs in masonry & cone.

205.75 1990 Damage to ramps.

205.76 1990 Damage to ramp. Repaired in spray concrete.

207.46 1990 Cracks and fractured joints.

206.50 1994 Storm damage to lower wall. Repaired in masonry.

205.45 1996 Toe damaged, void beneath wall.

205.29 1996 Void beneath walkway.

205.38 205.51 1996 Failure of sprayed concrete resulting in undermining of the wall, loss of fill
and collapse of the walkway and boundary wall.

206.73 1996 Severe damage to end of breakwater.

207.14 1996 Depression and collapse of cabin. Hole plugged in face of wall.

207.15 1996 Voiding.

207.46 1996 Cracks and fractured joints.

207.76 208.00 1996 Copings dislodged by wave action. Replaced in concrete.

208.14 1996 Breakwater demolished.

208.17 208.22 1996 Hole in face of Spray Point.

208.27 1996 Substantial damage to face of west ramp.

208.20 1996 Hole in face of wall with loss of fill.

208.14 208.80 1996 Severe damage to face and surface of ramp. Repaired in
masonry/concrete.

207.46 1997 Cracks and fractured joints.

206.73 1998 Severe damage to end of breakwater.

206.25 2001 Undermining of sprayed concrete.
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B. Consolidated Damage Record

Chainage
Position
(from)

Chainage
Position
(to)

Year Damage Details

208.14 208.80 2001 Severe damage to face and surface of ramp. Repaired in
masonry/concrete.

206.24 2002 Undermining of sprayed concrete.

204.74 2004 Substantial length of coping washed away.

205.51 2004 Damage to top of steps.

205.30 2004 Copings washed away. Replaced to new design.

206.16 2004 End of breakwater damaged.

206.18 206.31 2004 Damage to track support gabions.

206.73 2004 Severe damage to end of breakwater.

207.17 2004 Damage to top of sprayed concrete.

207.45 2004 A large section of the steps washed away, with loss of wall extending back
to the track formation.

207.46 2004 Wall and steps breached, repaired in stone/mass concrete.

207.48 2004 Loss of coping also occurred with a substantial section of wall beneath
being washed away.

207.50 2004 Top 50% of wall destroyed including copings and walkway. Replaced to
new design after storm.

207.75 207.77 2004 Copings washed away, replaced to new design.

208.13 2004 Face of ramp and toe damaged.

208.15 2004 Damage to breakwater.

208.27 2004 Ramp face damaged over 10m.

208.54 2004 20m of copings washed away.
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Appendix C
Dominant Failure Matrix

Information and archival research were used to create an overarching dominant
failure matrix taking into account all possible routes to systems failure as detailed
in the research accounts. The results of this matrix operation are presented
in the following pages as Table C.1: a comprehensive compilation of all failure
forces mentioned in the historical accounts and substantiated with other technical
references (such as Network Rail), Table C.2: an exhaustive treatment of the
possible failure mechanisms following the force initiation and Table C.3: the
resultant possible causes of network suspension on the line as a result of preceding
force and mechanism combinations.

This damage matrix was used to create the event tree analysis flowcharts for each
major incident on the line since its inception in 1845. Each one is presented in
Appendix D.
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C. Dominant Failure Matrix

Table C.1: The major dominant failure force events experienced on the Dawlish
line since construction.

Date (d/m/y) Wave
Impact

Wave
Overtopping

Wave
Debris
Impact

Wind
Impact
Damage

Flooding
Impervious
Surfaces

Saturation
Pervious
Materials

05/10/1846 y y

20/11/1846 y y

26/12/1852 y

28/12/1852 y

04/02/1853 y

13/02/1853 y

16/02/1855 y y

25/10/1859 y y

08/01/1867 y

31/01/1869 y y

25/12/1872 y y

30/12/1872 y y

11/01/1873 y y

01/02/1873 y y

01/12/1874 y

01/12/1875 y

03/02/1916 y y

12/03/1923 y y

24/12/1929 y y

04/01/1930 y y

10/02/1936 y y

01/03/1962 y

01/02/1974 y y y

26/02/1986 y y

01/01/1996 y y

01/12/2000 y y

19/11/2002 y

07/01/2004 y y y

27/10/2004 y y y

22/09/2006 y y

14/12/2012 y y

05/02/2014 y y y

Number of
Occurrences

22 24 1 3 0 9

% Occurrence 0.69 0.75 0.03 0.09 0.00 0.28

Annual Probability
of Occurrence

0.131 0.143 0.006 0.018 0.000 0.054
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Appendix D
Failure Tree Analysis

As detailed in Section 3.4 I have produced an event tree analysis flowchart for
each major event in Table 3.1. These flowcharts were used to conglomerate the
information into a overarching multi-hazard cascading risk model presented in
Chapter 4. For information, the flowchart for each individual event from Table
3.1 is detailed in the pages following.
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