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Abstract
The February 2014 extratropical cyclonic storm chain, which impacted the English Chan-
nel (UK) and Dawlish in particular, caused significant damage to the main railway connect-
ing the south-west 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. In this 
study, we collate eyewitness accounts, analyse sea level data and conduct numerical model-
ling in order to decipher the destructive forces of the storm. Our analysis reveals that the 
disaster management of the event was successful 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, 8–12 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 force of up to 286 KN was the most likely 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 of up to 16.1 m3/s/m (per metre width 
of wall). With this information and our engineering judgement, we conclude that the most 
probable sequence of multi-hazard cascading failure during this incident was: wave impact 
force leading to masonry failure, loss of infill and failure of the structure following succes-
sive tides.
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1  Introduction

The progress of climate change and increasing sea levels has started to have wide rang-
ing effects on critical engineering infrastructure (Shakou et al. 2019). The meteorological 
effects of increased atmospheric instability linked to warming seas mean we may be expe-
riencing 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. 2016; Feser et  al. 2014). Features of more extreme weather events in extratropical 
latitudes (30°–60°, north and south of the equator) include increased gusting winds, more 
frequent storm squalls, increased prolonged precipitation and rapid changes in atmospheric 
pressure and more frequent and significant storm surges (Dacre and Pinto 2020). A recent 
example of these events impacting the UK with simultaneous significant damage to coastal 
infrastructure was the extratropical cyclonic storm chain of winter 2013/2014 (Masselink 
et al. 2016; Adams and Heidarzadeh 2021). The cluster of storms had a profound effect on 
both coastal and inland infrastructure, bringing widespread flooding events and large insur-
ance claims (RMS 2014).

The extreme storms of February 2014, which had a catastrophic effect on the seawall 
of the south Devon stretch of the UK’s south-west mainline, caused a two-month closure 
of the line and significant disruption to the local and regional economy (Fig.  1b) (Net-
work Rail 2014; Dawson et  al. 2016; Adams and Heidarzadeh 2021). Restoration costs 
were £35 m, and economic effects to the south-west region of England were estimated up 
to £1.2bn (Peninsula Rail Taskforce 2016). Adams and Heidarzadeh (2021) investigated 
the disparate cascading failure mechanisms which played a part in the failure of the rail-
way through Dawlish and attempted to put these in the 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 
2016). Following the events of 2014, Network Rail1 who owns the network has under-
taken a resilience study. As a result, it has proposed a £400 m refurbishment of the civil 
engineering assets that support the railway (Fig. 1) (Network Rail 2014). The new seawall 
structure (Fig. 1a,c), which is constructed of pre-cast concrete sections, encases the exist-
ing Brunel seawall (named after the project lead engineer, Isambard Kingdom Brunel) and 
has been improved with piled reinforced concrete foundations. It is now over 2 m taller to 
increase the 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 maintain or improve amenity value of the coastline for residents 
and visitors.

In this work, we 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 dam-
age mechanisms in order to improve the resilience of many similar coastal structures in 
the UK and worldwide. The innovation of this work is the multidisciplinary approach that 
we 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 engi-
neering judgement (engineering sciences). We investigate the contemporary wave climate 

1  https://​www.​netwo​rkrail.​co.​uk/..

https://www.networkrail.co.uk/
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and sea levels by interrogating the real-time tide gauge and wave buoys installed along 
the south-west coast of the English Channel. We then model a typical masonry seawall 
(Fig. 2), applying the computational fluid dynamics package FLOW3D-Hydro,2 to quantify 
the magnitude of impact forces that the seawall would have experienced leading to its fail-
ure. We triangulate this information to determine the probable sequence of failures that led 
to the disaster in 2014.

2 � Data and methods

Our data comprise eyewitness accounts, sea level records from coastal tide gauges and off-
shore wave buoys as well as structural details of the seawall. As for methodology, we ana-
lyse eyewitness data, process and investigate sea level records through Fourier transform 

Fig. 1   Location of Dawlish railway station. a The completed section of the new seawall looking towards 
the train station along King Harry’s Walk (Completed first section of Dawlish seawall at dusk (networkrail-
mediacentre.co.uk)). b An aerial view of the seawall damage sustained at Riviera Terrace in February 2014 
(Dawlish aerial view of 2014 damage (networkrailmediacentre.co.uk)). c Waves impacting the newly con-
structed seawall south of the station, now 2.5 m taller with an integrated wave return (The completed first 
section of new seawall effectively deflecting waves back out to sea (networkrailmediacentre.co.uk))

2  https://​www.​flow3d.​com/​produ​cts/​flow-​3d-​hydro/.

https://www.flow3d.com/products/flow-3d-hydro/
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and conduct numerical simulations using the Flow3D-Hydro package (Flow Science 
2022). Details of the data and methodology are provided in the following.

2.1 � Eyewitness 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 engineering contractors involved 
in the post-storm restoration work. These records now form a permanent exhibition in the 
local museum in Dawlish3, and some of these accounts have been transcribed into a DVD 
account of the disaster (Dawlish Museum 2015). We have gathered data from the Dawlish 
Museum, national and international news reports, social media tweets and videos. Table 1 
provides a summary of the eyewitness accounts. Overall, 26 entries have been collected 
around the time of the incident. Our analysis of the eyewitness data is provided in the third 
column of Table 1 and is expanded in Sect. 3.

2.2 � Sea level data and wave environment

Our sea level data are a collection of three tide gauge stations (Newlyn, Devonport and 
Swanage Pier—Fig. 5a) owned and operated by the UK National Tide and Sea Level Facil-
ity4 for the Environment Agency and four offshore wave buoys (Dawlish, West Bay, Tor-
bay and Chesil Beach—Fig. 6a). The tide gauge sites are all fitted with POL-EKO (www.​
pol-​eko.​com.​pl) 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 

Fig. 2   a An original sketch of the Dawlish seawall made by the lead Engineer Mr Brunel around 1844–46 
(Brunel Institute, 2022). b The 3D wall model created for our numerical simulations based on Brunel’s 
sketch and subsequent additions of toe reinforcement for scour protection and low-level walkway

3  https://​www.​devon​museu​ms.​net/​Dawli​sh-​Museum/​Devon-​Museu​ms/.
4  https://​ntslf.​org/.

http://www.pol-eko.com.pl
http://www.pol-eko.com.pl
https://www.devonmuseums.net/Dawlish-Museum/Devon-Museums/
https://ntslf.org/
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system, and Swanage Pier consists of a pneumatic gauge. Each has a sampling interval of 
15 min, except for Swanage 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 approxi-
mately 2—3.3 km from the coast at water depths of 10–15 m. The wave buoys are all Data-
well Wavemaker Mk III units5 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 Oceanographic Data Centre6 for tide gauges and the Channel Coastal Obser-
vatory7 for wave buoys.

2.3 � Sea level analysis

The sea level data underwent quality control to remove outliers and spikes as well as gaps 
in data (e.g. Heidarzadeh et  al. 2022; Heidarzadeh and Satake 2015). We processed the 
time series of the sea level data using the Matlab signal processing tool (MathWorks 2018). 
For calculations of the tidal signals, we applied the tidal package TIDALFIT (Grinsted 
2008), which is based on fitting tidal harmonics to the observed sea level data. To calculate 
the surge signals, we 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 of the incident, 
an error margin of approximately ± 10 cm is identified for our surge analysis. Spectral anal-
ysis of the wave buoy data is performed using the fast Fourier transform (FFT) of Matlab 
package (Mathworks 2018).

2.4 � Numerical modelling

Numerical modelling of wave-structure interaction is conducted using the computational 
fluid dynamics package Flow3D-Hydro version 1.1 (Flow Science 2022). 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 (Flow Science 
2022). The aforementioned governing equations are:

 where u is the velocity vector, P is the pressure, � is the water density, � is the kinematic 
viscosity and g is the gravitational acceleration. A Fractional Area/Volume Obstacle Rep-
resentation (FAVOR) is adapted in Flow3D-Hydro, which applies solid boundaries within 
the Eulerian grid and calculates the fraction of areas and volume in partially blocked vol-
ume in order to compute flows on corresponding boundaries (Hirt and Nichols 1981). We 
validated the numerical modelling through comparing the results with Sainflou’s analytical 

(1)∇.u = 0

(2)
�u

�t
+ u.∇u =

−∇P

�
+ �∇2u + g

6  https://​www.​bodc.​ac.​uk/.
7  https://​coast​almon​itori​ng.​org/​cco/.

5  https://​www.​dataw​ell.​nl/​Produ​cts/​Buoys/​Direc​tiona​lWave​rider​MkIII.​aspx.

https://www.bodc.ac.uk/
https://coastalmonitoring.org/cco/
https://www.datawell.nl/Products/Buoys/DirectionalWaveriderMkIII.aspx
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equation for the design of vertical seawalls (Sainflou 1928; Ackhurst 2020), which is as 
follows:

Fig. 3   a The model seawall computational domain 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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 where pd is the hydrodynamic pressure, � is the water density, g is the gravitational accel-
eration, H is the wave height, d is the water depth, k is the wavenumber, z is the difference 
in still water level and mean water level, � is the angular frequency and t is the time. The 
Sainflou’s equation (Eq.  3) 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 (Fig. 3a). The 
computational domain was discretised using a single uniform grid with a mesh size of 
0.125 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 our model. For volume of fluid advection for the wave boundary (i.e. the 
left-side boundary) in our simulations, we utilised the “Split Lagrangian Method”, which 
guarantees the best accuracy (Flow Science, 2022).

The stability of the numerical scheme is controlled and maintained through checking 
the Courant number ( C ) as given in the following:

 where V  is the velocity of the flow, Δt is the time step and Δx is the spatial step (i.e. grid 
size). For stability and convergence of the numerical simulations, the Courant number must 
be sufficiently below one (Courant et al. 1928). This is maintained by a careful adjustment 
of the Δx and Δt selections. Flow3D-Hydro applies a dynamic Courant number, meaning 
the program adjusts the value of time step ( Δt ) during the simulations to achieve a balance 
between accuracy of results and speed of simulation. In our simulation, the time step was 
in the range Δt = 0.0051—0.051 s.

In order to achieve the most efficient mesh resolution, we varied cell size for five val-
ues of Δx = 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 (Fig. 3). A linear wave with an amplitude of 1.5 m and a period of 
6 s was used for these optimisation simulations. We considered wave time histories at 
two gauges A and B and recorded the waves from simulations using different mesh sizes 
(Fig. 3). Although the results are close (Fig. 3), some limited deviations are observed for 
larger mesh sizes of 0.20 m and 0.175 m. We 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 is validated in our model 
by comparing them with the analytical equation of Sainflou (1928), Eq.  (3), which is 
one of the most common set of equations for design of coastal structures (Fig. 4). 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 (1928), indicating that our 
numerical model is accurately modelling the wave-structure interaction (Fig. 4).

(3)pd =
�gHcoshk(d + z)

coshkd
cos�t

(4)C =
VΔt

Δx
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3 � Eyewitness account analysis

Contemporary reporting of the 4th and 5th February 2014 storms by the main national news 
outlets in the UK highlights the extreme nature of the events and the significant damage and 
disruption they were likely to have on the communities of the south-west 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 par-
apet walls along the coastal route also were reported. 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 1). This suggests extreme wave overtop-
ping 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 coun-
cil, police service and National Rail. A major incident was declared, and decisions regarding 
evacuation of the residents under threat were taken around 2100 h on the night of 4th February 
when reports of initial damage to the seawall were received (Table 1). 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 1).

Fig. 4   Validation of the computer model seawall showing the probe locations (with identifiers) where pres-
sures are recorded and comparison of the simulated pressures for a linear wave (red circles) with those cal-
culated using the theoretical equations of Sainflou (1928) (black line)



	 Natural Hazards

1 3

4 � Sea level observations and spectral analysis

The results of surge and wave analyses are presented in Figs. 5 and 6. A surge height of up 
to 0.8 m was recorded in the examined tide gauge stations (Fig. 5b-d). Two main episodes 
of high surge heights are identified: the first surge started on 3rd February 2014 at 03:00 
(UTC) and lasted until 4th of February 2014 at 00:00; the second event occurred in the 
period 4th February 2014 15:00 to 5th February 2014 at 17:00 (Fig.  5b-d). These data 
imply surge durations of 21 h and 26 h for the first and the second events, respectively. 

Fig. 5   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
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Fig. 6   a Area map showing the locations of wave buoys examined in this study. b, c, d, e Sea level oscilla-
tions recorded at wave buoys at different locations. f, g, h, i Corresponding spectra for each sea level record
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Based on the surge data in Fig. 5, we note that the storm event of early February 2014 and 
the associated surges was a relatively powerful one, which impacted at least 230 km of the 
south coast of England, from Land’s End to Weymouth, 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 (Fig. 6a-b). The buoys at Tor 
Bay and Chesil recorded dual peak period bands of 4–8 and 8–12 s, whereas at Dawlish 
and West Bay registered triple peak period bands at 4–8, 8–12 and 20–25 s (Fig. 6c, 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 and 8–12 s appear 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 nor-
mal coastal waves while the one at 8–12 s, which is longer, is most likely the swell com-
ponent 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. Rabi-
novich 1997; Heidarzadeh and Satake 2014; Wang et al. 1992), or due to an abnormally 
long swell. To test the first hypothesis, we consider various water bodies such as Lyme Bay 
(approximate dimensions of 70 km × 20 km with an average water depth of 30 m; Fig. 6), 
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 website.8 
According to Rabinovich (2010), the oscillation modes of a semi-enclosed rectangle basin 
are given by the following equation:

where Tmn is the oscillation period, g is the gravitational acceleration, d is the 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 Eq. (5) to the aforementioned 
water bodies results in oscillation modes of at least 5  min, which is far longer than the 
observed period of 20–25 s. Therefore, we 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 (1997) and Wang et  al. (2022), 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 Fig. 6 reveals that the forcing at the period band of 
20–25 s is non-existent before the incident.

5 � Numerical simulations of wave loading and overtopping

Based on the results of sea level data analyses in the previous section (Fig. 6), we use a 
dual peak wave spectrum with peak periods of 10.0 s and 25.0 s for numerical simulations 
because such a wave would be comprised of the most energetic signals of the storm. For 
variations of water depth (2.0–4.0  m), coastal wave amplitude (0.5–1.5  m) (Fig.  7) and 

(5)Tmn =
2

√

gd

�

�

m

2L

�2

+
�

n

W

�2
�−1∕2

8  https://​webapp.​navio​nics.​com/#​boati​ng@​8&​key=​iactH​lwfP.

https://webapp.navionics.com/#boating@8&key=iactHlwfP
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storm surge height (0.5–0.8 m) (Fig. 5), we developed 20 scenarios (Scn) which we used 
in numerical simulations (Table 2). Data during the incident indicated that water depth was 
up to the crest level of the seawall (approximately 4 m water depth); therefore, we varied 
water depth from 2 to 4 m in our simulation scenarios. Regarding wave amplitudes, we 
referred to the variations at a nearby tide gauge station (West Bay) which showed wave 
amplitude up to 1.2 m (Fig. 7). Therefore, wave amplitude was varied from 0.5 m to 1.5 m 

Fig. 7   Oscillations of wave (high-frequency oscillations) and tide (low-frequency oscillations with 12-h 
recurrence) at the West Bay tide gauge station

Table 2   The 20 scenarios considered for numerical simulations in this study

Scenario Water 
depth (m)

Storm 
surge (m)

Effective water 
depth—deff (m)

Wave 
amplitude 
(m)

Maximum overtopping 
flowrate Qov (m3/s/m)

Maximum 
force (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
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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 (Fig. 5). These 20 scenarios 
would help to study uncertainties associated with wave amplitudes and pressures. Figure 8 
shows snapshots of wave propagation and impacts on the seawall at different times.

5.1 � Results of 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 such as ero-
sion of the backfill and scour (Adams and Heidarzadeh, 2021). The first 10 scenarios of 
our 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 2 and 
Fig. 9). This is because we aim at studying the impacts of effective water depth (deff—
the sum of mean sea level and surge height) on the time histories of wave amplitudes as 
the storm evolves. As seen in Fig. 9a, by decreasing effective water depth, wave ampli-
tude 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 reflections and interferences of the waves in front of 

(a) (b)

(c) (d) 20

40

60

80

100

Fig. 8   Wave pressure iso-surface due to Scn-15 (see Table 2 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
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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 larg-
est waves rather than the first wave. Extraordinary wave amplifications are seen for the 
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 effective water depth of 
deff = 3.3–3.5  m is possibly a critical water depth for this structure resulting in maxi-
mum wave amplitudes under similar storms. In the second wave impact, the combined 
wave height (i.e. the wave amplitude plus the effective water depth), which is ultimately 
an indicator of wave overtopping, shows that the largest wave heights are generated by 
Scn-2, 7 and 8 (Fig. 9a) with effective water depths of 3.5 m, 3.3 m and 3.8 m and com-
bined heights of 8.0 m, 7.0 m and 6.9 m (Fig. 9b). Since the height of seawall is 5.4 m, 

Fig. 9   a Time series of wave oscillations at the foot of the seawall (point “A” in Fig. 4) for scenarios 1–10 
with incident wave amplitude of 0.5 m. b As in “a”, but for instantaneous water depth (water depth plus 
wave amplitude)
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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 (Fig. 10), with incident wave amplitudes of 1.5 m (Table 2), 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 (Fig. 10b), which are greater than the crest height of the sea-
wall by 4.6 m and 3.5 m, respectively.

Our simulations for all 20 scenarios reveal that the first wave is not always the larg-
est and wave interactions, reflections and interferences 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. full reflection). Simulations 

Fig. 10   a Time series of wave oscillations at the foot of the seawall (point “A” in Fig.  4) for scenarios 
11–20 with incident wave amplitude of 1.5 m. b As in “a”, but for instantaneous water depth (water depth 
plus wave amplitude)
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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.

5.2 � Results of wave loading calculations

The pressure calculations for scenarios 1–10 are given in Fig. 11 and those of scenarios 
11–20 in Fig.  12. The total pressure distribution in Figs.  11, 12 mostly follows a trian-
gular shape with maximum pressure at the seafloor as expected from the Sainflou (1928) 
design equations. These pressure plots comprise both static (due to mean sea level in front 
of the wall) and dynamic (combined effects of surge and wave) pressures. For incident 
wave amplitudes of 0.5 m (Fig.  11), the maximum wave pressure varies in the range of 

Fig. 11   Distribution of maximum wave pressure along the height of the seawall from scenarios 1–10 with 
wave amplitude of 0.5 m

Fig. 12   Distribution of maximum wave pressure along the height of the seawall from scenarios 11–20 with 
wave amplitude of 1.5 m
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35–63 kPa. At the sea surface, it is in the range of 4–20 kPa (Fig. 11). 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 sur-
face elevation consistent with the design procedure developed by Goda (2000) 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 2).

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, respectively, were observed 
(Fig. 12). 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 struc-
ture, where a maximum pressure of approximately 120 kPa is produced while other scenar-
ios 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 (2000) and Cuomo et al. (2010). The wave simulation snapshots in Fig. 8 
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 our simulations suggest destabilisa-
tion of the upper masonry blocks, probably by grout malfunction. 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 (2021) as one of the pri-
mary mechanisms in the 2014 Dawlish disaster. In the multi-hazard risk model proposed by 
these authors, damage mechanism III (failure pathway 5 in Adams and Heidarzadeh, 2021) 
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 mate-
rial 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 (Fig. 1b), leaving the railway inop-
erable for two months.

5.3 � Wave Overtopping

The two most important factors contributing to the 2014 Dawlish railway catastrophe were 
wave impact forces and overtopping. Figure 13 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 (Fig. 13). Time histories of the wave overtop-
ping rates show that the phenomenon occurs intermittently, and each time lasts 1.0–7.0 s. It 
is clear that the longer the overtopping time, the larger the volume of the water poured 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 are the two scenarios that also give the largest com-
bined wave heights (Fig. 10b).

The cumulative overtopping curves (Figs.  14, 15) show the total water volume over-
topped the structure during the entire simulation time. This is an important hazard factor 
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as it determines the level of soil saturation, water pore pressure in the soil and soil erosion 
(Van der Meer et al. 2018). The maximum volume belongs to Scn-20, which is 65.0 m3/m 

Fig. 13   Wave overtopping rates for all scenarios with overtopping events
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Fig. 14   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

Fig. 15   Cumulative wave overtopping volumes per metre length of wall from scenarios 11–20 with wave 
amplitude of 1.5 m
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(m-cubed of water per metre length of the 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, we compare our modelling results with those estimated using empiri-
cal equations. For the case of the Dawlish seawall, we apply the equation proposed by Van 
Der Meer et al. (2018) to estimate wave overtopping rates, based on a set of decision cri-
teria which are the influence of foreshore, vertical wall, possible breaking waves and low 
freeboard:

 where q is the mean overtopping rate per metre length of the seawall (m3/s/m), g is the 
acceleration due to gravity, Hm is the incident wave height at the toe of the structure, Rc is 
the wall crest height above mean sea level, hs is the deep-water significant wave height and 
e(x) is the exponential function. It is noted that Eq. (6) is valid for 0.1 <

Rc

Hm

< 1.35 . For the 
case of the Dawlish seawall and considering the scenarios with larger incident wave ampli-
tude of 1.5 m ( hs = 1.5 m), the incident wave height at the toe of the structure is  Hm = 
2.2—5.6 m, and the wall crest height above mean sea level is Rc = 0.6–2.9 m. As a result, 
Eq. (6) gives mean overtopping rates up to approximately 2.9 m3/s/m. A visual inspection 
of simulated overtopping rates in Fig. 13 for Scn 11–20 shows that the mean value of the 
simulated overtopping rates (Fig. 13) is close to estimates using Eq. (6).

6 � Discussion and conclusions

We applied a combination of eyewitness account analysis, sea level data analysis and 
numerical modelling in combination with our engineering judgement to explain the dam-
age to the Dawlish railway seawall in February 2014. Main findings are:

•	 Eyewitness data analysis showed that the extreme nature of the event was well fore-
casted in the hours prior to the storm impact; however, the magnitude of the risks to the 
structures was not well understood. Multiple hazards were activated simultaneously, 
and the effects cascaded to amplify the damage. Disaster management was effective, 
exemplified by the establishment 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, we identified triple peak period bands at 4–8, 8–12 
and 20–25 s in the sea level data. Storm surge heights and wave oscillations were up to 
0.8 m and 1.5 m, respectively.

•	 Based on the numerical simulations of 20 scenarios with different water depths, inci-
dent wave amplitudes, surge heights and peak periods, we found that the wave oscil-
lations at the foot of the seawall result in multiple wave interactions and interferences. 
Consequently, large wave amplitudes, up to 4.6 m higher than the height of the 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.

(6)
q

√

gH3
m

= 0.0155

(

Hm

hs

)
1

2

e

(

−2.2
Rc

Hm

)
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•	 We measured maximum wave overtopping rates of 0.5–16.1 m3/s/m for our scenarios. 
The cumulative overtopping water volumes per metre length of the wall were 0.7–65.0 
m3/m.

•	 Analysis of all the evidence combined with our engineering judgement suggests that the 
most likely initiating cause of the failure was impulsive wave impact forces destabilis-
ing one or more grouted joints between adjacent masonry blocks in the wall. Maximum 
observed pressures of 286 KN in our 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 and 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 factor in protect-
ing 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 instrumenta-
tion. These efforts must take into account the amenity value of coastal railway infrastruc-
ture 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 infra-
structure project that will be required for future resilience.
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