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Exploring the Potential for Multivariate Fragility
Representations to Alter Flood Risk Estimates

Robert A. Jane ,1,� David J. Simmonds,1 Ben P. Gouldby,2 Jonathan D. Simm,2
Luciana Dalla Valle,3 and Alison C. Raby1

In flood risk analysis, limitations in the multivariate statistical models adopted to model the
hydraulic load have restricted the probability of a defense suffering structural failure to be
expressed conditionally on a single hydraulic loading variable. This is an issue at the coastal
level where multiple loadings act on defenses with the exact combination of loadings dictat-
ing their failure probabilities. Recently, a methodology containing a multivariate statistical
model with the flexibility to robustly capture the dependence structure between the individ-
ual loadings was used to derive extreme nearshore loading conditions. Its adoption will per-
mit the incorporation of more precise representations of a structure’s vulnerability in future
analyses. In this article, a fragility representation of a shingle beach, where the failure prob-
ability is expressed over a three-dimensional loading parameter space—water level, wave
height, and period—is derived at two localities. Within the approach, a Gaussian copula is
used to capture any dependencies between the simplified geometric parameters of a beach’s
shape. Beach profiles are simulated from the copula and the failure probability, given the
hydraulic load, determined by the reformulated Bradbury barrier inertia parameter model.
At one site, substantial differences in the annual failure probability distribution are observed
between the new and existing approaches. At the other, the beach only becomes vulnerable
after a significant reduction of the crest height with its mean annual failure probability close
to that presently predicted. It is concluded that further application of multivariate approaches
is likely to yield more effective flood risk management.
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1. INTRODUCTION

Over the past two decades, focus, particularly in
Europe, has shifted from flood prevention to flood
risk management. Flood risk analysis (FRA) is the
only quantitative tool available for guiding invest-
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ment planning and decision making to aid effective
flood risk management. The benefits of a risk-based
approach to flood engineering were first outlined
in Sayers, Hall, and Meadowcroft (2002). It has since
gone on to be routinely applied throughout Europe
to the extent that it is now an E.U. directive (Euro-
pean Council, 2007) that the flood risk is assessed in
each river basin and associated coastal zones of every
member state. Numerous approaches covering spa-
tial scales ranging from a single catchment (Gouldby,
Sayers, Mulet-Marti, Hassan, & Benwell, 2008) or
stretch of coast (Dawson, Sayers, Hall, Hassan, &
Bates, 2004) to an entire country (Hall et al., 2003;
Hall, Sayers, & Dawson, 2005; Jongejan et al., 2013)
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Fig. 1. Source–pathway–receptor model
currently adopted in U.K. FRA.

or continent (Alfieri, Feyen, Dottori, & Bianchi,
2015) have been developed, although each are funda-
mentally based on a Monte Carlo framework first set
out in a flood risk context by USACE (1996) where
the economic consequences associated with a large
number of plausible events are examined in order to
estimate the flood risk, an idea that was conceptual-
ized by the source–pathway–receptor model (Daw-
son & Hall, 2002; Defra/Environment Agency, 2003)
(Fig. 1). The structural performance of the flood de-
fense assets protecting a given area can have a large
bearing on these estimates (Apel, Thieken, Merz,
& Blöschl, 2004; Eleuterio, Payraudeau, Mosé, &
Rozan, 2014; Gouldby, Sayers, Panzeri, & Lanyon,
2010). Most of the key factors that influence a struc-
ture’s reliability, such as its structural and material
properties, exhibit inherent variability in both space
and time (aleatory uncertainty) (van Gelder, 2000);
however, the majority of the uncertainty in a de-
fense’s ability to resist structural failure primarily
stems from a lack of data collected on such structural
characteristics (epistemic uncertainty). When com-
bined with further (epistemic) uncertainty induced
by a lack of knowledge of the exact mechanics be-
hind the failure mechanisms themselves, the rational
for adopting a probabilistic description of a flood de-
fense asset’s structural vulnerability (that is able to
account for all of this uncertainty) in order to achieve
accurate flood risk estimates becomes evident. The
probability that an asset fails when subjected to a spe-
cific loading is referred to as its fragility.

Within an FRA where a large number of plau-
sible loading events are considered, the probability
of the defense failing will be required for a range of

plausible hydraulic loading scenarios. Until recently,
restrictions in the modeling of the dependence struc-
ture between the hydraulic loading variables have
meant that the loading was considered in terms of a
single variable. In order to incorporate the fragility
of coastal structures into the analysis, fragility rep-
resentations have taken the form of a curve, which
are referred to as fragility curves. There are a num-
ber of methods available for deriving fragility curves.
Due to the shortage of data of failures necessary to
apply a statistical model and the potential bias intro-
duced by relying solely on expert judgment, process-
model-based curves have become the standard in
FRA (Schultz, Gouldby, Simm, & Wibowo, 2010).
They are based on limit state equation(s) (LSE) that
are established off the back of a large body of engi-
neering knowledge, including field observations, lab-
oratory experiments, and full-scale testing. LSEs de-
scribe the relationship between the loadings to which
a structure is subjected, collectively denoted by an S,
and the resistance, R, to these loadings provided by
the structure (Melchers, 1999). They therefore take
the following general form:

Z = R(x1, . . ., xm) � S(xm+1, .. . ., xn), (1)

where x1, . . ., xm are the basic resistance variables,
e.g., material strength and/or crest elevation and
xm+1, .. . ., xn are the basic loading variables, e.g., wa-
ter level. Once the loadings are greater than the
resistance, i.e., once Z < 0, the structure is deemed
to have failed. For a given hydraulic loading event,
the state of all of the flood defense assets—failed or
nonfailed—are obtained by referring to the relevant
fragility representations. This determines whether
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during the event water is able to enter the flooding
area through a particular defense (in the case of fail-
ure) or simply overtop the defense (when the de-
fense is in a nonfailed state). Once the volume of
water entering the flooding area is known, its dis-
tribution over the flooding area is estimated by run-
ning an inundation model (Lhomme et al., 2008). The
assets in the flood plain are grouped into homoge-
neous classes relating, for instance, to their land use
and size. Damage functions that relate the charac-
teristics of the flood, primarily the inundation depth,
to the economic damage for a given set(s) of asset
classes (Merz, Kreibich, Schwarze, & Thieken, 2010)
are then applied to find the economic damage in-
curred as a result of the hydraulic loading event. By
repeating the procedure for a large number of plau-
sible events, an estimate of the flood risk expressed
in terms of expected annual damage (EAD) can be
obtained.

For coastal structures such as embankments and
seawalls, the prevalence of each failure mechanism
is dictated by the type and location of breaking. The
type of wave breaking can be identified by the Iribar-
ren number (Battjes, 1974) (or surf similarity param-
eter) � , which is expressed as:

� =
tan(�)
�

Hs
Lm

, (2)

where tan is the tangent function, � is the bed
slope, Hs is the significant wave height, and Lm is
the deep water wavelength. Plunging breakers are
present when 0.5 < � < 3.3, they arise after the base
of the wave begins to feel the sea bed causing it to
slow down while the crest continues at its original
speed. This action results in the wave steepening and
eventually overturning, causing a mass of water to
“plunge” down into the water ahead of the wave. By
releasing all of their energy during a single localized
impact, they are the breaker type most commonly as-
sociated with the structural failure of coastal struc-
tures such as seawalls and breakwaters (Müller et al.,
2008). Although plunging breakers play an important
role in shaping the morphology of gravel beaches, it
is surging breakers that are most closely associated
with the erosion and overwashing of such beaches.
They appear once � > 3.3, typically on steep slopes
where the base of the wave is able to catch up with
the wave crest, leading to the wave traveling up the
beach face as a wall of water. For � < 0.5, spilling
breakers emerge when a wave becomes unstable af-
ter its base comes into contact with the bed. This

contact causes the wave to steepen and a turbulent
mixture of air and water to “spill” down the front of
its crest. In addition to the breaking conditions, the
exact destructive potential of a wave will depend on
the location of breaking. In the nearshore, breaking
is primarily depth induced. Given the beach slope,
the type and location of breaking is therefore almost
exclusively controlled by water level and the wave
climate (a combination of wave height and wave pe-
riod). If the fragility is to be accurately represented
it is thus essential that the probability of failure is ex-
pressed explicitly on each of these variables.

Gouldby, Méndez, Guanche, Rueda, and
Mı́nguez (2014) proposed a methodology for deriv-
ing extreme nearshore hydraulic loading conditions.
The first step involves applying the Heffernan and
Tawn model (Heffernan & Tawn, 2004) (herein re-
ferred to as HT04) to several of the offshore hy-
draulic loadings that characterize an extreme sea
state. The HT04 model is composed of a series
of nonlinear regression models. Each captures the
shape of the dependence between the variables when
a particular variable is deemed to be extreme after
the data are standardized (by invoking the probabil-
ity integral transform) to possess common marginal
distributions. In contrast with the existing copula-
based models, the HT04 model does not prescribe
a specific dependence structure to the joint tail re-
gions, thus it removes the assumption of asymptotic
dependence or independence between the variables
required by earlier models. A Monte Carlo simula-
tion procedure outlined in more detail in Lamb et al.
(2010) and Wyncoll and Gouldby (2013), among oth-
ers, is used to generate samples from the fitted model.
It commences by conditioning a specified variable
to be extreme. A joint residual from those obtained
during the fitted procedure when the specified vari-
able was conditioned to be extreme is then sampled.
The values of the remaining variables at the trans-
formed scale can then be obtained using this residual
and the relevant regression model. The sample is sub-
sequently transformed back to the original scale by
applying the inverse probability integral transform
to each realization. The sample is, however, rejected
if the conditioning variable is not the most extreme
on the transformed scale. The procedure is repeated,
conditioning on each variable in turn, until the pro-
portion of samples where each variable is most ex-
treme, on the transformed scale, is consistent with the
empirical joint distribution.

In the method put forward in Gouldby et al.
(2014) the HT04 model is applied to model Hs , wind
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speed (U), and surge (S). The wave steepness st
which is dependent on and physically restricted by
Hs , is also a function of the wave period (Tm). A re-
gression model of steepness given Hs was therefore
developed to generate the Tm, which in deep water
is related to the wavelength through the dispersion
relation:

Lm =
gT2

m

2�
. (3)

The wind direction (�U) and wave direction (�Hs )
are sampled independently from their empirical
distributions, conditional on Hs and U. The total
water level h is composed of the astronomical tidal
level and S. Given the magnitude of the simulated
S, to find the astronomical tidal level, the month
in which the surge is assumed to have occurred is
first determined by sampling from the conditional
distribution of the month given the surge. This con-
ditional distribution is estimated from the empirical
surge data. A year from the 18.6-year tidal cycle
is also independently sampled. The astronomical
tidal level is then obtained by randomly sampling an
astronomical tidal level from those observed in the
sampled month and year.

Numerical wave models, such as SWAN (Booij,
Ris, & Holthuijsen, 1999), are commonly adopted
to propagate wave conditions from the offshore to
the nearshore where waves are subjected to several
transformational processes such as refraction and
shoaling. FRA generally requires the simulation of a
large number of plausible sets of loadings. The com-
putational intensity of numerical wave models can
make their adoption in such applications impracti-
cal. In Gouldby et al. (2014), a maximum dissimilar-
ity algorithm is therefore applied to the set of simu-
lated offshore conditions in order to obtain a subset
of conditions with sufficient coverage of the parame-
ter space. The subset of conditions is propagated to
the nearshore using SWAN, while a meta-model is
applied to the input and output of the SWAN model-
ing and used to propagate the remaining conditions
to the nearshore, thus ensuring the methodology is
computational tractable for implementation within
an FRA. The Gouldby et al. (2014) methodology
has been used to generate extreme nearshore load-
ing conditions at a 1-km resolution around the U.K.
coast (Gouldby et al., 2017).

It is thus now possible to generate a long syn-
thetic record, which captures the dependence struc-
ture between the individual loadings, of the offshore
conditions that characterize an extreme sea state in

the source component of an FRA. Consequently,
multivariate fragility representations that express the
probability of the defense failing simultaneously con-
ditional on each of the loadings can now form the
pathway component of a system-wide FRA. For a
more thorough discussion of the role of fragility
in FRA and the rationale for multivariate fragility
representations, see Jane et al. (2016). The adop-
tion of multivariate fragility representations has al-
ready been shown to result in substantial differences
in the estimated structural vulnerability of seawalls
compared with when the representations presently
adopted in nationwide U.K. FRA are assumed (Jane
et al., 2015, in press).

Gravel beaches are composed of sediment with
a medium-size diameter, D50, between 2 mm and
256 mm. They are commonplace along the world’s
high-latitude coastlines (e.g., the United States,
Japan, and northern Europe). Constituting approx-
imately a third of the coastline of the United King-
dom (Fuller & Randall, 1988), they are highly ef-
fective at dissipating wave energy either alone or as
part of a broader flood defense scheme, which of-
ten includes structures such as seawalls or offshore
breakwaters. Consequently, they form a vital part
of the U.K. flood defense infrastructure. Labora-
tory studies have shown that, similarly to embank-
ments and seawalls, their structural vulnerability de-
pends on the combination of wave height, period,
and water level (Obhrai, Powell, & Bradbury, 2008);
thus a multivariate representation is required if their
fragility is to be accurately represented. As they are
so widespread, any changes in the assessment of a
structure’s vulnerability by adopting new represen-
tations has the potential to not just alter regional
flood risk estimates but also impact on national flood
estimates.

The aim of the article is to examine the changes
in the estimated structural vulnerability of a gravel
beach when the potentially more robust fragility rep-
resentations, derived according to the methodology
proposed in this article are adopted, compared to
when the representations used in present-day na-
tional U.K. FRA are assumed. First, the measures
available for estimating the response of the gravel
beach to an extreme event are evaluated for the pur-
pose of application in FRA (Section 2). The case
study site containing the localities where the fragility
representations will be applied is subsequently in-
troduced (Section 3). The existing representation of
fragility for a gravel beach used in U.K. FRA are then
shown (Section 4) before the method for deriving a
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new representation that explicitly considers each of
the variables, site-specific information as well as a
more robust method of predicting the structural fail-
ure of a beach, is explained (Section 5). Once these
new representations are derived for a case study site
in the United Kingdom, the changes in the vulnera-
bility of the gravel beach are analyzed (Section 6) be-
fore appropriate conclusions are drawn (Section 7).

2. REVIEW OF GRAVEL BEACH FAILURE
PREDICTORS

A comprehensive overview of the classification,
modeling, and management of barrier beaches is
given by Stripling, Bradbury, Cope, and Brampton
(2008). However, at present, information on profiles
during storm events is sparse. Poate, McCall, Mas-
selink, Russell, and Davidson (2012) undertook an
analysis of pre- and post-storm profiles of several
beaches that lie along the south coast of the United
Kingdom. They found that their responses during the
storm period were seemingly uncorrelated with the
nearshore conditions, thus indicating that if there is a
relationship, then it is a complex interaction between
the initial profile of the beach and the nearshore con-
ditions. The lack of field data has led to empirical
models based predominantly on laboratory experi-
ments, occasionally incorporating limited field data
and, more recently, process-based numerical models
to predict the short-term response of shingle beaches
to storm events.

Given a sufficient supply of sediment, over time
the ridge will adapt to the stationary water level
and wave conditions to approach an equilibrium pro-
file. On the basis of tests at the 1:17 scale, where
coal was used to represent shingle of four material
sizes and gradings, Powell (1990) derived a model
to describe the profile. In each test, waves from a
JONSWAP wave spectrum (Hasselmann et al., 1973)
were grouped in terms of steepness. The wave condi-
tions in each grouping were applied to the beach in
order of increasing severity for a burst of 3,000 waves,
which was found to be a sufficient number of waves
to achieve a near stable state. The final profile of the
beach was defined by a set of three curves primar-
ily determined by the sediment size and loading con-
ditions to which the beach was subjected, through a
set of functional relationships. The effect of a per-
meable core was also investigated. This was found to
reduce the volume of sediment able to adapt to the
loading conditions, which in turn increases the mo-
bility of the active sediment. It also reduces a beach’s

ability to dissipate wave energy through infiltration.
Both of these factors increase a beach’s susceptibility
to failure. When assessing the effect of an imperme-
able core under identical conditions to those adopted
in the other tests (but only applying bursts of 1,000
waves on each occasion), it was discovered that the
compatibility of the core has a significant influence
on the horizontal displacement of the profile. On the
basis of these results, Powell (1990) provided a cor-
rection factor to account for this effect when predict-
ing the beach profile.

The Powell (1990) model has previously been
adopted in reliability analysis (Buijs, Simm, Wallis, &
Sayers, 2007) where failure is considered to have oc-
curred once the distance that the crest retreats by is
greater than the original crest width. However, there
are concerns regarding its application in reliability
analysis due to the assumption that a constant supply
of sediment is available, which is likely to be unrealis-
tic, particularly in storm conditions. Furthermore, the
short-lived nature of such events means that there
will not be sufficient time for the profile to reach
equilibrium. In addition, as the maximum sediment
size used in the laboratory experiments corresponds
to D50 of 30 mm at full scale, the model can only
be considered for shingle beaches composed of rel-
atively fine sediment.

Overwashing is the primary process behind
breaching of a beach. It is therefore often employed
as a conservative surrogate for predicting breach. An
empirical model for predicting whether overwash-
ing and thus a breach will ensue for a given set of
hydraulic loadings from laboratory tests and field-
work based on Hurst Spit (Hampshire, UK) is given
by Bradbury (2000). During the modeling, it was de-
duced that as well as the height of the barrier above
the still water level influencing the chance of over-
wash occurring, for a given freeboard, a barrier with a
large cross-sectional area is less likely to fail than one
with a small cross-sectional area. This led to the intro-
duction of the barrier inertia parameter Bi , a function
of barrier freeboard Rc and area above the still wa-
ter level denoted BA (m2) nondimensionalized by the
significant wave height, Hs ,

Bi =
Rc BA

H3
s

. (4)

By plotting the results of the tests by a regression
of the inertia parameter on the wave steepness Hs

Lm
,

where Lm is the deep water wavelength, it was dis-
covered that overwash can be expected for
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Fig. 2. Contours depicting the likelihood of overwashing once un-
certainty factors have been applied to the linear model for predict-
ing overwash derived in Obhrai, Powell, and Bradbury (2008).

Bi < 0.0006
�

Hs

Lm

��2.5375

. (5)

Although the results can be used to assess
whether a barrier will breach during a given short-
term loading event, the results from the tests only
covered a limited range of wave steepnesses, 0.015 <
Hs
Lm

< 0.032. In addition, Bradbury, Cope, and Prouty
(2005) found that the model performed poorly when
applied to sites other than Hurst Spit.

A series of tests were undertaken at HR Walling-
ford to examine the threshold for overwashing for
both swell and storm conditions in order to ex-
tend the valid prediction range of the Bradbury
model (Obhrai, Powell, & Bradbury, 2008). The sed-
iment sizes ranged from a D50 of 16–57 mm. Once an
equilibrium profile was established, the wave height
was increased incrementally for sets of 1,000 waves
until the barrier failed. It was concluded that the ex-
isting formula overpredicts the threshold for breach-
ing under swell wave conditions and underpredicts
the threshold for steep waves. The original Bradbury
model was therefore reformulated incorporating the
new data to provide a more accurate model for the
overwashing threshold of a shingle barrier as follows:

Bi < �153.1
Hs

Lm
+ 10.9 (6)

valid for 0.01 < Hs
Lm

< 0.06. Uncertainty remains in
the exact location of the threshold. To account
for this, factors are applied, upon an inspection of
the Bradbury (2000) and Obhrai, Powell, and Brad-
bury (2008) data, to both the strength and loading
terms in the model. The resulting likelihood of ex-
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Fig. 3. Location of Chesil Beach in relation to the rest of the
United Kingdom and within Lyme Bay. It stretches approximately
29 km from West Bay to Chesilton.

Table I. A Summary of the Formulation and Assumptions Made
Concerning the Shape of the Initial Profile of the Gravel Beach

When Deriving the Existing Fragility Curves

Fragility Curve

Generic/site-specific Generic
Model Powell (1990)
Hydraulic loading(s) Overtopping discharge (q)
Toe elevation (mODN) –2.07

CG1 7.0
CG2 5.6

Beach width (m) CG3 2.8
CG4 1.4
CG5 0.8

Beach slope (1:N) 8.0

ceeding the overwashing threshold given the barrier
inertia parameter and wave steepeness are shown
in Fig. 2 alongside Equation (6) and the data sets
used in its derivation. The investigators also found
that the level of the hinterland influenced the likeli-
hood of overwash since it determines whether sed-
iment remains part of the structure once it is over
the crest or whether it is deposited further inshore
contributing to a reduction in both height and width
of the structure, thus increasing its vulnerability. It
was concluded that any future model should incor-
porate these effects as derived on the basis of labora-
tory tests and as with all physical model tests may be
subject to scale effects.

Originally developed to predict the response
of sandy beaches to hurricanes, X-beach (Roelvink
et al., 2009) is a process-based model for comput-
ing nearshore hydrodynamics and morphological
responses of the nearshore, beaches, and dune
systems during storm events. It has been adapted for
gravel beaches where it is referred to as X-Beach-G
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Fig. 5. View of the beach from Chesilton; the lines denote the ap-
proximate position of the case study sites.
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Fig. 6. Cross-sections of the gravel beach provided courtesy of the
Channel Coastal Observatory.

Fig. 7. The “idealized” cross-sectional profile of a shingle ridge
assumed during physical model testing and subsequent analysis.

(McCall, Poate, & Masselink, 2014; McCall, Mas-
selink, Poate, Roelvink, & Almeida, 2015). It
includes an extension to the standard model to
account for the influence of short waves in inter-
mediate and shallow water depths on the beach
profile. These effects are much more pronounced
for steep reflective gravel beaches than at their
sandy counterparts. It also includes the addition of
a groundwater model to capture the infiltration and
exfiltration that occur on such beaches. Although
overtopping and overwash cannot be successfully
simulated without morphodynamic updating of the
bed level, which is not presently possible in the
modified X-beach model, the type of response can
be inferred from the simulated hydrodynamics on
the initial barrier profile. Mccall et al. (2013) used
the model to predict whether overwash occurs for
22 historical storm impacts on five gravel beaches in
the United Kingdom and three BARDEX physical
model experiments. In these cases, the model was
shown to offer more accurate predictions than the
empirical models albeit at a greater computational
cost and with greater uncertainty in overwash pre-
dictions near the empirical threshold for overwash.
In addition, the depth of the gravel beach toe and
the gravel beach slope were found to have a large
influence on the threshold criteria for overwash;
these are unaccounted for in the empirical models.
Although these early results are promising, further
validation of the model will be required to establish
whether the improvement in the accuracy of the pre-
dictions, compared with those given by the empirical
model, warrant the extra computational effort of its
adoption. The Obhrai (2008) reformulation of the
Bradbury (2000) model will therefore be adopted to
analyze the fragility of gravel beaches in this article.

3. CASE STUDY SITE

Chesil Beach is a coarse (D50 = 50 mm at
Chiswell (Carr, 1969)) pure gravel beach situated
on the south coast of the United Kingdom (Fig. 3).
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the gradient plot. The elevation of the average
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slopes will be defined when fitting “idealized”
profiles to those recorded at the site.

Although debate surrounds its origin, it is commonly
believed to have formed as a result of the landward
migration of an offshore bar, composed of excavated
sediment and fluvial–glacial deposits, as sea levels
rose during the holocene marine transgression (Bray,
1990; Carr & Blackley, 1973). Subsequently, the vol-
ume of the coarse sediment that is believed to lie
on top of a more impermeable core (May, 2003)
increased due to the longshore transport of sediment
eroded from cliffs to the west of the structure.
However, due to human intervention reducing its
sediment supply both directly, as well as through
contributing to the emergence of natural head-
lands such as Golden Cap, the beach can now be
considered a closed system (Bray, 1997). This has
culminated in reduction in its total volume and as a
consequence left the beach more vulnerable during
storm events. A beach of scientific significance as
well as recreational and esthetic value, in common
with many shingle beaches situated along the coast-
lines of northern Europe, it plays an essential role
in defending the adjacent land from flooding. Just
as with man-made structures, such natural defenses
when exposed to prolonged extreme swell conditions
or storm events can fail. For shingle beaches, failure
is typically considered to have occurred once the
structure is breached. Breaching is generally defined
as the short-term lowering of crest height as a result
of wave- induced overwashing of the beach (Brad-
bury, 2000). Flooding, to a lesser extent, can also
occur by water overtopping and/or percolating
through the structure.

The wave climate of the south coast of the
United Kingdom is dominated by Atlantic swell and
locally generated wind waves. Bimodal sea states,
where long-period swell waves coincide with wind
waves, are not uncommon and have been known
to exacerbate the impacts of an event (Mason,
Bradbury, Poate, & Newman, 2009). On the basis
of a series of laboratory tests, Polidoro, Pullen,
Eade, Blanco, and Mason (2017) recently derived
an empirical model for predicting the morphological
response of a gravel beach to bimodal sea states.
However, the authors stressed that the model is not
designed as a means of predicting breach and it was
therefore not considered in the earlier review of
gravel beach failure predictors.

Hurricane strength winds during the “Great
Storm” on November 22–23, 1824, heralded the ar-
rival of one or two tsunami-like waves and an accom-
panying storm surge, which led to the destruction of
many houses and the deaths of 50–60 people (Haslett
& Bryant, 2009). Although by far the most severe
event on record at Chesil, the eastern end of Chesil
Beach, where this study focuses, has a long history of
flooding (West, 2017a). After flooding events in 1942
and 1956, construction commenced in 1958 of a verti-
cal concrete seawall to protect the most exposed sec-
tion of the village’s frontage. The wall was eventually
completed in 1965. Further flood defense measures
were deemed necessary after the village experienced
a succession of flooding in the late 1970s (Williams
& Hardwick, 1996). In 1981, a 150-m gabion crest
protection mattress was installed immediately to the
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Fig. 9. A sample of the “idealized” cross-sections fitted to the observed profiles at site 6a00131.

north of the wall to strengthen the beach, with im-
provements to the wall including the addition of a
wave return wall also undertaken. The Flood Allevi-
ation Scheme implemented in 1986 saw a 550-m long
drainage channel constructed behind the ridge to col-
lect any water that seeped through it, as well as the
drilling of an 18-m deep steel sheet pile into the back
of the ridge in order to prevent water flowing through
the sand and shingle at the foot of the beach (West,
2017a).

On February 5, 2014, substantial damage was
incurred by the beach, including the destruction
of a number of crest protection mattresses around
100 m to the east of the sites studied in this article.
This was the latest of a series of storm events during
the winter of 2013–2014 that ultimately resulted in

around 150, 000 m3 of sediment being removed from
the beach (Environment Agency, 2015). By Febru-
ary 3, 2014, an Atlantic depression had reached
the southwest tip of Ireland; the resultant storm
surge coincided with south-southeasterly wind waves
generated by a storm in the English Channel ahead
of the depression (Sibley, Cox, & Titley, 2015). This
culminated in the failure of the seawall at Dawlish on
the opposite side of Lyme Bay the following day. The
long-period swell generated by the Atlantic depres-
sion arrived on the morning of February 5. The cou-
pling of the high potential for offshore transportation
of sediment at Chesil owing to its southwesterly
orientation resulting in storm wave generally
approaching parallel to the beach and the arrival
of the swell coinciding with high tide, gave rise to
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Fig. 10. Scatter plots of the (normalized) variables that define the geometry of the beach (lower panels) are given along with their accom-
panying Kendall’s � coefficient and its associated p-value (upper panels).

a highly destructive storm event (Masselink et al.,
2016). It resulted in structural damage to the gravel
beach as well as to the toe of the seawall protecting
the village of Chesilton. This once again shone a
spotlight on the vulnerability of the beach and the
important role it plays in defending the adjacent land
from flooding.

4. EXISTING FRAGILITY CURVES

When implementing FRA at the national scale
in the United Kingdom, due to the expense of ob-
taining detailed site and structure-specific informa-
tion for every defense, each flood defense asset is rep-
resented by one of 61 generic structures. The generic
structures can broadly be classified into four flu-
vial defenses (Vertical Walls/Slope or Embankment/
High Ground/Culvert) and three coastal defenses
(Vertical Seawall/Sloping Seawall or Dike/Beach)
with each class further subdivided according to struc-
tural characteristics such as width or material compo-
sition (Environment Agency, 2004). Each defense is
assigned a condition grade that ranges from 1 – Ex-

cellent to 5 – Very poor on the basis of a visual in-
spection of the structure and linguistic descriptions of
the condition grades (Environment Agency, 2012). A
set of five generic fragility curves therefore exist for
each asset, one for each condition grade.

To derive a particular curve, any structural char-
acteristics that influence a defense’s propensity to
failure are either modeled by the relevant distribu-
tion or assigned an appropriate fixed value. It is the
parameter of these distributions and constants that is
adjusted to delineate defenses belonging to the dif-
ferent condition grades. A large number of samples
comprising a single realization from each distribution
are then simulated. For each sample, a set of loadings
that produce a particular overtopping discharge are
also generated and the LSE subsequently evaluated.
The conditional probability of failure is thus simply
the proportion of samples for which the LSE is less
than zero. The process is repeated for sets of con-
ditions corresponding to different overtopping dis-
charges to produce the curve.

In U.K. FRA, a gravel beach is assumed to have
failed once the distance of crest retreat is greater than
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Fig. 11. Observed and simulated values of the properties that define the beach’s profile at site 6a00131. The ch is given in mODN and the
cw in meters.

the initial crest width of the beach, i.e., once Z < 0 in
the following LSE:

Z = w � pc, (7)

where w is the width of the beach and pc is the dis-
tance of crest retreat according to Powell (1990). The
values assumed for the structural variables that were
selected to characterize a shingle beach in each con-
dition grade are given in Table I with the correspond-
ing fragility curves shown in Fig. 4. Although none of
the structural variables are modeled probabilistically,
due to differing extents of crest retreat manifesting
from combinations of the water level, wave height,
and wave period that produce identical overtopping
discharges, the fragility curves appear probabilistic.

5. DERIVING MORE ROBUST FRAGILITY
REPRESENTATIONS

Profiles of the beach for three locations labeled
as 6a00131, 6a00140, and 6a00144, shown in Fig. 5,
are available at approximately six-month intervals
between 2007 and 2013 (Fig. 6). It is evident that

at each location along the beach the rear face of
the shingle ridge remains almost wholly unaltered
throughout this period. The beach experiences both
erosion and accretion, causing the front face to
migrate seaward and retreat, predominantly altering
the position and width of the crest as well as the front
slope and, ultimately, the vulnerability of the ridge
in the process. In the Obhrai, Powell, and Bradbury
(2008) model, the shape of the profile is characterized
by a small number of structural parameters relating
to an “idealized” profile of a shingle ridge (Fig. 7).
They are the crest width cw, front slope Nf , and
rear slope Nr , as well as the crest height ch through
the consideration of the relative freeboard Rc. To
incorporate the observed profiles into the fragility
calculations, a procedure for deriving their corre-
sponding “idealized” profiles, which are completely
defined by three straight lines representing the rear
slope, front slope, and the crest, respectively, was
developed. To initiate the process, an estimate of the
average elevation of the base of the ridge is required.
The base is defined to lie at the point of inflection
of the rear slope to ensure that a conservative
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Fig. 12. Observed and simulated values of the properties that define the beach’s profile at site 6a00140. The ch is given in mODN and the
cw in meters.

estimate of the cross-sectional area of the backface
of the ridge is obtained. The chainage of this point
corresponds to a maximum when the gradient be-
tween the beach’s average profile and point with its
maximum elevation is plotted against the chainage
(Fig. 8). Once the elevation has been obtained,
when fitting an “idealized” cross-section to a profile
recorded at the site the chainages located landward
and seaward with the same elevation are taken as
the location of the base of the rear and front slopes,
respectively. The intersection of the lines that define
these two slopes and the horizontal line defining the
crest that minimizes the root-mean-squared error
between the lines and the observed profile is defined
as the profile’s corresponding “idealized” profile.
Once fitted, the structural parameters required for
evaluating the LSE follow through trivial calculation.
Examples of the “idealized” cross-sections fitted to
the observed profiles of a gravel beach are shown in
Fig. 9. Subsequently, to capture the uncertainty in
the ridge profile at a point in time, the parameters
are modeled by relevant statistical distributions as is
standard in FRA (Simm et al., 2008).

Scatter plots of the structural variables that de-
fine the geometry of the shingle ridge extracted from
the observed profiles taken at the locations along the
beach are shown in Fig. 10. As may have been an-
ticipated, the crest width was found to be negatively
correlated with both the elevation of the crest and
the gradient of the front slope, which consequently
were themselves positively correlated. At each of
the sites, the rear slope remained relatively fixed
and therefore, with the exception of the crest height,
exhibited no discernible associations with the other
structural variables. In order to quantitatively assess
the degree of (linear) correlation between the pairs
of variables, Kendall’s � correlation coefficient was
computed. The � coefficient is a parametric measure
whose value is equivalent to the difference between
the probability of concordance and probability of dis-
cordance for a pair of variables. Consequently, it lies
between [�1, 1] where 1 corresponds to perfect pos-
itive linear correlation between the variables and �1
corresponds to a perfect negative linear correlation.
The Kendall’s � coefficient for each pair of the vari-
ables is given in the upper panels of Fig. 10 along


























