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The cross-shore profile response of shingle barrier beaches to storm waves are
investigated with the aid of: random wave studies in a 3-dimensional mobile bed
physical model; and by full-scale field measurements of shingle beaches to storm
action. The investigations focus upon crest evolution of barrier beach profiles and
conditions giving rise to overwashing and overtopping of the unconfined beach crest.

The influence of a wide range of hydraulic variables and beach geometry are
examined, in a dimensionless framework, on the development of the dynamic
equilibrium profiles of shingle barriers. A dimensionless barrier inertia parameter is
presented and a parametric threshold equation is proposed, to describe the onset of
barrier beach overwashing; this is combined with a list of governing variables and their
range of validity. Hypotheses postulated previously for profile response of shingle
beaches are examined. Such studies define the limits of the validity of the empirical
framework, developed by Powell (1990); they suggest modifications to the predictive
formulae for the crest elevation parameter. Overtopping and crest elevation build-up
can be described by these predictive formulae, within the limits of the barrier inertia
parameter overwashing threshold. Process studies attribute both overtopping, by run-
up and foreshore widening by undermining of the barrier crest, to overwashing.

Physical model data are validated and predictive methods verified for a limited range of
conditions, using field measurements made during and following extreme events on
Hurst Spit. Model studies are used, to provide the basis of design of a large-scale
beach recharge scheme for Hurst Spit, this was implemented in 1996. An extensive
regional field monitoring programme and SANDS database has been established,
comprising measurement of water levels, barrier response, wind and wave conditions.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

Beaches can be defined, broadly, as accumulations of unconsolidated material at the
shoreline, limited by the landward and seaward extents of wave action. Beach
composition may vary widely: shingle or gravel beaches are one of a number of generic
types. Varied definitions of shingle have generated some confusion throughout the
established literature. Definitions of shingle have varied from material with a Dsy grain
size in excess of 10mm (Muir Wood, 1970), to partially rounded marine worked
material in the size range 4mm-256mm (Carr, 1974). Alternative definitions have been
used by other researchers. Shingle is defined here in accordance with the Udden-
Wentworth scheme (Krumbein, 1934; McManus, 1963) for gravel, pebbles and
cobbles, which lie within the range -2¢ to -6¢, (4-64mm) for the purposes of this

research.

Shingle beaches occur widely around the coastline of the British Isles and at many
locations elsewhere, although on a world-wide scale they are relatively scarce.
Composition, size and form of the beaches varies widely; some being rich in sand
on the lower foreshore or in interstices between the pebbles; others consisting
totally of coarse grained shingle. Shingle beaches are composed usually and primarily
of flint and chert, together with varying proportions of quartzite, although other
materials may occasionally be present. A typical example is of Chesil Beach which
comprises 98.5% pebbles of flint and chert, whilst 1.2% are of quartzite (Carr and
Blackley, 1969).

1.1.1 Geomorphology of shingle beaches

The incidence of shingle beaches is strongly dependent upon a supply of suitable
material; this may be supplied by erosion of land-based sources of material from cliffs,

or from fluvial or marine deposits. The southern coast-line of England incorporates a
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number of potential sources of shingle; much material is a relict, relating to glacial
reworking of river gravels or deposition of gravel river terraces (Powell, 1986).
Extensive deposits of shingle occur on the bed of the English Channel and the North
Sea; many of these have migrated inshore, as sea level has risen following the most
recent glaciations. The landward migration of these relict shorelines and erosion of the
existing shoreline provides the sediment budget responsible for the formation and natural
maintenance of the shingle beaches.

The morphological definition of the beach is generally given in terms of the limits of
wave action, this is the definition used in this study. The seaward limit, or depth of
closure, can extend into relatively deep water to the point at which waves are first able
to “feel” the bed, resulting in a net movement of bed material. Such movement depends
upon the wavelength, depth of water and bed sediment size. The landward limit of the
beach is defined as the upper limit of the accumulation of loose material , as used in this
study. In some instances the upper beach may be a relict or fossil deposit, which has
resulted from progradation of the beach, or is due to lowering of mean sea level.

In general, the landward extent of the beach is controlled and restricted, either by
natural cliffs or by a seawall, for example Hordle Beach, Hampshire. The process of
profile formation in these circumstances is necessarily different to a barrier beach which
has no fixed landward control, and the beach is free to migrate landwards, as “roll
back” under storm action (Carter, 1988). Barriers migrate when the beach is
overtopped, causing overwash deposits to form on the lee face of the beach; these may
take the form of simple barriers backed by a lagoon, such as Chesil Beach, Dorset.
Alternatively, the barrier beach may take the form of a spit at the mouth of a tidal inlet,
such as Hurst Spit, Hampshire, which is backed by saltmarsh. Spits tend to be unstable
features and are usually reliant upon a supply of material at their updrift end (Horn et al,
1996). Breaching of these features may occur, if such a supply of material is interrupted.
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1.1.2 Hydrodynamics

The shape and form of a shingle beach is controlled by the prevailing hydrodynamic
regime, in combination with the solid geology and sediment characteristics. Although
shingle beaches may be diverse in shape and structure, their morphology is controlled by
‘processes with two main components; ldngshore movement and cross-shore movement.
These movements are controlled, in turn, by varying combinations of water levels, wave

conditions and currents, in combination with the beach particles.

Wind-generated waves are the main driving mechanism for the modification of the
shingle beach profile. Wave energy dissipation at the shoreline arises as a result of the
continuity requirements of energy, mass and momentum (Bowen, 1969). Waves may
reliably be described numerically, in terms of variables of measured intensity such as
significant wave height, wave period, spectral shape and angle of incidence. Wave
conditions vary both spatially and temporally. The complex spatial variation of wave
conditions results from varied fetch lengths, bathymetry, wind direction, duration and
intensity. These spatial variations combine with equally complex patterns of temporal
changes in conditions which compound the complexity of beach response. Temporal
variations can be considered at many scales; these may vary from periods of an
individual wave of several seconds duration, through storms and tidal cycles with a
duration of several hours (Powell, 1990), to much longer temporal variations of
thousands of years (Orford ef al, 1991). Relatively slow movements of mean sea level
changes occur during the latter. The wide ranging combinations of conditions result in
constantly changing shoreline responses and migration of the beach profile and plan
shape. The present study focuses on the relatively short-term effects of storm events -
over periods of several hours, which can result in significant modification to both the

beach profile and the plan shape of the system.

The complex nature of the beach profile response is well illustrated by an examination of
the principle responses of a shingle barrier beach to storm wave activity. Water may
cross the barrier beach either by wave run-up exceeding the crest level, or by seepage
through the permeable barrier. When unconfined wave run-up is small, sediment

deposition is restricted to the crest and the deposits form a thin veneer
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(Orford and Carter, 1982) at the crest of the beach. This type of overtop deposit
builds up the crest level of the beach: crest level increases of up to 0.5m have been
measured on Hurst Spit, due to this process (Nicholls, 1985). More substantial shingle
movement occurs as a result of overwashing, when the unconfined wave run-up is
higher. Washover flats (Schwartz, 1975) may result due to severe overtopping. Throat-
confined overwash fans (Nicholls, 1984; Andrews, 1970; Schwartz, 1975; Leatherman,
1976a,b; Leatherman and Williams 1977, 1983, and Suter et al. 1982) are associated
frequently with barrier beaches. Turbulent flow at the crest of the beach may occur,

resulting in scour and fan-shaped deposition on to the lee side of the beach.

Washover surge velocities of 0.5-3ms-! have been measured, in the field, by Fisher -
et al. (1974) and Leatherman (1977) on sand barriers. Such processes are very
sensitive to changes in wave and water level conditions, although combinations of
these variables, (together with the shingle barrier geometry) have not previously been
investigated by reference to clearly quantified hydrodynamic and geometric variables

and their responses.

Similar processes connected with barrier beaches, but related to seepage through the
mound, have been studied also in the field. The permeability of shingle beaches is

significantly greater than that of sandy beaches: Darcy’s permeability coefficient for

gravel is in the range 2.5-5cms-1, whilst it is only 0.0001-0.01cms-! for sand.
This difference results in the formation of interesting seepage features on shingle
barrier beaches. Seepage has been observed by Nicholls (1985) on Hurst Spit, and by
Arkell (1955) on Chesil beach. Whilst this process results generally only in the
formation of small seepage hollows and cans, due often to a differential head from
one side of the barrier to the other, it can be the precursor to large-scale breaching

by fluidisation of the barrier (Viscocky, 1977).

1.1.3 Management of shingle beaches

The highly permeable form of shingle beaches provides excellent energy dissipation
characteristics; consequently, they provide a valuable natural coast protection function
at many sites. Although a number of beach recharge schemes have been constructed

using shingle, there is extremely limited guidance available for the design or
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management of these schemes - particularly for barrier beaches. The inadequate design
of many seawalls and coastal structures, for the control of sediment transport and
erosion, has resulted in the denudation of beaches, in response to wave reflection from
the structures. Consequently, serious coastal erosion and flooding problems have
occurred at many locations. The understanding of the interaction of beaches with
these structures is poor generally; it needs to be more clearly understood, to

allow more cost-effective and hydraulically-effective shoreline management.

The rapidly advancing techniques for the analyses of wave climates, together with
their prediction and transformation in shallow water, have provided the engineer and.
scientist with better detailed information about the nearshore wave conditions.
However, these have rarely been examined with respect to the shoreline response of
either restrained shingle beaches or shingle barrier beaches. Although recent efforts
have been made to improve the quantification of profile response of restrained shingle
beaches to storm waves (Powell, 1990), no quantitative work has previously been

undertaken for barrier beaches.

Whilst many regular-wave laboratory studies have been carried out on sandy beaches,
few attempts have been made to identify (or quantify) the hydraulic performance of
shingle beaches to random wave attack. This omission represents perhaps the
difficulties in scaling beach material, to provide the appropriate profile response in the

model.

The need to provide energy-dissipating coast protection structures, instead of
reflecting seawalls, combined with the pressures to use more natural forms of flexible
(or soft) coastal defence, has prompted recent research into the hydraulic
performance of shingle beaches (van der Meer, 1988; Powell, 1990). The influence
of beach permeability on energy dissipation, together with the formation of the beach
profile, has been demonstrated by numerous attempts to reproduce physical scale
models of shingle beaches, (using simple Froudian scaling to model the sediment).
This approach results in a beach of incorrectly-scaled permeability and,
consequently, the model beach does not reproduce correctly the profile
performance of the full-scale shingle beach. Recent advances in physical modelling
techniques have overcome many of the early problems, that have beset the laboratory
study of shingle beaches (Powell, 1990). Significant advances have been made in
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the quantification of the shingle beach profile response to random waves (Powell,
1990; van der Meer, 1988), but these are restricted to 2-dimensional flume studies of
restrained shingle beaches. Laboratory testing has not previously been undertaken to
examine and quantify the profile response of barrier or unrestrained shingle beaches,
under random wave attack. However, several extensive field studies have been
carried out to examine these types of beaches (Nicholls, 1985; Carter and Orford, 1981).

1.2 OBJECTIVES OF THE PRESENT STUDY

The main objective of this investigation is to identify and examine the variables
controlling the short-term profile performance of shingle barrier beaches under storm
wave attack. The study methodology seeks to develop a quantitative approach to the
parametric description of the short-term profile response of shingle beaches to storms
using numerical profile descriptors. Particular emphasis is placed upon shingle barrier
beaches.

The following aspects of profile response are examined:

(a) modification of the unconfined shingle crest by wave overtopping;

(b) investigation of a range of hydrodynamic and geometric controls on the
development of the beach profile;

(c) the development and spatial variation of the plan shape of a shingle barrier
beach due to the combined influence of longshore transport and overtopping;

(d) the identification and quantification of the first-order hydrodynamic and
geometric threshold conditions, which give rise to crest level raising by wave

run-up and crest level lowering by overtopping; and
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(e) preliminary development of a widely applicable method for the prediction of the
short-term shingle beach response of barrier beaches to normally incident
wave attack;

The study has provided an opportunity for the validation of earlier investigations into
the profile response of normally-incident waves on restrained beaches, (Powell, 1990;
van der Meer, 1988). It also provided the opportunity to extend the validity of the
hypotheses presented by these researchers, to include the influence of oblique wave
approach, depth limited foreshores and the applicability of the parametric framework

to shingle barrier beaches.

Christchurch Bay, located on the south coast of England has been selected as the study
area for the fieldwork element of the studies. Its exposure to long fetches to the south
and south-west provided a reasonable expectancy that suitably severe wave conditions
would occur during the study period, to provide statistically-valid results. Exposure of
both restrained and barrier shingle beaches, within the embayment, provided an
appropriate contrast in beach morphology within the study area. Two shingle beaches,
the Hurst Spit barrier beach and the Hordle cliff beach, provided the two control sites.
The beaches lie under the control of the New Forest District Council, who were
seeking to develop beach management techniques within the bay at the time of the
study. Funding of instrumentation, through this beach management programme,
provided significant commercial and practical advantages to the selection of this study

area - in addition to the scientific interest.

A parallel study was undertaken to design a major beach renourishment scheme for
Hurst Spit (on behalf of New Forest District Council): consequently, the scientific and
site specific management studies have been developed together. Hence, the present
investigation seeks to: (a) provide site specific guidance on beach management of
Hurst Spit following implementation of the beach recharge scheme; (b) undertake
scientific studies of the beach processes; and (c) develop a generalised parametric

model, of the response of the shingle beaches to storm waves.
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This study will examine hydrodynamic and geometric variables through a
complementary programme of fieldwork, laboratory experiments and numerical
modelling (Figure 1.1). The beach morphology and response of beaches to storm
conditions will be undertaken by field measurements of waves, tides, currents and beach
profiles. A regional wave climate will be developed with the aid of numerical models of
wave hindcasting, wave refraction, shoaling and bed friction. An extensive series of 3-
dimensional large scale physical model studies will be used to investigate the influence of

varied hydrodynamic and geometric variables through a controlled programme of tests.

The physical modelling techniques used to develop the empirical model of beach profile
response have not previously been used to investigate the development of barrier
beaches. Thus, a further important objective is to validate the laboratory test
methodology: this will be undertaken by comparison of the response of the physical
model, with full-scale natural beaches, to severe wave action (prior to the main phase of
investigation). In this particular case reference is made to the development and

maintenance of Hurst Spit.

1.3  THESIS STRUCTURE

An introduction to shingle beach processes and an assessment of recent developments in
the numerical description of beach profiles is discussed in Chapter 2. Morphodynamics
of the study area are discussed in Chapter 3. The study methodology is described in
Chapter 4. The results of the numerical modelling of wave climate, field studies, and the
physical model studies are presented in Chapters 5-7. Finally, an analysis of the test
results, synthesis and testing of hypotheses developed during the investigations are
discussed together with the limitations of the study findings and recommendations for
further studies in Chapter 8.



Introduction 9

NUMERICAL
MODELLING I FIELD STUDIES I

A 4 Y
Offshore Wave Hindcasting '————[ Wind Recording I Aerial Survey
Y Mappi
¥ pping
Extreme Event Analysis |- “{fter Level 1 ... Y -
ecording Hydrographic | .
I — Surveying | "
Wave Refraction Modelling ] urrent Metering R4 :
g l Sediment .
. --h
—¥— - Sampling .
Validation of | Wave Recording | :
Numerical | = Lb—— I Tttt oo o “
Modelling ! Beach Profiling |
Aommnee LStorm Event Analysis "——-— :
. E '
: »  Model Design ¢ ; :
. v '
: I LABORATORY STUDIES I ;
" Reproduction of
‘ Storm Events on :
: Hurst Spit .
: ¥ :
Y. . . Validation of Physical :
Model Methodology '
Examination of Beach Recharge
Hydrodynamic and Response Designand |
Geometric Variables on of Hurst Spit Construction
Shingle Barriers
Y
Testing of Results Monitoring of Beach Recharge
Against Powells Performance
Predictive Model
! R Development of Shingle Barrier .
Crest Threshold Framework

Figure 1.1 Investigation Flow Chart



Shingle beach processes : 10

CHAPTER 2:  SHINGLE BEACH DYNAMICS- PREVIOUS
INVESTIGATIONS

2.1 SHINGLE BEACH DYNAMICS

Shingle beaches are characterised by both sediment size and hydrodynamic response
characteristics. Their morphological development is controlied primarily by wave
action: it has been suggested, for example, that the beach responds critically to the
proportion of the wave energy dissipated (Wright and Short, 1984). Movement of
shingle is less influenced by tidal currents, than sand, as shingle moves primarily in bed

load as opposed to suspension (Velegrakis, 1994).

Shingle beaches are often reflective, with steep upper faces, dominated by plunging
wave conditions over a narrow surf zone (Carter, 1988). A series of stages of beach
form, ranging from ‘totally reflective’ to ‘dissipative’ conditions, have been recognised
(Short, 1979). Reflective shingle beaches show a characteristic highly reflective form
under storm wave conditions (Kirk, 1980; Carter and Orford, 1984): these are
characterised by a shallow gradient offshore profile, a steep linear beach face and a
high crest berm. Bars may develop during storm conditions (Kemp, 1963), particularly
when the lower foreshore comprises a finer sand fraction (Short, 1979). Shingle beach
profiles are often described as stepped, due to the distinctive inflexions on the profile.
Formation of a step-berm at the breaker point on the cross shore profile is reported to
induce premature wave breaking; this results in partially reformed spilling breakers
running high up the beach, to form ramp and overtop deposits (Orford and Carter,
1985).

McLean and Kirk (1969) suggest a linear relationship between grain size sorting and
foreshore slope. Kirk, (1980) extended this work to identify the zonation of barrier
profiles. Distinctive cross-shore shape sorting is sometimes apparent (Bluck, 1967,
Orford, 1975) with spherical material concentrated over the lower segment of the
profile. Large clasts can be stranded preferentially at the berm crest (Carr, 1969).
Working and sorting of sediments is possible only within a confined zone on a simple
beach backed by cliffs; energy absorption is confined to reflection and dissipation

within the voids. In contrast, flow can pass over the crest of a barrier beach, causing
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modification of the crest and the lee slope profiles of the beach, creating a new
depositional regime (Carter, 1988). A cross-shore correlation between sediment size
and cross-shore elevation has been proposed for gravel barriers in Washington State,
(U.S.A) (McKay and Terich, 1992). The nature of overwash deposits results often in
the deposition of a mixture of the finer and coarser sediments; consequently the
permeability of the beach is reduced due to this layering effect. Similarly, beach
recharge operations may influence the sorting of the beach, often resulting in much
reduced permeability (McFarland et al/, 1996). Hydraulic or mechanical processes used
for placement of beach recharge materials results in artificial mixing of beach material,
semi-cohesive recharge deposits may “cliff”, forming nearly vertical supratidal slopes

under these circumstances.

2.2  BARRIER BEACHES

2.2.1 Definition and distribution

Barriers may be subdivided into swash- or drift-aligned structures (Orford and Carter,
1991, Orford ef al 1995), depending upon their orientation relative to the incident
wave climate: the essential feature which defines a barrier is a well-developed back
slope and barrier depression. Barriers may take a number of forms, including recurved
ridges which form adjacent to tidal inlets; alternatively, they may be attached to solid
geology at either end, protecting brackish lagoons. Whitten (1972) defined a spit
connecting two sides of a bay as a bar: such a feature is termed a barrier beach in this
study. The definition of a spit adopted by Horn ef a/ (1996) is “ a detached beach that
is tied to the coast at one end and free at the other, with a free end that often

terminates in a hook”.

Classification of spits and barriers has been addressed in a number of ways. Zenkovitch
(1967) defined coastal depositional features on the basis of morphology and sediment
sources, whilst King (1972) adopted a purely morphological approach to classification.
King (op. cit) differentiated between spits and barriers, by defining the latter as being
attached at both ends, whilst Zenkovitch (op. cit) categorised both into a single
grouping. Swift (1976) and Carter and Orford (1991) have suggested similar
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definitions of beach-and-barrier coasts, by subdividing according to their plan shape:
drift coasts have a straight plan form (Swift, 1976), whilst swash coasts are cuspate in
plan shape. Carter and Orford (1991) suggest that drift-aligned coasts form when
longshore processes dominate over cross-shore processes: swash-aligned beaches, in

contrast, undergo little longshore development.

Coarse clastic barriers are distributed widely on a global basis, but-are especially
common in formerly glaciated areas (Forbes and Taylor, 1987; Forbes et al, 1993,
1995). Amongst regional studies which have examined the morphology of spits, Steers
(1948) examined the form of many spits around the coast of England and Wales.
Similarly, Kidson (1963) examined the form of a number spits in the south-west of
England. The spits of Dingle Bay on the west coast of Ireland were studied by
Guilcher and King (1961) and analysed by King (1972): it is suggested that
realignment of the spits due to the orientation of incident wave conditions, which are
dominantly swell waves, has resulted in narrowing of the spits close to their point of
attachment. King (1973) examined a long-term beach profile analysis of the spit at
Gibralter Point, near Skegness and postulated cyclical lengthening and shortening of
the spit due to swash processes, together with progradation. Similar cyclic elongation
and breaching was observed by Carr (1965) in studies of progradation of North Weir
Point, Orfordness over a period of 30 years. Extension of the spit varied annually
between 0-80m. The cause of breaching was attributed to a combination of beach
thinning due to shoreface erosion, storm action and differential hydraulic gradients.
Spurn Head has been extensively studied by many researchers. DeBoer (1981) and De
Boer and Carr (1969) examined historical records and linked erosion of the Holderness
coast with breaching of the spit. Geomorphological evolution has been controlled by
engineering works (Stevens, 1992; Thomas, 1996), with the natural washover cycle

now being partially artificially-controlled.

Early coastal geomorphological studies on spits were largely descriptive in character,
(Evans, 1942; Zenkovitch, 1959). Lewis, (1938) suggested that Hurst Spit was
developed due to oblique wave attack and that the recurves resulted from the
combined effects of wave refraction and waves from within the adjacent Solent waters.
Steers (1948) also focused on the alignment and development of spits relative to the
normally incident wave direction. Robinson (1955) suggested that spits on two sides of

an estuary could develop from a breach in a spit formed within a single dominant drift
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direction. In contrast, Kidson (1963) has reviewed several features which have drifted
towards each other. Yasso (1964) presented a numerical description of a recurved spit,
but did not discuss the processes which might support this theory. Hayes (1979)
related the type of coastline to tidal range and characterised wave-dominated coasts as
generally long smooth barrier coasts, with inlets on which washover features are

prominent.

Scolt Head Island (Norfolk), has a history of extension of 1.5km during the past 100
years (Steers, 1960; Allison and Morley, 1989). Changes are episodic, with periods of
erosion between the dominant depositional process. Davis (1991) used aerial
photography to examine changes between 1965-1990 at Far Point (Norfolk). Cyclic
extension due to longshore transport was demonstrated followed by onshore migration
and formation of recurves. Raper ef al (1996) have suggested a similar cyclic process
in the evolution of recurved spits at Far Point: washover is considered to be of minor
importance, limited only to extreme events. Tidal currents at the end of the spit are
considered to be the dominant process leading to shaping of the end of the recurve
spits. Bristow ef al (1992,1993) examined the structure of Scolt Head through coring;
this indicated that the structure of the spits is largely of coarse gravel. Evidence of

overwash processes is seen in the lee of the spits.

Outside of the British Isles relatively few studies have been made of spits, particularly
in terms of their morphodynamics. Sevon (1966) has examined the effects of wind
processes on Farewell sand spit, (New Zealand). Plan shape changes at Chilka Lake
Spit (India) have been attributed to offshore bathymetry (Venkatarathnam, 1970).
Studies using aerial photographs examined erosion and accretion of spits at Price Inlet,
South Carolina, (U.S.A) (Fitzgerald, 1976); similar studies by Galichon (1985)
presented evidence of a reduction in the rate of lengthening of the Pointe d’ Arcay,
(France). This latter researcher postulated that the decline in rate of growth from 25m
per year to 10m per year is due to sediment starvation, resulting from up-dnft coastal

protection works.

The studies discussed above have focused upon the development of the plan form of
spits and barriers. Investigators consistently attribute shoreward migration of the
features to washover processes; at the same time, some quantify the rate of

progradation. However, none of the studies have attempted to quantify the forces they
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discuss in support of their hypotheses to describe the rollback of the barriers. Process

studies of barrier evolution are much more restricted.

2.2.2 Barrier structure

The geological record presents a confused interpretation of barrier and spit
preservation, primarily because of the difficulty in differentiating between the various
types of beach on the basis of the analysis of the internal sedimentary structure
(Nielson ef al, 1988). Spits and barriers can both be characterised by large-scale
landward-dipping sedimentary structures which form as a result of progradation.
Structures demonstrating a coarsening upwards sequence, with washover deposits at
the crest, could be argued to fit into the category of beach, barrier or spit. The most
obvious characteristic of these structures is their plan shape, which can rarely be seen
within a geological exposure. Kraft et a/ (1979) have presented sedimentary models for
coastal environments which differentiate “ocean-estuarine systems” from “estuarine
barrier washover systems”, using type combinations of sedimentary sequence.
Similarly, geophysical methods have been used to examine spit migration (Siringan and
Anderson, 1993; Smith and Jol 1992 and Jol et al, 1994). Description of the washover
processes has been examined on the basis of vibracore studies (Hequette ef al, 1995).
Back barrier stratification has presented evidence for overwashing through landward-
dipping wedge-shaped , intertidal sub-beach structures, with upward coarsening
sediments at Carnsore, (Ireland) (Orford and Carter, 1982, 1984): here, washover
processes are suggested as the main migratory process. Hurst Spit is similar in broad
terms, but there are some significant differences. Such differences include the
shingle/sand ratio, and the mean shingle fraction of the beach size distribution which
are both higher at Hurst Spit (Nicholls, 1985), than at Carnsore. Similar circumstantial
evidence of overwashing is provided by Carr and Blackley (1973) at Chesil Beach, and
by Leatherman and Williams (1977, 1983) in sand barriers, on the basis of the

description of the barrier stratification.
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2.2.3 Cross-shore processes

Berm formation is the most frequently-occurring process, which reshapes the
supratidal section of the beach,; it occurs close to the limit of wave run-up, when the
swash fails to reach the crest. Beach deposits arising from this process are ephemeral
and berms may only exist for a single tidal cycle, depending upon the prevailing wave
conditions (Nicholls, 1985). Berm deposits are virtually always composed of the
coarser fraction of the beach; these may be preserved occasionally, if the beach
progrades.

Evolution of swash ramps, associated with run-up that cannot reach the barrier crest
has been examined by Orford and Carter (1984); it is suggested that their formation
results from the development of supratidal terraces by spilling wave conditions during
storm surges. Hypothetical wave conditions have been examined to hindcast ramp-
forming conditions based upon empirical relationships between run-up and wave height
and the basic analysis of local breaking wave conditions (Carter and Orford, 1981).

The crest level of a shingle barrier beach is one of its most critical parameters in
defining its stability (Nicholls, 1985) and is dependent upon wave run-up and sediment
availability. Landwards recession occurs when wave conditions exceed the unconfined
crest: this can occur on barriers which lie many metres above mean sea level. For
example, the maximum crest height of Chesil Beach was 14.7m OD (Carr, 1969); this
was reduced to 13.7m OD due to overwashing (Carr, 1982). Orford (1977) examined
hypotheses proposed by Palmer (1834) and Lewis, (1931), which suggested that
shingle beach crests were deposited by plunging breakers, but concluded that spilling
breakers in combination with a storm surge were a more likely mechanism. Orford and
Carter(1984) suggest that edge waves may form a significant role in the crestal and

overwash processes on drift-aligned barriers.
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Overtopping occurs in response to appropriate combinations of wave and water level
conditions, and beach geometry (Figure 2.1). Orford and Carter (1982) and Orford et

al (1991a), suggest that where the volume of unconstrained run-up is small, sediment

deposition tends to be confined to thin veneer overtop deposits; this results in vertical

crestal accretion, when wave energy is inadequate to pass over the crest. Such deposits

occur as virtually horizontal open-work shingle. Swash returns to seawards by

percolation through the permeable shingle. Nicholls (1985) has identified maximum

accretion of the beach crest of 0.45m due to this process; this is primarily during storm

surges, suggesting that this process occurs more frequently than overwashing. Shingle

overtopping, without overwashing, has also been recorded at Chesil Beach (Dorset)
and Llanrhystyd (Wales) (Orford, 1979). Landward thinning deposits predominate at
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Camsore, demonstrating a preference for barrier crest build-up (Orford and Carter
1982).

Overwashing takes place when swash continues over the unconfined crest, onto the
back crest of the beach. Differentiation between the processes on sand and shingle
barriers relates to the higher permeability of shingle beaches (Nicholls, 1985). Whilst
coarse clastic barriers exhibit high permeability, the nature of overwash often results in
the mixing of coarse- and fine-grained materials in the washover deposits (Carter and
Orford, 1993). Hayes and Kana (1976) suggest that overwashing is associated only
with topographic lows, in sand barriers. Carter and Orford, (1981) and Orford and
Carter, (1982, 1984) suggest a similar control on the coarse clastic barriers of SE
Ireland. Leatherman et al, (1977) suggests a barrier elevation overwashing threshold of
2.5m above sea level on a sand barrier system at Assateague Bay (U.S.A), but does not
reference this to wave conditions. Overtopping gives way to discrete overwash and the
formation of throat-confined washovers, often at topographic lows, when run-up
exceeds crest height; this can develop further, as wave intensity increases, leading to
sluicing overwash (Orford et al 1991a). The entire barrier crest may be displaced in

surge-like swash flow, under such circumstances (Figure 2.2).

Orford and Carter (1982) have discussed the possibility of simultaneous overtopping
and overwashing at various locations, under the same hydrodynamic conditions; it is
suggested that throat-confined overwash fan formation may result. A periodicity of
spacing of throats has been observed by Carter et al (1990) at a spacing of 15-25m on
the drift aligned barrier at Story Head, (Canada).

Nicholls (1985) identified two types of overwashing:

(1) Type 1 Overwashing - without a reduction in crestal height;

(i1) Type 2 Overwashing - with a reduction in crestal height.

Type 1 Overwashing is characterised by the deposition of open-work shingle, on the

lee crest of the barrier. Such deposits consist of thin layers, of approximately 0.1m
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with a dip similar to the leeward face of the beach; this is typically at a slope of 5-13°,
but also reaching steepnesses of 19° in places on Hurst Spit (Nicholls, 1985). The
deposits are characterised also by steep fronts, probably resulting from sudden
cessation of the flow, due to percolation.

Type 2 Overwashing occurs less frequently; it results when the combination of wave
and water level conditions are severe, relative to the beach geometry. A range of
features may result from this process; these include throat confined overwash fans | or
more wide-spread sluicing overwash. Examples of both of these processes were

observed and documented during the course of the present study (Chapter 6).

Development of such features can be quite rapid. Once the crest level has been reduced
the wave energy required to overtop the crest is reduced; hence, the frequency of
overtopping events increases. This process is the most significant in terms of the
volumetric movement of material onto the back crest of the barrier. Nicholls (op. cif)
observed Type 2 Overwashing on at least 13 occasions, between 1980-1982, at Hurst
Spit. Washover fans and flats generated during these events were up to 1.5 m thick;
one extended up to 100m to landwards of the crest. Fans are characterised generally by
a steep face at their landward end, where the fan intersects the lagoon. The
composition of sediments within the fans can be highly variable, and they may
comprise of a mixture of open-work shingle, sandy open-work and sandy-shingle:
landward dips vary at between 3 - 6° at Hurst Spit (Nicholls, op. cif). The maximum
reduction recorded by Nicholls (op. cit) was 2.5m. A 30m wide throat formed on
10/4/83; this widened to 100m on 2/9/83. Beach face erosion accompanied
overwashing, resulting in crest elevation reduction of 0.5-1m over a 100m length of
the beach. The landward dip of the washover deposits were typically at a slope angle
of 6-10°.
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The jump from crestal build-up to barrier breakdown may involve little additional
forcing (Carter and Orford, 1993) (Figure 2.3). Transitional zones may occur between
these triggers, when a certain mode of development persists; the sorting and stability of

the structure improves during these periods (Figure 2.4) (Carter et al, 1993).

Despite numerous field-based studies which have examine cross-shore response

processes, none have quantified crest evolution with respect to hydrodynamic forces.

Seepage is also noted as a significant process. This may result in the formation of
wash out cans or channels as discussed for sites at Slapton Ley (Devon) (van Vlymen,
1979), Chesil Beach Arkell, (1955); Carr and Blackley, (1974) at Dungeness
(Eddison, 1983) and at Hurst Spit (Dobbie and Partners, 1984; Nicholls, 1985). Carter
et al (1984) quantified stream seepage through coarse clastic barriers in SE Ireland,

identifying a relationship between maximum potential head, discharge and barrier
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geometry. Barrier seepage throughflow is suggested to occur in the range 0.25-1.8 x
10? m’s™, assuming seepage velocities calculated by reference to Darcy’s formula:

v =kAh/ AL, where

k is the permeability coefficient and Ak / A{is the hydraulic energy loss per unit length.
Differential water levels often occur on either side of the barrier, resulting in varied
hydraulic gradients. Cross barrier differential water levels of 1.5m were observed at
Padre Island, (U.S.A) during hurricane Allen (Suter et al 1982); these may have
encouraged breaching to occur.

2.2.4 Hydrodynamic conditions

Whilst the influence of wave conditions is recognised by many authors: (Boyd et al/,
1987; Forbes and Taylor, 1987; and Carter ez al 1990); none provide local
measurements of shallow water conditions. Orford ef a/ (1991a), Forbes and Drapeau
(1989), Orford and Carter (1982, 1984) and Fitzgerald et al, (1994); all provide
information on the magnitude of offshore conditions but no details of nearshore storm-
specific conditions. Carter ef al (1990) have recognised the significance of these
limitations. Carter and Orford (1993) emphasise the importance of wave conditions in
the change of the morphodynamical status of the barrier, as the critical wave height to
depth (H,/d) and depth to wave length (d/L, ) change; this suggests that
morphodynamic shifts occur at abrupt thresholds.

The tendency for crest elevation to build is greater under spilling waves (Orford,
1977), which are characteristic of dissipative shorelines. Edge wave development in the
nearshore zone is considered to be an important factor in the development of drift-
aligned barriers, when the predominant wave train is not normally incident to the beach
(Carter and Orford, 1993). Refraction and diffraction have both been postulated, as
important factors in the evolution of spits (Carter, 1988); however, their role is

unclear.
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2.2.5 Evolutionary timescales

Holocene developments within the North Sea have resulted in net sea level changes of
about 20m over the past 8000 years (Shennan, 1987). This rapid change in sea level
has enabled spits and barriers to evolve rapidly, through erosion of the shoreface and
increasing washover (Hequette and Ruz, 1991, and Hequette et al, 1995). A number of
features around the coast of the UK are attributed to formation at approximately 5000-
6000BP. For example, Larcombe and Jago (1994) have suggested that the formation
of the Mawddach estuary bar (Wales) was by sediment rolling landwards in response
to sea level change: Nicholls (1985) suggests a similar evolution for Hurst Spit. The
effects of sediment supply on the evolution of Orford Ness (Suffolk), were examined
by Carr (1970); a correlation with both sediment supply and changes in water level was
demonstrated. Borrego et al (1993) examined evolution of the spit at the mouth of the
Piedras River (Spain), on the basis of geophysical profiling. These investigators
demonstrated the effects of episodic overwashing and changes to the sediment supply
over the course of 4000 years. Boyd et al (1987) present a six stage evolutionary
model for barriers; the first two of these phases relate to geological and
oceanographical conditions for the initial formation; the latter stages conform broadly

with evolutionary processes discussed by Orford and Carter (1982, 1991).

The balance between barrier crest build up due to overtopping, and crest breakdown
by overwashing, dictates the rate of barrier migration (Orford ef al, 1991). Differential
response of the barrier crest and back barrier limit provides an indication of the
evolutionary phase (Figure 2.5). If the seaward shoreline retreats faster than the back
barrier, then the crest must be building. The opposite response suggests a falling crest
elevation. These inferences suppose that net sediment transport is in balance and that
the cross section of the barrier is maintained. The balance between overtopping and
overwashing is controlled by the frequency and magnitude of storms and storm surges,
which are independent of water level. The theory that barrier migration is partially a
function of sea-level rise is supported by Dillon (1971), who postulated that an
increasing volume of material is required to maintain a stable barrier under sea level
rise. Unless there is a longshore or offshore supply, this balance is unlikely to be
maintained. It is suggested that barrier rollover will be spasmodic when sea-level is

static: however, this theory does not allow for the effects of increased ‘storminess’.
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Orford et al (1991) suggest that barrier migration must cease with time in a static sea
level situation as the fetch limiting storm event approaches asymptotically: it is
suggested that the large gravel barriers of SE Ireland fall into this category. This
hypothesis could be applicable to fetch-limited situations, but does not allow for the

influence of storm surges.

Carter and Orford (1993) suggest that the study of the short-term morphodynamics
associated with coarse clastic barriers has been neglected; this reflects the difficulty of
measurement within a high energy zone. As a result information of a near
instantaneous-scale dynamics of such barriers is rare. Horn et a/ (1996) confirms that

detailed short-term process studies on spits are virtually non-existent.
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Figure 2.5  Schematic view of barrier crestal stability domains as a function of

seaward and back-barrier shoreline migration. (from Orford et al 1991a)

The geometric variability of the structure shape and size has a significant effect on
barrier response, in addition to the hydrodynamic conditions. A summary of geometric
variables considered by various investigations is presented in Table 2.1. Data does not

consistently relate barrier geometry to clearly defined tidal elevations.
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Location Width | Height Investigator
(m) (1)

Story Head (Nova Scotia, Canada) 40-60 4 Orford et al (1991)

Olympic National park 20-30 5-6 | McKay & Terich

(Washington, USA) (1992)

Louisburg (W Ireland) 80 4-5 Carter & Orford
(1993)

New Harbour (Nova Scotia) 30-40 4 Carter & Orford
(1993)

Ballantree (Ireland) 80 10-12 | Carter & Orford
(1993)

Porlock (Devon) 40-60 10 Carter & Orford
(1993)

Carrs Pond, (Nova Scotia) 40-50 4 Carter & Orford
(1993)

Hurst Spit (Hampshire) 30-50 4-5 Nicholls (1985)

Table 2.1 Typical coarse clastic barrier geometry

2.2.6 Methods of study

Aerial photography provided the basis for investigations by Regnauld ez a/ (1993) at
Sillon du Talbert (France); and Suter et a/ (1982) and Penland and Suter (1984) on
sand barrier islands of the Gulf Coast (U.S.A). Similar techniques have been used by
Orford et al (1991a), to determine the rates of barrier migration at Story Head, (Nova
Scotia), in parallel with long-term time-series of tidal records, (over periods of several
decades) (Orford ef a/ 1993). The relationship between back barrier and sea level
margins has been used to infer phases of crest lowering and build up (Orford ef al,

1991). Beach profiling and sediment analysis has been used to investigate the profile
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response of gravel barriers in Olympic Park, Washington (McKay and Terich. 1992).
Observations of the response of an artificial breach and natural closure of a shingle
ridge to tidal currents and waves were made using tracers, topographical surveys and

by reference to offshore waves by Walker ef al (1991), at Batiquitos, San Diego.

Leatherman (1977) presents details of current measurements of overwash surge
velocities, using electro-magnetic current meters and pressure transducers located in a
throat on a sand barrier at Assateague Island (U.S.A). Velocities of 8ft/second were
recorded. Similar overwash bore velocities were recorded by Holland ez a/ (1991) on a
sand barrier in Louisiana, using a video system and a series of capacitance wave staffs
located in an overwash throat. Maximum storm event erosion depths have been
analysed using plugs of dyed sand, by Fisher ef al (1974); these investigations
identified wave conditions resulting in profile and throat development on Assateague
Island. Extensive throat-confined overwash-fans formed on the sand barrier: fans
extending 100m, with a 30m wide head and 12m wide throat were recorded.

2.2.7 Conceptual models of morphodynamic forcing

Although Bruun (1962) suggests a relationship between sea level rise and shoreline
migration which is applicable to all grain sizes, the validity of the ‘Bruun Rule” is
unproven for coarse clastic barriers. Orford er al (1991a) have provided qualified
evidence in support of the Bruun Rule, for coarse grained systems, recognising the
importance of wave activity but questioning the representativeness of barrier type used

in their investigation.

Carter and Orford (1993) discuss a conceptual model describing medium-term changes
on coarse clastic barriers, linking wave climate, morphology and sea level rise to
crestal build up and barrier migration. As the relative width of the seaward slope
increases, the slope becomes increasingly dissipative, even to the point where the crest
ridge may become abandoned; this is especially significant if accompanied by a fall in
sea level (Carter and Wilson, 1992). If the barrier progressively loses material.

migration is likely to increase and it may ultimately breach (Carter, ef al 1987).
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Whilst sea level is a passive plane, it forms the basis for dynamic mechanisms such as
wave activity. Evidence for the landward migration of gravel barriers in response to
sea-level rise has been provided for Loe in Cornwall (Hardy, 1964), Chesil Beach
(Carr and Blackley, 1974); and in Ireland (Carter and Orford, 1981). These hypotheses
are developed by inference, but Orford ef al (1993, 1993a) has presented evidence, at a
decadal time scale of relationships between sea level rise and barrier migration in Nova

Scotia.

Much research on the evolution of shingle barrier beaches has focused upon the effects
of sea level rise on the transgression of the beach (Orford et al, 1995). Whilst
recognising that barriers are influenced by the effects of storm waves, few researchers
have attempted to quantify these effects. Changes in mean sea level are seen as the
primary driving mechanism for the evolution of barriers (Hardy, 1964; Carr and Hails,
1972); this must assume a non-varying wave climate over the period of sea level
change. The effects of relative sea level rise, on the geomorphological response of
swash-aligned gravel barriers, have been examined over a range of temporal scales by
Orford et al (1995); McKenna et al (1993); and Carter et al (1993). Evidence 1s
presented for a linear relationship between sea-level rise, barrier inertia, (specified in
terms of height and cross section geometry) and barrier migration; this was based upon
three gravel barriers, over the period 1837-1986 . The importance of barrier cross
section and elevation is emphasised and it was suggested that the smaller the cross-
sectional area, the more rapid the retreat regardless of sea-level rise (Figure 2.6).
Importantly, reference was made to the assumption that wave climate remains constant

over this period.

The studies discussed above provide evidence for the evolution of shingle barriers over
periods ranging from several thousand years to the sub-decadal scale. Whilst the
evolutionary processes have been discussed, by inference, no near-instantaneous
measurements have been made of the response of shingle barriers to extreme storm-
events with simultaneous measurement of wave, water level and geometric conditions.
These short-term processes may be particularly important where the barriers provide a
coastal defence function. Barriers which provide this function have been discussed for
a number of locations, including Chesil Beach (Babtie, 1997, Bray, 1997) and Hurst
Spit (Nicholls, 1985; Bradbury and Powell, 1992; and Bradbury and Kidd, 1998).
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2.3 BEACH PROFILE ANALYSIS

The profile and form of a shingle beach can be considered as part of a general
morphodynamic model. It has been suggested by many researchers that two main
types of beach profile exist: a step or swell profile formed by waves of low steepness
and associated with beach accretion; and, bar or storm profiles formed by waves of
high steepness and associated with beach erosion. These two forms of profile (Figure
2.7) have been identified largely through regular wave model testing and have
focused upon the shape of sand beach profiles (Powell, 1990). Profile evolution is

significantly more complex however, than these regular wave studies would suggest.
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Figure 2.7  Idealised beach profiles (after Powell, 1990)

Whilst the concave profile of a shingle beach has been commented upon by many

investigators, few have attempted a mathematical description of this curve. Where
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sandy beach profiles have been described mathematically, it has generally been

concluded that the profile can be described by a hyperbolic curve of the form:
y=Ax" (2.1]

A and n are functions of the beach material and the incident wave coﬁditions, whilst x

and y are the horizontal and vertical distances, respectively.

Similarly, a general form of the equation has been used by Keulegan and Krumbein

(1949), to describe the curve of a beach profile:

% _ X
yi=s——— [2.2]
486(v5)0

Where v is the kinematic viscosity of water (9.7 x 10-0 12 /s) and x and y (feet), are

expressed in Imperial Units.

Keulegan and Krumbein (op.cit) derived this equation from the solitary wave theories
of Boussinesq and Russell, in combination with laboratory tests of energy loss within
a solitary wave. Assumptions made in the theoretical derivation do not appear

however, to represent the experimental conditions used for their laboratory tests.

A theoretical expression for the equilibrium profile of a sandy beach was derived by

Bruun (1954), based upon the following assumptions:

a) the beach profile is formed only by the onshore /offshore component of the

shear stress, due to wave action;

b) the shear stress per unit area of sea-bed is constant, in both time and along

the onshore axis; and
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c) the wave energy loss is uniform, as the wave approaches the shoreline.

The general form of equation derived by Bruun (1954) based upon these assumptions

is given below as:

y= Ax) ’ [2.3]

Comparisons have been made between this formula and field data derived from
Denmark and from Mission Bay, California. This comparison indicates that A is
dependant partly upon wave steepness, suggesting that A increases with a reduction

in wave steepness.

Studies by Dean (1977) have suggested three models to describe the equilibrium
profiles of sandy beaches, in the zone between the wave break point and the
shoreline. The models are limited to spilling breaker conditions, since the ratio of
breaker height to water depth must be constant to landward of the first breaker
point. Whilst this may be appropriate for many sandy beaches which are relatively
flat, itis clearly unsuitable for typically steep shingle beaches where spilling breakers

occur only rarely.

Dean’s (op. cit) first model assumes that the beach profile is created in response to a
uniform long-shore shear stress. The second model suggests that the profile results
from uniform dissipation of energy per unit surface area of sea-bed; it assumes
that energy is transferred into turbulence and then through viscous action, into heat.

The resulting equation was derived as follows:

d = Ax’ [2.4]

where d,  isthe depth below mean sea level

X is the horizontal range

and A is a function of grain size
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Deans (1977) third model was derived in a similar way, but assumed that the profile
resulted from uniform energy dissipation (per unit of volume of water) within the

surf zone. The following equation was derived:

d=dax5 [25]

with the constant A being derived from the following equation:

%

48D 3

A= (48D(d)” (dl)) [2.6]
&g

where

K isaconstant H,/d,
H, is wave height within the surf zone
g is density of water

~and D(d) is rate of wave energy dissipation per unit volume as a

function of grain size.

The constant A appears therefore to be a function only of grain size: this does not
appear to be appropriate for the description of shingle beaches, since they are rarely
subject to spilling waves. Consequently, the constant used in the formula must
include an appropriate function to describe wider ranging wave conditions, if it is

to be applicable to shingle beaches.

The above equations were evaluated by Hughes and Chiu (1978) who tested them
by fitting measured beach profiles. These investigations found that equation [2.5]
provided the best fit to the data, in the majority of cases; this implied that the best
approximation for sand beach profile formation in the surf zone is described in terms

of a uniform energy dissipation model (per unit volume).
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Hughes and Chiu (1981) analysis of sandy beach profiles (with a median size of
approximately 0.27mm) from the Florida coast and the Lake Michigan shoreline

provided an equation of the form:
y=0lx% [2.7]

This relationship suggests that the constant A in Dean’s formula is given by:

A=01m"

Further work by Hughes and Chiu (1981) was undertaken, on the formation of sandy
beach profiles in laboratory experiments. The material in these studies had a

grain size (D5q) of 0.15mm. These studies confirmed the general form of Dean’s

equation [2.5] for spilling breaker conditions, providing a new coefficient for the
constant (A) of;

A=0132m

These authors tested the coefficient as a function of both wave height and wave
period, finding that neither had any significant effect. It was suggested instead that
the extra surf zone volume necessary to dissipate greater incident wave energy was
achieved by a lengthening of the surf zone, rather than a change in the beach

profile. As the incident wave energy increased, the position of the bar trough

moved farther offshore and into deeper water. The curve y = Ax2/3 can be extended
seawards, therefore, to intersect the bar trough, without changing the value of the
coefficient A. The increased energy is then dissipated within the increased surf

zone volume.

Vellinga (1984) carried out studies on the scale factors affecting the laboratory
modelling of sand dune erosion, under storm surges. An empirical scale factor was

derived, by the curve-fitting of dune erosion profiles and volumes:



Shingle beach processes 33

yp xp0.78
L=t [2.8]
ym xm

where the subscripts p and m refer to prototype and model, respectively.

Assuming . that beach profiles can be described by a power curve of the form:

y=Ax", then substitution of equation [2.8] into this form give

y= Ax* T [2.9]

For sandy beaches witha D,; =0.225mm and H, /L, =0.034, equation [2.9] can
be given by

y=008x"" [2.10]

The curve described by this equation is very similar to that derived by Bruun (1954).
Comparison with Hughes and Chius formula (1978) (equation [2.7]) does not show
however, such good agreement; their profiles are much more gentle than those
described by Vellinga (1984) and Bruun (op. cit.). It is suggested that this
discrepancy is due to the differences in the wave climates between the two study

areas and that, on this basis, there appears to be an effect of wave steepness.

Vellinga (1984) attempted to establish the form of this steepness effect by
assuming that it was described solely by the coefficient, not by the exponent. From
a rather limited set of model test results, run at a constant wave steepness of 0.034,

the following equations were derived,

y=AH, L) x" [2.11]

or
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A=A(H, /L) [2.12]

The same model studies were used to incorporate the influence of sediment size into
the coefficient A4 . An erosion profile was derived of the form:

y: 07(H0 /LD)0A17I/S0.44XO.7X [ 213]

bac)
L

while V' is the fall velocity of a sediment particle of size I,

When compared with full-scale field measurements, equation [2 3] zrves

reasonable results for the ranges:

0025<H, /L, <004

and

0.16mm < Dy, <0.4mm

Comparison of these equations with the results of profiles measurad by Powell (1990)
for shingle beaches is poor, however, and equation [2.13] gives much shallower

beach profiles than those measured on shingle beaches.

All of the equations discussed previously are only valid below the static water level.
Similarly, they have all been derived and validated against sandy beach profiles,

formed by waves with relatively low steepnesses of the order of (0.034).

Similar techniques have been applied also to the analysis of shingle beach profiles.
Van Hijum and Pilarczyk (1982) and Powell (1986) carried out physical model
studies, designed to develop profile descriptors for shingle beaches. A similar
approach to the profile description was adopted in both sets of investigations.
Profiles were schematised as two hyperbolic curves: one from the beach crest to
the step; the other from the step to the lower profile limit. Empirical equations
relating these curves to the wave and sediment characteristics were determined.

Whilst both of these studies provided a useful first attempt at describing the beach
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profiles, most of the tests were carried out using monochromatic waves: they
do not provide, consequently, a good representation of natural conditions.

Van der Meer (1988) extended his earlier work on the dynamic stability of rock
slopes to natural gravel beaches. Beach profiles were schematised by sub-division into
three separate curves: from crest to static water level (SWL); from SWL to
transition; and from transition to the lower profile limit. An extensive series of
random wave tests provided relationships between the profile parameters and either of

two dimensionless terms:

(1) Wave Steepness, H /L

and
1
HTg"
(ii) Combined Wave Height and Wave Period Holn8 " mg3
AD. 72
S0
where d is relative (mass) density (p.-p,)
P,

P, 1s the density of sediment

and P, is the density of fluid

Length parameters were best described by the combined wave height and wave
period function, with the elevation parameters by the wave steepness parameter.
Correction factors for shallow foreshores and oblique wave attack were also
derived. An important omission from these studies was allowance for the scale

effects, when working with sediments of shingle size (typically with grain size, D5 >

5mm). Failure to compensate for the effects of reduced permeability in the model,
when compared with full-scale shingle beaches, has resulted in incorrect reproduction
of the profile response of the model. Since the materials in van der Meer’s tests
were scaled on the basis of simple geometric scaling, the effective permeability in the
model was reduced, relative to full-scale. Consequently, the beach slopes produced in
the model tests will respond in a different manner and will tend to be flatter than would

be expected.
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Powell (1990) has provided the most recent and most relevant series of formulae to
describe the shape of a shingle beach,; these relate to an extensive series of random
wave tests, undertaken in a 2-dimensional random wave flume. Material used to
represent the shingle beaches was a graded anthracite, scaled to reproduce both the
correct beach permeability and the threshold and direction of sediment motion. The
tests examined a wide range of conditions, including beaches with depth-limited
foreshores, and those overlying impermeable sloping seawalls. The majority of tests
were carried out with deep water at the toe of the beach - a condition which does not

represent most shingle beaches.

In a similar manner to van der Meer (1988), Powell (op. cit.) has described the
beach profile by three hyperbolic curves: from beach crest to the static water level
and shoreline intersection; static water level to the top edge of the step, and the top
edge of the step to the lower limit of profile deformation. Figure 2.8 illustrates the
schematisation of the beach profile and defines the co-ordinate descriptors for the
three curves. These parameters have formed the basis of the profile analysis used in
the present study (Chapters 6 and 7). The resulting schematisation is characterised by

the following parameters relative to the still water and shoreline axes:

D, - the position of the maximum run-up (-ve),
h, - the elevation of the beach crest (+ve);
D. - the position of the beach crest (-ve);
h, - the position of the beach step (+ve);
P, - the elevation of the beach step (-ve),
h, - the elevation of the wave base (-ve);
and D, - the position of the wave base (+ve)

Powell (1990) derived a series of functional relationships for the profile
descriptors and, on the basis of dimensional analysis, produced three dimensionless
parameter groupings:

a) H,/D,,, theratio of wave height to sediment size

3

b) H /L, wave steepness

5 m
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!
and c) H, ngA / DSO%, the ratio of wave power to sediment

size (equivalent also to van der Meers dimensionless parameter,
H,/T,)

A suite of empirical equations were derived, allowing wave run-up distribution,
wave reflection coefficients and the beach profile response to be described.
Development of a parametric profile model allows the quantification of shingle
beach profile changes, due to onshore/offshore sediment transport. Profile equations
have been derived by regression analysis of the model data and are summarised in
Table 2.2.

Figure 2.8  Schematised beach profile
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Functional Relationship Limit of
Applicability

p,/H, =638+325In(H,/L,)

001<H,/L, <0.06

pcho/HsL,,, = —0‘23(Hsng% /DSO%) ~0.588

001<H,/L, <006

h,/H, =286-6269(H,/L,)+44329(H,/L,)’

001<H,/L, <0.06

- ~0.81
pDs/HL, = 1-73(H:ng1/2 /Dso%)

00l1<H,/L, <003

P / Dy, =5526+4124(H,* /L, Dy, )+ 490(H,* /L, D50)2

003<H,/L, <006

h,/HS =-112+ O.65(H:2 /L, Dso) -01 I(HS2 /L, D50)2

001<H,/L, <003

1 2
A, / Dy, = 1041~ 0.025(11:2 /L% DSO%) - 7.5x10'5(H:2 /L, DSO%)

003<H,/L, <006

0.92

Py /Dy, =28.77(H, /Dy,)

001<H, /L, <006

h/L,=-087(H,/L,)"*

001<H, /L, <006

Table 2.2 Summary of functional relationships for use as beach profile descriptors

(from Powell, 1990)
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These equations have formed the basis of the design criteria for the present
investigation; they have provided an outline framework for the design of the test
programme, comparison of the results, and the development of the numeric models to
| include new variables. Previous studies discussed in this Chapter have identified a
number of variables which may influence the development of a beach profile,

including:

wave height

wave period

wave duration

beach material size

beach material grading

effective depth of beach material
foreshore level

water level

angle of wave attack

spectral shape

initial beach profile

These variables, which formed the basis of the design of the experimental work for

these studies, are considered in more detail below.

Powell (1990) has demonstrated the effects of wave height and period on beach
profile formation. Variations in either of these parameters have a significant effect
on the shape of the beach profile. The influence of the wave height parameter is
most significant on the upper beach (Figure 2.9). Width of the surf zone 1s increased
in response to increased wave height, and the corresponding increase in wave
energy. In general, Powell’s (op. cit.) results show general agreement with the earlier
theories of Hughes and Chiu (1981), who postulated that the extra surf zone
volume required to dissipate increased wave energy is provided by lengthening of

the surf zone (as opposed to a change in the profile).
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Figure 2.9  Influence of wave height on profile development (from Powell, 1990)

Wave period appears to have a greater effect upon the vertical dimensions of the
profile than on the horizontal. The resultant effect of an increase in wave period
appears to be increased crest level and a corresponding increase in the volume of
material at the top of the beach. A corresponding seaward displacement of the
lower limit of profile deformation also occurs, together with erosion of the beach
below the step position (Figure 2.10).

3 =

1 1 e, 1 4

30 Lo 50 60 70
Chainage (m)

Elevation relative to still water level (m)

1

Figure 2._1_0 Influence of wave period on profile development (from Powell, 1990)
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Powell (1990) has investigated the effects of wave duration on the beach profile
development. Profile evolution is very rapid in the early stages of wave attack and an
equilibrium profile was seen to develop within the first 500 waves at any given water
level (Figure 2.11). Whilst the beach profile may be modified by subsequent wave
action, the primary features of the profile have evolved by this time.
Consequently, minor modifications due to grouping of waves occurs after this time;
this has the most significant effect at the step of the beach profile. By contrast van der
Meer (1988) suggests that duration is a significant variable, with changes to the profile

still occurring after several thousand waves.
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Figure 2.11  Influence of wave duration on profile development (from Powell,
1990)

All of the investigations discussed above have been developed on simple constrained
beaches, which have been unable to overtop under the test conditions. There are no
documented studies of the profile response of shingle barriers, (to the writers
knowledge).

The influence of the depth of impermeable membranes, which affect the flow fields

within the beach structure have also been investigated (Powell, op. cif). The
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significance of the impermeable membrane has not been quantified in detail.
Nevertheless, the results of the model tests indicated clearly that the depth of the
impermeable membrane, beneath the beach surface, affects the horizontal beach
profile displacements. This observation confirms the results of field-work reported by
VLonguet-Higgins and Parkin (1962), who found that an impermeable layer buried
within the beach encouraged erosion of the overlying beach.

The importance of sediment characteristics such as grain size and grading has been
examined in earlier studies, (Poweli, (1990); van der Meer, (1988)). Sediment grain
size appears to have more effect than does grading. It is suggested, however, that
there is a strong correlation between the characteristic wave steepness and the

mean grain size, when analysing the profile response.

Both of the above studies have indicated that there is little variation in the beach
profile response, due to sediment grading. This effect appears to be consistent
throughout the results. Since only two grades of material were tested, however, this
area of understanding needs further research before wide-ranging conclusions can be
drawn. Subsequent research (Powell, 1993) has examined the effects of a wider range
of sediment sizes and gradings. Regrettably, the results cannot be related back to the
original profile prediction methods, as a much simpler form of analysis, (based upon

the mean beach slope) was adopted.

The influence of the foreshore level, relative to the toe of the beach, is significant in
influencing the development and change in beach profiles - particularly below static
water level. The water depth at the toe of most beaches is shallow, in contrast to
the deep water at the toe of the beaches modelled by Powell (1990). There are a
few exceptions, notably Chesil Beach and Dungeness; these have relatively deep
water at the toe of the beach, under certain tidal conditions. However, the studies
undertaken focus largely upon deep water conditions. Consequently, there is
considerable scope for an improvement of the profile prediction methods for shallow
water conditions; these are much more typical of beaches around the UK. Wave
breaking in shallow water complicates the evolutionary processes, but little work has
been carried out into such conditions, particularly under random waves. The location
of wave breaking clearly has a significant impact on the distribution of energy

dissipation and the consequent profile response. As the water becomes shallower,
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the waves break farther offshore; consequently, they have a smaller impact on the
upper beach profile. Assuming that the waves offshore follow a Raleigh
distribution, then depth-limiting is assumed to occur when H /D, >055. Vander
Meer (1988) suggests that the effect of a reduction in the foreshore depth resulted in
a shortening of the beach profile below still water level, over the range

056 <H, /D, <0.74. Similarly, the results of a series of random wave flume studies

undertaken at HR, Wallingford (unpublished), on beaches with a shallow foreshore,
have indicated that the profiles formed above the depth-limited foreshore do not show
the distinctive step feature below the still water line. This observation is perhaps not
surprising, in view of the fact that the step part of the profile normally forms
directly beneath the breaker point.

Powell’s (1990) and van der Meer’s (1988) results contradict each other when
comparing the profile response above water level, in shallow water conditions. The
former results, which suggest a reduction in the profile dimensions at the shoreline
in shallow water, seem more credible than those of the latter, who postulates that
there is no significant change above static water level. Since the crest dimensions are
governed largely by wave run-up, which itselfis a function of energy, it seems more
likely that the increased energy loss due to wave breaking in shallow water will
result in reduced profile dimensions. In view of the very limited amount of previous
work on the profile response of shingle beaches with a depth-limited foreshore
combined with the fact that beaches occur most commonly under these conditions, this

area of research has formed a major focus for the present investigation.

The dependence of the profile development on the initial slope profile, prior to wave
action, has been discussed widely. Dalyrmple and Thompson (1976) investigated
the profile response of sandy beaches (0.4mm) and found that initial slopes within
the range 1:5to 1:10 had no effect on the development of the beach profile.
Nichollson (1968) also examined similar sandy beaches, with slopes of 1:5 to 1:20 and
a mean sand size of 2mm. Van Hijum (1974) studied a range of material of sizes up to
16.5mm and at slope angles of 1:5 and 1:10. Both authors established similar results,
suggesting that the initial gradient did not have a significant effect on the final
profile. Similarly the results of studies undertaken by Rector (1954) have suggested
that the initial profile of sandy beaches, in the size range 0.21mm - 3.44mm, had

no effect on the post-storm profile, other than to determine whether the upper
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beach was formed by erosion or accretion. These tests were carried out across a
range of initial slope angles ranging from 1:15 to 1:30. Van der Meer’s (1988)
investigations on coarse-grained sediments, with random waves, have suggested that
most of the slope profile was unaffected by the initial slope; however, that the

mode of profile formation was affected by the direction of the material transport.

In contrast to the observations discussed above, several researchers have suggested
that profile response is affected by the initial profile slope. Chesnutt (1975) found
that profiles formed in 0.2mm sand were affected by the initial slope angle, by
examination of slopes of 1:10 and 1:20. Elsewhere, Sunumara and Horikawa
(1974) observed that initial slopes of 1:10, 1:20 and 1:30 influenced the final
profile formed in 0.2mm and 0.7mm sands. Subsequent work undertaken by
Gourlay (1980) has suggested that the initial profile of the slope was only a

significant control if the initial beach profile was steep.

The early studies (Powell, 1990) have highlighted a number of shortcomings in the
research undertaken to date. In particular, the study of the effects of oblique wave
attack and the influence of longshore sediment transport on the profile response of a
beach has been recommended. Subsequently, a limited experimental programme was
carried out to examine the effects of oblique wave attack on profile response (Coates
and Lowe, 1993); on the basis of this modifications to the original predictive formulae
were suggested. The influence of beach grading and a depth-limiting foreshore on
profile modification has not been addressed fully. High quality field data is needed to
validate the results of laboratory studies, in order that numerical models may be of
direct use in beach design and management. Limited field investigations have been
carried out to test the validity of the numerical methods (Coates and Bona, 1997), but
further validation is still required. Likewise, the profile development and
characteristics of an overtopping barrier beach, or spit, have not been previously
studied. In particular the need for a detailed physical model study to examine, in
detail, the hydraulic response of a shingle barrier beach to wave attack has been
identified (Nicholls, 1985).
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CHAPTER 3: THE STUDY AREA

3.1  GEOMORPHOLOGICAL SETTING

Christchurch Bay is a shallow coastal embayment bounded by Hengistbury Head to the
west and by the Needles promontory to the east. The bathymetry of the embayment is
dominated by the bedrock outcrop of the Christchurch ledge to the west and the
offshore sand and shingle banks system, which extends across the whole of the
embayment (Figure 3.1).

Both transgressional and regressional beaches occur within the embayment. which can
be divided into a number of distinct geomorphological units. The northern coastline of
Christchurch Bay is characterised by rapidly eroding cliffs (Lacey, 1985; Brayv er a/
1991). The coast around the tidal inlets of Christchurch Harbour and the Western
Solent are characterised by sand and shingle barrier beaches. Belknap and Krart (1983)
suggest that the antecedent topography of the embayment has probably controlled the
differentiation of the embayment into these geomorphological units. Submergence of
the area since the last glaciation has provided a supply of sediment from erosion ot the
cliffs and older coastal lithosomes, to produce a series of beaches. Sediments are
generally coarse grained, comprising sand and gravel. Christchurch Bay exhibits a log-
spiral curve plan form; as such it has been suggested that the bay has not vet achieved
an equilibrium plan shape (Wright, 1982), on the basis of an extended analysis of
studies by Silvester (1970). Such analyses were based upon the relationship of the plan
shape of the Bay and the prevailing wave direction.

Hurst Spit has evolved as a barrier spit at the entrance to the Western Solent (Figure
3.2); it is composed largely of shingle and is approximately 3.5km long. Shingle
recurves at the distal end of the spit confirm, its presence over the past (at least) 500
years. Contemporary beach processes have dominated the structure of Hurst Beach
over the study period; this is demonstrated by cartographic evidence which indicates
the change in plan position of the beach in response to storm-induced processes
(Nicholls, 1985). These observations suggest five main depositional processes on the

backshore.
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(a) berm formation;
(b) overtopping;
(c) overwashing without reduction of the crest height;

(d) overwashing with reduction of the crest height; and

(e) seepage

The first four of the above processes are dominated by the combination of vertical
swash run-up, water level and crest height. Berm formation occurs when the swash is
limited to the seaward side of the crest. The distinction between the types of
overwashing is dependant upon (a) the volume of swash reaching the crest of the

beach; and (b) the geometry of the beach crest.

Hurst Spit has been the subject of a number of investigations (Nicholls, 1985; 1990,
and Nicholls and Webber, 1987a,b); its structure is complicated by the varied sorting
of the beach sediments which can range from open-work shingle with no sand; through
sandy open-work shingle with up to 20% sand; to sandy shingle which leaves only pore
spaces within the sand component. The nature of the overwash deposits results often
in the deposition of a mixture of the finer- and coarser-grained sediments;

consequently, the permeability of the beach is reduced due to this layering effect.

3.2  HYDRODYNAMICAL SETTING

3.2.1 Tides and surges

The tidal regime of the English Channel is characterised by semi-diurnal tides. The
study area lies close to the amphidromic point; consequently it is characterised by a
relatively low tidal range (2.2m on mean spring tides) and relatively low tidal currents.
A double high water occurs, due to the relatively weak local amplitude of the M,
constituent in combination with a strong shallow water constituent (Tyehurst, 1978).

Hence, the tidal characteristics of the area are very complex. The shallow topography
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and proliferation of offshore banks and tidal inlets complicates the tidally induced flow
(Velegrakis, 1994).

Crestal changes to Hurst Spit occur usually only over high water spring tides, in
combination with storm surges (Nicholls, 1985). Surges greater than 1m can occur in
Christchurch Bay; these can have a profound effect on the beach response, extending
the tidal range by more than 50%. Storm surges are frequently associated with low
pressure systems and severe wave activity (Henderson and Webber, 1977, 1979).
Large storm surgeé in 1981 and 1983 resulted in peak water levels of 1.52mODN and
1.65mODN respectively (Nicholls, 1985). The significance of the surge component is
twofold. Firstly, the point of attack on the barrier is moved to landwards by the ratio of
beach slope to surge: a 1m surge on a beach with a mean slope of 1:7 will move the
point of attack landwards by 7m; this is highly significant on a barrier which is only
30m wide at MHW. Secondly, the increased water depth at the beach toe allows higher

and longer period waves to attack the beach, prior to breaking.

3.2.2 Wave climate

Wave activity is a major factor controlling the geomorphology and distribution of
sediments within the study area. The wave climate of the area has been addressed
previously in a number of earlier studies (see below). Whilst the most reliable studies
of wave climate can be made by extensive periods of direct measurement of wave
conditions, regional wave climates can be derived reasonably reliably from long time-
series of appropriately-located wind recording. Synthetic wave climates have been
derived successfully at many sites elsewhere, by establishing an empirical relationship
between wind stress and waves. Calibration of such hindcasting methods has been
carried out with some degree of success against measured wave data at a number of
sites (Hydraulics Research, 1989d).

Earlier studies have derived regional wave climates at a number of locations within
Christchurch Bay, using wind data from meteorological stations at Portland and
Calshot. Despite its distance from the Hurst Spit, Henderson (1979) has suggested
that Portland provides the most appropriate site for wind-wave studies within the study
area; this has been confirmed by studies undertaken by HR Wallingford (1989b). An
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offshore wave climate has been compiled for Christchurch Bay using hindcasting
techniques, based upon a series of 15 years of wind data. (Hydraulics Research 1989a,
19890b). A prevailing WSW wind direction was identified within this study (Figure
3.3): waves with a significant wave height >1m were predicted for 31% of the time
whilst significant wave heights >3m occur for 2.6% of the time. Extreme values,
forecast from the data-set suggest an offshore significant wave height with a 1:1 year
return period of 5.8m and 7.9m for a 1:100 year return period.

Whilst the prediction of a épectral wave climate at an offshore location is a reasonably
straightforward and reliable process, empirical hindcasting methods are confined to
deep water locations: this is when the wave length to water depth relationship is such
that the waves are unaffected by the sea bed. Derivation of a nearshore wave climate is
a significantly more complex process, as variables such as refraction, diffraction,
shoaling and bed friction become important. Further transformation of the data is
required to provide a nearshore wave climate, if the data are to be of use for the

analysis of wave-forces at the shoreline.

The influence of some of the above variables has been addressed in earlier regional
studies, with varying degrees of success. For example, Henderson and Webber (1979)
carried out a series of calibrations of a predicted wave regime, on the basis of
measurements made from a four year deployment of a waverider buoy, to the east of
Boscombe. Focusing of wave energy was observed in the area of Hengistbury head
and in central Christchurch Bay. Refraction studies using a monochromatic forward-
tracking ray model based on a coarse grid resolution, were used also to examine wave
transformations at the eastern end of Christchurch Bay (Henderson, 1979). These
studies demonstrated the difficulties in the mathematical modelling of wave processes
over a complex sea bed area; their apparent lack of success may be attributed to the
coarse resolution of the model grid, which was unable to represent fully the complexity
of the nearshore bathymetry. The results of these studies provide useful background
information, but the wave refraction modelling results need to be viewed with extreme
caution: indeed, they have not been deemed to be suitably robust for input into the

present investigation.
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Similar problems have arisen with the wave analysis carried out elsewhere (Halcrow,
1982). Wave hindcasting techniques and refraction studies were used to derive a local
wave climate for Hurst Castle. A 1:1 year significant wave height of 3 m was
suggested, rising to 3.4 m for a 1:20 year period. As outlined previously, this latter
study was limited also by the complexity of the nearshore bathymetry. The large
differences between extremes wave conditions at the offshore boundary compared with
the inshore prediction points demonstrates the dramatic impact of the offshore Shingles
Banks as a mechanism for energy dissipation. Nicholls, (1985} and Bray er al (1991)
suggest, with feason, that the local wave climate at Hurst Castle is affected by the
long-term evolution of the Shingles Banks. This evolutionary process is discussed and
D
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Figure 3.3 Wind direction rose diagram, for Portland (1974-1989) - used for

hindcasting waves within the offshore area of Christchurch Bay. (from Hydraulics

Research, 1989a)
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3.3  COASTAL PROTECTION WORKS

The predominantly easterly littoral drift in Christchurch Bay and the complex
pattern of offshore banks and ridges (Figure 3.1) has influenced the alignment and
the form of Hurst Spit. The development of Christchurch Bay has also played a
significant role in the evolution of Hurst Spit. Activities at the western end of
Christchurch Bay, such as dredging of ironstone off the Christchurch Ledge, have
resulted in localised increased deepening and wave energy close to the shoreline and,
as a consequence, extensive areas of coastal protection have been required at
Highcliffe and Barton. Construction of these defences, since the middle of the 19th

century, has resulted in a reduced supply of sediment from the west.

The primary supply of shingle to Hurst Spit was derived largely, however, from the
Pleistocene gravel terraces in the cliffs at Milford-on-Sea; these dip below the
surface at Hurst Spit. Until construction of the defences at Milford-on-Sea, the
system remained in balance, with demands for sediment supply being met by erosion
of the gravel terraces. Following construction of the concrete sea defences and
groyne systems in the 1960s, erosion of the cliffs was halted and the supply of shingle
was reduced greatly. Consequently the sediment transport system became
unbalanced and the rate of erosion at Hurst Spit has increased. It is estimated that

the main body of Hurst Spit is declining in volume, by approximately 7000-8000
m?3 per year (Nicholls, 1985). In comparison, the littoral transport rate has been

estimated at 15000m3 per year. Much of the material is lost from the system at Hurst
Point and is removed offshore in the ebb currents; it is recycled onto the Shingles
Banks, which are accreting (Velegrakis, 1991). The material remaining in the

shoreline system is transported around Hurst Castle and is deposited on the active

shingle recurve, known as North Point.

The Spit is a transgressive feature and is moving landwards, due to the processes of
overtopping and overwashing. The rate of transgression has increased from
approximately 1.5m per year (1867-1968), to 3.5m per year (1968-1982) (Nicholls
and Webber, 1987b). Since 1982, the Spit has been subject to more frequent
overwashing and crest lowering during storm action, as a consequence of the declining
volume of shingle. Extensive throat and overwash fan systems have formed. Similarly,

the volume of the barrier above low water has declined further due to displacement
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of the shingle into Mount Lake, (in the lee of the spit). (Figure 3.2). The overwash
events, which were once sufficiently small to permit the crest to reform have grown in
frequency and size to such an extent that the shingle barrier could only recover

naturally after very long periods of calm weather, by 1989.

Several extreme storm events have resulted in extensive damage to Hurst Spit,
following storm action. In particular, the storms of October and December 1989
have caused dramatic lowering of the crest and roll-back of the spit. across the salt
marshes (Figure 3.4); these outflanked the rock armouring at the western end of the
spit. Crest lowering (by in excess of 2.5m), roll-back of the seaward toe (of up to 60m)
and roll-back of the lee toe (by up to 80m) resulted in displacement of more than
100,000 m’ shingle overnight. The performance of Hurst Spit durirg -ecer: winters

and the concerns of New Forest District Council, the local Coast Protection
Authority, has led to the establishment of a research and monitoring pre

gragone: this

has formed the nucleus of these studies, described in the subsequent texz.
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CHAPTER 4: STUDY METHODOLOGY

4.1 INTRODUCTION

The study objectives (Section 1.2) provide a range of problems for consideration prior
to designing the study programme. Suitably instrumented field studies and an extensive
fieldwork programme, with a duration of many years would provide the most realistic
method of developing a prediction model for the profile performance of a shingle barrier
beach. However, this method of study is fraught with practical disadvantages and

limitations.

The main difficulty of a field-based investigation is that of control of a complex
interacting system which comprises many variables. An understanding of the influence of
storms, of varying intensity and at different extreme water levels, is needed to develop a
predictive model of the profile performance of barrier beaches. Although such storm
conditions might reasonably be expected to occur during a study period of 3-4 years,
there could be no guarantee that conditions would be sufficiently severe to cause the
destructive overtopping events; these result in either crestal deposition or crest lowering
on a barrier beach. For example, the probability of exceedence of a storm event with a
joint probability extreme return period of wave and water level of 1:100 years, within a
study period of 4 years, is only 0.04 (CIRIA, 1996). The problem is compounded by the
need to examine the sensitivity of events which have a similar joint probability of

occurrence, but with varying combinations of wave and water level conditions.

Whilst an experimental programme, based solely upon field measurements, provides the
most realistic method of examining beach profile response, the lack of control of
hydrodynamic variables presents significant limitations. In particular, it is not possible to
isolate and investigate the relative influence of certain variables in a controlled manner,

i.e. longshore currents or tides.
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Development of a generalised predictive model for barrier beaches could also be a
problem, if the analytical framework were based solely on the geometric and
hydrodynamic conditions at a single site, this may not be generally representative of
similar features at other locations. The effects of near-shore bathymetry, local tidal
currents and sediment grading could all limit the applicability of field studies at a single
site, to a wider framework. Whilst there are obvious advantages to be gained by
investigation of a number of field sites with differing characteristics, the majority of
the fieldwork was carried out on the shingle beaches of Christchurch Bay in order to
optimise resources. Hurst Spit has provided a suitable study area for a detailed
evaluation of the response of shingle barrier beaches to storm wave attack: likewise,
the beaches at Hordle Cliff (Figure 4.1) have provided a comparison with restrained
shingle beaches, subject to similar wave climate. A series of long-term field
measurements were planned, to examine hydrodynamic forces and responses of the
beach; these included wave conditions, water levels, beach profiles and seciment size.
Additional, but somewhat limited, supporting field data has been provided from studies

at other sites elsewhere by other researchers.

Simultaneous measurement of all of the key forces and responses is extremely difficult
in the field. The nature of conditions immediately following signiﬁcaht storm events
presents a series of practical measurement problems: the period immediately following
a severe storm is often too rough to allow safe measurement of the beach profile by
land survey; or accurate measurement of the lower part of the profile by hydrographic
survey. Likewise, further practical limitations may arise due to the tidal conditions in
combination with daylight: these may limit access to the beach at suitable times for
surveying. In summary, the field measurements cannot be controlled either in terms of
intensity or frequency of storms, or in terms of provision of suitable post-storm

measurement conditions.

An appropriate programme of laboratory studies could provide the controlled
conditions necessary to evaluate the effects of a suitably wide range of hydrodynamic

" and geometric variables. The ability to control conditions in the laboratory is countered
by the difficulties in reproducing sufficient variables, which have the correct
relationship with each other at a smaller scale. Thus, laboratory studies are limited by

scale effects and the possibility of an oversimplified reproduction of conditions.
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Developments in the reliability of mobile bed physical modelling techniques for
shingle beaches and calibration of these methods against full-scale measurements
(Powell, 1990) have suggested the appropriateness of this method of study. Such an
approach would allow reproduction of various combinations of waves and water
levels, together with the wide range of beach geometries: such data would permit an
extensive empirical framework of barrier beach response to be developed. However,

such a programme requires extensive calibration and validation.

The preliminary field-data provided the basis of the design of the laboratory test
validation programme; these related to typical beach geometry and the response of

shingle beaches to storm waves (and less severe conditions).

A regional wave climate study, based upon a series of mathematical modelling
techniques, formed part of the investigation; this simulated a range of extreme
conditions, providing a probabilistic framework of incidence and frequency of wave
conditions at Hurst Spit. The physical model studies provided an opportunity to
reproduce conditions measured in the field and, as such, appropriate validation of the
modelling methodology: it also allowed a considerably wider range of conditions,

including extreme events, to be tested than could be measured in-situ.

Much of the site-specific data and the results of laboratory physical model studies of
Hurst Spit were used also in the design of a major shingle beach renourishment

scheme. The beach renourishment scheme provided a practical application of the
empirical methods derived from the study, together with an opportunity to validate

the laboratory-derived methods, in the field.

The main phases of the investigation are outlined below.

(2) Field studies of the response of shingle beaches to wave attack, within
Christchurch Bay.



Study methodology 57

(b) Wave climate studies to investigate the regional conditions within Christchurch
Bay.

(c) Laboratory studies of shingle beach response, to storm waves.

Further fieldwork, following the completion of the laboratory studies provided
additional support for the investigation methodology. Every opportunity to monitor the
field response of extreme events was taken, to increase the validity of the (limited)
fieldwork programme. Further, it should be noted that an integrated approach was

adopted throughout the study.

4.2  FIELD STUDIES

The fieldwork programme included measurement of both forcing and response
variables. For comparison, earlier studies (Nicholls, 1983b, 1983c,1985) at Hurst Spit
focused on the measurement of geomorphological and geological variables. The
present investigation has drawn upon these experiences together with the background
data framework developed by the NFDC Coastal Monitoring Programme, but has

focused upon the response of the beach to storm events.

4.2.1 Topographic surveys

The shoreline response to wave and tidal action was recorded throughout the study
period. Several complementary land surveying techniques were used, to record beach
profiles and the plan shape of the study area. Most beach profiles were surveyed by
levelling, from co-ordinated stations. Profiles were measured also with a total station
theodolite and with kinematic differential GPS. Much data was collected as part of the
NFDC Coastal Monitoring Programme. Fifty-two survey control stations were
established along the coastline of Christchurch Bay (Figure 4.1): profiles were

. surveyed at each of these. The survey methods are discussed in Appendix 1.
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_ nm Profile name and locations

Barton on Sea

Keyhaven

0

\/w Bathymetry, m relative to Chart Datum

Figure 4.1  Location of topographic and hydrographic survey profiles in
Christchurch Bay.(bathymetry in mCD)

(a) Beach profile surveys

The survey profiles extended from co-ordinated control positions as far seawards as a
chainman in a dry suit could reach safely. Many of the profiles were measured using
standard levelling techniques, surveyed with an automatic level. Chainages were
recorded by laying an incremented survey rope across the beach profile. Where
possible, the surveys were carried out over low water spring tidal conditions. The
survey method contains an inherent error, because the measured chainages are slope
chainages i.e. not true horizontal chainages. However, the errors are small, typically
less than 0.05m per horizontal metre, due to the generally shallow angles of the beach
- slope; for comparative purposes, they provide an adequate description of the profile
and changes. Most of the surveys undertaken prior to 1994 were carried out using this

particular method.
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The survey method was updated subsequently to utilise 3-dimensional measurements,
gridded to the Ordnance Survey National Grid and recorded using a kinematic
differential global positioning system: this provided undistorted profiles with true
chainages relative to the control point. The survey initialisation process has an inbuilt
quality control system,; this prevents the survey from being initiated if the baseline vector
between the baseline receiver antenna and the mobile control antenna varies from a
known defined baseline vector (outside of a defined range). This approach eliminates
problems of station subsidence, or movement, from reducing the survey accuracy: this is

significant on Hurst Spit, where the site overlies saltmarsh deposits.

Each profile line was surveyed at least four times per year, since 1989. Certain of the
survey lines on Hurst Spit were also surveyed twice yearly, between 1987-1988, this
was prior to the commencement of this study (Cross, pers comm). Wherever possible,
the profile lines were established to correspond with locations of surveys used in
earlier studies, thereby extending old data sets (Nicholls, 1985a and NFDC,
unpublished). In many cases however, the survey data has not been continuous. New
profile lines were established at appropriate locations in those areas which were not
previously surveyed, - this has enabled suitable coverage of all of the beaches in

eastern Christchurch Bay on :

a) historical regional changes in beach morphology;

b) profile performance of open, but restrained, beaches;

c) profile performance of a shingle barrier beach; and

d) profile performance of beaches affected by coastal protection structures.
In addition to regular monitoring surveys of the beaches, surveys were also carried out
following storms. Measurements undertaken during the early stages of the study have

provided design information for calibration of the physical model studies. The profiles

_ were measured together with waves, wind and tidal characteristics (Section 4.2 4).
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(b) Data quality

The survey data was gathered in a number of formats; regular checks were made on
these throughout the fieldwork programme. The control data have consistently been of
a high quality; this is despite the regular loss of control points through storm
conditions. Simple comparison of the profiles, by overlaying, has identified spurious
data points (due to errors in the reduction of the levelling surveys); similar
comparisons can be made for survey accuracy by examination of the lee slope of the

barrier, which is altered only following overwashing events.

4.2.2 Hydrographic surveys

The topographic surveys extend to a level of approximately -1m ODN; however, the
active beach profile extends into much deeper water. Consequently, a programme of
(overlapping) hydrographic surveys was carried out twice per year. Initially, the
surveys were carried out along 600m extensions of the topographic survey profile lines
(Figure 4.1). Subsequently, the survey programme was altered (in 1995), to provide
better spatial coverage of the study area, but at a lower (annual) survey frequency. The
modified survey programme provided a spatial coverage of 600 m long lines running
perpendicular to the shoreline, at an interval of 30 m, and into a water depth of 10-15
m. The modified survey programme allowed volumetric changes to be determined for

the North Channel area, adjacent to Hurst Spit.

The offshore surveys were carried out during the summer months, to permit accuracy
to be optimised. Nonetheless, time and cost constraints limited the frequency of the
hydrographic surveys and no surveys were carried out immediately after storm events
(primarily due to the absence of suitable survey conditions). Consequently, the
submerged post-storm beach profile has not been measured. The timing of the surveys
and the interval between them was subject to variations in weather and tidal conditions.
Wherever possible, hydrographic surveys overlapped the topographic surveys, being

- carried out over high water spring tide periods. The hydrographic and topographic raw
data and processed data were archived in an extensive database (Appendix 2). It
should be noted that the hydrographic surveys were carried out as part of the long-

term regional beach monitoring and research programme set up by NFDC.
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Surveys were carried out from a small dory (Coastal Research, SUDO). Soundings were
logged from a Raytheon DE719B echosounder, via a digitiser to a portable computer
(measuring depths to within +/- 0.1m). Surveys were processed to Ordnance Datum
(OD), to allow the data to be merged with the topographic surveys. Tidal corrections
were provided from temporary tide gauges; established as near to the survey site as
possible. A permanent recording tide gauge was installed in the newly- constructed
breakwater, adjacent to Hurst Spit, towards the end of the study programme (1997).

Positioning (to within +/- 5m) was carried out initially by transects fixed by a shore
based EDM theodolite: this method was confined to the surveys carried out during the
first phase of the fieldwork programme, when surveys were confined to the 20 profile
lines along Hurst Spit. Position fixing was improved significantly for the latter stages of
the study when a Trimble 4000se differential global positioning system (DGPS), with a
real-time position fixing accuracy of better than +/ - 2m in the horizontal plane, was
used. Surveys carried out since 1994 all used this system, to pre-determined grids, using
HYPACK navigation and hydrographic surveying software, to execute and post process
the surveys. The results were then processed using the same ground modelling and

analysis techniques as the topographic surveys.

(a)  Data quality

Surveys carried out during the early stages of the programme are not particularly well
controlled (see above). In fact, level positions could potentially be as far as 3 m off line.
Nonetheless, comparison of surveys, by overlaying, shows a remarkable consistency in
the bathymetry; this may reflect the consistency of the nearshore contours, along the
length of the spit. Surveys carried out using DGPS are better controlled. The data are
significantly more dense, whilst the line spacing of 30 m allows interpolation of contours

with a high degree of confidence.

Further errors may have been introduced by the tidal control: this was carried out by
observation at the site and using a Hydrotide (portable) recording tide gauge, during the
latter part of the study (i.e. 1997 only). Comparison between shore parallel tracks



Study methodology 62

and shore normal tracks suggests that tidal control is not a significant problem, along
the length of Hurst Spit.

4.2.3 Sediment sampling

Sediment grain size and distribution control the porosity and permeability of the
beaches; these affect their hydrodynamic response. Powell (1990) has provided details
of the relative response of two sediment gradings, suggesting a tentative relationship
between sediment grading and beach profile response. These studies suggest that
grading has a more significant effect on profile response than sediment grain size; this
is inconsistent with the conclusions of Van der Meer (1988), however. Undistorted
sediment scaling may have had adverse effects on the beach profile in these studies.
Changes in sediment size and sorting also permit the interpretation of sediment sources
and direction of sediment movement (Nicholls, 1985; Velegrakis, 1994). Size
distributions of the beach material in the study area were determined, to provide design
information for the physical model studies: they were used also as site specific
variables for testing the validity of profile response hypotheses (Powell, 1990, 1993;
and van der Meer, 1988).

Sediment sampling of the beach was carried out on several occasions, to examine
temporal changes. Initial sampling took place in 1990 and the data generated was used
to provide design information for the physical model studies. Further sampling took
place during the beach recharge programme (at Hurst Spit in 1996); this provided
information on the grading of beach recharge materials. The results of this part of the
study have been compared with similar data gathered by Nicholls (1985), to assess

medium-term temporal changes in the sediment distribution.

Samples were collected at positions adjacent to the selected beach profile survey lines;
in four sampling zones (Figure 4.2). Cross-shore sampling locations were consistent
" with those adopted by Nicholls (1985). The samples were collected at the surface at
low water, high water and at the beach crest; they were taken at 1m depth, beneath the
surface at each of the crest and high water locations. Sampling was carried out over

low water spring tidal conditions.
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Various grain size classifications were considered; however, the study has adopted the
logarithmic transformation of the Udden-Wentworth scale - the phi (¢)scale. This
classification was proposed originally by Krumbein (1934) and revised later by
McManus (1963). The phi values are dimensionless numbers.

d
=—log, —
@ g, ;

o

where d is the diameter of the particle in mm,

and  d,is the standard grain diameter (1mm).

The sampling strategy adopted was based upon that discussed by Krumbein (1954).
Previous research upon the sampling and statistical validity of particle size distribution
analysis, in coarse fluvial environments (Kellerhals and Bray, 1971) has identified
problems which could also occur on shingle beaches. Large (volumetric) samples were
collected at each site (approximately 50-60kg) to ensure that they were representative
of beach sediments which were often extremely coarse. A substantial proportion of
cobble size sediment (larger than -6¢) occurred at some locations, whilst other areas
comprised substantial proportions of sand. Samples collected at depth were taken with
the aid of a tracked excavator; this enabled the large excavations to be undertaken

rapidly, to provide undisturbed samples from an appropriate level.

Samples were oven dried for a minimum of 24 hours, then the sand and shingle
fractions were separated at -1¢. Shingle samples were sieved across a nest of sieves at
0.5¢ intervals. Sand-sub samples were also dry sieved, using sieves at the same interval
between -1¢ and 4¢. The residual proportion of the mud-sized materials was not
sieved; this was consistently < 1% of the sample. Statistical analyses were undertaken.
as recommended by Folk (1966); these include the mean, median and sorting (as

* defined by McGammon (1962)) and the skewness and kurtosis (described by Folk and
Ward (1957)). Problems encountered by Dyer (1970) in relation to the determination
of extreme percentiles did not present a problem: the samples were sufficiently large to

permit statistically-valid distributions.
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@® Sediment sampling stations

M2

Crest
1 Run up crest

Low water
Cross shore distribution of samples

Figure 4.2  Location of sediment sampling positions on Hurst Spit

4.2.4 Hydrodynamic measurement programme

A study of the regional hydrodynamics was necessary, to complement shoreline
response investigations. Hydrodynamic variables controlling the response of shingle
beaches are wave conditions and water levels; these have been examined in earlier
studies (Powell, 1990 and van der Meer, 1988) and are considered further here in this
study.

The hydrodynamic phase of the study presented a range of problems; ideally
concurrent measurements of hydrodynamic variables should be made together with

~ shoreline responses. Key variables selected for examination included: wave conditions;
tidal currents; wind speed and direction; barometric pressure; and water levels. The
measurement locations and prediction points for the hydrodynamic variables are shown

in Figure 4.3.
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Attempts were made to install instrumentation to measure each of the variables; to
compare results with numerical modelling methods; and to provide background data on
each of long-term wave climate, extreme conditions and individual storm events.
Although it was intended that all instrumentation should be installed and logged over
the same period of time, the time spent in designing and preparing the various stages of
the experimental and fieldwork programmes, and financial constraints resulted in a

staged implementation of the hydrodynamic measurement programme.

Although the early stages of the programme lacked direct simultaneous measurements
of some of the hydrodynamic variables, a comprehensive long-term field measurement
programme was established before the end of the fieldwork. This permitted validation
of the methodology used during the earlier phases of the research, providing full-scale

testing of the hypotheses developed during the research programme.

(a) Current measurements

The cross-shore profile response of shingle barrier beaches changes primarily as the
result of high cross-shore velocities generated by wave activity: this has been
demonstrated locally at Hurst Spit during the course of field studies. The profile
remains largely unaltered during periods of calm (Nicholls, 1985). Wave action was
considered to be the main forcing mechanism for such changes. Nonetheless, the
complex bathymetry of the approaches to Hurst Spit results in varied currents along its
length; these may have a significant effect on longshore transport, particularly of the

finer fraction of sediment which lies lower on the beach profile.

Investigations undertaken by Nicholls (1985) and Velegrakis (1994) have considered
previously the effects of currents with respect to longshore transport at this site,
although these have not recorded near-bed currents in the North Channel (adjacent to
Hurst Spit). In order that currents and wave current interaction could be considered, it

was necessary to carry out a series of field measurements.

Current measurements were recorded using a Valeport Braystoke direct reading

current meter, deployed at 4 locations, over both spring and neap tidal cycles. The
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instrument was deployed from a fishing vessel with a wooden hull, at a fixed level of
1m above the bed (i.e. the -3m ODN contour). Sites selected for current metering
corresponded with the 4 segments for the physical model studies of Hurst Spit (Figure
4.9), these are shown in Figure 4.4. Measurements were recorded over a 13 hour
(tidal) cycle during each deployment of the current meter. Additional velocity/depth
profiles were obtained through the water column, at each of the sites. Data recorded
during each deployment included the average current speed and direction observed
over a time period of 100 s. Samples were recorded every ten minutes. The current

measurement surveys took place during periods of calm weather.

_+_ Current meter positions
- Salt Marsh
B Barrier Beach

Proflle posltions

Keyhavi

Figure 4.4  Location of current meter measurement sites adjacent to Hurst Spit

(bathymetry in m, relative to CD)
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(b) Wave measurements

A number of regional studies of Christchurch and Poole Bays have previously included
measurements of wave conditions (Wright, 1982, Hydraulics Research, 1989a, b).
However, these studies have not provided the appropriate combinations of duration or
continuity of record, location of measurement points, or detail of individual storm
events and extreme wave climate prediction. The large range of fetches and the
complexity of the bathymetry in the study area (Figure 4.3) results in widely-varying
wave conditions along the shoreline of Christchurch Bay; therefore, any such studies

must be highly localised.

As the main objective of the study was to analyse the profile response of shingle
beaches to storm waves, it was necessary to measure wave data close to the study site.
Section 2.2.7 highlights the limitations of earlier studies which lack this data.
Numerical models are of considerable use but have limitations, especially in areas of
complex bathymetry. Consequently, previous attempts to model the study area have
had only limited success due to the relatively coarse (grid) nature of models used; the
limitations of the physics used to describe processes within the models; and the
complex bathymetry. Used in combination with real wave data, numerical modelling
can provide a valuable input to a regional wave climate study; thus, this approach was

adopted here.

The crest of a barrier beach changes in response largely to various combinations of
localised extreme wave conditions and water levels. Ideally the wave climate should be
determined on the basis of a long time-series of wave measurements; these can then be
extrapolated to predict extreme events. The short study duration precluded this, but a
field measurement programme was designed to incorporate the long-term deployment
of a waverider buoy. The buoy was deployed as a semi-permanent installation, to
generate a long-term local wave climate. Ideally, measurements would include a
number of extreme events, which could be analysed directly by comparison with
measurements of beach response; however, these might not necessarily be expected to
~ occur during the study period. The study carried out by Hydraulics Research (1989a)
provided the most useful data to examine patterns, for direct comparison and

validation with the results from deployments made during the present study.
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Wave data were collected here using a Datawell Omni-directional waverider system
(Figure 4.5). The 70cm diameter buoy was tethered to an elastic mooring and an
accelerometer measured accelerations of the buoy, as it followed changes in the
surface water level. The accelerations were integrated twice, with resultant
measurements of the instantaneous water surface elevation used to modulate a radio
transmitter. A shore-based radio receiver system was used to demodulate the radio
wave, to record the vertical movements of the water surface on a PC based logging
system (via an analogue to digital converter). Wave height, period and a full spectral

analysis could be determined from the records.

The buoy transmitted continuously, whilst the receiver was programmed to record for
a pre-selected time period at selected intervals. The sampling period was maintained at
a constant length of 2048 data points, at a sampling frequency of 2Hz. Such a
digitisation rate is suitable for measurement of the shape and magnitude of waves with
periods ranging from 4 to 12 s: this provides a sample period of 17 min and 4 s. Prior
to deployment, the buoy was calibrated by measuring the response of the
accelerometers to periods of rotation of the buoy in a calibration rig, between 3 and 20

s on a fixed amplitude of 1.8m.

Receiving equipment was deployed at the New Forest District Council offices in
Lymington - at distances of 6km and 7.25km from the data collection points in the
North Channel and off Milford-on-Sea, respectively (see below). The onshore
receiving equipment comprised an HF antenna, linked to a Datawell Warep receiver,
and a PC logging system. Software used to carry out the data analysis was a bespoke
software package, WAVELOG?2; it consists of two elements; a logging segment and an
analysis component. The analysis component provides for the calculation of significant
wave height, mean wave period, maximum wave height and a full spectral analysis. A
separate spectral analysis file was produced for each sample period. The analysis
system also generated a file which contains a time-series of the summary data;
significant wave height; mean wave period; and maximum wave height. This file was
incremented automatically, after each sample period. Data was analysed and archived

- within a PC database.
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Figure 4.5  Waverider buoy configuration (from Hydraulics Research 1989b)

The buoy was deployed at two locations during the study period - both in much
shallower water than is conventional for this type of instrumentation. The first site was
in the North Channel in the lee of the Shingles Banks - a relatively sheltered site. The
buoy was moored at 50° 42.7° N, 1° 36.8’ W, in a mean water depth of 10 m between
March 1994 and December 1995. The buoy was moved, in December 1995, to the
location at which a waverider had previously been deployed between 1987 and 1989
(Hydraulics Research 1989a), i.e. 50° 42’ 30” N and 1935 36” W. It was hoped that
this deployment would extend or prove the statistical validity of the earlier study, at this
site. The buoy was, once again, moored in a mean water depth of approximately 10 m,

" approximately 1.5 km south of Milford-on-Sea and 5 km north of the Needles. The

locations of waverider buoy deployments are shown in Figure 4.6.
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The interval between sampling periods was varied throughout the data collection
period. The commencement of each sampling period was maintained at an interval of
3 hr for the deployment in the North Channel, whilst hourly samples were collected at
the Milford-on-Sea location.

Waverider Buoy | [ ——
#positions / 2oem

Figure 4.6  Locations of waverider buoy, during the study period (bathymetry in

m, relative to CD).
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(c) Tidal elevation measurements

Tidal water levels have a significant effect on the landward migration of shingle barrier
beaches (Orford ef al, 1993, 1995) Earlier studies in the area under investigation have
identified tidal gradients (Blain, 1980) and provided predictions of extreme water
levels (Nicholls, 1985). Likewise, a joint probability study of waves and water levels
(Hague, 1992) has suggested alternative extreme water levels for the site. Only limited
information is available on individual storm surge water levels and events at Hurst Spit;
however, Nicholls (1985), has provided observations of extreme water levels at the
site. On the basis of these data sets, a local tide gauge would provide the best method

of determining extreme water levels.

The nearest and most appropriate location for such an installation was a yacht racing
starters platform in the Western Solent (Figure 4.3). Consequently a tide gauge and
anemometer were installed at this location. Limitations relate to the strong tidal
gradient between the location of the gauge and the Christchurch Bay side of Hurst Spit
(Nicholls, 1985; Blain, 1980); there is also a significant difference in tidal range

between the two locations (see section 6.4.2).

A Vyner MF1001 radio tide gauge system was installed (see above). This system
comprises a Druck pressure transducer linked to a calibration and transmission unit; it
has a measurement accuracy of +/-10mm over the predicted tidal range (of approx. 4
m). The system was powered by 12 volt battery, which was replaced each month. A
telemetry link enabled data to be transmitted to a remote logging station. A scaffold
pipe housing, mounted on a timber pile, provided a stilling well for the pressure
transducer; this was cabled to the power supply and telemetry unit in a secure location
on the platform. A damping time constant of 60 s is applied to the data, which was
sampled at SHz. Data were averaged over a period of 10 min and transmitted to the
logging station at the Town Hall, Lymington (Figure 4.7). A barometer was linked also
to the installation, to aid interpretation of the effects of atmospheric pressure on local

storm surges.
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Construction of a shore-detached breakwater adjacent to Hurst Spit, (during 1996)
provided a more suitable site for a tide gauge, and a second gauge was deployed.
Unfortunately, this latter installation was completed too late to provide a large quantity
of data to this study. Although the data was limited, it should provide considerable
benefits to future regional studies. This latter site is more exposed than the Lymington
site, and dampening of waves is a more significant problem. The installation consisted
of a 600mm diameter steel pipe, located within the rock armour; this formed an external
core to the stilling well. A polyethylene pipe was located within this pipe, to provide
additional damping; the pressure transducer was mounted inside this. A Hydrotide
pressure transducer gauge was deployed at the site. A telemetry system was added to
the installation, to provide real-time transmission of water levels to a logging station at

the NFDC offices in Lymington (see above).

Both instruments were calibrated in a similar manner, by measuring the proportional
change of the voltage output, compared to the depth of immersion of the transducer
head. Compensation for atmospheric pressure was established through a vented tube, to
the transducer. Similarly, the transducer head locations were levelled to Ordnance
Datum; this provided a control relative to beach profile measurements. The gauges

were levelled and co-ordinated using post-process static DGPS.

(d) Wind measurements

An alternative to the measurement of a regional wave climate, or individual storms, by
direct measurement of wave conditions is to hindcast conditions synthetically, (using
time-series of wind data). The tide gauge installation (Section 4.2.4) was made together
with the deployment of an anemometer. Whilst the site was ideal in terms of its
location, directly over an open expanse of water and with minimal local interference
due to obstructions, wind conditions could reasonably be expected to be slightly less

severe than in Christchurch Bay, where the conditions are more open.

_ The site was ideal location for the determination of wave conditions in the Western
Solent; likewise, conditions impacting on the shoreline of the recurve spit at North
Point could be hindcast with considerable confidence, using data from this installation.

The JONSEY wave prediction model (Hydraulics Research, 1989¢) was used, in
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combination with wind data, to hindcast a series of storms during the study period, to
determine the prevailing wave conditions. Data were collected with a view to calculating
a wind wave correlation for local wave measurement sites. Earlier regional studies
(Hydraulics Research, 1989b) examined the regional wave climate using wind data from
Portland; wind-wave correlation studies were carried out using data from Portland and
Milford-on-Sea (Hydraulics Research, 1989a); these were used for comparison with
results of the present study (Section 6.4). Distributions of wind speed and direction were
determined from hourly averages and wind roses derived for each month, each year and

for the whole of the data collection period.

4.3  NUMERICAL MODELLING OF WAVE CLIMATE

Wave climate studies form an essential part of any regional study of beach response to
storm conditions. Similarly, the development of physical and mathematical beach models
require detailed analysis of the full range of nearshore wave conditions to describe
specific storm events during the study period. Ideally wave climate data are provided by
a long time-series of measured wave data. Since a minimum of 10 yr. of wave data are
needed to develop a reliable local wave climate to derive extreme wave conditions for
return period events of about 100 years (Hydraulics Research, 1989b), wave conditions
were calculated using mathematical models of wave prediction, based upon historical
wind data sets. The first step in the derivation of a wave climate using mathematical
methods is the prediction of waves in deep water. Wave conditions are transformed

inshore then, using refraction models; these simulate wave-seabed interaction.

4.3.1 Prediction of offshore wave climate- wave hindcasting

The HR HINDWAVE model, of wave-generation (Hydraulics Research, 1985; Hawkes,
1987), reproduces long-term wave conditions from wind data recorded at a local
anemometer station (in this case, Portland). Extreme wave conditions and a wave

~ climate were calculated using HINDWAVE for an offshore location in Christchurch
Bay, during an earlier study for NFDC carried out by HR Wallingford (Hydraulics
Research, 1989b). These data were used as the framework for the
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derivation of offshore wave conditions for this study. The data set were extended using
more recent data. The data were used to predict wave conditions for a location in
approximately 20 m of water 10 km offshore of Milford-on-Sea (Figure 4.8).

The results produced by the model include a time-series of synthetic wave data, from
which tables of distributions of wave height and direction and their probabilities of
occurrence, and scatter diagrams of wave height and period can be produced. These
data can be analysed typically in terms of seasonal, monthly or annual data-sets to
determine temporal changes in the prevailing wave climate. Synthetic wave data can be
analysed to predict extreme conditions within defined probabilities of occurrence
(Hydraulics Research, 1989b). Further data can be extracted from the numerical
model, to produce directional spectra for defined conditions; these can be used later as

input to wave transformation models, for the determination of nearshore wave climate.

The HINDWAVE model has been prepared on the basis of the details of the geometry
of the area relative to the wave prediction point; this is defined in terms of a series of
(wave) rays, representing fetch lengths from the nearest land mass to the wave
prediction point (typically at separations of 10°). Wind data are used in combination
with this geometric information, to derive wave conditions (using the JONSEY
prediction program); this is based upon the JONSWAP method of wave generation, as
modified by Seymour (1977). Initial calculations of wave conditions were carried out
for a defined range of durations, from 1 to 24 hours. Calculations were repeated, for
vectorially-averaged wind conditions, for each of the defined storm durations. A wave
height, period and direction was calculated for every hour of the time-series; these data
were stored, enabling the probabilities of occurrence to be derived. The model used
for this study was set up, and calibrated, previously (Hydraulics Research, 1989b). The
additional time-series data available to this study were used to supplement the earlier
times series and extend the data set. The output was in a similar form to the earlier
study, but additional extreme directional (wave) spectra were produced - as input to

the nearshore wave transformation models.



Study methodology 77

4.3.2 Derivation of inshore wave climate wave refraction modelling

The bathymetry of Christchurch Bay is extremely complex (Section 3.1), particularly in
its eastern part. This area includes a series of shallow offshore sand and shingle banks,
where seabed friction and wave breaking reduce significantly the energy of waves. The
most important of these features, as far as this study is concerned, is the Shingles Bank
(Figure 4.6); this is situated close to Hurst Spit and has an extremely complex shallow

bathymetry, which is modified constantly by the wave and tidal action.

Most waves are generated in deep open waters; in shallower waters, the effects of the
seabed become increasingly important. For example, wave refraction and shoaling are
both caused by spatial variations in water depth. Shoaling involves a change in wave
height consequent upon the waves slowing down as they travel through water of
decreasing depth. Refraction occurs when waves approach the coast at oblique angles
of incidence; it involves a gradual change in the wave direction, as waves travel towards
the coast. These processes are included in the standard refraction computer programs

developed and used at Hydraulics Research (see below).

OUTRAY (Hydraulics Research, 1987) is a wave transformation model which
reproduces linear processes (such as refraction and shoaling); it creates matrices which
can be used to transform inshore, any offshore wave condition. Once transfer functions
for the linear processes have been developed for the bathymetry and a selected water
level, a large number of wave conditions can be transformed inshore rapidly, using the
matrices. Directional wave spectra, derived from the offshore wave prediction model
HINDWAVE (Hydraulics Research, 1985), are used as input to the model; these
transfer functions can transform thousands of offshore wave conditions, into equivalent

directional spectra at an inshore site.

~ Seabed friction and wave breaking are likely to have a significant effect on waves, as
they travel over the offshore banks of the study area, e.g. the Shingles Banks. However,
friction and breaking are non-linear processes, and cannot be reproduced within

OUTRAY. Each combination of wave height, period and direction
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has to be processed separately by another model to determine these shallow water

effects.

An appropriate model for wave transformation in an area with a complicated seabed
topography, such as in the eastern part of Christchurch Bay, is INRAY (Hydraulics
Research, 1989¢). The INRAY model can include the effects of seabed friction and
wave breaking, as well as wave refraction and shoaling. However, only
monochromatic waves can be used, to model these non-linear processes. Each wave
condition is represented by a single wave height, period and direction. Therefore, the
INRAY model was run for every single wave condition: this presents a significant

disadvantage when compared with a spectral model such as OUTRAY.

(a) Use of the OUTRAY Model

The OUTRAY model was set up for use in Christchurch Bay. The Fair Sheets for
the 1988 Admiralty survey were digitised and a model grid was developed, using a
digital ground model. Bathymetric data were suitably dense to enable the complex
bathymetry to be reproduced adequately, with a fine nearshore grid resolution of
100m. The model grids were expanded to allow for the influence of local wave
generation from the west, as well as longer period waves from offshore. Transfer
functions were produced for the Milford waverider site and 8 locations along Hurst
Spit, along the -5m CD contour (Figure 4.8). The waverider site was used to check
the results of the refraction models against recorded data, to help decide upon the
friction factor to be used as input to the INRAY model. Results were required at 4
positions on the Sm depth contour, for the 4 beach sections in the physical model
(Section 4.4.3). Initially, 8 points on this contour were examined (Figure 4.8) in order

to determine the variation in wave conditions along Hurst Spit.

Transfer functions were created for a water level of MHWS, for all 9 points; they
were created also for mean sea level and a 1m and 1.4m surge above MHWS for the 8
" points on the 5m contour. The wave periods chosen for creating the transfer functions
were the same as those used in creating the offshore spectrai.e. 2 to 15s, in 1s

increments.
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Figure 4.8 Refraction grids and wave prediction points, Christchurch Bay.
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(b) Use of the INRAY Model

Wave rays are tracked across the gridded area using the same method as in OUTRAY,
except that they are followed in their forward direction. Rays are sent out at equal
intervals, from a line offshore; they are tracked inshore. Sufficient rays have to be
tracked so that they adequately cover the inshore region of interest; this ray spacing
depends on the complexity of the bathymetry. Grid elements are grouped into square -
averaging regions. A ray-averaging method (Southgate, 1984} is used to determine

the wave heights and directions at the centre of each region.

In the standard INRAY model the friction coefficient is assurmad to b2 independent of

wave height and water depth, likewise that it remains constznt in

system. The water depth over the Shingles Bank is relativels e the
friction coefficient is likely to be higher here, than in other pzris: sl area.
The model was modified to allow a friction factor as input, from wiich or
coefficient could be determined (depending upon wave height and waier Ceping. In
order to represent the propagation of a frequency spectrum fully wiin INRAY (see
above), it is necessary to run the model for each of the 14 pericd compenents, then the
wave heights are combined using linear superposition. Previous work (Smallman,
1987) has shown that a single run of the INRAY model, at the median wave period of
the offshore frequency spectrum, will normally provide results that are close to those
calculated from a combination of runs. Each offshore wave condition is represented in

the model therefore, by the root-mean-square wave height, (Hg = approx.H, /1.414),

the median period (the period which bisects the energy in the frequency spectrum) and

the mean wave direction.

It was necessary to use a very small offshore ray separation in the analyses, of 5m for
the 195-285°N direction sector and only 2.5m for the 120-195°N sector; this was in
order for the wave rays to adequately cover the inshore region. The INRAY model
was used only to determine the effects of friction and breaking, on the wave heights

* and directions. In order to achieve this, two runs of the model were required for each
wave condition: one with friction and breaking, and one without. The ratio, of the
inshore wave heights and the change in inshore direction between the two sets of

results, was applied then to the inshore results from the OUTRAY model.
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4.4  PHYSICAL MODEL STUDIES

4.4.1 Principles of physical modelling

(a) Background

Physical modelling techniques have been used to investigate the hydrodynamic
performance of both natural processes and man-made structures in a range of
environments since the mid 18th century (Hudson et a/ 1979). Model testing developed
from early representations of steady state flow and rivers, to investigations of more
complex processes associated with waves and tides (Yalin, 1971). Within the context of
modelling laws, Reynolds (1887), Froude (1872) and Yalin (1963a) have made
significant contributions to the scaling and validity of hydraulic modelling techniques
(Sharp, 1981).

Much model research into beach dynamics has been carried out with the aid of regular
wave testing; however, this can present significant limitations. Indeed, it has been
suggested that parasitic secondary waves generated in shallow water, can affect
formation of model beach profiles (Galvin, 1968). A comprehensive study of shingle
beaches, under regular wave testing, is reported by Powell (1986), this draws attention
to the limitations of this methodology, particularly with respect to the scaling of (beach)

sediments.

Only since 1970 have random or irregular waves been used in physical modelling
programmes (Dedow et al, 1976). Subsequently, modelling techniques have evolved to
allow complex coastal processes to be reproduced, at small scales. The earliest reported
studies of 3-dimensional mobile bed modelling of shingle beaches under random waves
are those by Hydraulics Research (1985b, 1986); these are site specific in nature, based

- upon the theory developed of Yalin (1963a, b). The development of techniques, to
provide reliable simulation of cross-shore and longshore shingle beach transport, are the
result of relatively recent advances (Powell, 1990) (based upon the original work of
Yalin (1963a, b)).
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The limitations of mobile bed physical models include: the appropriate absorption of
reflected waves from wave generators; and the boundary effects of the wave basin, or
flume. The working water depth of the model test facility limits both water depth and
wave conditions; similarly, the range of operational frequency of the wave generation
equipment limits the wave conditions. Most wave models neglect the effects of tides,
winds, and longshore currents (Powell, 1986). Although this can present difficulties
when examining site specific problems, it is not a significant problem for the purposes

of beach modelling of profile response under SWL conditions.

(b)  Scales

If a model is to replicate the prototype processes accurately it must provide geometric,
dynamic and kinematic similarity with the prototype system. Geometric similarity
requires the ratios of all linear dimensions of the prototype and the model to be the
same. Kinematic similarity requires similarity of motion, whilst dynamic similarity

requires the same ratios for each of the forces (Powell, 1986).

(F), (Fo), (Fv), (Fo), (), (),

- = = s B [4.1]
(F1),, (Fg), V), (Fe), (1), Fp),

Dynamic similitude is related to Newtons 2nd Law of Motion and requires that the
ratios of inertial forces of the model and prototype systems are equal to the vector
sums of the active dynamic forces (of gravity, viscosity, elasticity, surface tension and
pressure). However, it is considered impossible to satisfy equation 4.1 fully, except
when the model scale is 1:1. Therefore, some compromise must be reached. Certain of
the forces can be neglected safely, without adverse effect on performance, but the flow
regime must be examined carefully. Models which examine the effects of wave action
and sediment transport are not strongly dependant upon replication of the full-scale

~ elastic and surface tension forces - within certain limits. The limiting factor is wave
length; this must be greater than approximately 10cm, in order to overcome the effects
of the surface tension. Inertial forces are always present in fluid flow; hence, dynamic

similitude must be satisfied by equating the ratio of these to either gravity or viscous
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forces. The Froude (model) Law equates the gravity forces whilst the Reynolds (model)
Laws equates the ratio of viscous forces (Allen, 1947).

Froude (model) Law:

Vm 7= ¢ 7 [4.2]
L)? (g,1,)"

(g

Reynolds (model) Law:

},mvmlm —_ },PVPIP

o M,

[4.3]

Within the surf zone on a beach profile and material, viscous forces are extremely small
(relative to turbulence). Gravity effects acting parallel with the beach slope, together
with turbulent flow close to the seabed are the primary inertia forces acting within the
system. The Froude (model) Law is best suited to the examination of wave forces on a
beach; in this, the ratios of inertia and gravity forces are the same, in both model and
prototype. Wave models must be constructed, in general, without distorted horizontal to
vertical scales, as wave steepness would not be reproduced correctly. As gravity is the
same in both the prototype and model systems, then scale factors can be derived from
(Equation 4.2):

v v

W% a)”

[4.3]

and
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For the time scale,

tm _ lm vP
t, V.l
and
t 1
PR
r 4

In general, scale effects may be defined as any hydraulic inaccuracy in performance,
due to the scale of the model. Considerations given to the design of the model studies
here have included examination of the effects of neglecting viscous, elastic and surface
tension forces. Whilst the combined influence of these forces is small, the model may
suffer from this scale effect, which is dependant upon the Reynolds number. Drag and
lift forces on the bed load transport of the beach material vary with Reynolds number;
these were considered when determining the model scale and in particular the scaling

of the model sediment.

() Modelling sediment transport

Two alternative techniques are used commonly to examine the movement of
sediments in physical models: (i) to represent the entire beach, as a mobile structure,
using correctly-scaled sediments: and (ii) to represent only sediment transport
pathways. In the latter case, no account needs to be taken of the characteristics of
the beach itself (e.g. permeability, profile response). Scaling is somewhat simplified,
as sediment tracers are injected into the system to identify flow paths. In the present
investigation, however, it was necessary to model: the cross-sectional profile
response of the beach; longshore transport; and their interaction with rock structures.

Consequently, it was necessary to model the complete mobile section of the shingle.
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Whilst the reproduction of waves and the geometry of the model can be described
adequately using Froude’s (model) Law, the scaling of mobile materials within mobile
bed physical models is complicated further by: the nature of the beach materials; and
the interaction of the beach with the waves. Further considerations must be given to

the correct reproduction of the dynamic response of the beach.

The impacts of permeability on the slope angle of the beach have been discussed
previously (Chapter 2). Simple geometric scaling of the model sediment would result in
a model beach of incorrect permeability. Regular wave tests, using two grades of
shingle in flume studies, and using simple geometric scaling have been conducted
(Powell, 1986). Elsewhere, a single model scale for studies of shingle beaches has been
used (Van der Meer, 1988). For beach response to replicate the full-scale, the model

sediment should ideally satisfy three criteria:

(1) that the permeability of the shingle should be reproduced correctly;

(ii) the relative magnitudes of onshore and offshore motion should be correctly

represented; and

(ii1) the threshold of motion criteria should be scaled correctly.

(i) Permeability

Beach slope is governed by permeability, and indirectly by grain size. A method of
scaling of shingle beaches, which allowed both the correct permeability and drag forces
to be reproduced in the model, has been described (Yalin, 1963a).This approach
suggests that the percolation slope must be identical, in both model and prototype, to

ensure that the permeability is reproduced correctly, in an undistorted model:

2
g kRe v [4.4]
&b,
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Where:
J = percolation slope
k = permeability, k = f(Re,)
Re, = voids Reynolds number, vD;o/v
\% = water velocity through the voids
D = 10% undersize of the sediment
v = kinematic viscosity
A = Froude scale ratio

For identical percolation slopes, in the model and at full-scale, this gives:

Where A is the model scale (full-scale / model scale ratio). Assuming that the model is

operated according to Froude’s Law then 1,° = A (the geometric scale) so that:

=1 [4.5]

As permeability is a non-linear function of Re, , Yalin (1963a) proposed a steady-state
flow law and generated a recommended curve of k against Re,. This curve can be

approximated by the expression:

log k=3.17 - 1.134 log Re,. + 0.155 log® Re,. ,

for the range 1 <Re,. <200
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With such a non-linear expression, the scaling law will depend on the representative
value of the full-scale (prototype) permeability. If this is designated &, and the
Reynolds number is Re, then:

1k _ A
“ ok, A
Ak
A,=—2
Pk

Now, k., =k (Re,). Where Re,, is the model Reynolds number, so

X —k(Re”)~k( Re,
" A A0 /lyzﬂ.D

)

14

By substituting this expression, the implied equation for Ap is obtained as
Ap =2k, [k(Re, /1 A,) [4.6)

Assuming that &, Re, and the form of the function &( Re,) are known, then this
equation can be solved by successive approximation - to define the particle size for

the model sediment, which will achieve the correct permeability within the model.

(ii) Onshore/offshore movement

" It has been postulated that the relative tendency for sediments to move onshore or
offshore depends upon the dimensionless parameter H, /Wr T, (van der Meer, 1988).
In this expression, H, is the breaking wave height, 7, is the mean zero crossing period
and Wr is the settling velocity of the sediment particles. If Hy /Wr T, < 1, then
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sediment moves onshore; if H, / Wr T,, > 1, offshore movement occurs. In physical

terms, the parameter represents the ratio between wave height and the distance which
the sediment particle can settle during a single wave period. Therefore, for the correct
reproduction of the relative magnitudes of onshore and offshore movement, the model

scales must be such that:

Auy
]’WT/?'TM

Under Froudian model scaling A7 =A"?; assuming that the beach slope is modelled

correctly then, AH, = A, which gives Agr = A7
The general form of the settling velocity is given by:

W= 4gD(p, - p;)
i 3C,p;

where p; and prare the specific gravities of the sediment and the fluid, respectively, and
Cp is the drag coefficient for the settling particles.

For modelling purposes,

_ 'ID%'IA% Y

T ZCD%
1, =M [4.7]
AD

where Ais (p-p) / pr

. Cp is also a non-linear function; in this case, a function of the sediment particle
Reynolds number (Rer = W7 D/v). Thus, the actual scaling depends upon a typical
value used for the prototype drag coefficient. Denoting this prototype value as Cpp and
applying the appropriate Reynolds number Rezp,
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C, C,

CD P P
TGy CoRe,) Cy(Re,/ Ay, A,)

P

Cs,
CpRe,/ A21,)

Ae [4.8]

D

If Cp andRe, are known and Ap has also been determined (for example from the

permeability scaling) then equation [E4.8] can be solved for ACp. The derived value
can be inserted then into equation [E4.7] to derive p; , the specific gravity of the model
sediment. If both model and prototype sediments are coarse-grained (i.e. greater than
4mm) then ACp ~ 1 giving Ay~ A /Ap

(iii)  Reproduction of the threshold of motion

Komar and Miller (1973) have proposed that, for sediment sizes above 0.5mm and
under oscillatory flow, the threshold of movement is defined by the expression
U 2

n_— 0467( %)k
AgD D

where U,, is the peak value of the near-bed wave orbital velocity at the threshold of
motion, and d, is the near-bed orbital diameter. Since the mean diameter in both the
model and prototype materials lie above 0.5mm, this method would seem to be

appropriate for application to shingle size sediment.

Since U,, = nd,/T,, this expression can be rewritten as

% ;
—(A;)];'/‘*T%) = O.467r/“g
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The maximum near bed orbital velocity, to the first order, is given by

U = nH
" T Sinh(2md | L)

where L is the wavelength

Substituting this expression and rearranging gives the threshold, in terms of wave

height and period, as:

H%4%  046g

(AD%TZ) b/

where A is the depth attenuation factor (//Sinh (2md/l))

For the appropriate modelling of the threshold of motion, therefore, the following

expression is given

PRI,

A S N
(AaAp2,%)

In a Froudian model Ay = A, = Ay = Aand Ay = A ' therefore, A4=1, which gives:

A4 0% =% [4.9]
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4.4.2 Objectives of the physical model studies

Prior to designing the model studies, a series of objectives were set out to determine the
most appropriate modelling techniques for investigation of the complex wave and
shoreline interaction relevant to the study area. Consequently, the objectives of the

calibration phase of the site specific model studies of Hurst Spit were as follows:

a) to identify the various combinations of wave and water level conditions that

cause overwashing of Hurst Spit; and

b) to identify threshold crest levels, and widths, prior to overwashing of the

shingle barrier beach.

If this calibration procedure was successful, then the model could be developed to study
the performance of a wider range of conditions. Likewise, a corresponding range of
beach geometries could also be tested, providing much wider applicability to the derived

model.

4.4.3 Design considerations for the physical model of Hurst Spit

A number of physical model studies of coastal processes have been successful in
reproducing sediment movements on shingle beaches, in particular beach profile
response, with the aid of mobile bed materials and under random wave conditions
(Hydraulics Research, 1985b, 1986; Powell, 1990; and van der Meer, 1988). It is
believed that a shingle barrier beach has not previously been reproduced and tested in
such circumstances. No reports of such studies have been identified in the literature,
although investigations of flow through Chesil Beach, in random wave flume tests, have
~ been reported (HR Wallingford, 1985b). Field data measured on Hurst Spit and in
Christchurch Bay, reported in Chapter 6 of this study, provided full-scale data which
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was used as the basis for the design of the model: this was also used as empirical
calibration data to assess the validity of the test methodology. A physical model of
Hurst Spit should ideally be constructed at a sufficiently large scale to allow
hydrodynamic processes.and beach responses to be reproduced within the context of
the scaling framework (Section 4.4.1).

Mathematical models were used to derive wave processes, to provide input to the
physical model of Hurst Spit (Chapter 5). The study area lies at the eastern end of
Christchurch Bay (Figure 4.7) and is subject to a severe wave climate. The wave
climate in the study area is complicated by a complex offshore bathymetry,
consisting of numerous offshore banks and channels, and the prevailing current

patterns.

Analysis of the beach profile data (see below, Chapter 6) has indicated that damage to
Hurst Spit, by overwashing, occurs most frequently under storm surges. Hence, a
range of water levels, including extreme storm surges, were considered at the

design stage.

The accuracy and reliability of the physical model improves dramatically with
increasing scale size. A model scale of 1:90 was considered to be the minimum
requiremenf for the response of mobile sediment, to ensure that viscous effects would
be minimised. For example, Yalin’s (1963a, b) investigations into the reproduction of
mobile bed physical models suggests an optimum scale of 1:27, to ensure that the
permeability and threshold of motion criteria are met when using light-weight
sediments. The response and effectiveness of relatively small features, such as rock
groynes, could be reproduced considerably more reliably, at scales preferably
larger than 1:40. These requirements posed a considerable problem for the present
study, as even at a scale of 1:90, the model size would have been considerably
larger than the largest model wave basin available. In order to reproduce wave
transformations correctly along the full length of Hurst Spit, the bathymetry must

~ be reproduced to seawards of the offshore banks, into deep water.
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The largest wave basin available for the physical model investigations had approximate
dimensions of 35m by 25m, with a wave paddle of 25m in width (Figure 4.11). This
arrangement limited the beach frontage in the model to 25m, under conditions of
normally incident wave attack. Consequently, a model scale of 1:40 was selected; this
allowed the spit to be modelled in 800m overlapping segments (Figure 4.9). In
addition to allowing waves and currents to be reproduced accurately, at locations along
the full length of the spit, the segmented approach to modelling had a number of other
advantages. The relatively large model scale allowed: sediment response to waves to be
reproduced with a high degree of confidence; and rock armour movement to be

reproduced and monitored more accurately.

The model was designed subsequently, on the basis of the factors discussed above; and

the test programme comprised the following elements:
a) mathematical modelling of the nearshore wave climate (Chapter 5);

b) physical modelling of four overlapping segments of Hurst Spit, at a scale of
1:40;

c) numerical modelling of sediment transport;

d) interactive modelling of the results from the physical and mathematical models;

and

e) the physical modelling of a wide range of unrestrained shingle beach geometries

and wave and water level conditions.

(@)  Application of the Scaling Laws

In order that the selected mobile bed would simulate accurately the natural beach
_regime, it was necessary to ensure that sediment used in the model was

representative of the natural deposits. Before model sediment could be scaled using the

scaling laws discussed previously (Section 4.4.1), it was necessary to determine the

sediment distribution. The sampling and analysis procedures adopted are discussed
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further in Section 4.2.3. Samples obtained specifically for development of the physical
model studies were collected at the low water mark, high water mark, and at the crest

of the shingle beach. The sampling locations are shown in Figure 4.2.

Samples were sieved and divided at 2.0mm, into sand and shingle fractions. The
shingle fractions were redistributed over all the samples and a typical shingle beach
grading was derived, based upon an averaged combination of all the samples. The
averaged distribution of the sediments is shown in Figure 4.10.
Hurst Spit average grading of shingle component
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Figure 4.10 Averaged shingle gradings and model grading curves, for Hurst Spit

sediments
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On the basis of this distribution the shingle fraction of the beach is:

Dsp =20mm

Dy =6mm

Ds =2.65 and

s =4.25 (i.e. poorly sorted)

These values of Dsg, Dyg, p md , were used to calculate scaling factors for the mobile

beach material, for a model constructed at a scale of 1:40.

Selection of model sediment

Beach material cannot be modelled with geometrically-scaled shingle, because it does
not satisfy the requirements discussed in Section 4.4.1. If such shingle were used in the
model, the profile response of the beach would be incorrect - as the beach permeability
would not be represented correctly. Whilst there are three requirements to be
satisfied (permeability; sediment mobility and the relative on-shore offshore
movement), model sediment particles have only two main characteristics; size and
specific gravity. As it is extremely unlikely that all three requirements can be achieved
simultaneously, some compromise is necessary particularly as there are only a limited

range of specific gravities amongst the readily-available materials.

To determine the permeability of the shingle beach, it is necessary to determine the rate
of percolation through the voids; this changes constantly, under wave action, and full-
scale measurements of permeability are not practical. An approximation must be made,
based upon theoretical methods. In soil mechanics generally, the surface streamline is
assumed usually to follow the shape of the bank (when there is rapid drawdown). At
Hurst Spit, the shingle beaches typically have a slope of about 1:7 to 1:8 in the active

- zone. Using a percolation slope Jof 1:7.5 and a D,, value of 6mm, gives:
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k,(Rey,) v, = 7.38x 107
Re,, = 85.7
v, = 0.0143m/s
k, = 36.1

Using equation 4.6 gives:

Mo
k(Rev, / A2AD)

2= 405361
k(607407 AD)

Using the function k(Re,), given by Yalin (1963a), the solution of this equation by

successive approximation gives:

Rev,, = 3.62
k(Rev,,) = 3.85
Ap = 3.75
Dso = 5.33mm

Application of scaling for onshore offshore movement of shingle.

The settling velocity of 20mm shingle is 0.94m/s and with p,=2.65 and p, =1.03 this

gives:
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WTP = 0.94 m/s

Re]'p = 19480

CDp . = 0.44

If Ap = 3.75 equation 4.8
Cp
Ae, = —
CpoRep,/A24,)

0.44

A =
“ C,(19480//40x3.75)

Rer, = 821

CDA[ — 1 0(1.6435-1.1242 Log Re +0.1558 (LogRe)2)
= 0.49

Adep = 0.90

For the range 260 <Rez, <1500

Substitution into equation 4.7 gives

7 = Mo
Z'D
40x0.90

y = — = 959
375

[4.7]

The model sediment requires therefore a specific gravity of 1.16, to satisfy onshore/

offshore movement criteria.
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Application of the threshold of motion

V5 a0

A = =
oAk 375k

=590 [4.9]

The model sediment needs consequently, to have a specific gravity of 1.27 to meet the

criteria for the correct reproduction of the threshold of motion.

Combination of the requirements

The scaling criteria (see above) suggest that the model sediments need the following

characteristics, in order to reproduce correctly all aspects of the sediment motion at

model scale:
Dsy, = 5.33mm, for correct permeability; [4.6]
A4 = 1.16, for correct onshore offshore movement; and [4.7]
A = 1.22, for the correct threshold of movement. [4.9]

Clearly, equations [4.7] and [4.9] derive conflicting requirements and further analysis is
required. Similarly, no material was available which met the requirements. The choice
of suitable materials is somewhat limited, for example perspex, ( p; = 1.2) and
anthracite (o, = 1.39). Unfortunately, the perspex material could not be produced
economically, in the range of sizes required for the model. Thus, crushed anthracite
provided the best initial approximation to the model requirements. This material has

" been used successfully to reproduce sediment in mobile bed models previously (Powell,
1990). The specific gravity of crushed anthracite is higher, however, than that required

for either the threshold of motion or the onshore-offshore movement criteria. Since the
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model tests were to be carried out under storm wave attack, the threshold of motion
would be exceeded throughout the test programme. It was decided, therefore, to relax
the threshold criterion. Since the specific gravity of the proposed material was greater
than that required to meet the onshore-offshore movement criterion, it was necessary
to compensate by varying the sediment size, (consequently, altering the effective

permeability of the beach).

Whilst the profile response and onshore/offshore movement of the shingle is

~ reproduced correctly, the rate of long-shore transport in the model will be much
accelerated, because of the lower specific gravity of the model sediment.
Calibration tests were required, to identify the distortion scale for the long-shore

transport.

Specification of material for Hurst Spit

Osm = 1.39

Aps = 403
For the correct threshold of movement,

/?-D = 6.23

Dsg 3.21mm

For the correct direction of movement,

- and
0.1008 /1D = CDP / CD (Rerp / /'{IQ)\D)

/ID = 7 50
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Cim = 0.59

DSO

The values for Ap are therefore

Permeability Ap
Direction of movement Ap
Threshold of movement Ap

The selected model scales were
ym
Ap

and Dsg

(b) Limitations

2.68mm

3.75 Dso = 5.33mm
7.45 D50 = 2.68mm
6.23 D50 = 3.2Imm
4.03

5.6 (an average of the permeability and

direction of movement)

4.0 mm

The model design was appropriate only for the investigation of relatively severe wave

conditions, which was appropriate to the requirements i.e. to examine the beach

response to extreme events. Other processes which might affect the response, but

~ which could not be reproduced included: the response of the salt marshes to wave

attack, following breaching of the spit; erosion of the bed and the fine-grained

sediments to seawards of Hurst Spit; the effects of sedimentation on flow in Mount

Lake (Figure 4.13-4.14), in the lee of Hurst Spit; and the geotechnical response of the
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salt marshes upon, which Hurst Spit is now founded (see below, Chapter 6). Finally,
whilst tests could be carried out over a range of fixed water levels, the model did not
have full tidal control.

The design of the model geometry and the hydrodynamic conditions used was based on
Froudian similitude: hence, geometric scaling of the sea-bed and the cross section of
the beach were proportional directly to the model scale of 1:40. The time and velocity
scales are 1 in V40: consequently, wave events occurred approximately 6 times faster in
the model, than in nature. Longshore sediment transport rates are subject to further
distortion; these were higher in the model than in nature. Since the study area was to be
modelled in segments, it was necessary to ensure that there was an appropriate overlap
of each of the model segments. This allowed model end effects to be negated, providing
a check on performance of overlapping segments of the model. The plan layout of
the physical model segments is shown in Figure 4.9. The layout of each of the four

model segments is shown in Figures 4.12-4.15.

4.4.4 Model construction - general layout

The models were constructed in a wave basin measuring 35m by 25m, in the laboratories
at HR Wallingford. The layout of the model is shown in Figure 4.11. The mode] wave
basin was prepared by installing large energy-dissipating beaches around its perimeter, to
avoid artificial interference to the generated waves, by reflected waves. Wave generators
in the test facility were capable of working over a range of water depths and the model
bathymetry was designed to ensure an appropriate tidal range could be tested, (at the
selected model scale of 1:40). '

A sea-bed area was moulded in cement mortar for each of the model segments; each
area covered a full-scale area of approximately 800m by 600m. The moulded area
extended from the salt marsh area in the lee of Hurst Spit, to the -12mODN contour
(Figures 4.12-4.15). Contours and levels were derived from hydrographic and

" topographic surveys of July 1990 (Section 4.2.2). The Mount Lake river channe] was
moulded in the lee of the spit, to enable the volume of sediment to be displaced

correctly when the barrier beach ‘rolled back’ under storm action.
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The assumed profile of the salt marsh surface beneath the shingle spit was moulded as an
impermeable membrane: this was calculated on the basis of previous geotechnical
results on differential compression (Nicholls, 1985) and from additional measurements
made at the site.

Modifications to the idealised offshore bathymetry were made for each model
segment, where appropriate. A 25 m long stretch of shingle beach was constructed

for each model beach segment, representing 1 km in nature.

(a)  Mobile beach and coastal structures

The mobile shingle beaches used in the model were based on the geometry of
topographic and hydrographic surveys (see Chapter 6). Mobile beach material was
moulded, initially, to cross sectional profiles surveyed prior to the severe storms of
October and December, 1989. These surveys provided the basis for empirical

calibration of the model; likewise, they allowed for the reproduction of these storms.

Since beach permeability is an important variable, it was necessary to ensure accurate
reproduction of levels of the fixed bed beneath the beach. The shingle beach at Hurst
Spit is founded on partially-compressed salt marsh. The weight of the shingle causes
differential settlement, resulting in a prismoidal profile of the interface between the salt
marsh and the permeable shingle. It was suspected that this change in cross sectional
profile, with a maximum bed deviation from the normal surface of about 1m, would
have a significant effect on the water flow path-ways through the shingle beach -
(particularly when the beach had a small CSA). Therefore, an idealised permeable
/impermeable interface was constructed, to the assumed profile of the salt marsh surface.
The mobile beach zone was formed in mobile material. Following initial installation of
the model beaches, they were subject to a period of wave activity; this ensured that
the material was compacted properly. Beaches which were subject to testing were
then constructed, by grading of the beach material to scaled templates of the actual

beach profiles.
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Figure 4.13 Model Test segment B
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4.4.5 Model test variables

The model studies were designed using the results of the numerical modelling and field
hydrodynamic studies (Chapters 5 and 6, see below). Key variables were selected to
develop a framework for examination during the test programme. The most important
forces acting on the beach at this site are storm waves, in combination with extreme
water levels. Hence, a range of such conditions were defined that would allow the

effects of various combinations of wave conditions and water levels to be examined.

(a) Wave Conditions

Wave variables tested in the model included significant wave height, period, direction
and steepness. Site specific test conditions selected included (predicted) extreme
storms, with probabilities of return period of 1in 1, 5, 50 and 100 years. Additional
wave conditions were tested in a systematic framework, to examine the influence of a
range of wave variables. As wave conditions vary along the length of Hurst Spit
(Section 5.4) it was necessary to reproduce different conditions, representative of the
same events, for each of the four model segments. The severe storms of 1989 were
reproduced to provide model validation against real events and identify the response of

Hurst Spit to those events.

Whilst storm waves control the profile response of the spit, the longshore transport of
shingle occurs throughout the year under significantly less severe conditions. Hence,
longshore transport rates were compared for the various layouts. These tests were
carried out using a morphological average wave condition, derived from the wave and
sediment transport numerical models. A different incident wave condition was required

for each model segment, to provide the morphological average.

Each wave condition for the model was defined using a standard spectral shape
(JONSWAP), significant wave height and mean zero crossing period (Figure 4.16).

The wave approach angle varies at the beach, depending upon wind direction and wave
refraction. As waves approach the spit, they become long-crested due to the influence of

the bathymetry. Wave conditions at the shoreline may vary considerably along the
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length of Hurst Spit (Section 5.4); consequently, different conditions might be expected
at the shoreline for the same offshore condition in each of the model segments. A range
of wave approach angles were tested, to accommodate this spatial variation. It was
suspected that different incident wave angles would result in a different beach
response, especially near to structures (such as groynes). Different angles of wave

attack, representative of the likely range ofincident conditions, were examined.

b) Water Levels

Field observations of the response of Hurst Spit to storm action has indicated (see
Chapter 6), that water level is a critical variable for describing the profile performance
of a shingle barrier beach. Virtually all the storms which have caused overwashing of
Hurst Spit occur at higher water levels than the normal tidal predictions. As the tidal
range over the area is small (2.2m on springs), this surge component is extremely
important; it can be greater than 50% of the maximum tidal range. Surge levels of
0.5m, Imand 1.4m above MHWS were selected for testing, together with MHWS,
on the basis of the results of earlier studies (Nicholls, 1985). These conditions provided
a realistic range of extreme water levels which, in combination with various storm wave
conditions, could be expected to result in significant changes to the beach profile. The
same four water levels were used to provide a systematic analysis of the influence of
water level, on all of the beach geometries tested. Freeboard conditions were varied
further, by changing the crest elevation to investigate the influence of beach geometry on
the profile development. The range of water levels tested also provided a method of
analysing the influence of a depth—limited foreshore, for a range of wave and water level

conditions.

4.4.6 Wave calibration

Waves were generated in the model using two mobile hydraulic wave paddles; these
- produced long crested waves, with a wave crest length of 25m (Plate 4.1). The
paddles produced unidirectional waves, typical of the (long-crested) waves which form

as waves refract towards the shoreline. The incident wave direction was varied by
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moving the position of the wave paddles, relative to the shoreline. The paddles were
driven by a double acting hydraulic ram, controlled by a servo system. The wave
generation system allowed a random, but repeatable, sequence of waves of any
defined spectral shape to be generated. Waves were generated from a time-varying
voltage signal, driven by a computer program. On specification of a given spectral
shape (e.g. JONSWAP), a time-series voltage signal was calculated which produced
the specified spectral shape. On running the programme, the computer stepped
through a binary shift register, to produce a time-varying voltage signal to the
paddle actuator. Different transfer functions were calculated for each water level.
Following calibration of the paddles, it was possible to drive the two paddles

simultaneously to produce the same output signal.

The paddles could create any specified wave conditions, within their generating range
of paddle stroke, frequency and working water depth; this permitted significant wave
heights of up to 4.4m (i.e. 110mm in the model) to be generated. Storms which
have occurred in the past, or which might statistically be expected to occur every 100

years, could be reproduced.

A series of wave calibration tests were run, prior to the model tests. Whilst the
paddles could reliably reproduce waves of a given spectral shape, with a fixed peak
period, the characteristic amplitude of the peak could be varied by a simple voltage

gain control; this was used to calibrate the wave height.

Each wave condition was calibrated at each water level, to determine the
appropriate gain setting. Waves were recorded in the model by twin wire resistance
type wave probes, with an accuracy of +/- 0.25mm (or 0.01m, at prototype scale).
The probes measured changes in instantaneous water levels, by detecting a change
in the resistance across two wires as the water surface moves. A time-varying
voltage analogue signal, proportional to the water level was sent, via an analogue to
digital converter, to a PC computer; this recorded digital records of changes in
water level, at the designated sampling frequency. The standard procedure adopted

- provided a digitisation rate of about 25 points per wave (approximately 25Hz),

which was sufficient to describe the shape of the wave forms.
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Waves were monitored at an array of wave probes set out in the wave basin. Six
wave probes were used to calibrate and monitor the wave conditions; these were
distributed in deep water, at the wave refraction prediction points and close to the toe
of the beach (at locations in shallow water where wave breaking occurs) (Figures 4.12-
4.15). Wave conditions, defined by refraction modelling provided the required
conditions for the model testing: these were calibrated at the offshore wave probes.
The inshore probes were used to monitor the attenuation of waves, as they move
shorewards, thereby allowing the relationship between deep and shallow water (wave)

conditions to be compared.

Two types of wave analysis were used, in both the model calibrations and the test

programme. Spectral analysis, using a fast-fourier transform of the instantaneous
surface elevations, was used to calibrate the wave conditions; this utilised analysi‘s
cycles of short sequences (typically, 300 waves). The analysis provided a measure of

wave energy within 16 frequency bands, calculating the significant wave height using the
method of moments (Hg = 4Mol/ 2) and the mean zero crossing period. Additionally,

waves were monitored using a wave counting analysis program, this provided the
opportunity to examine extremes and the probability distributions of very long sequences

of waves, with the same spectral characteristics.

The calibration exercise was repeated for the wave conditions required, at each of the
four water levels (see above). This process was repeated: (a) on each occasion that
the paddle angle was altered; and (b) each time the sea bed bathymetry was
remoulded. A summary of the calibrated wave conditions for the tests are shown in

Table 4.1 and typical wave spectra are shown on Figure 4.16.
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Test Hs Tm SWL Storm Return Wave Surge height
Segment above
(Fig. 4.9) |  (m) (s) (mODN) | Period (Years) °N) MHWS(m)

B 2.7 8.4 0.87 1:1 225 0
B 3.0 8.4 1.37 1:1 225 0.5
B 3.1 8.3 1.87 1:1 225 1
B 3.4 8.3 2.27 1:1 225 1.4
B 3.0 9.0 0.87 1:5 225 0
B 3.1 9.0 1.37 1:5 225 0.5
B 3.3 8.8 1.87 1:5 225 1
B 3.7 8.8 227 1:5 225 1.4
B 34 9.6 0.87 1:100 225 0
B 3.4 9.6 1.37 1:100 225 0.5
B 3.6 9.4 1.87 1:100 225 1
B 3.6 94 2.27 1:100 225 1.4
C 2.6 9 0.87 1:1 225 0
C 2.6 9 1.37 I:1 225 0.5
C 2.7 9 1.87 1:1 225 1
C 2.8 9.1 2.27 1:1 225 1.4
C 29 9.5 0.87 1:5 225 0
C 2.9 9.5 1.37 1:5 225 0.5
C 3.1 9.5 1.87 1:5 225 1
C 3.1 9.7 227 1:5 225 1.4
C 3.5 104 0.87 1:100 225 0
C 33 10.4 1.37 1:100 225 0.5
C 33 10.4 1.87 1:100 225 1
C 3.5 10.4 2.27 1:100 225 1.4
D 2.1 9.6 0.87 I:1 220 0
D 2.4 9.1 1.37 1:1 220 0.5
D 2.4 9.1 1.87 1:1 220 1
D 2.7 9.1 227 i:1 220 1.4
D 24 10.2 0.87 1:5 220 0
D 2.6 9.7 1.37 1:5 220 0.5
D 2.6 9.7 1.87 1:5 220 1
D 2.7 9.6 2.27 1:5 220 1.4
D 3.0 10.9 0.87 1:100 220 0
D 3.0 10.6 1.37 1:100 220 0.5
D 3.0 10.6 1.87 1:100 220 1
A 29 8.4 0.87 1:1 220 0
A 3.1 8.4 1.37 11 220 0.5
A 3.3 8.4 1.87 1:1 220 1
A 3.6 8.4 2.27 1:1 220 1.4
A 3.0 9.7 0.87 1:5 220 0
A 3.7 9.6 1.37 1:5 220 0.5
A 3.7 9.6 1.87 1:5 220 1
A 3.8 9.6 2.27 1:5 220 1.4
A 4.1 8.4 0.87 1:100 220 0
A 4.4 8.4 1.87 1:100 220 1

Table 4.1 Summary of wave calibrations used for storm response test programmne.
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Figure 4.16 JONSWAP wave spectra measured during the model calibration

4.4.7 Test programme

Following completion of wave calibrations, further calibration studies were carried out
to investigate the mobile bed model performance. Whilst mobile bed physical
modelling using lightweight sediments is well established for assessing the profile
performance of shingle beaches, it has not been used to evaluate the ‘roll-back’ of a
shingle spit, subject to overwashing. Data derived from the field surveys of the
response of Hurst Spit to the severe storms of October and December 1989 (Section
6.5), together with the corresponding records of wave and water level conditions,
provided an ideal combination of conditions for validation of the model. Consequently,

tests were designed to reproduce these events (see Chapter 7).

" Following calibration, the first phase of the (model) tests was to identify the response
of Hurst Spit (together with proposals for beach renourishment), to severe storm
action. Test conditions were derived from the statistical analysis of the results of the

numerical modelling of waves (Chapter 5).
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The second phase of testing was designed to expand the validity of the model test
results, to a much wider range of conditions. A wide range of combinations of structure
geometry, wave and water level conditions and bathymetry were tested; this was
subsequent to the site specific studies at Hurst Spit; providing the basis for an extensive
empirical framework of results. The objectives of this phase of the studies drew upon
the results of the site-specific studies at Hurst Spit, allowing variables to be extended

(see below).

(i) Identify the influence of beach geometry variables on profile response of the
shingle beach, including: crest width; crest elevation (freeboard); foreshore

slope angle; initial beach slope angle; and beach cross sectional area.

(ii) Identify and quantify the influence of each of the following force variables, on
the response of the shingle beach: wave height parameters; mean zero crossing
wave period; spectral shape; wave steepness; water depth at the toe; and

freeboard.

Details of the range of conditions tested are summarised below (Table 4.2) and

presented in full in Appendix 3.

Variable Range
Significant wave height 1.0to 4.1m
Mean wave period 7.4t0 10.9s
Incident wave angle (relative to beach normal) 0to15°
Freeboard -0.4 to 7.8m
Beach width at water level 0tol10m
CSA above still water level 0 to 400m®
Water level 1.4m

Table 4.2 Summary of the ranges in variable used in the model tests.
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4.4.8 Model test procedures and data collection

A common test procedure was adopted for the whole of the test programme; this
enabled the direct comparison of results to be undertaken, for each different model
configuration. Certain of the data collection techniques were common to all the tests;
others were carried out for specific purposes. Each test was recorded by using an aerial
view video camera and the collection of observations, to describe the beach and
structure response. Waves were recorded in all of the tests, at each of the 6 wave probes
(Figure 4.11). A wave-counting analysis programme WARP was used to analyse the

wave data.

(a) Beach Profile Measurements

Each beach cross section was constructed by moulding the beach to templates, either
to the design profile or to a surveyed profile. Following construction, each section
was surveyed along a number of predefined profile lines (at a longshore interval not
exceeding 100m), with a computer-controlled bed profiler (Plate 4.1).
Closely-spaced lines were surveyed in some of the tests; this was in order to examine
spatial variation of the beach response, or where the performance of specific
structures were monitored. The plan layout and location of the survey lines are shown
in Figures 4.12-4.15. Beach profiles were resurveyed following each of the tests, at a
nominal horizontal increment of 1m. This approach provided sufficient information to
describe the profile, which was typically 100-150 m in length, and which tends to change
shape gradually. Although the high-resolution profiling system provided data at vertical
and horizontal resolution of +/-1mm (model) or +/-40mm (prototype), the very steep
upper beach profile is not described in detail; this is due to the horizontal digitisation
rate. Ideally, digitisation of the beach profile should be at a closer spacing, to describe

the changes over the steep upper part of the beach profile.

" The bed profiler (Plate 4.2) was originally designed to provide continuous profiles over
sand beaches (Hydraulics Research, 1988, HR, 1991); this was adapted for use on

anthracite beaches, utilising an incremental control system.
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(b)  Beach profile response tests

Water levels were set to a pre-determined level for each of the tests; a sequence of
waves, corresponding to the calibrated conditions were then run. The test duration
was fixed at 3 hours (at full-scale) for the profile response tests (Appendix 3). This
was sufficiently long to enable an equilibrium beach profile to form at the water level
tested. For comparison, previous work (Powell, 1990) has shown that the beach

profile form will stabilise after approximately 500 waves.

The standard procedure adopted for the site specific studies was to run the 1:1 year
return period wave conditions, at each of the (four) water levels; this commenced at
the lowest level, stepping upwards through the sequence. The water level was lowered
then to the lowest level, with the process being repeated for the 1:5 year and 1:100 year
storms: this approach was utilised for the site specific tests at Hurst Spit together with
more generalised tests on beaches of other geometries. In many of the early tests, the
full sequence of tests could not be run, as the test section failed due to breaching of the
shingle beach. Additionally, the model test section was rebuilt after some of the site
specific tests, in order to establish which (if any) single event would cause

breaching of Hurst Spit.
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Plate 4.1 The layout of the model wave basin, at HR Wallingford

Plate 4.2 Details of the bed profiler used in the model tests, at HR Wallingford



- Results - Numerical modelling of wave climate 119

CHAPTER 5: RESULTS AND DISCUSSION - NUMERICAL
MODELLING OF WAVE CLIMATE

5.1  OFFSHORE CONDITIONS

An offshore directional wave climate was derived for Christchurch Bay, during an
earlier study, using wind data from Portland for the period 1974-1988 (Hydraulics
Research, 1989b). The original time-series of wind records was extended to February
1990 for this investigation, using additional data from the meteorological office. A
revised offshore wave climate was generated, using the same model and calibration as
in the earlier (Hydraulics Research, op cif) study. The HINDWAVE model together
with the method used to calculate wave climate from wind data, are described by
Hawkes(1987).

The updated scatter diagram of wave height against wave direction, at the offshore
point (Figure 4.8), are listed in Table 5.1. The table presents the probability of any
combination of significant wave height and wave direction occurring, in parts per
100,000. The distribution of wave heights and periods is similar to that for the period
1974 to 1988 (Hydraulics Research, op. cif). The spatial distribution and percentage
of occurrence of bands of significant wave heights, derived from the updated
hindcasting study, are shown in Figure 5.1. The distribution of wave conditions
demonstrates that prevailing wave conditions occur within the 225 - 25 5° (relative to
North) direction sector. Significant wave heights in excess of 6 m were not generated
outside of this sector; this represents the combined effects of predominant wind
direction and fetch lengths, which are here in excess of 500 km. The data set indicates
also a secondary peak, within the direction sector 105-135°. Probabilistic analysis of
the revised data set indicates that the probability of occurrence of waves greater than 6
m is 0.0001: this compares with a probability of 0.00007 for the same conditions, for
an earlier study (Hydraulics Research, 1989b). As the same model was used,
approximately 88% of the data was used in both cases; it is suggested that conditions
between 1988-1990 were slightly more stormy than during the previous 15 years. This

interpretation is confirmed by comparison of the scatter diagrams; these indicate a
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higher frequency of occurrence for the more severe storm events, during 1988-1990.
The distribution of probabilities of exceedence, for the two data sets is shown for
significant wave heights >3 m in Figure 5.2. The variation demonstrates the value of
using long and recent data sets, for the determination of a regional wave climate. It
demonstrates also the problems of introducing bias into the data sets, using short time-
series; it indicates the level of sensitivity of the probability distribution, to relatively

small changes in the frequency of more extreme events.

285
255

195
165

EO0-1m H1-2m H2-3m E3-4m B4-5m @5-6m @6-7m O>7m

Figure 5.1  Wave direction and height scatter plot. Wave height distributions are
shown in 1 m bands, in 30° direction sectors and percentages of annual

occurrence.
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45 75 105 135 165 195 225 255 285 315

615 366 1537 1560 288 235 241 438 1177 1429
1765 646 2356 3464 1197 616 781 2246 2530 1351

646 387 1437 2857 944 1088 1667 2568 2112
185 72 467 963 437 228 446 2381 1419

8 17 265 1013 673 877 1741 3195 1015
3 4 75 656 242 259 408 2324 525
0 3 18 529 378 438 761 2485 493
0 0 16 316 319 212 856 2505 285
0 0 0 58 191 349 342 835 219
0 0 0 138 219 243 433 2257 126
0 0 0 83 131 285 511 1097 84
0 0 0 67 90 105 227 976 78
0 0 0 30 71 296 655 1512 43
0 0 0 24 117 65 109 232 24
0 0 0 9 31 52 191 1174 54
0 0 0 20 49 112 102 331 2
0 0 0 4 26 55 83 400 25
0 0 0 0 16 54 63 235 1
0 0 0 9 6 25 78 149 7
0 0 0 0 8 7 42 184 16
0 0 0 15 1 44 21 150 0
0 0 0 0 2 17 20 24 4
0 0 0 0 0 11 15 96 6
0 0 0 0 1 6 16 80 0
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0 0 0 0 0 4 2 3 0
0 0 0 0 0 0 0 8 0
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0 0 0 0 0 0 0 1 0

Parts per thousand for each direction

46

34 16 65 125 58 60 104 29 109

Table 5.1 Annual distribution of wave height and direction - Offshore

Notes:

)

(i)
(iii)

Location - Offshore, Christchurch Bay 1/1/74 - 28/2/90, data in
parts per hundred thousand, significant wave height in m
Significant wave height in m.

Data source HR Wallingford

668
707
224
160

51

—_—
SO OO O OO OO OO OO OO DO OO0 O e fu

S
O

315
345

1049
1372
478
373
158

— N
—

C OO OO TP OO OO OTCT OO R

(%)
~



Results - Numerical modelling of wave climate 122

5.2 EXTREME OFFSHORE WAVE CONDITIONS

The effects on the probability distribution of offshore significant wave heights, of the
inclusion of data collected between 1988-1990, are demonstrated in Figure 5.2; this
describes the probability distributions for significant wave heights >3 m, for both data
sets. The extreme significant wave heights and their associated directional offshore
wave energy spectra were recalculated, to include data derived between 1989 and
1990. Probabilities determined from the wave scatter plot (Table 5.1) have been
extrapolated, utilising a three parameter Weibull distribution; this was fitted to the
distributions of significant wave heights for each of the direction sectors, to determine
the extreme conditions: the methodology is discussed in detail by Hydraulics Research
(1985, 1989b). The extreme predicted offshore conditions were not significantly
different from those derived in the study undertaken by Hydraulics Research (1989b).
This conclusion is not surprising, despite the short-term variations in the distribution of
wave heights; it indicates that the hindcast conditions for 1989-1990 were fairly typical

of the longer data set, which was used in the earlier study.

The distribution and magnitude of wave heights and periods, for selected 30° direction
sectors, are listed in Table 5.2 . Conditions were calculated only for those directions
centred between 120-255°N. The fetches outside of this sector are all less than 25 km;
these would not produce wave conditions which would impact on crest evolution of
Hurst Spit. The largest predicted offshore significant wave heights arise from the
direction sector 225-255°N.

Full directional spectra were generated for each of the extreme predictions, using the
JONSEY element of the HINDWAVE model. These data provided the input to the
wave refraction models which were used, in turn, to provide extreme input conditions
to the physical model studies. The mean wave periods associated with the wave
conditions were also determined; these demonstrate high dimensionless wave
steepnesses, ranging between 0.0518 - 0.0690, for the extreme conditions. Such wave
steepnesses are characteristic of rapidly-developing storm conditions. The wave
steepness tends to increase with the return period, although wave conditions generated

from the 240° sector have slightly lower steepnesses. Such conditions correspond with
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a longer generation time and a more fully-developed sea state; this, in turn, reflects the

longer fetches across this sector.

0.03

0.025 ~

0.02 +

0.015 -
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Figure 5.2  Comparison of probabilities of exceedence of significant wave

heights derived by hindcasting, for data sets collected between 1974 - 1988 and

1974-1990
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Wave Direction Return period Significant Wave | Significant Wave
(°N) (years) Height Period

(H, (m)) (T (5))
135 1 3.72 6.5
5 4.65 7.1
20 5.47 7.5
50 6.02 7.8
100 6.44 8.0
150 1 3.90 6.5
5 4.53 6.9
20 5.03 7.1
50 5.34 7.3
100 5.57 74
180 1 491 7.1
5 5.71 7.5
20 6.36 7.8
50 6.77 8.0
100 7.07 8.1
210 1 4.82 7.3
5 5.52 7.7
20 6.02 3.0
50 6.42 8.2
100 6.68 83
240 1 5.84 8.5
5 6.60 8.9
20 7.22 93
50 7.61 9.5
100 7.90 9.6
All Directions 1 5.91 8.6
5 6.65 8.9
20 7.26 93
50 7.65 9.5
100 7.94 9.6

Table 5.2: Predicted extreme offshore wave conditions

Note: the above figures are derived from 17 years of simulated wave data (1974-1990)
at 50° 38.63’N 1°38.17°W. The extreme conditions are averaged over a period of 1
hour. (Data source HR Wallingford)
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5.3 NEARSHORE WAVE CLIMATE

Back-tracking ray modelling -(OUTRAY)

A series of transfer functions were generated using the OUTRAY model, for each of
three water levels and directions of offshore wave attack, at each of a number of
locations (Figure 5.4). These transfer functions convert directional wave climate
matrices, derived from the HINDWAVE model, to provide nearshore wave conditions;
these take into account the effects of refraction and shoaling, but not wave breaking.
The data derived is in the form of directional spectra (Figure 5.3).
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Figure 5.3  Example of hindcast offshore directional wave energy spectrum,
derived using the JONSEY wave prediction program. (H, =6.9m, T=9.6s, Direction
= 240° Hindcast point = 50° 38.61° N, 1° 38.17’W Christchurch Bay, (see Figure
4.3) Conditions derived for wind speed = 31.4 m/s, wind direction = 258°

generation period = 24 hours)
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Forward-tracking ray modelling (INRAY)

Initial runs of the INRAY model showed wave rays (orthogonals) converging and
crossing each other, as they travelled over the western half of Dolphin Sands (about
6 km to the south of Hengistbury Head), for an offshore direction of 240N° and high
wave periods (Hawkes pers com): this phenomenon is known as a caustic. Caustics
have been reproduced using laboratory experiments and identified by studying aerial
photographs of the ocean (Chao and Pierson, 1971). Studies undertaken in wave
basins and theoretical analysis have demonstrated that, if a wave ray passes through a
caustic region, it follows eventually the original fay path and wave conditions can be
determined as if no caustic activity had occurred. The region of interest in the present
study is well outside the caustic influence; it should therefore, have no effect on wave
conditions incident on Hurst Spit. The minimum water depth over Dolphin Sand, at
the lowest water level to be used in the model, is about 12.3m; hence, wave breaking is
unlikely to occur in this area. However, the reduction in wave height, due to breaking,
is dependent upon wave height; wave period and water depth. Since the wave height
was increased unrealistically by the model, in the region of the caustic, an excessive
amount of energy was dissipated by wave breaking over Dolphin Sand (Figure 3.1).
Hence, the inshore wave height was much smaller than might reasonably be expected.
To solve this particular problem, wave breaking was restricted in the model for waves
around Dolphin Sand, if the significant wave height (H,) was less than 0.66 times the
total water depth (Hawkes, pers com).

Validation of numerical modelling

The deployment of a waverider buoy in Christchurch Bay, between 1987-1989
(Hydraulics Research, 1989a), presented an opportunity to assess the validity of the
numerical modelling methods and to provide calibration to the synthetic wave data.
Tests were carried out to determine the effect of wave breaking and the friction factor,
within the wave refraction model, on the wave height at the waverider site. The wave
condition for the 1 in 100 year storm from 240°N (Hydraulics Research, op. cit) was
used as input to the model, for these calibration tests. This wave condition also
provided the highest offshore wave height to be used as input to the physical model,

during this investigation.

The results from the tests indicated that, when friction effects are excluded from the

model, the reduction in inshore wave height due to breaking is about 40%. Two
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friction factors were used as input to the model: (i) a value which has been generally
found to provide reasonable results at other sites where friction was important (0.016)
(Hydraulics Research, 1989d); and (ii) a very much higher value (0.5). Wave breaking
was included in these test runs. The reduction in inshore wave height due to friction
and breaking was 46.1%, for results derived when using the average friction factor: the
very high friction factor resulted in an 86% reduction (Hawkes, pers com).

The INRAY model was run also with a constant friction coefficient for the whole of
the model grid, before it was eventually reconfigured to calculate a friction coefficient
(from the friction factor), wave height and water depth at each grid node. Once again,
a value was used which has been found to give good results at other sites, where
friction has been important. The reduction in wave height, due to friction and breaking
in this case, was 33%.

The wave height (Hy) obtained from OUTRAY at the 1987-1989 wavenider site, for

the 1 in 100 year storm from 240° offshore, was 6.15m (without breaking or friction
effects being taken into account). Using the average friction factor, the wave height
including friction and breaking is:

6.15x (1 -0.461)=3.31m

When the high friction factor was used, the wave height predicted by INRAY at the
waverider site (Figure 4.8) was 0.86m: the model suggested an Hg of 4.12m, using the

configuration of INRAY with the constant average friction coefficient.

A comparison was made between the numerical modelling results, from the synthetic
wave refraction data, with wave data recorded in the study area. An extremes analysis
was performed on the data obtained for the period April 1987 to May 1989
(Hydraulics Research, 1989a): the significant wave height expected to be exceeded
once in 100 years was predicted at 3.17m . The extremes calculated from the synthetic
wave data were based upon hourly-averaged data, whilst those calculated from the
measured data were based on 3-hourly records: a small difference is expected
therefore. The one-hourly based wave height corresponding to 3.17m was re-
calculated to be 3.32m: this indicates a remarkable level of agreement between the

measured and synthetic wave data.
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The extremes analysis for the waves offshore in Christchurch Bay are highest for the
direction sector centred on 240°N. The extreme wave height derived from the
predictions, transformed inshore using an average friction factor, compares well with
the extreme from the measured data. The friction factor (of 0.5) is too high and the
constant friction coefficient version of INRAY does not reduce the wave heights
enough, unless a very high coefficient is used. It was decided, therefore, to use the
friction factor of 0.016 in the INRAY model.

Comparisons between the measured and synthetié data demonstrate that the model
predicts the wave heights well, as they travel towards the waverider site in a zone of
relatively straightforward bathymetry. The assumptions made about seabed friction
for wave conditions further inshore, in the shelter of the Shingles Banks and adjacent
to Hurst Spit (Figure 3.1), could not be tested in a similar manner, however, since
there was no validation data available. Hence, the numerical model transformations
have to be used without any additional calibration. The complex bathymetry and the
wide range of large-scale bed forms in this area (Velegrakis, 1994) present further
complications; these may not be dealt with adequately by the numerical model. For
example, the effects of friction and breaking are likely to be more significant. Features
such as large sand waves and gravel mega-ripples are not taken into account by the
model; this is likely to result in the over-prediction of wave heights. Nearshore wave
periods may also be affected by the complex bathymetry: in some instances, waves

may break and reform at shorter periods as they pass over the Shingles Banks.

Relatively short period waves (3-5 s) have been observed in the North Channel
(Figure 3.2) on a number of occasions, when the wind conditions resulted in hindcast
waves of 7 - 9 s. Observations made 2 km to the west, outside of the influence of the
Shingles Banks, resulted in observed wave periods of 7-9 s, as predicted by the
hindcasting methods. Such variation is worthy of further investigation, to determine
the range of validity of the numerical models, for the transformation of wave

conditions in areas of complex bathymetry and bedforms.

Having established the basic calibration of the numerical model, a series of
calculations were carried out to determine wave transformations for a few of the
offshore extreme conditions, at 8 locations along Hurst Spit, on the -5m CD contour:

this provided a sensitivity analysis of the nearshore wave climate variability along a 3
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km stretch of shoreline. The test refraction points were numbered 1 to 8, from west
to east (Figure 5.4).

Hurst Castle

Contours are m Chart Datum

Figure 5.4  Location of Wave Refraction Points off Hurst Spit

Initial examination of the bathymetric charts of the study area have indicated that the
complex bathymetry might result in varied conditions, along a relatively short stretch
of coastline. Results were required as input to each of the four physical model
segments (Figures 4.12-4.15); this required the production of four representative
wave-climate data sets. The points representing the centres of the four model beach
sections are 2, 4, 6 and 7 (Figure 5.4). The general trend is for the highest wave
heights to peak close to the western end of Hurst Spit; they decrease eastwards, along
the spit. This pattern is not surprising, as the energy dissipating effects of the Shingles
Banks become more significant to the east. However, the trend is complicated by the

initial offshore direction of the waves, and the local bathymetry.
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Hurst Spit Nearshore Wave Conditions
45 , |
Y- eee N P el
0'.-"- '.\w\‘/’x_—.""_i\

35 i '-_-:_‘_'_‘.‘r— ==\ e 11w |

3 N ____._-<>-""“’\~\:R - LI ]
— e .\?“;(.—.T.—.P%., ~ - T
E ) T N N A
3 2 O — x= 150y |

15 ‘ — % 1:100yr|

1

05

Fort Pot Font Pont Pont Pont Pont Font
1 2 3 4 5 6 7 8
Refraction Point

Figure 5.5  Distribution of nearshore wave heights along Hurst Spit, for waves

originating from an offshore approach angle of 240°, Sfor different return periods.

Note: for location of refraction points see Figure 5.4.

Extreme waves travelling inshore, from 240° (Figure 5.5), maintain a fairly constant
longshore significant wave height on the SmCD (-6.83m ODN) contour, between
Points 1 and 5. This pattern represents the limited influence of the offshore Shingles
Banks, towards the western end of the study area, in response to the wave approach
angle. The slight reduction in significant wave height at Point 3 represents the
localised effects of nearshore bathymetric changes, which cause more energy loss.
This local effect has also been noted at the same position, for other offshore angles of

wave attack.

There is a rapid reduction in longshore wave height, to the east of refraction Point 5

(Figure 5.5). Wave heights associated with the most extreme events fall by up to 35%,
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within a distance of 340m, at Point 6. The significant wave height at Point 8, adjacent
to the western flank of Hurst Castle, is reduced to 48% of the wave height at Point 5,
within a distance of 1150m, for the most extreme conditions. The longshore
reductions in wave height become proportionally smaller for less extreme events, but
reductions in wave heights of 50% are still observed for the 1:1 year return period

conditions, between Points 5 and 8.

The dramatic effects on the energy reduction at the shoreline can be illustrated in
terms of the empirical stability formula used for rock armour (van der Meer, 1988):
the term used to incorporate the effects of wave height in these formulae suggests that -
stability approximates to the cube of the wave height. The ray plots indicate
considerable disturbance along the crestline of the Shingles Banks, when waves
approach from an offshore angle of 240°N. Some of the wave rays cross each other,
resulting in energy loss across the spine of the banks and much reduced wave energy
at the eastern end of Hurst Spit. The complex effects generated by the numerical
models are realistic in this sense; such patterns can be viewed from the air, across the
Shingles Banks.

Changes in wave heights follow a slightly different pattern for waves from 21 0°
offshore (Figure 5.6); these increase in height between refraction Points 1 and 4,
where the energy peaks. Slight convergence of the wave rays occurs near to the edge
of the offshore banks, in the area of the North Head, resulting in focusing at Point 4.
A rapid reduction in wave conditions occurs to the east of Point 4. This change in the
longshore significant wave height pattern represents the more marked effects of the
Shingles Banks and the Needles Channel (Figure 3.2) at the eastern end of Hurst Spit.
An examination of the ray plots produced from the INRAY model indicates

considerable losses of energy across the Shingles Banks and North Head (see below).

The sensitivity tests indicate that there is no significant longshore change in the
nearshore wave periods at the refraction points; these remain largely unaltered along
the length of Hurst Spit. There is clear evidence, however, of a lengthening of the
period between the offshore and nearshore sites, due to the effects of refraction. This
effect is entirely consistent with the theoretical changes to wave period, which might
be expected for the range of conditions examined. Wave periods increase typically by

about 10-15% for offshore approach angles lying between 210-240° offshore. This
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effect is, not surprisingly, more pronounced for wave conditions which originate from

offshore wave angles farthest from the shore-normal.

Hurst Spit Nearshore Wave Conditions
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Figure 5.6  Distribution of nearshore wave heights along Hurst Spit for waves

originating from an offshore approach angle of 21 0°, Sfor different return periods.

Note: for location of refraction points see Figure 5.4.

Incident wave directions derived by the model indicate that wave directions turn
towards the beach normal as they travel inshore, as anticipated. The ray plots
produced by the INRAY model indicate fairly minor direction changes in the angle of
approach for waves originating from an offshore direction of 210° N; this is primarily
as the waves are already within 15° of the shore-normal (22SON, at the eastern end of
Hurst Spit). The model suggests that the extreme wave conditions are likely to
approach the shoreline at an angle which is within 5° of the beach-normal in each
case, for waves originating from an offshore angle of 210°. Limited refraction occurs
for waves originating from an offshore approach angle of 210° (Figure 5.7). Field
observations made during storms of the winter of 1996 (Section 6.5.1) support the
results of the numerical models in this respect. The expected range of accuracy of the
numerical models is +/- 5° at best, even when the bathymetry is reasonably simple and

when the grid is at a fine resolution.
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The numerical models suggest that waves from 240°N tend to be deflected through
the beach normal, so that their inshore direction is more southerly than waves
originating from 210°N; this is due to the effects of the complex bathymetry of the
offshore bank systems. Closer inspection of the ray paths (Figure 5.8) shows that, for
an offshore wave direction of 24OON, the wave energy is split into two directions
when it crosses the Dolphin Sands (Figure 3.1). The wave ray traces are plotted at a
filtered spacing of 250 m for clarity: the ray spacing actually used, for the
determination of nearshore conditions was 5 m. Some energy travels straight over the
bank towards Hurst Spit, whilst the remainder is refracted over the Shingles and the
deep channel behind it; this is then refracted and partially reflected, towards Hurst
Spit. The inshore conditions for this direction are, therefore, a combination of two
wave trains: one from around 2400N, with the other from the sector 160-220°N.
Unfortunately, these wave trains could not be separated numerically in the models, to
provide the relative magnitudes of the bi-directional wave climate; this is a significant
limitation of the modelling. In particular, the conditions predicted at Point 7, which is
most affected by this anomaly, may be less reliable than those at other prediction

points.

A further limitation of the modelling arises as a result of the energy retlected from the
deep water channel. The theory used by the model calculates that the whole of the
incident energy is reﬂécted, or refracted, by the deep water channel; no allowance is
made within the model for energy dissipation by the reflection process. The
conditions produced by the models simply combine all of the energy and produce an
average wave height and incident direction. In reality, this is not the case: energy
losses will occur and waves will arrive at the shoreline in two separate wave trains,

each with separate height and period characteristics.

The trend of west to east reduction in energy is broken locally between Points 6 and 7,
where a slight increase in energy occurs, but, energy continues to reduce farther to the
east (Figure 5.4). The increase in energy towards Point 7 is explained by the
recombination of energy from the two wave trains, as they focus close to the

shoreline. This explanation is supported by observations at Hurst Spit.
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Typical output from INRAY showing wave rays for offshore waves

from 21 0°. Offshore storm conditions H,

Figure 5.7

6.7m, T,, = 8.3s (1:100 year return

0.87mODN (equivalent to MHWS).
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Figure 5.8  Typical output from INRAY showing wave rays crossing on Shingles
Banks for offshore waves from 240° Offshore storm conditions H,=5.6m, T, =
11.0s, water level = 0.87mODN (equivalent to MHWS).
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The effects of separation and recombination of wave trains creates a localised
prediction problem, within the eastern-most kilometre, adjacent to Hurst Spit. The
direction of wave attack, together with the relative magnitude of the two energy
components at the shoreline, is somewhat confused within the model, due to the
unknown proportional combination of the refracted and reflected wave conditions.
Hence, the incident wave direction provided by the model appears to be unreliable; this
is illustrated further as the output from the model is fed into sediment transport
formulae. Directional spectra results indicate a net sediment transport direction
towards the west, part way along the spit, suggesting a drift divide. In contrast field

data demonstrate that this is clearly not the case.

Henderson (1979) carried out a study of wave climate in Poole and Christchurch Bays;
this included a study of wave refraction. Several wave refraction methods were used
including older versions of the subroutines used by INRAY (the method of Brampton).
However, the grid for the study was much coarser than that used for this study, i.e.
1000m x 250m compared to 100m x 100m. The ray plots presented were for ‘average’
wave periods, compared with storm periods. Likewise, the charts used to digitise the
depths for this study were more up to date. Against this background, the results are

somewhat incompatible.

Diffraction is another process which is not included within the modelling process used
here. This process may become important in the area around the Needles (Figure 3.1),
particularly for waves originating from the south to south east sectors; it is a less
significant process for waves from the south west, which provide the most extreme

conditions.

The results of the sensitivity analysis, carried out for 10 combinations of wave
conditions, at the 8 wave refraction points (Figure 5.4) have indicated that the 4 points
selected for the physical model were suitably representative of conditions along the
Spit, (although it is acknowledged that the offshore bathymetry actually results in a
constantly-varying longshore wave climate). Conditions predicted at the eastern end of
the spit are likely to be less reliable, in absolute terms, than those at the less complex
western end. Since the data were to be used primarily as input of ‘typical’ extreme

conditions to the physical model (Chapter 7), for comparative studies, the
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results were accepted conditionally. The results relative to Points 2, 4, 6 and 7 were
considered in detail for the remainder of this study.

Following the initial sensitivity tests to examine the longshore variability in wave
climate, a series of more detailed model runs were carried out to provide local wave
climates; these were derived for each of the inshore sites (Points 2,4,6 and 7), using a
water level of 1.6m CD (MSL). The first phase of the HINDWAVE model produced a
wave forecasting table (Table 5.1) for the offshore location (Figure 4.8); this provided
the predicted wave height, period and wave direction for a wide range of wind speeds,
directions and duration. Inshore wave climate conditions were converted in this way,
using information from the OUTRAY and INRAY models. The inshore wave
forecasting table was used then in the second phase of HINDWAVE, in the same way
as the offshore table.

Examples of the wave height reduction factors, used to obtain the inshore wave
forecasting table for each of the four inshore points, are listed in Table 5.3. The
factors take into account the change in wave height due to shoaling, refraction, friction
and breaking. If, for example, the offshore wave height is 4m and the wind direction is
240°N, then the wave height at Point 2 is 2.27m (4.0 x 0.568). The factors reduce as
the wave height increases; this is because the waves interact more with the seabed;
hence, there is more friction, breaking, refraction and shoaling. In general, the factors
are highest at the western point (Point 2) and reduce eastwards; here the banks have
their greatest influence. The table gives examples of the wave height multiplication
factors for obtaining inshore wave heights from the offshore wave height for a water
level of -0.23mODN (MSL).

Summaries of the inshore wave climates are shown in Figures 5.9-5.12 and tabulated in
Appendix 4, in the form of distributions of wave height and wave direction for each

inshore point.
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Location Offshore Wind direction (Degrees North)
and
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