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Abstract
Mixed sand and gravel beaches are an important means of sea defence. The majority
of beaches in the south coast of the UK are of the mixed type and beach
replenishment is generally needed in order to maintain the effectiveness of these
beaches against storm wave attacks. Despite vigorous research efforts in recent years,
coastal engineers still do not have a reliable method to estimate the sediment budget
in their designs. In addition, there is also a lack of understanding of the impacts of
beach maintenance activities, such as recycling and re-profiling, on the performance
of the beach and on the economics in maintaining the beach system. This thesis is
mainly focused on establishing the relationships between sediment transport of a
mixed beach and the wave climate, and between the beach performance and beach
maintenance activities. The thesis also aims to establish essential considerations
coastal engineers need to give when planning beach maintenance operations.
The thesis is divided into three parts. The first is concerned with the natural process
of sediment transport through extensive field measurements that provide detailed
quantitative information on beach volume changes, surface profile evolution, and
spatial sediment sorting over time. This information is then used in conjunction with
measured wave and tidal data to examine their underlying relationship and to assess
existing sediment transport equations and establish possible methods that may be used
in engineering applications.
The second part of the thesis examines the bi-modal phenomenon, a primary sediment
characteristics of mixed beaches. A new method is introduced that allows improved
quantitative and graphical representation of the bi-modal characteristics of mixed
sediment. A group of new sediment size definitions have been developed as an
alternative to the median size D50 which is commonly used as a characteristics
sediment size in engineering applications.

The fundamental properties of mixed
ii

sediment are embedded in these new size definitions, leading to a much improved
representation of the sediment size.
The third part of the thesis presents the results in relation to major beach recharge and
other forms of maintenance activities.

These activities have varying degrees of

influence on the sediment transport process and thus the evolution of the beach. The
effectiveness of some of these maintenance techniques is examined with reference to
field survey data and laboratory experiments. As a relatively new beach recharge
method, the modified rainbowing technique is examined with an extensive collection
of field data, showing distinctive advantages such as high efficiency of delivery and
reduced operational cost.

The common cliffing problem associated with mixed

beaches is investigated and recommendations are made on how the cliffing problem
may be greatly alleviated through good use of the modified rainbowing technique and
controlled use of other maintenance operations.
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1 Introduction to mixed beaches
1.1 Introduction
Mixed sand and gravel beaches are a particular type of beach system where the
sediment contains a mixture of sand and gravel. For convenience, the “sand and
gravel” part is often dropped and the term “mixed beach” is used instead. Mixed
beaches respond to wave activity in a different and more complex manner compared
to sand beaches where the grain sizes of sediment are less than 2mm, or gravel
beaches where the sediment does not contain grain sizes below 2mm (Komar 1983).
Irrespective of the type however, sediment of natural beaches is normally nonuniform, that is, the beach material is a mix of a range of grain sizes. Sediment
transport mechanisms of non-uniform sediments are more complicated than those of
uniform sediments due to sediment sorting and the interaction between different
sediment sizes (Ahmed and Sato 2003). On some beaches the sediment is more or less
evenly distributed, with pore spaces filled by even smaller particles. On others the
sand is present as a series of separate layers within the gravel mass. A further type of
commonly found mixed beach is made up of a sand layer beneath a mass of gravel
which is only exposed at low tide.

Mixed beaches are generally regarded as a particularly efficient means of coastal
defence. They are extensively used in the UK as a primary means of sea defence.
Fuller and Randall (1998) stated that one third of all UK beaches are of this type. A
mixed beach may be naturally formed but in most cases it is the result of beach
nourishment schemes of one form or another. Due to the large variability of the
source material for such schemes, it is almost impossible to find two mixed beaches
that show exactly the same characteristics either in terms of the sediment properties or
with respect to the beach forms.
1

Good design of beach management schemes involving mixed sand-gravel sediment
depend on effective means of predicting the behaviour of the beach in response to
different wave conditions. Such predictive means in turn depend on our understanding
of sediment processes on mixed beaches. There are a number of factors that influence
the sediment transport processes on a beach and these include the hydrodynamics of
the waves and tide, the physical properties of the sediment (size, density, and grading),
the hydrodynamics of the internal flow within the porous media of the beach, and the
beach slope.
Mixed sand and gravel beaches are important not only in terms of defence against
flooding but also in their own right as mobile features which naturally evolve in
response to waves, tide as well as human activities. The approach to sea defences
should ideally be based on a full understanding of the natural processes on the beach.
Instead of working against nature, we should always aim to understand and work with
nature. Where it is decided that some form of beach replenishment is desirable,
detailed planning and study of the site must be carried out to decide on the most
effective form of beach operations.
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1.2 Review of sediment movement processes on mixed
beaches

1.2.1 Sediment on mixed beaches
Mixed beaches are only beginning to receive attention in the research arena in recent
years and this poses significant problems for coastal engineers and managers involved
in mixed beach projects. Some early studies do not distinguish between mixed and
gravel beaches, being all referred to as shingle beaches (Whitcombe, 1996). The term
‘shingle’ is most commonly used in the UK in place of ‘gravel’. For consistency, the
term “gravel” is adopted in this thesis and it refers to sediment with grain sizes greater
than 2 mm. Very little is known about the basic factors which distinguish the
processes of sediment transport on mixed beaches from those on gravel beaches, and
there is no clear definition of what proportion of sand or gravel is required before a
beach can be considered mixed. Mason and Coates (2001) defined that sand fractions
on mixed beaches range from 15% to 68% sand percentage but there is no reason why
a beach with 10% sand should not be called a mixed beach.
Along the shores of English Channel, gravel beaches occupy 99 km coastline with
continuous stretches of sand beach restricted to just a few localities (W.S. Atkins
Consultants Ltd, 1998). The prevalence of sand and sandy beaches generally increases
northwards and eastwards along the coasts. Sediment size distribution varies on
mixed beaches, and relatively little has been published. Osborne (2005) pointed out
that the armouring process implies a variation in sediment sizes, whereby coarse
sediment may actually move faster than smaller particles and most coarse-grained
beaches show a tendency for grain size to increase in the onshore direction.
Natural sediment is composed of grains of different sizes. Each of these size fractions
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can behave differently, resulting for example in selective sediment transport. Various
researchers (Koomans, 2000, Greenwood, 2000) have studied the effect of the nonuniformity of the bed on sediment transport. A detailed analysis of the composition of
sediment can provide important information with regard to the sediment transport
process. For this reason, the grading of the sediment is taken into account. Benedet et
al (2004) argued that because cross-shore variation in grain size strongly influences
beach behaviour and morphology, the problem of where to obtain representative
samples is critical. In order to characterise the spatial variability of sediment
characteristics before and after beach nourishment, sediment sampling is needed.
Five positions were suggested and these include beach crest (or berm), mean high
water, mid-tide level and mean low water, beach toe (USACE 1991).
Sediments are generally characterised in terms of parameters such as mean grain
diameter, median size and modal size, sorting (standard deviation) and so on.
Characterisation of sediment sizes on mixed beaches has up to date been done in a
relatively simple but clear manner.

The mean grain size is commonly used for

engineering purposes (Dingler and Reiss, 2002). Sediment sizes at a few positions on
the beach are also used (Kulkarni et al, 2004). Differential sediment sizes within
mixed beaches is recognised as a dominating factor in mixed beach response, making
them both morphologically distinct and more complex than either sand or gravel
beaches (Kirk, 1980). These beaches demonstrate radically different processes
involved in cross-shore and longshore transport driving the need for independent
research and predictive capabilities.
Mixed beaches generally have bimodal sediments, with one mode in the sand fraction
and another in the gravel fraction. There are no standard statistical methods that may
be used to quantify the bimodality of such sediments. One approach is to use selected
percentile values such as the D10/D90 ratio, which is particularly popular among
engineers. D10 and D90 are the grain diameters at which 10% and 90% of the sediment
is finer than, respectively. Another method is to use (D84–D16). Most mixed beaches
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show a tendency for grain size to increase in the onshore direction where gravel is
found only on the upper beachface and is underlain by sand or mixtures of sand and
gravel at depth (Horn, 1993).

1.2.2 Wave hydrodynamics
1.2.2.1 Hydrodynamics of the waves and tides
The wave climate is normally described in terms of wave height, period and direction
in offshore water. Wave climate in inshore waters may be derived from given offshore
information by means of a wave refraction model. As a wave approaches the shoreline
into shallow water, the wave height and length will change until the point of breaking.
The wave height, and wave angle at the point of breaking are important parameters that
will determine the longshore component of the energy flux.

Coastal waves are usually of a random nature and beaches are generally permeable. In
order to predict the random wave behaviour, some progress has been made in
deterministic measurement (She et al, 1994; Spell et al, 1996; Meza et al, 1999) of
random wave fields. Most of such efforts were focused on offshore wave fields rather
than the near-shore zone (Canning and She, 2000). Furthermore, the effects of wave
breaking, viscosity and high-order non-linearity are yet to be included in numerical
wave models such as Zhang et al (1999). As for velocity and acceleration based
breaking criteria, it appears these differ from monochromatic wave breaking values
(Cieslikiewicz and Gudmestad, 1995; Sutherland et al, 1995), but with other results
showing similarity (She et al, 1998, Pullen et al, 1999). A useful summary of random
wave breaking criteria is given in Southgate (1993).
1.2.2.2 Surf Zone and Swash zone dynamics
In the surf zone, the sediment particles are under the influence of wave motion and
turbulence created by wave breaking. The breaking process together with the wave5

induced oscillatory water motion can bring relatively large quantities of sand into
suspension, which is then transported as suspended load by tide- and wind-driven
currents. The concentrations generally reach the maximum near the plunging point
and decrease sharply on both sides of this location.

Compared to gravel beaches, mixed beaches showed much smaller levels of
percolation (Blanco, 2002). It was suggested that water infiltrated down through the
beach material occurs much more slowly. The net effect is that a fringe of water
exists on the beach face, which continues to run up the slope. Differences in levels of
percolation were attributed to the elevated water table level, observed within the
mixed beach structure. Mixed beach sediments appear to be a good storage medium
for water and show a greater resistance to drainage. Blanco (2002) also demonstrated
that the response of the water table to waves on a mixed gravel beach is far slower
than on a gravel beach and the response is cumulative, resulting in an elevated water
table and in general a more saturated beach. This tends to promote increased offshore
transport during backwash and a profile lowering.

Gravel beaches are known to have a wide swash zone.

The infiltration and

exfiltration processes are more complex and more important in beach development
than on sand beaches. The situation is further complicated by the presence of nonDarcian flow through the mixed sediment (Hanson and Brampton, 2002). If a mixed
sand and gravel layer exists at a depth below the surface at a level that is higher than
the tide induced fluctuations of the water table, then percolation rates through
overlying sediment will be significantly reduced. This is because the presence of the
sand fraction affects both hydraulic conductivity and specific retention of the mixed
sediment. The result is that sand gravel mixtures remain saturated for longer. This in
turn increases rates of material transport, as saturated sediment is more mobile.
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To date there are no field experiments that have measured differential infiltration
during swash and backwash on a mixed beach, mainly due to the inhospitable
environment. Deployment of sensitive electronic instruments is difficult and
expensive. 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). More sophisticated
measurements of internal and surficial flow have been conducted with the aid of
pressure transducers within the barrier beach at Slapton (Austin, 2005). Internal flow
has been examined rarely, but significant investigations have been made by Nicholls
(1985) at Hurst Spit, utilising stand pipes to monitor changes in head across the beach.

It has been observed that mixed beach response is smaller and slower than the
response for gravel beaches, taking longer to reach an equilibrium profile (Eddison,
1983). There are however common characteristics in the way in which the two types
of beaches react to winter and summer wave conditions. The process of offshore
sediment transport in winter can be illustrated by studies of pre- and post-storm event
beach profiles. During winter storms, higher wind velocities generate high and steep
storm waves that assail the beach, which is largely near equilibrium with the milder
swell waves in summer. The beach begins to rearrange itself to accommodate the
larger waves. Storm “surges” also raise water levels and expose higher parts of the
beach to wave action (USACE, 1989).

The beach profile is a natural mechanism that causes waves to break and dissipate
their energy, in effect, adjusting itself to the prevailing wave forces (Horn and Walton,
2005). Faced with increasingly larger waves, a beach responds by reducing its overall
slope and shifting the breaker zone farther offshore, thereby enhancing the dissipation
of the waves before they reach the shore (Komar, 1997). Conversely, as wave energy
decreases, beaches narrow and steepen. Average sediment size also impacts beach
slope with finer material producing gentler slopes than coarse material.
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Using data collected over two and a half years Short (1978) presented a threedimensional model of beach accretion and erosion. The models shows the various
stages of the reflective beach profile associated with onshore bar migration which
takes place with decreasing breaker energy. Using time series of wave and beach
conditions, he showed that there is a close correlation between beach morphology and
offshore wave power. Furthermore, he (1999) has suggested that a beach resides in the
spectrum of beach profiles on which erosion and accretion take place largely as a
function of variables in wave height, period, and grain size.

Many studies of sediment transport in the swash zone have taken the total sediment
flux to be a function of the instantaneous or time-averaged hydrodynamic variables
(e.g., Bailard, 1981). Measurements of sediment transport in the swash zone (e.g.,
Masselink and Hughes, 1998; Butt and Russell, 2000) have suggested that rather
higher concentrations are associated with the uprush than with the backwash, so that a
swash event may in fact lead to the upshore movement of sediment. Several recent
studies (Masselink and Hughes, 1998, Nielsen, 2002 and Jackson et al., 2004) have
pointed to the importance of the onshore advection of sediment mobilised by the bore
collapse, although the mechanism has been proven rather hard to investigate
quantitatively.

1.2.3 Wave and sediment interactions
1.2.3.1 Cross-shore and longshore transport
As waves transform over a coastal profile and generate set-up and longshore currents,
the resulting hydrodynamic processes will lead to movement and transport of the
sediments that are present in the profile. This may take place as either bed load and/or
suspended load. Even though modelling efforts suggest that suspended load is more
important within the surf zone, particularly under high energy conditions, there is still
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no consensus on the subject, partly because bed load is very difficult to measure under
field conditions.

Longshore transport depends on a number of factors including wave height and
direction relative to the shoreline and the sediment size. The role of sediment size in
longshore sediment transport has been examined by several investigators and is
represented in terms of a sediment transport coefficient. Dean (1987) showed that an
inverse relationship exists such that the larger the sediment size, the smaller the
transport coefficient.
Generally, a distinction is made between cross-shore sediment transport,
perpendicular to the coast, and longshore sediment transport, parallel to the coast.
Cross-shore sediment transport mainly causes a redistribution of sediment in the
profile, whereas longshore sediment transport affects the long-term evolution of the
coastline to a large extent. Unfortunately, the calculation of both cross-shore and
longshore sediment transport is still subject to many uncertainties. The magnitude and
even the direction of cross-shore sediment transport are difficult to predict (DohmenJanssen, 1999).

Although the direction of longshore sediment transport is often

obvious, a comparison of sediment transport models within the ‘sedmoc project’
(Sistermans et al, 2001) showed that large differences can exist in the magnitude of
the estimated longshore sediment transport. Bayram et al. (2001) compared the
prediction of the cross-shore distribution of 6 sediment transport formulae to
measurements. For all formulae, they found that in about 20% of the cases, the
measured and calculated sediment transport differed by a factor of more than 5.

Although cross-shore and longshore sediment transport are not fundamentally
different, the variation of the current velocity in longshore direction within a wave
period is usually small compared to the velocity variation in cross-shore direction.
Therefore, longshore sediment transport is usually approximated by multiplying timeaveraged sediment concentrations and current velocities. The sediment transport
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formulae by Bijker (1971) and Van Rijn (1993, 2001) are examples of this approach.
Sediment transport in cross-shore direction is usually modelled on an intra-wave time
scale (Dibajnia et al, 1996, and Ribberink, 1998,). Despite this, there are suggestions
that the total cross-shore sediment transport can also be approximated by the product
of time-averaged concentrations and velocities (Van Rijn et al., 1993).
1.2.3.2 Beach permeability or hydraulic conductivity and the hydrodynamics of
internal flow
Hydraulic conductivity is a measure of the flow of fluid through a permeable medium.
Permeability is a more common terminology used to refer to the hydraulic
conductivity. The hydraulic conductivity of a sediment is affected by the sediment
size, sediment grading, porosity, the density of fluid and viscosity.

Size and distribution of the beach sediment will affect its permeability; the more space
that exists between the particles the easier it is for fluids to flow through. When the
interstices of a coarse sediment deposit are filled by finer sediment, the hydraulic
conductivity will be closer to that of the fine sediment than to that of the coarser
sediment. Poorly sorted sediments contain a range of particle sizes and smaller
particles may fill the voids between larger particles, effectively blocking fluid
pathways and resulting in a reduction of permeability. In comparison well-sorted
sediments contain more void spaces between particles promoting flow through the
beach. Grain size, grain shape and the ‘packing’ of the sediment will affect the
proportion of void spaces and are related to porosity. Porosity can be defined as a
measure of the volume of particles contained in a given volume of space.
The permeameter tests of Mason et al (1997) demonstrated that the hydraulic
conductivity of a beach becomes significantly reduced once the sand content exceeds
about 25% proportion by weight. An increase in sand content of 20 to 30 % results in
a reduction of the hydraulic conductivity by two orders of magnitude and if the
proportion of sand exceeds about 30% by weight, Mason suggests that the hydraulic
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conductivity of the bulk sediment reduces to that of a sand beach. In general, the
percentage of sand found to produce a given reduction in hydraulic conductivity
would vary according to both the size and grading of the beach material, since both
properties determine the void ratio of the bulk sediment. Further increases in sand
content, even up to 60%, does not appear to have much additional influence upon
decreasing rates of hydraulic conductivity or therefore upon profile response. This
would suggest that seasonal variations within the sand content of a mixed beach are
unlikely to have significant effects on its morphodynamic response.
Although hydraulic conductivity plays an important role in profile evolution of mixed
beaches (Mason and Coates, 2001), it is unlikely that hydraulic parameters will be
constant. Typical values of hydraulic conductivity can vary from 0.0001 m/s for fine
sand up to 0.4 m/s for gravel (British Standards 1990). Permeability is also a major
factor in determining the steepness of the foreshore. Sediment is carried shoreward
during the wave uprush in the swash zone. The permeability of the swash zone helps
control how much of this water returns to the sea on the surface. The surface backrush
will transport sediment seaward, decreasing the equilibrium beach slope (Packwood
1983).
1.2.3.3 The effect of physical properties of the sediment
Grain-size sorting is very important for the coastal engineering applications and
identifying an eroding section of the shore that is characterized by a specific grainsize. It has also been recognised that sediment supplies influence beach erosion which
the materials build and maintain the general beach profile by dissipating wave energy
and their absence usually results in increased shoreline erosion rates.
Osborne (2005) carried out a magnetic tracer experiment on a mixed sand and gravel
beach and pointed out that larger particles were transported a greater distance in each
tidal cycle than smaller particles.

The phenomenon was attributed to selective

entrainment and overpassing of larger particles. The tracer experiments also indicated
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that net transport of both larger and smaller particles was primarily in the longshore
direction, with longshore transport several times greater than cross-shore transport.
Smaller particles were more likely to move in the cross-shore direction than larger
particles. However, these results are not necessarily indicative of general transport
processes on mixed beaches, as the transport direction is largely determined by the
wave climate.

Collins and Chesnutt (1975) state that the equilibrium profile mean position is fixed in
space for the given wave conditions, with the expectation that the actual profile will
deviate somewhat from the mean profile and also that equilibrium is a state that will
be reached on a model beach with a constant wave action impinging on it after a
sufficiently long time. The equilibrium profile of a beach is thought to be determined
by the wave characteristics, such as wave height, wave length, and wave period, and
the sediment characteristics, such as specific gravity and median diameter (Chesnutt,
1975). Under calm conditions in summer the swash energy is larger than the
backwash energy. As a result more sediment will be transported up the beach than
down it. Under storm conditions however, the backwash of a previous wave reduces
the swash of a wave and the ability to transport sediment up the beach is reduced.
This leads to the sediment being transported towards the sea, instead of up the beach.
The net effect is that the beach slope becomes more gentle compared to the summer
profile. The wave energy is dissipated over a greater beach surface as a result.

Sediment transport is affected by the relative proportion of sand and gravel. Evidence
from field experiments suggests that a larger particle is more likely to be moved out of
an area that is dominated by smaller well-sorted particles, whereas transport of
smaller particles in an area of mixed sizes tends to be impeded by the larger particles.
Hydraulic conductivity is of little consequence on a well sorted sand beach but may
be the most critical factor determining sand transport on a mixed beach with
significant gravel content (Mason and Coates, 2001). It is therefore important when
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studying profile change in a specific coastal area to collect and analyze samples for
the grain-size distribution, median grain size, and the settling velocity.

1.2.4 Prediction of the sediment transport rate
For engineering applications, the most important question is how we may predict the
rate of sediment transport for a given locality and wave climate. Field studies are a
first step in the process of developing any predictive methods for sediment transport.
Due to inherent difficulties in field operations, it is never easy to derive any empirical
predictive equations from any single study. Physical modelling under laboratory
conditions allow accurate measurements to be attained but the interpretation of the
results in terms of prototype conditions has its own problem due to uncertainties
associated with scaling (Trim 2003). To date, attempts to develop sediment transport
equations have been on an ad-hoc basis, with progressive corrections being made to
the same equation in one way or another. Numerical modelling are becoming an
increasingly popular tool for sediment transport predictions, not only due to increased
maturity of our knowledge in coastal processes, but also due to the advanced
capacities of computer power for coastal morphological models (Vriend, 1998; Komar,
1999).

Fundamentally, the coastal sediment transport rates under waves are considered in
terms of longshore and cross-shore components. Much of past effort has been placed
on studying the longshore transport. The earliest development of longshore sediment
transport of sediment is based on the longshore component of wave energy flux as
defined by Longuet-Higgins (1970). Thieler et al. (2000) pointed out that there are a
larger number of factors that affect longshore transport rate. Factors of primary
importance include wave height and angle of approach, sediment carrying capacities
due to overwash and suspension.
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On natural beaches, the long-term beach profile determined by waves and grain size is
often found to be in a state of dynamic equilibrium (Turner et al, 1998; Larson and
Hanson, 2003).

These studies provided the information for the development of

various sediment transport prediction models by analysing the relationship between
the beach profile data, volume changes and coastal data, such as sediment grain size
and waves. Medina et al (1994) analysed sediment samples and beach profile data
from Santander, Spain, to establish both the temporal and spatial variations in
sediment grain size, and the correlation between the grain size and the beach profile.
Bernabeu et al (2003) attempted to create a model for predicting the behaviour of
beach profiles when subjected to different wave and tidal conditions. They
considered the primary effect of tidal conditions on sediment over the length of the
intertidal zone. The primary effect of differing wave conditions is seen in seasonal
changes to the profiles; as the wave height decreases the beach profile changes from
erosion to deposition.

The most widely used formula in coastal engineering practice for the total transport
rate is the CERC equation (Shore protection manual, 1984). The CERC equation
relates the total sediment load, both suspended and bed load, to the flux of longshore
energy of breaking waves in the surf zone. No specific reference is made to sediment
sizes although the sediment density is included in the formula. The beach slope is not
considered either. The equation only considers wave-generated current, and ignores
other mechanisms, such as wind and tidal currents, which are not considered so
important in most of the longshore transport formulas (Masselink and Pattiarachi,
1998). There have been various attempts to improve the accuracy of the formula by
introducing the sediment size effects when selecting the value for the “constant” K
used in the equation.

The work of Inman and Bagnold (1963) also led to an energy flux related equation
that include the longshore current and the maximum horizontal orbital velocity of the
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wave. Like the CERC equation, there is a dimensionless coefficient ‘K’ in this
equation. Further development was made by Komar (1998) who used the ‘K’ value
determined by Kraus et al. (1982) while applying the linear-wave theory to the
original equation. This led to a simplified equation expressing the transport rate
simply in terms of the wave height and longshore current velocity.

Although

predicted sediment transport rates using the CERC formulation were found consistent
with the values determined from measurements of Owens (1985), Komar showed that
the new formula agreed much better with the measurement. For other storm
measurements, Komar's formulation and the CERC formulation were shown to overpredict or under-predict without a consistent behaviour. It suggests that additional
terms are required for an accurate prediction of sediment transport rates under all
storm conditions.

Steetzel and Vroeg (1999) presented a method that describes the vertical distribution
of the total alongshore sediment transport rate with respect to depth (divided into
different layers) schematised as a simple triangle. The fraction of the total alongshore
transport rate in a specific layer is defined by a factor Fz (0 ≤ Fz ≤ 1). This factor
depends on the level of the upper and lower layer boundary of the layer relative to the
water level. As in the case of the CERC formula, the predictions of this method can be
higher or lower than the measured values. This suggests that there are other terms,
possibly accounting for such influences as the directional distribution of energy within
the wave spectrum, local winds, grain size, beach slope, swash processes, or bed-load
transport, which should be included in an accurate prediction methodology for
sediment transport.

Another longshore sediment transport formula has been developed by Queen’s
University in Canada (Coastal Engineering Solutions Pty Ltd, 2004). Different from
other earlier transport formulae, this equation not only considered the factors
associated with the waves but also parameters related to the beach condition. It
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includes the breaking wave height and angle, the wave period, the sediment size,
density and porosity, and beach slope. In terms of the concept, the equation is a
significant improvement on the CERC formula although the present day engineering
practice still prefers the CERC formula (Coastal Engineering Manual 2006).

One of the common problems with all transport predictive methods is the lack of
consideration of the tide. In reality, the water level and sediment size at a given site
can vary and therefore the equilibrium beach profile changes accordingly. The
beaches are under the influence of the tide, although laboratory models have rarely
included the tidal component, largely due to the difficulties associated with the
generation of a true tidal flow in the laboratory.

Powell (1990) suggested that

gradually varying water levels do not affect the shape or slope of beach profiles but
Trim et al (2002) showed otherwise. These authors compared the profile changes of
two model beaches, with one beach subjected to a constant water level and the other a
continuously varying water depth. In the tidal tests, the wave conditions at high water
level were identical to those with a constant water depth; however, as the depth was
reduced, the wave energy became smaller. Significant differences were observed
between the two model beaches in terms of the profile evolution during a full tidal
cycle, and also in terms of the final beach profile at the end of the cycle. There is
greater cross-shore sediment movement in varying water depth and the overall beach
slope becomes smaller. An additional seepage flow can be observed during and after a
falling tide. Fine sediments are carried offshore. They concluded that the tidal
component should be included in beach models if profile changes are to be correctly
predicted.

In summary, many attempts have been made to investigate and predict sediment
transport due to changes in natural conditions. However, there is no existing sediment
transport model that contains all of the significant factors that affects the sediment
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transport processes. More work is needed before a consensus can be achieved in the
prediction of the transport rate.

1.2.5 Methods of measurement of sediment transport
There is a large amount of literature regarding different aspects of field based
activities, from the measurement of such data in the field to detailed statistical
analysis. A summary can be found in Copper et al (1996) and Irish et al (1998).
Tracers, commonly fluorescent sand grains, are released in the surf zone to be
partially recovered, and scattered in the down-drift direction. Sand traps are intended
to capture sand moving in the surf zone. Morphological change records net loss or
gain of sand from a near-shore system over a given time frame. In this method of
longshore drift estimation, change in such features as tidal delta and shoreline is
assumed to reflect longshore transport quantities. Reddering (1983) had recorded spit
growth and inlet migration against littoral drift.

Related approaches involve

measurement of volumes of sand annually removed from shipping channels or
volumes of sand accumulated updrift of breakwaters and groynes (Wallace, 1988).

Each method has its problems (Bodge and Kraus, 1991). It remains unclear as to how
close such measurements are to reality, especially when short term measurements are
extrapolated to provide a net annual volume. For example, measurement of sand
volume behind engineering structures is a measurement of accumulation and not
necessarily transportation rates, which could be vastly different. Most of the longshore
transport rate figures used in engineering design are derived from mathematical
models. Short term field measurements of the type just outlined are often used as
backups to the equations, intended to assure that the model numbers are of the right
order of magnitude.
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Data covering long (centuries), medium (decades) and short-term (months) changes in
beach topography are often used to increase understanding of spatial and temporal
changes in beach volume. Data applications have generally focused upon
determination of decadal scale evolution of the beach (Bradbury, 1998). The progress
for digitising paper maps on covering long-term evolution of beach topography are
used to increase understanding of spatially and temporally volumetric changes. In
medium-term LIDAR lends itself well to monitoring the beaches for decades, which
are often characterised by rapidly varying topography and identifying weaknesses and
the variability in geometry of beaches (Dornbusch, 2003). Even at this scale, steep
features will not be well defined, which can lead to problems when examining steep
and narrow beach crests (Stripling et al, 2008). Such an approach is excellent for
identification and mapping the profile and the geometry of geomorphological features.

The most frequently used data capture method in past monitoring programmes, is by
total station theodolite in conjunction with a data logger (CCO, 2004). Normally no
manual recording of data is required. Those operating with manual recording systems
are much more laborious. A total station theodolite provides located profiles in 3dimensions much more quickly with more flexibility in terms of both data acquisition
and data analysis. However, the accuracy degrades with distance from the instrument.
Low light conditions present operational problems. This is often significant when
surveying over low water periods in early morning or evening.

Alternatively, kinematic GPS (Global Positioning Systems) provides the opportunity
to capture data with a vertical accuracy of approx. +/-3cm and horizontal positioning
at approximately double the accuracy. It is ideally suited to beach surveying, quick to
setup and easy to carry out. Subsequent sampling of beach profiles can be determined
on the basis of the baseline variability. Techniques in current use include both
profiling and also continuous collection of spot height data. Successful management
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programmes have typically included regular measurement of profiles at spatial
intervals of 50-200m.

Morton (1993) experimented with the use of kinematic GPS for beach monitoring,
and devised a method of data collection using a moving vehicle to collect data from
a large area of coastline. Initial results suggested that beach surface cross shore
variations in topography were generally more pronounced than shore parallel
variation. As a result, surveys are normally carried out as cross-shore profile surveys.
Survey points are recorded every second giving an average spacing of 30-50cm and
profile line spacing is between 25 and 50m depending upon the beach site under
investigation. Beach surface topography is also taken into account and additional
profile lines may be surveyed to ensure any alongshore variations are captured.

The main advantage of GPS over other techniques is in the speed of data capture.
Kinematic GPS is particularly well suited to repetitive surveys, and even at low light
conditions. It is well suited to measurements of slope stability in areas of unstable
terrain, since no control is required within the zone of instability.

Changes in beach volumes may be calculated from data of ground surveys. If surveys
are carried out with regular frequency, a trend for accumulation or depletion may be
possible. This is not necessarily a direct measure of the longshore transport rate along
the coast. For example when a harbour is constructed, which cuts off the supply from
further up the coast, comparison of beach volumes before and after construction can
give some indication of the longshore transport rates.

In summary, there are not many effective direct field measurements of the net
longshore transport volumes of sediment in short-term. GPS technology seems to
offer the best potential to date.
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1.2.6 Beach management
1.2.6.1 A review of beach management
In the United Kingdom, the use of beach nourishment to complement traditional
methods of coastal defence began in the 1950s. Sea defence in England and Wales
could be undertaken by both the Environment Agency (EA) owning the overall
supervisory powers to protect against flooding, and councils or internal drainage
boards with the consent of the Environmental Agency. Regional flood protection
authorities along eastern English Channel nourished beaches by recycling in front of
seawalls, using sand and gravel collected from accreting beaches further down-drift.
This has been successful in extending the life of seawalls for over 40 years. However,
since the 1970s beach recharge schemes have started to play an increasingly greater
role in the UK’s sea defence and coastal protection strategies. Over 5 million m³ of
extra sand and gravel have been placed on beaches in Sussex and East Kent since then
(Williams et al, 2005). In addition there has been considerable beach recycling. Most
of the low-lying shoreline near the England Channel is now being protected by beach
nourishment and recycling schemes.

Costs of beach nourishment in South East England have risen substantially over the
years and demand for recharge sediment is high, with anticipated shingle
requirements to 2015 estimated at 200 million m³ (Coates et al. 2001). Despite the
considerable increase in costs, beach recharge remains a very competitive and
environmentally sustainable method of providing coast protection. Funding for coastal
defence schemes mostly comes from the central government, the environmental
agency, and local government authorities.

Beach nourishment is becoming an ever-more necessary option due to natural
sediment losses from open coast beaches. This increasingly involves the placement of
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beach sediment – from either inland sources, or offshore sources such as channel
dredge material or licensed dredge areas from seabed, which is generally discharged
from the dredge vessel through a pipeline and then distributed across the beach to
create the required standard. In the long-term, DEFRA warns that increases in sealevel induced by global warming are widely predicted to be about 60 cm in 100 years,
which would require prohibitively expensive quantities of beach material to raise the
crest line of many beaches.

In recent decades beach recharging has added a further significant contribution of
offshore, marine sand to the mixed coast beaches. Although beach recharging has
been primarily focused on gravel beaches, the offshore gravel deposits used to
recharge the beaches contain a significant quantity of sand, which is brought onshore
and deposited on the beaches with the gravel. The proportion of sand in marine gravel
used to recharge beaches is generally of the order of 20-40% by weight, sometimes
higher (Dornbusch, 2003). Subsequent wave action on the beaches quickly separates a
proportion of this sand from the gravel. This is especially within the swash zone.
Because large scale recharging and beach monitoring surveys are relatively recent
management practices, knowledge of how this sand component will be re-distributed
and how it may influence the distribution and accumulation of sand on the mixed
beaches have to concentrate on recent fieldwork records.

The basic objective of many beach management schemes is to maintain a minimum
cross-sectional profile along the full length of the relevant shoreline which is more
stable and provides more protection to the assets in the coastal zone. The design and
evaluation of a beach nourishment scheme starts by examining nearby beaches. This
allows an estimate to be made for the cross-section of a beach that would be “stable”,
assuming a similar sediment type. The volume of sediment needed is then calculated,
and the costs estimated using past schemes and knowledge of local sediment
resources as a guide. In advance of a possible nourishment scheme proceeds the major
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issues may include (1) The availability and cost of suitable materials for beach fill; (2)
The height and width of the proposed new beach profile; and (3) The likely rate of
longshore drift and future shoreline changes, both locally and along adjacent stretches
of coast (Hanson et al, 2003).

Dredging for marine aggregates is now tightly controlled, with real-time monitoring
of the dredger location as it moves over sand/gravel banks. The current permitted
reserves for inland sand and gravel sum up to 461Mm3 (BGS, 2003). Of significance
is the distribution of permitted reserves: the two regions that have the largest reserves
of sand and gravel are the East of England and the South East, which geographically
compares favourably with the location of the majority of mixed beach replenishment
schemes. However the demand for recharge sediment has been high and a significant
increase in available area for dredging sand and gravel is currently being considered,
due to the discovery of significant sand and gravel deposits in the eastern English
Channel.

Beach re-nourishment schemes represent a high specification use of aggregate
resource, requiring relatively well defined sediment gradings to ensure adherence to
the scheme design and acceptable beach performance. The prevalent dredging
technique used to collect sand and gravel deposits from the seabed is by trailing
suction dredger and dragging a suction pipeline to place material generally within the
intertidal region or even further onshore. In conjunction with the different initial
placement techniques, a variety of methods have been used to spread the recharge
material subsequent to placement. Spreading of the recharge material is normally
carried out via heavy plant, resulting in a relatively well-mixed layer of sediment
across the cross-shore beach profile.
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1.2.6.2 Mixed beach recharge
There have been relatively few published studies of mixed beach recharge schemes
which were designed to build mixed sand and gravel beaches for sea defence. Hough
and Peck (1997) described the effects of a recharge scheme at Heacham, where there
was evidence that coarse-skewed sediments introduced onto the upper beach during
the recharge were transported onto the lower beach. Shipman (2001) evaluated thirty
mixed beach recharge projects on Puget Sound. Meijer et al. (2002) described grain
size variation before and after beach nourishment in the Netherlands. They noted that
the coarser and less well-sorted material had quickly disappeared, concluding that the
adaptation of the spatial sorting to morphological changes was short.

The hydraulic methods used to construct beach recharge schemes often cause artificial
mixing in the recharge sediments (Bradbury and McCabe 2003). In addition, the lack
of sediment compaction in recently recharged beaches made them highly sensitive to
erosion, particularly of the medium and fine fractions (Benavente et al. 2005).
Delivery systems of recharge material include road delivery, bottom opening barges,
pumping from floating pipelines, and ‘rainbowing’ from a dredger after grounding at
high tide (Coates et al. 2001). When sea-dredged aggregates are delivered either by
barge and bottom dumped, or pumped onshore via pipeline, the dredged material
remains wholly and randomly mixed. Even the size distributions of the natural
sediment and the recharge sediment are quite similar.

Kirk (1992a) described a re-nourishment scheme on a mixed sand and gravel beach in
New Zealand, with a long history of erosion due to being frequently overtopped by
run-up in storms. The operation of sediment transfer involved adding a cap of much
coarser river gravels to the reformed crest, which acted as a wave energy absorber and
was active only in less frequent high energy events. Kirk (1992b) concluded that the
experimental design was shown to be technically feasible, and economically and
environmentally attractive. The sediment data from the monitoring programme
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provided a useful descriptive record but a poor basis on which to predict the
performance of the scheme.

Benedet et al (2004) analysed the influence of the placement of different grain sizes
on beach state as defined by the Dean number. Their results showed a trend towards
natural coarsening of grain size over an eight year period, which they attributed to
selective transport of the fine fraction. Once a mixed beach contains more than about
25% sand by weight in the sediments approximately one metre from the surface, the
profile response is more like that of a sand beach than a mixed beach. When coarser
fill was anchored on top of previous finer-grained sediments, the berms were more
stable, with more sub-aerial area gained for each m³ of sediment placed on the beach.
Mason (1997) suggested that recharge sediments should be in excess of 80-90%
gravel in order to increase energy losses through infiltration.

1.2.6.3 Beach re-profiling
Nourishment is frequently used in conjunction with other forms of defence to stabilise
the beach and increase the effects of defences on downdrift areas, such as beach reprofiling. Some recent nourishment schemes rely on a programme of regular reprofiling to preserve the required beach levels, rather than control structures. Sand and
gravel have been collected from the down-drift end of the beach and returned to the
up-drift coast.

Re-profiling of the beach with mechanical plant following storm events is one of the
most frequently used management methods. The practice is now becoming less
common, in the light of subsequent monitoring of beach performance. The profiling
process may be carried out from the seaward face, combing material back towards the
crest, or pushing the lee face back towards the crest, or both. The practice adopted at
Medmerry and Cley (Stripling et al, 2008) has focused on re-profiling of the seaward
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face of the beach until recently. This approach effectively narrows the dissipative
zone of foreshore between low water and the beach crest, and increases the resistance
of the crest to wave activity by increasing its cross-sectional area. The depth of water
at the toe of the beach is also increased, enabling larger waves to attack the beach
crest.

Natural cross-shore sorting of a mixed sand and gravel beach generally results in the
coarser fraction of the beach migrating towards the beach crest, whilst the sandy
fraction migrates to the toe or the core of the beach. The combing activity of the
bulldozers used to reshape the beach inevitably results in artificial mixing of the
beach. The sediment mixing arising from the use of bulldozers reduces the effective
beach permeability, with the fine fraction of beach material filling the voids between
the larger particles. Reports of mixing of clay from the underlying geology have
exacerbated this process at sites including Medmerry, Hurst Spit and Cley. This
results in a more reflective beach than might form naturally.

The profile shape which develops as a result of re-profiling results also in a more
steep profile that is somewhat different to the natural dynamic equilibrium profile.
There is therefore a natural tendency for the profile to develop more quickly under
wave attack, in accordance with the geometry suggested by Powell (1990), towards a
more natural dynamic equilibrium shape.

The practice adopted at Hurst Spit until about 1990 focused on reformation of the lee
face of the beach by pushing the beach back to seawards following a storm event; this
effectively reverses the rollback. The implication of this action is that the reformed
profile will be much steeper than the natural profile. The active profile width is
similarly shortened. The problems observed are similar to those arising by re-grading
from the seaward side of the beach. This practice is less frequent, although it can add
to the amount of shingle and hence the cross-sectional area of the barrier, a change
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that will improve the capacity of the beach to withstand future storm events. Reprofiling operations often seek to achieve defined crest elevations and crest widths.
Interestingly, there is rarely any evidence of a decision making process leading to the
determined values.

Typical problems faced by those responsible for managing mixed beaches include the
inability to determine the sensitivity of the beach profile and cross-sectional area to
variations in sediment distributions, uncertainty in predicting longshore or offshore
losses of recharge sediment over time, inability to predict beach response in the
vicinity of coastal structures, and inability to predict the importance of seepage
through barriers (Mason and Coates 2001).

1.2.6.4 Beach control structures (Groyne works)
Beach nourishment schemes have usually been accompanied by the construction of
hard defence structures, usually groynes, which are designed to reduce the losses of
the recharged material. Groynes primarily influence the morphological development
of a beach, and are not the coastal defence itself. It has a great impact on water level,
flow velocity and in particular on transport processes of suspended sediment (Bakker,
W.T., 1970). Groynes only interrupt the longshore drift and cannot prevent crossshore transport (EA, 1999). Often the erosion problem is simply moved to a location
downdrift of the groyne field. The longshore transport varies greatly over the coastal
profile, therefore it is important to know the transport characteristics so as to be able
to predict the shoreline response (USACE, 1992).
The gryone’s height influences the amount of longshore sediment transport trapped by
the groynes. Generally, the groynes are designed to stick out about 0.5-1.0 m above
the beach and the mean sea level (NRA, 1993). In the UK, groynes are typically
constructed from timber, rock or concrete, and can be permeable or impermeable.
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Impermeable groynes are generally concrete or sheet piling structures, generally
above mean high water level (Van Rijn, 2003), which have a tendency to reflect wave
energy and to create offshore-directed currents, especially on their downdrift side.
Permeable groynes are used on beaches where there is sufficient sediment to allow a
proportion to be transported through or over the structure without reducing its
efficiency (Fleming, 1990).
An advantage of groynes is to provide protection to the coast without
fundamentally altering the characteristics of the surf zone. Wave height and length
remain the same before and after construction, leaving this aspect of coastal dynamics
unaltered (French, 2002). Methods such as offshore breakwaters protect the coast by
reducing wave energy, thereby causing additional changes in coastal dynamics. The
groynes function by trapping sand on the upstream side, and in this way the coast
behind the sand filet is protected. The groyne always covers the entire beach and its
height at the landward end is not lower than the top of the beach crest.
Timber groynes on beaches function by reducing the net longshore sediment
transport, retaining a reserve of beach material. At a higher level, the objective is to
reduce the risk of flooding and coastal erosion. Often a cost and benefit analysis will
determine the maximum permissible risk, for a specific location and therefore the
performance of a scheme is related to the benefits of its coastal defence (Thomas,
2007).
There are still many disadvantages of timber groynes, which require pile driving,
creating noise disturbance for local residents, and the timber groyne is extremely
expensive, typically costing £50,000 each. Another disadvantage of timber groynes is
that they are often quickly worn away by gravel scour, and require regular
maintenance.
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1.2.6.5 Cliffing problem
Cliffing is a common problem associated with recharged mixed beaches. The
formation of cliffs on a mixed beach not only reduces the beach’s capacity as a wave
energy dissipater, but also creates a public hazard due to its instability (She et al,
2006). The mechanism of cliffing is complicated. Many studies have shown that the
cliffing phenomenon on the mixed sand and gravel beach has been closely related to
the hydraulic performance of the beach (Horn, 2006). From the work at Elmer, King
and Pope (1996) showed that cliffing was a transient problem that only occurred after
the beach renourishment. Once natural sorting had occurred due to wave action the
cliffing problem disappeared until the next renourishment event. Compaction of the
mixed sediments by plant increased the problem. Most observations show that adding
sand to a gravel beach alters the coarse beach, causing both the gravel and the sand to
move offshore, producing a lower beach slope which is very similar to a sand beach.
Mason et al. (1997) argued that beach response was controlled by the underlying sand,
despite the open-work nature of the surface gravels, and suggested that the additional
sand and fines content may be a controlling factor in the profile response of a
replenished gravel beach. They suggested that once a mixed beach contains more than
about 25% sand by weight in the sediments approximately a metre from the surface,
the profile response is more like that of a sand beach than a mixed beach.

In a recent study, She et al (2006) indicates that the percentage of sand and its size
relative to the gravel are among the most important parameters associated with the
performance of a mixed sand-gravel beach, and thus may be used as key parameters
characterising mixed sand-gravel beaches. There is also an indication that sediment
transport is affected by the relative proportions of sand and gravel, and that adding
sand to mixed sediments can increase gravel transport as well as the total transport
rate. Mason (1997) suggests that as the sand content increases the hydraulic
conductivity of the sand-gravel mixture reduces very quickly and reaches a value that
approximates that of pure sand at 30~40%. A critical sand percentage or critical point
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can be identified given the sediment properties of the component sand and gravel. At
the critical point, the permeability and porosity of the mixed sediment reach their
respective minimums while the bulk density is at a maximum.
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1.3 Gaps in present knowledge and understanding
Past studies of beach processes have been primarily focused on either sand or gravel
beaches and there is a general lack of systematic understanding of the mixed beach
processes. A primary difficulty with mixed beaches is the high degree of variability,
both spatially and temporally, in terms of sediment size variation and distribution,
sediment sorting, hydraulic conductivity. Empirical predictive methods have been
developed normally based upon laboratory or field measurements on sand or gravel
beaches but these may not be applicable to mixed sand-gravel beaches (Horn et al
2006).

At present, no process-based model is available to predict the response of a mixed
beach to a given hydrodynamic forcing (Mason and Coates 2001, Defra 2003) and no
existing sediment transport model contains all of the significant factors in mixed
sediment transport, such as swash hydrodynamics, infiltration, beach gradients,
fractionation and differential hydraulic conductivity (Osborne 2005, Hassan and
Ribberink 2006). It is clear that the prediction of sediment movement on a beach
requires good understanding of the sediment characteristics, sediment movement, and
the interaction between the sediment sorting and wave motion.

However, there have been relatively few published studies of mixed beach recharge
schemes, and even fewer of these have reported detailed measurements of sediment
size distributions before and after the recharge. Due to the beach maintenance, the
placement of new sediments with different characteristics than the native sands can
also modify the beach topography, with uncertainty in predicting longshore or
offshore losses of replenished sediment over time, as well as the beach profile. There
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is general consensus that mixed beaches needs to be characterised by taking the
bimodality into account but as yet no quantitative methods have been developed.

Typical problems faced by those responsible for managing mixed beaches include the
inability to determine the sensitivity of the beach profile and cross-sectional area to
variations in sediment distributions, uncertainty in predicting longshore or offshore
losses of recharge sediment over time, inability to predict beach response in the
vicinity of coastal structures such as harbours, and inability to predict the impact of
groynes. There is a need for a systematic investigation on beach management issues.

The phenomenon of cliffing has also been noticed on many mixed recharge beaches,
which is generally attributed to the higher proportion of sand in the newly added
materials.

Changing the sediment characteristics through beach replenishment

schemes alters the groundwater flow characteristics due to a change in the hydraulic
conductivity. Understanding of the cliffing still requires more research, especially by
means of direct field measurements.
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1.4

Structure of the thesis

This thesis aims to investigate the sediment transport processes of mixed sand and
gravel beaches and the impact of beach management operations on the performance of
the beach as a sea defence system. The method of investigation is a combination of
field work with limited laboratory experiments. Field work includes GPS profile
surveys and sediment sampling while the laboratory work is specifically with
reference to the issue of re-profiling. The thesis is divided into seven chapters in
terms of different objectives of the study and the overall structure is described below.
Chapter 1 is a general review of the current state of understanding of the mixed beach
processes. The current gaps of understanding are identified.

Chapter 2 defines the site of study with an explanation of the rationale behind the
choice of the site, the surveying technique, the method of analysis and plan of work.
The beach survey results taken over a period of 12 months are presented. The
volumetric changes in the sediment volume is monitored and analysed to provide a
quantitative perspective of the seasonal behaviour over the year. A new method is
presented that allows appropriate estimation of the sediment transport rate under the
influence of the tide. Using this method, existing formulae for estimating the total
longshore transport rate are evaluated.

Chapter 3 presents the sediment survey results. Underlying behaviour of the sediment
size distribution and sorting is examined in terms of various parameters used in past
studies.

New parameters are developed in an attempt to better quantitatively

characterise mixed sediment. Seasonal behaviour of the sediment characteristics is
discussed and the impact of the beach management on sediment size characteristics is
examined.

Chapter 4 is focused on the issue of cliffing. The investigation considers possible
influences of the sediment characteristics, wave climate, tidal conditions, beach slope
and beach management operations.

32

Chapter 5 examines the modified rainbowing technique used at the Pevensey Bay.
The advantages of the method over some others are explored by an extensive
collection of sediment samples at the point of delivery. The potential use the method
as a means of alleviating the problem of cliffing is discussed.

Chapter 6 reviews the management methods and maintenance operations at Pevensey
Bay. The issue associated with beach recycling is investigated by carrying out a
series of controlled laboratory experiments. The effectiveness of recycling as a means
of improving the standard of defence against storm attacks is discussed with respect to
the experimental results.

Chapter 7 summarises the findings of this research with recommendations for future
research.
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2 Sediment Transport and Beach Profile Evolution
2.1 Introduction
One of the most critical tasks of coastal engineer is to provide accurate prediction of
the beach evolution. For this purpose, huge research effort in recent years has been
put into developing predictive sediment transport equations either through laboratory
experiments or via field observations. A summary of these equations can be found in
the Coastal Engineering Manual (2006). These equations have been checked against
sand beaches but there is no evidence that any of them may be applied to mixed sand
and gravel beaches, which are a common system of sea defence in the UK. There is
an urgent need for a predictive method for this type of beaches that engineers can
apply with sufficient confidence.

Compared to sand beaches, the sediment transport process on a mixed sand-gravel
imposes a greater level of difficulties because of the presence of both fine sand
material and coarse gravel particles. The sand transport is primarily through
suspended load while the gravel is moved by bed load taking place in the swash zone.
Conventional sediment trapping method is difficult to apply and to interpret. New
techniques such as electronic pebble tracers have their own problem. The problem is
that it is very expensive and difficult to interpret the results in relation to the overall
sediment transport across the beach. In this study, the straight-forward beach survey
technique is adopted and more details are given later in this chapter. Effectively, the
volumetric changes of the beach over time are tracked, providing a means of
estimating the total longshore sediment transport rate. There are two significant
limitations in applying the surveying approach to sediment transport studies. One is
that it can only be carried out at low tide, thus providing a snap shot of a complex
process. The other is that it is generally limited to day time use. The difficulties due
to these limitations can be overcome in the interpretation of the survey results and will
be discussed in greater depth later.
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Sediment movement on a mixed beach is driven by the incident waves. Measurement
of the wave climate is clearly of crucial importance. However, for a given incident
wave energy in deepwater, the impact of the wave on the beach depends on the tidal
condition. Therefore, both the wave and tidal data must be collected at the same time.
Local tidal data is collected through the year while the wave data is collected and
provided by the Channel Coastal Observatory.

This chapter presents the field work undertaken at Pevensey Bay with the following
objectives:
•

To establish a reliable method so that the volumetric changes of the beach can
be calculated;

•

To examine seasonal characteristics of the sediment movement at Pevensey
Bay and assess general influence of the wave climate on the transport rate.

•

To develop an analytical method that allows existing sediment transport
equations to be checked against the survey data, thus establishing the most
appropriate methods for the evaluation of sediment transport rate on mixed
sand and gravel beaches.

2.2 The site of investigation
Figure 2.1 is a Google Earth photograph showing the location of the site being
investigated in this study.

The section of the beach covers a 600m stretch

immediately downcoast (northeast) of the Sovereign Harbour approach channel
(Figure 2.2). The breakwaters protecting the channel inadvertently cut off all of the
sediment supply from the upcoast of the harbour entrance. The complete cut-off
means that there is a sediment supply problem for PCDL (Pevensey Coastal Defence
Ltd) who is responsible for the maintenance of the frontage but it also offers a unique
opportunity to study the sediment transport processes of a maintained mixed beach.
As will be further discussed, it is possible to estimate the sediment transport rate. The

35

sediment movement is also at such a scale that possible errors involved in estimating
the volumetric changes become relatively small. Before the major recharge work in
2001, the frontage had timber groynes but these were mostly removed with only small
sections remaining. The full groynes in front of Martello Tower are just timber piles
with the original timber planks all removed. As a result, the frontage is effectively an
open beach, an ideal site for studying the sediment transport rate. There is also a
Channel Coastal Observatory wave buoy 10 km offshore of the Sovereign Harbour,
providing continuous wave data throughout the year. There is also a tidal gauge at
Newhaven, about 20 km from the site of investigation and with a well-defined 30 min
time lag, making it possible to accurately estimate the local tidal condition. The
maximum tidal range is about 6 m.

Figure 2.1 Location of the site of study (Google Earth)
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Figure 2.2 Aerial view of the harbour approach channel (left) and the frontage
under the investigation (right)
The Pevensey Bay sea defences have historically been managed by the Environment
Agency Southern Region. Prior to the start of the PCDL contract, the Pevensey Bay
sea defences consisted of a mixed beach extending for 9km between the Sovereign
Harbour in Eastbourne, and Bexhill (Figure 2.1). As part of the contractual agreement,
PCDL is required to maintain a 30m beach crest over the whole of Pevensey frontage.
As such, annual replenishment takes place during the summer and top-ups may also
be carried out during the winter months when large losses occur. Local recycling

and re-profiling may also take place to maintain the beach
beach to the required standard of
defence and the effects of such maintenance activities on the beach processes will be
discussed in depth in Chapter 6.
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2.3 Instrumentation and data processing
Highly advanced instrumentation and computer based tools play an increasingly
important role in today’s research. This study employs a global positioning system
for beach survey and the GIS (Geographical Information System) for post-processing
of the survey data.

2.3.1 The Global Positioning System
Beaches respond to wave attack on timescales that range from seconds in which
individual waves move material up or down the beach to decades over which whole
beaches may move landwards or along the coast. Broadly speaking, there are two
methods of determining along-shore transport volumes in the field: the tracer method
by the direct measurement of moving sediment using traps, and the measurement of
morphologic changes over time by means of beach surveys (White, 1998). Each
method has its advantages and limitations. The tracer method uses electric pebbles
that mimic the movement of the sediment particles on the beach, thus most
realistically reflecting the sediment movement.

The problem is that it is very

expensive and difficult to interpret the results in relation to the overall sediment
transport across the beach. The approach of using traps provides a point measurement,
giving great details of sediment movement on a wave by wave basis but it is
extremely labour intensive and also difficult to interpret in terms of sediment transport
over the whole beach. The beach survey method provides the profile information of a
whole section of the beach but it can only be applied during low tide and normally
during day time. With the introduction of GPS it is now possible to carry out beach
surveys with very high accuracy and coverage at a frequency (daily, weekly) that was
not possible only a decade ago. In this study, a high precision GPS was readily
available at all times and was thus adopted as the primary tool for the basic data
acquisition.

The GPS used for this study was provided by the Pevensey Coastal Defence Ltd. The
system was manufactured by Trimble with a specific model number, which consists of
a rover station (a mobile satellite receiver) and a base station (a stationary satellite
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receiver).

The global position of each receiver is obtained by simultaneously

communicating with a group of communications satellites. The base station is set up
at a fixed point of known coordinate and receives its coordinate data from the satellite
at every second. In synchronisation with the base station, the rover station acquires its
coordinate from the same satellite. The position of the rover receiver is thus always
relative to the base station. This differential approach of data acquisition leads to
much enhanced measurement accuracy and an accuracy of ±20mm may be achieved
in this study.

GPS survey system works by first calculating the exact distance between the receiver
and each of the visible satellites. With three or more such measurements it is possible
to fix its position in all three dimensions. A single such receiver has a resolution of
15cm, however this can be improved upon with the use of a second receiver. When
positioned over a known point this second receiver provides corrections, via a radio
link, that enable the moving receiver to calculate its true position to within a few
centimetres. Known as differential GPS this method of surveying has revolutionised
the techniques used in beach monitoring, and opened up a whole new range of
possibilities.

To measure the beach surface, the rover station should ideally be sliding on the beach
surface but due to the topography of the beach there may be black spots where
satellite signals cannot be guaranteed. It is necessary to raise the receiver from the
beach surface in such a way that it keeps a constant vertical distance from the surface.
Figure 2.3 shows a simple device for this purpose. A 2.5 cm pole is screwed on to a
small bicycle wheel (25 cm diameter) and the rover station sits on top of the pole,
giving a vertical distance of around 1.8m from the ground level. While the device is
pushed along the pole is maintained in the upright position by checking the spirit level
attached to the device. The height of the device is removed from the data during postprocessing to give the actual beach surface level.

The survey covers a beach area of 600 metres and it has to be completed within about
two hours at low tide. Note that the rover station takes one reading at every second,
providing a data point at 0.3 ~ 0.4 m spacing at a walking pace. It is important that an
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optimum route of measurement is followed in order to attain the full 3D beach surface
profile at the highest possible accuracy within the available time. Figure 2.4 shows a
general plan of the route. Due to the entirely permeable groyne system, ‘undisturbed’
area can not be touched by the heavy plants, therefore it benefits not from beach
operation (recharge, recycling) directly but from alongshore sediment transport
naturally, in contrast with ‘disturbed’ area. As the beach level experiences greater
variations in the cross-shore direction, the route ensures that sufficient data points are
collected in that direction.

Figure 2.3 Simple wheel device to support the GPS receiver

The coverage of the surveyed area must always be sufficiently inland of the currently
active beach. This ensures that there is always an area of the beach crest that remains
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intact even in the case of a significant storm event when large quantity of beach
material at the beach crest may be lost. It allows for easy error checking by comparing
unchanged topography between two surveys. It also gives a bench mark surface so
that profile and volumetric changes of the beach can be evaluated between two
successive surveys.
In cases where cliffing occurs, it is necessary to survey the lower beach seaward of
the cliffs first and then the crest area landward of the cliffing, which would be
discussed in Chapter 5. For completeness, the locations where monthly sediment
samples are collected are shown in Figure 2.5 but more discussions on sediment
sampling will be given in Chapter 3.

GP04-09 are IDs for
original groyne system
Undisturbed
Area

Black lines: main
survey path

Yellow lines: final
all-round path

Disturbed Area

Pink lines divide the
survey area into six postprocessing zone 1-6.

Figure 2.4 Sketch of the survey area
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Beach Crest
GP05

GP06

GP07

GP08

GP09

Yellow line:
Transection I
Direction of Prevailing
alongshore transport

represents
beach profile
evolution in
this Chapter

Yellow line:
Transection
II

Figure 2.5 Sediment sampling transects (Yellow lines)

The beach survey procedure is as follows:
•

To set up the base station with the continuous mode of data collection at 1 reading
per second. This covers a walking distance of approximately 0.3-0.4m.

•

To set up the rover station antenna on the wheeled pole device.

•

To follow the route (Black and yellow lines) as described earlier and survey beach
(Figure 2.4 above).

•

To carry out post-processing and data analysis.

2.3.2 Time scale and plan of work
The field surveys started in November 2006 and carried on for a period of one and
half years. Two types of surveys were conducted:
•

Event driven surveys: such as surveys pre- and post-beach recharge, beach
recycling, beach re-profiling, sediment transfer; and pre- and post-storm event,
shown in Table 2.1.

•

Periodic surveys: approximately one time per week, and carried out at the lowest
water level per tide cycle.
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Date

Event

23rd July
2007

Recharge

16th Jul 07

23rd & 30th
Jul 07

16th Jul 07

9th Aug
2007
th
6 Oct 2007

Recharge

2nd Aug
07
th
4 Oct 07

19th Aug 07
7th Oct 07

2nd & 6th &
9th Aug 07
24th Sep 07

7th Oct 07

7th Oct 07

19th Oct 07

31st Sep 07

30th Oct 07

31st Dec 07

13th Jan 08

31st Dec 07

27th Jan 08

10th Jan 08

13th Jan 08

10th Jan 08

27th Jan 08

13th Jan
08
th
16 Jan
08
th
27 Jan
08
th
9 Mar 08

16th Jan 08

31st Dec 07

27th Jan 08

20th Jan 08

31st Dec 07

27th Jan 08

29th Jan 08

27th Jan 08

24th Feb 08

11th Mar 08

24th Feb 08

5th Mar 08

27th Apr 08

15th Mar 08

27th Apr 08

30th Sep 08

24th Aug 08

30th Sep 08
4th Oct 08
28th Oct 08
7th Jan 09

6th -10th Oct
2008
th
7 & 10th
Jan 2008
11th Jan
2008
15th Jan
2008
18th Jan
2008
28th Jan
2008
10th Mar
2008
th
7 Apr 2008

Re-profiling
Sediment
Transfer
Sediment
Transfer
Storm
Recycling
Storm
Recycling
Storm

Survey

Sampling
23rd, & 24th
25th, & 30th
Jul 07
19th Aug 07

15th Mar
08
th
10 Sep
08
th
30 Sep
08
th
9 Dec 08

5th Oct 08

30th Sep 08

18th Dec 08

9th Dec 08

30th Jul 07

2nd Aug 07

30th Jul 07

31st Dec 07

7th Jan 08

31st Dec 07

27th Jan 08

27th Jan 08

12th Feb 08

27th Jan 08

7th Nov 08

7th Nov 08

15th Nov 08

7th Nov 08

29th Sep
2008
th
4 Oct 2008

Sediment
Transfer
Sediment
Transfer
Recharge

10th Dec
2008
th
30 Jul 07

Recycling

31st Dec 07

Cliffing

Table 2.1 Event-driven Surveys and Sampling in 2007 and 2008
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2.3.3 Wave and tide data
The Channel Coastal Observatory (CCO) has a 3D wave buoy positioned 10 km
offshore of the Sovereign Harbour. The data is directly downloadable from the CCO
website (www.channelcoast.org). The data set include the statistical wave parameters
at 30 min intervals. The most useful parameters are the significant wave height (Hs),
peak wave period (Tp) and wave direction (corresponding to the peak wave period),
and the wind speed. Other useful parameters include the maximum wave height, the
mean period and spectral spreading.

Tidal information is obtained from the nearest recording tide gauge (the
National Network gauge at Newhaven). Tidal levels in this thesis are quoted relative
to chart datum (approximately the lowest level due to astronomical effects and
excluding meteorological effects). The height of chart datum (CD) at Newhaven
relative to ordnance datum (OD, at Newlyn) in the UK is -3.52m, which means if
there is a data value for Newhaven of 1m relative to CD and want to convert it to be
relative to OD, then this would be -2.52m.

2.3.4 Post-processing via GIS
The GPS surveys offer a very high accuracy of ±20mm. To obtain the volumetric
information of the beach, it is necessary to transform the basic survey data into a 3D
beach surface profile via an appropriate mathematical model. To this end, we use a
well developed technique commonly known as GIS (Geographical Information
System). An in-depth description of the method can be found in Dornbusch (2005).
In essence, GIS is a powerful computer based software package that allows, in this
case, the raw and irregularly distributed data set to be represented numerically as a
complete 3D surface.

Within the software it is possible to extract additional

information such as cross-sections and relative volumetric difference between two
sets of data. In reality, the process is far more complicated than it seems.

There are various commercially available GIS packages and for this study the
software ArcGIS 9.1 is used, which is readily available at the University. As a
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standard software package for the undergraduate teaching, there is the expert
assistance at hand when and if needed.

For the current application, the procedures adapted from Dornbusch (2005) are shown
as follows:
1) Survey data is imported into ArcGIS and MapInfo.
2) Generate a TIN (Triangulated Irregular Network data model, is especially useful
for representing highly variable surface elevation) from the edited data set
containing x, y coordinates and z values for survey points. Check the TIN by
displaying all lines to see if the triangles are parallel. If not, it probably indicates
that there are curves in the survey path. In such situations, straighten the survey
path by generating a temporary line theme and snap the survey points to that line;
Make sure that the snapping distance is less than 2 m.
3) Once the TIN has been generated, create a GRID to cover the extents of the
polygon, using a suitable cell size which remains constant for all the surveys at
Pevensey Bay. In this study, a grid cell size of 0.25m was found to be a suitable
choice. Note that the GRID bounds should have the same polygon theme for all
surveys so as to make sure that all grids exactly overlay.
4) GRIDS of different surveys are compared with one another using the map
calculator within ArcGIS for surface generation and comparison. The surface
change map should be clipped with a polygon theme that covers the survey extents
of all surveys. Cut/ fill function summarises the area and volumes of change
between two surfaces to identify the addition (Accretion) or removal (Erosion) of
surface materials.
5) In the final step, all surveys are averaged and all individual surveys are
recalculated in units of standard deviation from the average surface. This method
makes it possible to identify different beach profiles that may be linked to seasons.

Apart from providing beach surface information and volumetric changes, the ArcGIS
can also be used to generate graphical presentations to show the sediment
characteristics of the beach with a limited number of sediment samples taken across
the beach and further discussions on this will be given in Chapter 3.
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2.4 Approach to longshore sediment prediction
Sediment transport takes place in both cross-shore and longshore directions. The
cross-shore movement of the sediment generally does not lead to significant long term
effects on the beach evolution. In coastal engineering applications, it is normally the
longshore transport that has consequences in terms of design of sea defence systems.
For this reason, the vast majority of related research was targeted towards developing
methods that predicts the longshore transport rate. The Coastal Engineering Manual
(2006) gives a summary of various schemes examined in various past studies. Two
transport equations seem to have received comparatively greater attention. The first is
the CERC formula, which is based on the energy flux principle and the second is that
developed by Kamphuis (1991). In a simplified form, the CERC formula may be
expressed in terms of the breaking wave height, breaking angle and breaker index:

 5/2
g
Ql = K 
 H b sin(2α b )
16 γ ( s − 1)(1 − n ) 

(2.1)

where g is the acceleration due to gravity; γ is the breaker index or the ratio between
breaker height Hb and breaking depth db; s is the relative density and n the porosity;
αb is the breaking wave angle. K is a constant but in reality is dependent on the
sediment size (directly or indirectly) and possibly other parameters. The Coastal
Engineering Manual presented two equations for the calculation of K. The first is that
due to Bailard (1981, 1984) and is given as
K = 0.05 + 2.6 sin 2 (2α b ) + 0.007

Where

umb

umb
wf

(2.2)

is the maximum oscillatory velocity magnitude, obtained from shallow-

water wave theory as
umb =

γ
2

gdb

(2.3)

and wf is the fall speed of the sediment.
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A more recent formula was proposed by del Valle, Medina, and Losada (1993), which
is solely related to the sediment size:
K = 1.4 exp(−2.5 D50 )

(2.4)

Equation 2.4 was based on data up to a grain size of 1.5mm. For mixed beaches, D50
can be anything up to 20 mm. At 10mm, the formula gives 1.9x10-11, a clearly
unrealistic value. For this reason, Equation 2.4 was not adapted in this work.
The longshore transport equation by Kamphuis (1991) relates the transport rate to the
breaking wave parameters as well as the beach and sediment parameters:
−0.25
Q = 2.27 Hb2T 1.5s0.75 D50
sin 0.6 (2αb )

(2.5)

In comparison, the Kamphuis formula is theoretically more advantageous in that it
takes into account all the factors that have an influence on the sediment processes on
the beach.

Apart from the wave height, angle and period, the beach slope and

sediment size are also considered. In this study, we will compare the CERC formula
and Kamphuis’ equation against the survey data collected at Pevensey Bay.

A comparison between the transport equations and the field data from the current
study is not a straight forward process. The primary source of the difficulty is the fact
that the beach is under the influence of the tide. Surveys are only carried out at low
tide. The best possible data is two sets of surveys taken at two consecutive low tides.
But this is hardly ever done because of timing of the tidal cycles. During the winter
months when the beach is expected to change most the day time is very short. As a
result, there are generally more than two tides that elapse between two consecutive
surveys. Invariably, the weather condition will have changed over this time. To make
the comparison between the transport equations and the field data possible, we have to
resolve the problem caused by the varying wave conditions and the beach going
through a tidal wave. Trying to directly estimate the transport rate is not a real option
and alternative approach is needed.
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Note that what we have are the total volumetric change between two surveys and full
record of the offshore wave parameters and inshore tidal data. Instead of attempting
to estimate the average longshore transport rate based on the survey data, we will try
to work out the total volume of sediment transport over the period by numerically
integrating the transport equations. This may be written as
t2

Vtotal = ∫ Ql dt ≅ ∑ Qlδt

(2.6)

t1

Ql at any given time is calculated based on the average wave parameters for individual
tidal cycles. The water depth with respect to the toe of the beach is used as an
important reference to determine breaking wave parameters. Where the depth is
greater than the breaking depth, the breaking wave parameters are used as estimated
using the linear wave theory. If the depth is smaller, then the depth limitation is
applied and the wave height and angle is adjusted accordingly. Obviously, if the
water level is below the toe of the beach, the wave height is set to zero for the
integration. This ensures that all the movement over a tidal cycle is accounted for.
Estimation of breaking wave parameters depends on the preferred choice of breaking
criterion. The simplest one is to apply a fixed breaker index of

γ =

Hb
= 0.78
db

(2.7)

A more recent breaking criterion was develop by She et al (2007) which may be given
as
0.927 

 db 


= 0.0277 tanh 21.1 2 
2




gT
 gT 



Hb

(2.8)

She (2008) showed that the breaking wave height can be computed using a simple
iterative procedure and this given as follows:
(1) Assume an initial value of δ B : δ B = 0.0025
(2) Calculate kd B , K S , K R using Eq. (2.9～2.11)
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kdb =

KS =

2πδ B

(2.9)

δ B − 13.5δ B 2 + 60δ B3
2cosh 2 (kdb )
2kdb + sinh(2kdb )

(2.10)
1


4
cos 2 (α 0 )
KR = 

 1 − sin 2 (α )tanh 2 (kd ) 
0
b 


(2.11)

(3) Calculate the new value of δB using Eq. (2-12).

δB =

1.28 H 0
gT 2

KR KS

(2.12)

(4) Compare the new and old values of δB. If the difference is large (more 1%),
then go back to step (2) with the most recent value of δ B . Go to the next step if
the difference is small (less than 1%).
(5) db is now simply db = gT 2δ B and Hb = 0.78db

The numerical procedure for calculating the total sediment transport volume is
implemented within Microsoft Excel using a macro. The macro computes the volume
of sediment transport over one tide and the steps involved are as follows:
1) Input the offshore wave parameters ( H s , T p , α0 ), the sediment parameters
(slope m, grain size D50, porosity n, relative density s) and the tidal
information (High water level and low water level with respect to the toe of
the beach);
2) Compute the breaking wave parameters ( Hb , d b , αb );
3) Carry out the numerical integration of equation 2.6 (t = 600s was found an
appropriate choice) by going through a loop, and for each loop a) calculate the
water depth, compare the depth with the breaking depth calculated in Step 2
above and adjust/recalculate the breaking parameters as appropriate; b)
compute the constant K; c) compute and add the new volume.
4) Output the sediment volume into Excel sheet.
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Once the volume is calculated for each tide, the predicted total volume over the period
between two surveys can be easily worked out.

2.5 Results and discussions
The field work in itself is an extremely time consuming process in addition to hard
labour.

Each survey takes a day to conduct and a day to carry out the initial

processing to make data usable for GIS analysis. Equally time consuming is the
sediment sample collection, the follow-up laboratory sieve analysis and data
processing. The original intention was to collect and analysis data over a full two
year period but due to time constraints, a full year’s survey data was fully processed
and detailed analysis carried out. Unless otherwise stated, the discussions refer to
results for the 12 month period of 2007.

2.5.1 Beach profile evolution
It has been observed that mixed beach response is smaller and slower than the
response for gravel beaches, taking longer to reach an equilibrium profile (Benedet et
al, 2004). In a laboratory study of the effects of tide on the beach profile evolution,
Trim et al (2002) observed that the berm formed at the high tide tends to disappear as
the tide goes out.

In the current study, it is clear that the beach is generally

characterised by a steep slope towards the crest. There is no distinctive presence of a
berm below the high water line. Away from the steep slope near the beach crest, the
lower part of the beach is almost a straight line most of the time, as can be seen in
Figure 2.6 and 2.7. In the following discussion, the beach slope refers to the mean
slope of the beach profile excluding the part near the crest (Figure 2.8).

For a maintained beach system like Pevensey Bay, the system is never allowed to
evolve into one of true equilibrium. The fact that the sediment supply is completely
cut off upcoast of the frontage of concern means that the beach level will continue to
fall unless new material is added onto the beach. In such a situation, the question is
not how close is the system to an equilibrium over the course of a one year cycle but
whether a natural slope exists that the beach system evolves towards. It can be seen
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from Figure 2.6 and 2.7 that the beach slope does not stay at a constant value. The
July and August profiles are influenced by the annual beach recharge, and the
corresponding profiles should be viewed accordingly.

Summer profiles are more stable than in the winter. In order to investigate the trend
of the profile change, it is necessary to view the beach slope over a full year cycle as
shown in Figure 2.9. The beach slope tends to change gradually over the summer
months till late November. Throughout the winter into the spring, the slope changes
without clear transitions, partly due to the storm effects and partly as a result of small
quantities of new material added onto the beach or local recycling or re-profiling.
Nevertheless, the slope still fluctuates within a broad range between 0.07 and 0.10 (or
1:10~1:12.5). This slope is significantly smaller than what is commonly expected of a
pure gravel beach, i.e., approximately 1:7. In a laboratory study of a 2D beach model,
Trim et al (2002) showed that a natural mixed beach slope is likely to be around 1:9 as
opposed to 1:7. The current study shows that under full 3D conditions, the natural
slope is more likely to less than 1:10.

Beach Profile Change

May2007

Jun2007

Jul2007

Aug2007
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Figure 2.6 Beach elevation change during regular survey from May to August 2007 at
sediment sampling Transect I
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Figure 2.7 shows beach surface changes at sediment sampling Transect I between
surveys carried out from November 2007 to February 2008

Beach Profile Change
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Figure 2.8 Calculation of representative beach slope
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Figure 2.9 Variation of beach slope over the year

2.5.2 General characteristics of sediment transport

For improved accuracy, the calculation of the beach volume is done by sub-dividing
the beach into six smaller zones each being separately computed within ArcGIS
software. In theory, the more subdivisions the higher accuracy but it also means
increased demand in the effort. In this study, the use of six zones was found sufficient
after some initial experimentation. In addition to improved accuracy, the sub-division
also serves to show the variation of the sediment loss/gain across the frontage under
investigation. Figure 2.10 shows a typical pattern of the volumetric changes over the
course of a winter storm. Note that Segments 1~4 are 120 m in length while segment 5
and 6 are 50m and 80m, respectively. It is clear that the area Segments 1 immediately
adjacent to the harbour breakwaters is well sheltered and the sediment loss is the
smallest. Meanwhile, the harbour breakwaters cut off all of the sediment supply for
Segments 2~4 from the upcoast of the harbour entrance. Segments 5~6 benefit from
the longshore sediment transport directly.
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Figure 2.10 Net volumetric changes between 2nd and 4th of Mar 2007. Negative values
indicate material loss
As the prevailing wind direction is south or south-west throughout the year, the
longshore transport is almost always towards north-east, away from the breakwaters.
As a result, the net change of beach volume is consistently over the year, leading to a
continuous material loss over the entire cycle.

This can be clearly shown in

Figures 2.11. Note that the net volume change refers to the material loss due to the
longshore drift. The difference in beach volume between two surveys may also
include the material added to the beach either during the annual recharge or the
transfer of the stockpile shingle onto the beach. The use of stockpile gravel normally
was normally after a severe storm or a continuous run of stormy weather. The net
change of beach volume is the volumetric change between two surveys taking away
the new material due to recharge or transfer of stockpile material.
As can be expected, there is a clear trend in terms of the quantity of sediment loss
over the course of the year. The beach material loss over the winter months is much
higher than that over the summer months. Figure 2.12 presents the monthly sediment
loss as a percentage of the yearly loss and it can be seen that about 70% of the loss
takes place over a five month period (November ~ March). Although this is the result
of a single year, it gives a good indication of the general trend of sediment movement
through the year.
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Monthly sediment loss in 2007
6,000

Volume (m3)

5,000
4,000
3,000
2,000
1,000
0

Month

Figure 2.11 Monthly loss of sediment

Monthly loss in percentages of total
annual loss
Dec-07
16%
Nov-07
11%
Oct-07
6%
Sep-07
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Aug-07
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Jan-07
14%
Feb-07
17%
Mar-07
11%

Jul-07
6%

Jun-07
3%

Apr-07
2%
May-07
4%

Figure 2.12 Percentages of material loss over a year

Figure 2.13 shows the accumulative sediment loss over a one-year period from
January 2007. The cumulative addition of new material is also shown on the same
graph. As a managed beach, new material needs to be added to ensure the required
level of sea defence. The bulk of the new material is added during the annual
55

recharge. An important point can be made with reference to Figure 2.13, that is, there
is an excellent agreement between the total sediment loss via longshore transport and
the total material added to the beach. It indicates that the GPS surveying technique
and the data processing method (GIS) is a good combination offering satisfactory
accuracy. The difference between the two is just 0.4%. A record of the monthly
survey results are listed in Table 2.2.

Volume (m3)

Sediment loss VS Added new material
35000
30000
25000
20000
15000
10000
5000
0

Cumulative Net Loss

Cumulative Added Material

Months
Figure 2.13 Comparison between sediment loss and new top-up material
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30th Dec 2006

31st Jan 2007

-1258

New material
(annual recharge
& stockpile
transfer, m3)
2940

31st Jan 2007

27th Feb 2007

-3592

1420

5012

27th Feb 2007

25th Mar 2007

168

3310

3142

25th Mar 2007

26th April 2007

-729

0

729

26th April 2007

28th May 2007

-1328

0

1328

28th May 2007

29th June 2007

-824

0

824

29th June 2007

30th July 2007

Time of Survey (m3)

th

30 July 2007
th

28 Aug 2007
th

25 Sep 2007
th

Change
between
surveys (m3)

Net material
Loss (m3)
4198

9028

10978

1950

th

7578

9393

1815

th

-1088

0

1088

st

-698

1011

1709

th

28 Aug 2007
25 Sep 2007
31 Oct 2007

28 Oct 2007

30 Nov 2007

-3134

0

3134

30th Nov 2007

31st Dec 2007

-4233

400

4633

30th Dec 2006

31st Dec 2007

-109

29453

29562

31st Dec 2007

30th Jan 2008

-59

4788

4847

Table 2.2 Beach volumetric changes each month in 2007 at Pevensey Bay (Data
source: PCDL)

2.5.3 General observations on the wave climate
As discussed in the previous section, there is a clear seasonal variation in terms of the
volume of sediment movement on the beach. As the main driver in the process, the
wave condition is expected to show a correlation with the sediment transport on the
beach.

As a qualitative analysis at this point, we look at the averaged wave

parameters in correspondence to the monthly changes in the beach volume.
Figure 2.14 shows the mean significant wave height over the 12 month period of 2007.
As can be expected, the average wave energy in the winter months is significantly
higher than in the summer months. The relationship between the average wave
energy and the amount of sediment movement (loss) can be seen from Figure 2.15.
There is a definite general trend that the higher energy leads to greater amount of
sediment being moved through longshore transport. The average peak wave period is
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shown in Figure 2-16 and its correlation is shown in Figure 2-17. Again there is a
clear seasonal variation with longer period waves dominating the winter months. And
also the volume of sediment movement generally increases with increased period in
terms of the wave period, correlation between the wave energy and the sediment
movement. The seasonal variation of the wave direction (shown as the angle with
respect to the shoreline normal) shows no clear trend but the there is still a broad
correlation between the wave direction and the volume of transported sediment.

The above observations are in agreement with past studies and general field
experiences. It must be noted that the relationship between the volume of sediment
movement and any one of the wave parameters is not simple and sediment transport
prediction cannot be solely based on a seasonal averaged wave climate.

1.4

Average significant wave height (m)

1.2
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0.2
0

Month

Figure 2.14 Average significant wave height for the year 2007
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Sediment loss vs average significant wave height
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Figure 2.15 Correlation between sediment loss and wave height
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Figure 2.16 Mean peak wave period for 2007
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Sediment loss vs wave period
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Figure 2.17 Correlation between sediment loss and wave period
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Figure 2.18 Seasonal variation of the wave direction
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Sediment loss vs wave angle
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Figure 2.19 Correlation between wave direction and sediment loss

2.5.4 Net volume changes and transport rate predictions
The general equation of integration developed in Section 2.4 may be applied to
either the CERC formula or Kamphuis equation. The breaking wave parameters can
again be calculated using either equation 2.7 or 2.8. Before any computations may
be carried out, we have to make two decisions. The first is to select a set of survey
data to compare with. An ideal data set is where there is a storm and also there is
only one tide between the two consecutive surveys. A storm means large amount of
sediment to be moved and a single tide reduces ambiguity. Unfortunately none of
the surveys fell into this category. The next best option is where there is a storm
and there are a small number of tides between the two surveys. Limiting the number
of tides involved is also necessary to reduce the amount of effort needed in the data
analysis. More of the analysis at this stage has to be done manually by going
through the raw data in a spreadsheet. There are seven sets of surveys used for this
exercise. Six of these correspond to winter storm events and the seventh is in a
relatively calm weather condition but there are a small number of tides involved.
The selection of these data sets provides a good range of wave conditions. Table 2.3
summarises the average wave conditions corresponding to these cases.
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Water Number of
Direction
level
tides
(deg.) elevation between
(OD)
surveys

Tidal
range
(m)

Tidal
surge*
(m)

Max.
surge*
(m)

3

5.8

0.45

0.72

2.42

8

4.8

0.54

0.91

211

0.77

5

3.4

-0.04

0.77

8.3

204

-2.12

9

5.7

0.46

0.62

3.09

8.3

212

-0.12

4

5.3

0.38

0.58

2nd Dec 07
14:30

3.14

9.1

210

0.46

8

3.5

0.16

0.55

28th May 07
14:00

0.64 4.57

168

0.3

6

4.8

0.12

0.3

Time (GMT)

Hs
(m)

Tp
(s)

10th Mar 08
2:00

3.8

9.2

215

0.92

18th Jan 08
12:00

4.23 10.0

222

11th Jan 08
14:00

3.60 10.0

6th Mar 07
06:30

3.32

3rd Mar 07
02:00

Table 2.3 Wave condition in seven cases

The second decision to make is about the beach slope and sediment properties. The
beach slope is calculated on the basis of the two sets of survey data. The values
obtained from the two surveys is averaged and used for the computation. Sediment
samples were collected monthly and the sampling immediately before the event
concerned is utilised to determine the grain size to be used in the equation. The
density of the sediment is 2650kg/m3 and the water density uses a value of 1025kg/m3.
The porosity should ideally be measured in situ but not realistic task in this study.
Mixed sand-gravel sediment has a porosity in the range of 0.45 down to 0.2 (Blanco
2003), depending on the percentage of sand.

Laboratory experiments carried at

Brighton indicates that the porosity is likely to be about 0.32 for a mixed sediment
containing over 20% of sand. For this exercise, we have chosen to use an n value of
0.32.
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Initial calculations using the CERC formula showed a gross over-estimation of the
sediment transport. As in many of the previous studies, the coefficient K needs to be
re-calibrated and a value of 0.085 seems an optimum choice for the current data sets.
Figure 2.20 compares the measured volume with the CERC prediction. There are
significant differences between the measured and predicted values and these
discrepancies do not seem to show any underlying trend in relation to the incident
wave energy. As suggested by some of the previous studies, there seem to be some
inherent weaknesses in the CERC formula. The lack of direct consideration of the
sediment size and the beach slope are clear issues. It is also interesting to note that the

Predicted volume of longshore transport (m3)

use of the two different breaking criteria led to no noticeable differences.
2,000

Prediction by the CERC formula with K = 0.085
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200
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Measured volume of longshore transport (m3)

Figure 2.20 Comparison of surveyed along-shore sediment transport and CERC
Formulas
Using the fitted K values and past experimental data, the relationship between K and
sediment size may be better expressed by the following empirical equation:
2 
K = 0.085 1 − 10exp(−2.5D50
)



(2.13)

Where D50 is in mm and a comparison with past and current experiment data is shown
in Figure 2.21.
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Figure 2.21 Coefficient K in relation to grain size

Figure 2.22 shows the predicted volume of sediment transport by the Kamphuis
formula against the measured values.

Again the calculations performed using

breaking equation 2.7 and breaking criterion 2.8 are shown in the graph. There is a
slightly greater difference between the two criteria but still of no real significance.
Overall, the predictions agree very well with the measured data across the whole
range. It is also clear that the Kamphuis formula consistently performs better than the
CERC formula.
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Figure 2.22 Comparison between predicted and measured volume of sediment
transport

2.5.5 Significance of storm events
As discussed earlier, the wave condition directly controls the sediment transport rate
on the beach. There is a broad correlation between the seasonal wave climate and the
volume of sediment movement. And yet there is no clearly defined relationship
between them. A primary reason for this is the fact that the wave condition changes
by the minute. Figure 2.23 shows an example of how the wave condition may change
over the course of a seven day period. It can be seen that all parameters can change
very quickly and significantly. The important point here is that the data show the
setup of a typical storm event. It is these storm events that really influence the overall
volume of sediment for any individual month.

Figure 2.24 compares the total

sediment loss in a month with that as a result of a single storm event. 40~60% of the
movement takes during the storm events. It is thus of critical importance to provide
accurate assessment of the extreme weather conditions if the overall sediment budget
is to be correctly estimated.
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Figure 2.24 Comparison between total monthly sediment loss and that in a storm
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2.6 Conclusions
A vast body of survey data has been collected using a differential GPS system
provided by the Pevernsey Bay Coastal Defence Ltd. The accuracy of the survey data
is ensured by the use of specially designed wheel device that keeps the satellite
receiver at a constant height from the beach surface while allowing maximum
freedom of movement on the beach. This guarantees that fine features of the beach
surface such as cliffing are included. The beach surveys are carried out together with
concurrent collection of the wave and tidal data makes it possible to examine the
underlying trend of the sediment movement on the beach and possible correlations
between the sediment transport rate and the wave climate and tide.

For post-

processing of the survey data, a standard GIS software is used. It was necessary to
experiment with the various functionality of the software in order to gain the
maximum accuracy and power of the software.

Comparing the total amount of the new material introduced onto the beach and the
total volume of sediment eroded over a one year cycle, it was shown that the
combination of the differential GPS for data gathering and GIS for post processing is
a highly reliable method of generating 3D beach surface information.

It was shown that longshore sediment movement takes place throughout the year but it
is the winter months (November through to March) when the most severe erosions
happen. Around 70% of the total sediment loss occurs during the winter period.
While the beach erosion is a continuous process, there is no question that real
damages come from the storm events. It was shown that between 40 and 60% of the
monthly sediment losses were due to just one or more storm events.

It has been widely expected that mixed beaches tend to have a more gentle slope than
that of a pure gravel beach. Through laboratory experiments, Trim et al (2002)
showed that a mixed beach is likely to have a stable slope at around 1:9. The beach
slopes measured at Pevensey Bay show a range between 1:10 and 1:12.5. This seems
to indicate that when designing beach renourishment schemes involving mixed sand
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and gravel sediment it is not advisable to use a design slope generally accepted for the
pure gravel beach (~1:7).

A numerical scheme was derived to allow estimation of the volume of sediment being
transported over a tidal cycle.

The calculation requires detailed wave and tidal

information. Accounting for the tidal effect was an essential part of the numerical
procedure.

Two well established transport equations were examined against the

measured changes of the beach volume. Both equations were based on sand beaches.
The CERC formula was notably less reliable than the equation proposed by Kamphuis
(1991).

The critical weaknesses of the CERC formula are that it misses some

essential elements that control the sediment transport processes on a mixed beach.
These elements include the wave period, sediment size and beach slope. The K
coefficient in the CERC formula is calibrated against the present data and a new
equation is proposed that better relates the K coefficient with the sediment size.
However, the use of Kamphuis’ equation is preferred on the basis of the current
survey data.

However, caution is required as there are still uncertainties in the

accuracy of the calibration as a result of the sediment property issues. Both the CERC
formula and Kamphuis’ equation requires the knowledge of sediment size and
porosity. Firstly, the sediment size is highly variable on a mixed beach. As we move
from the upper beach to the lower beach, D50 will vary significantly. Depending on
the number of samples taken across the beach, the derived value will differ. Secondly,
the porosity of the sediment should ideally be measured in situ. But even then, the
result will include a degree of uncertainly as it depends on the location where the
sample is taken. In this study, the value of n was selected based on laboratory
experiments and may not be a true reflection of the actual beach. And finally, the
remains of the old groynes were ignored in the analysis to make the analytical
analysis possible. The conclusions as given above should be viewed with these in
mind.
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3 Characterisation of Mixed Beach Sediment
3.1 Introduction
Under the action of waves and the influence of the tide, a mixed beach undergoes a
continuous profile evolution due to sediment movement in both cross-shore and
alongshore direction. As the sediment is moved in the cross-shore direction, sediment
particles are sorted and deposited on the beach in terms of their sizes. Sediment
sorting is a continuous and dynamic process leading to highly varied sediment size
distribution across the beach and over time. There are locations on the beach where
the composition of the sediment is almost entirely of gravel whilst other parts of the
beach can have very high sand content. The swash zone is the most active part of the
beach and the surface sediment can be seen to respond to individual waves in a wave
train (Powell, 1990). This results in a surface layer that is highly unstable with lateral
changes occurring within a few metres and pronounced temporal changes occurring
over as little as one tidal event.

Sediment sorting is a significant phenomenon on all mixed beaches. If left to take its
own course, the sorting process tends to create the most efficient system for absorbing
the incident wave energy thus providing an effective means of sea defence and coastal
protection. A beach of coarse sediment (gravel) is capable of dissipating in excess of
90% of all incident wave energy (Powell, 1990). However sediment sorting on a
disturbed beach can be interrupted due to maintenance activities such as annual
recharge, recycling and re-profiling. This chapter looks at the sediment characteristics
of the Pevensey beach over the cycle between two annual recharges. The objectives of
the study in chapter 3 are as follows:
•

To review and develop appropriate quantitative methods of characterising the
sediment composition of a mixed beach;

•

To examine spatial variation of the sediment characteristics in the coss-shore
direction;

•

To examine the changes in sediment characteristics over the weeks following the
annual recharge;
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•

To look at the changes in sediment characteristics over the full cycle of sediment
recharge;

•

To investigate the influence of minor maintenance activities (recycling / reprofiling) on the sediment sorting.

3.2 Scheme of work and method of analysis
3.2.1 Sediment sampling
Sediment sampling was concurrently carried out along with GPS surveys as described
in Chapter 2. Collection of sediment samples may be grouped into three categories,
each serving a different purpose:

a) Regular sampling – carried out on a monthly basis throughout the year.
b) Events related sampling – collected just before and immediately after the beach
material underwent significant changes due to maintenance activities, which
include the main annual recharge, transfer of stockpile material onto the beach and
local recycling. This group also include one storm event. Events related sampling
was accompanied by a GPS survey on the same day. A list of major events are
shown in Table 3.1.
c) Cliffing related sampling – taken when and where cliffing occurred.
d) Rainbowing associated sampling – taken across the sediment mound when new
material was rainbowed on to the beach during the annual recharge.

Group a) and b) are related to the characteristics of the sediment on the beach and
samples were taken at specific locations on the beach. More details on the selection
the sampling locations will be given later. Group c) deals with the specific issue of
cliffing and analysis of the collected samples will be presented separately in Chapter 5.
Group d) is also specific to a relatively new technique of sediment delivery and
collection of sediment samples helps to understand the potential benefits of the
technique in dealing with the cliffing problem. Again the analysis of this group is left
in Chapter 6 as a separate topic. Table 3.2 lists the number of collections and total
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number of samples taken under each of the four categories.

This chapter will

concentrate on the first two groups.

Date

Event

Survey
Before

23rd, 24th &
25th July
2007
th
9 Aug
2007
13th Jan
2008
4th Oct 2008

Sampling
After

Before

After

16 Jul 07

23rd & 24th
25th, & 30th
Jul 07

Recharge

16 Jul 07

23rd & 30th
Jul 07

Recharge

2nd Aug 07

19th Aug 07

2nd & 6th Aug
07

19th Aug 07

Storm

10th Jan 08

20th Jan 08

10th Jan 08

27th Jan 08

Recharge

30th Sep 08

5th Oct 08

30th Sep 08

4th Oct 08
28th Oct 08

th

th

Table 3.1 Major events related sampling

Total
collections

Total
samples

a) Monthly

20

195

b) Events related

6

60

c) Cliffing related

4

19

d) Rainbowing
related

9

85

Category

Table 3.2 Summary of collected sediment samples

3.2.2 Selection of sampling locations

Most sediment transport studies in the past have generally concentrated on the surf
zone processes. Very little field data is available to indicate the temporal and spatial
variability of the sediment on mixed beaches. The sediment transport on a mixed
beach takes place in the breaker zone in the form of concurrent longshore and crossshore movement.

The movement can be in suspended mode or bed load, or a
71

combination of both. The mode of transport is determined by the sediment properties,
the beach profile and the wave climate. The prediction of sediment transport on a
beach thus requires appropriate representation of the sediment characteristics as well
as the wave motion. For a mixed beach it has been widely assumed that that sediment
size decreases spatially in the transport direction due to selective transport, with the
finer particles outdistancing the coarser particles. Sediment size changes in both
alongshore and cross-shore direction but the most significant variation takes place in
the cross-shore direction.

In this study, the concentration of effort is placed on the cross-shore behaviour, which
makes it possible to collect sufficient number of samples at an adequate frequency so
that spatial and time-wise behaviour of the sediment sorting on the beach can be
investigated in great detail without imposing unrealistic demand on man-power in
sieving and post-processing (more discussion on this later in the chapter).

As

described in Chapter 2, the area of study covers a 650m stretch of coastline frontage
of Sovereign Harbour. Figure 3.1 shows the locations at which the sediment samples
were collected. The collection consists of two sets of five samples, with each set
taken at five points along a line running in the cross-shore direction.

The five

sampling points are placed at approximately 8 m intervals and these are intended to
coincide with all major changes in morphology along the profile, such as mid-berm,
mean high water, mid-tide, mean low water, and beach toe. Figure 3.2 shows the
general beach profile and positioning of the sampling points.

The line position of the first set is approximately halfway along the frontage under
study. The end of groyne GP07 is used as a local reference point and GP09 is used to
position the second set. The collection of samples is made at the same positions so
that the sediment characteristic changes over time may be followed.

The groynes are the remains of the original sea defence system before the new system
was put in place in 2005. The timber planks were removed to leave only the pile
frames. As a result, the groynes offer little resistance to alongshore drift and their
effects may be ignored. As a disturbed sea defence system, regular recycling and reprofiling take place. However, because of the full extension of GP09 and GP10 all
the way down to low water level, the 80 m section between these two groynes is
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generally undisturbed. This means that the sediment sorting in this section is allowed
to take place without interference. Therefore, the first set of samples (1~5) represents
the maintained section of the beach while the second set (6~10) provides a benchmark
of a more natural evolving system. Clearly, this cannot represent a natural beach but a
comparison between the two sets of samples still offers an opportunity to identify how
the maintenance activities affects the sediment sorting process.
Beach Crest
GP05

GP06

Groynes GP05-09

Direction of Prevailing
alongshore transport

GP07

GP09

GP08

GP10

SP1

SP6

SP2

SP7

SP3

SP8

SP4

SP9

SP5

SP10

Figure 3.1 sketch of sediment sampling positions with ～8m between adjacent points
Past experience (BAR, 2005) indicates that spatial variation is primarily in the crossshore direction. As such, the main effort of the sediment sampling exercise was to
investigate the cross-shore behaviour while limited samples were taken in the
longshore direction.

Beach Profile and sampling

12th Jan 08 Pre-Cliffing

17th Jan 08 Cliffing
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Figure 3.2 Cross-shore positions of sediment sampling
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3.3 Sediment properties and characterisation of mixed
beaches
Sediment size distributions on mixed beaches vary in the cross-shore and longshore
direction, vertically through the beach, and over a tidal cycle, or even longer
timescales. Various parameters have been developed in the past to characterise the
sediment distribution on mixed beaches.

Below is a summary of parameters in

relation to the description of mixed sediments.

3.3.1 Basic descriptive parameters
The most fundamental properties of sediment are its size and density. The density of
sediment (ρs) is defined as the mass per unit volume of sediment. This should be
distinguished from the bulk density, which refers to the mass per unit volume of
sediment including the pore space. The bulk density (ρbulk) may be related to the
density and porosity (ns) of the sediment:
ρ bulk = (1 − n s )ρ s

(3.1)

The sediment size is not a uniquely defined parameter but in coastal engineering
applications the commonly adopted approach is to use sieve diameter to define the
size of natural sediment such as sand and gravel.

Sediments are generally

characterised in terms of parameters such as mean grain diameter, median size and
modal size, sorting (standard deviation) and so on. Differential sediment sizes within
mixed gravel beaches is recognised as a dominating factor in mixed beach response,
making them more complex than either sand or gravel beaches (Kirk, 1980). These
beaches demonstrate radically different processes involved in cross-shore and
longshore transport driving the need for independent research and predictive
capabilities.

Most of sediment transport on a mixed beach takes place in the swash zone. The
effects of infiltration and outfiltration which face on mixed gravel beaches and swash
zone sediment transport is important. The higher infiltration capacity of gravel
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increases the potential for infiltration during the swash and is thought to be
responsible for the formation of berms at maximum run-up (Van Wellen et al. 2000).
Yet the specific retention of gravel is low resulting in higher potential rates of
exfiltration during backwash. The wide swash zone observed on gravel beaches
means that infiltration and exfiltration process on mixed sand and gravel beaches is
therefore more complex and more important in beach development than on sand
beaches.

If a mixed sand and gravel layer exists at a depth below the surface at a level that is
higher than the tide induced fluctuations of the water table, then percolation rates
through overlying sediment will be significantly reduced. This is because the presence
of the sand fraction affects both hydraulic conductivity and specific retention of the
mixed sediment, with the net affect that sand gravel mixtures remain saturated for
longer. This in turn will increase rates of material transport, as saturated sediment is
more mobile. To date there are no field experiments that have measured differential
infiltration during swash and backwash on a mixed gravel beach, mainly due to the
inhospitable environment, which makes deployment of sensitive electronic
instruments difficult and expensive.

Sediment size distribution of a mixed sand-gravel beach is generally non-uniform.
Noda (1971) believed that in the laboratory research the median diameter D50 of the
prototype sediment may be taken as some effective diameter to be considered when
establishing the characteristics of the model sediment. Size distribution similar to that
of the prototype was thought to be unnecessary unless sorting effects were to be
examined.

Tanaka and Suzuki (1994) combined both shoreline prediction and grain-size sorting,
who mentioned at this point that grain-size sorting and the distribution of coastal
sediment patterns are used to determine the sediment transport direction and the
sources of sedimentation as cited previously. It is very important when studying
beach profile evolution in a specific coastal area to collect and analyze samples for the
grain-size distribution, median grain size.
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Sediments are generally characterised in terms of parameters such as mean grain
diameter D50, median size, and other statistical parameters such as sorting (standard
deviation). Sediments on mixed sand and gravel beach can have sizes ranging over
three orders of magnitude, from fine sands to boulders. The boundaries between
classes can be expressed either in millimetres or phi units (

Φ ). The phi

transformation recognises the logarithmic equality of the scale divisions. Sediment
size in phi units is calculated from the size in millimetres, shown as follow:

Φ = − log2 D

(3.2)

where D is grain size in mm. Φ values are dimensionless numbers that decrease with
increasing particle size. In fact, many studies do not distinguish between mixed and
gravel beaches, but refer to all of them as shingle. For reasons clarity, it is preferable
to describe the sediment of coarse-grained beaches as shingles which the size of
diameter is above one millimetre. The dimensionless phi unit is out of the limits of
Wentworth scale and allows comparison. However this phi unit cannot represent a
unit of length in physical expressions such as fall velocity or Reynolds number, due to
being a dimensionless unit.
The standard deviation is a measure of the degree to which the sample spreads out
around the mean. Following Folk (1974), the standard deviation can be approximated
by:

σΦ =

Φ84 − Φ16 Φ 95 − Φ 5
+
4
6.6

(3.3)

Where σΦ is the estimated standard deviation of the samples in phi unit, and D5, D16,

D84, D95 are the grain diameters at which 5%, 16%, 84% and 95% of the sediment is
finer, respectively. There are also qualitative descriptions of the standard deviation. If
the particle sizes are distributed evenly over a wide range of sizes, then the sample is
said to be poorly sorted. If the sediment is completely well sorted or poorly mixed,
then σΦ=0. The definition of standard deviation has been demonstrated in Table 3.3
below:
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Qualitative Sediment Distribution Ranges for Standard Deviation
σΦ Range
<0.35
0.35-0.50
0.51-0.70
0.71-1.00
1.00-2.00
2.00-4.00
>4.00

Description
Very well sorted
Well sorted
Moderately well sorted
Moderately sorted
Poorly sorted
Very pool sorted
Extremely sorted
Table 3.3 Standard deviation

3.3.2 Sieve analysis of sediment samples
Field sampling commenced in November 2006. Samples weigh on average 7.8 kg.
Samples have to be dried in a special purpose oven for 12 hours before being sieved.
The task of sieving 359 samples was extremely time consuming and labour intensive,
especially when there was very little technician support. It was an unprecedented
undertaking amongst studies of the nature.
All the sieves used for the sieve analysis conform to British Standards. Two sets of
sieves are used with the coarse set including sizes of 37.5 mm, 20.0 mm, 8.0 mm, 6.3
mm, 2.0 mm. The fine set includes sizes of 1.18 mm, 1.0 mm, 710 µm, 600 µm, 425
µm, 355 µm, 300 µm, 250 µm, 200 µm, 150 µm, 125 µm, 75 µm, 63 µm. Sediment
with grain size below 63 µm was negligible and ignored.

The procedure of the sieve analysis is as follows:
a) A number of 10 samples are prepared and placed in the oven for overnight
drying.
b) Turn off the oven in the morning; allow one hour for the sediment to cool
before taking the samples out of the oven.
c) Weigh each sample and divide the total into two halves.
d) Put half the sample through the sieve machine with the coarse set of sieves; It
normally takes about five minutes for this part; Sediment passing through the
bottom sieve is collected in a tray.

77

e) Split the sediment collected in the bottom tray into two halves again. Put one
half through the fine sets of sieves. This part is more time consuming and it
normally requires 30 minutes to complete.
f) Enter the data into a spread sheet and work out the sediment distribution.

The sieves were then placed on the vibrating machine for 5 minutes, and then the
amount of sediment in each sieve grade was weighed to determine the percentage of
sediment size passing through each sieve. The fine sediment that passed through the
large sieves had to be sieved using the finer grade sieves, so it was weighed and split
into two portions using the smaller splitting container, each portion was then weighed
and sieved separately, the reason for this is identical to the one for the large sieves, the
only difference this time is that both halves had to be sieved.

3.4 Results and discussions
The results presented here are based on the samples taken at locations shown in
Figure 3.1. Samples 1~5 represents the maintained beach and 6~10 represents the
undisturbed beach.

3.4.1 Sediment size distribution and bimodality
It is well accepted fact that mixed beaches is normally characterised by a bimodal
sediment distribution, with one mode in the sand fraction and another in the gravel
fraction. Characterising a bimodal sediment quantitatively is difficult, as the use of
standard parameters (such as mean, median) can produce results which have no
significance in a physical sense. The bimodality of the sediment also appears to affect
fine fractions more than coarse fractions (Wilcock, 1993). Wilcock et al. (2001)
showed that adding sand to the bulk mixture clearly increased the transport rate of the
gravel portion of the bed as well as the total transport rate. When two modes are
present, the median or mean may fall in the gap between modes and may therefore
represent a size fraction with little or no sediment.
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In past studies, the bimodality has been shown by way of plotting the percentage of
sediment retention against sieve sizes. While the method serves its purpose well but it
tends to bias towards the larger grain sizes. This is because the standard sieve sizes
follow a logarithmic distribution and the difference between two successive sieve
sizes increases with the size of the sieves. To avoid this problem, we propose a new
parameter as follows:
ܴ = ைீ

ோ

మ (ௌଶ)ିைீమ (ௌଵ)

(3.4)

where SD1 and SD2 are the sizes of two successive sieves in the sieve analysis and
PR is the percentage retention between the two sizes.

RD is referred to as the

sediment retention density at the grain size D = (SD1+SD2)/2. It may also be said to
be the percentage retention per unit Φ. This is because log2D = |Φ|. The retention
density is a reflection of the relative amount of sediment in a mixed sediment.

Plotting RD against D, Figures 3.3 & 3.4 are typical examples from samples collected
in this study. Bimodality is beyond any doubt a general characteristic of the sediment
on the Pevensey frontage. Note that samples SP1~SP5 are taken at 5 different points
across the beach from mean high water level down to mean low water level, thus
reflecting the sediment size variation in the cross-shore direction. Samples 6~10 are
taken parallel with SP1~SP5 but further down the shoreline where the beach surface is
generally left alone, which is in contrast to the maintenance activities affecting
SP1~SP5. It is interesting to note that the bimodal characteristics is equally strong at
both longshore locations despite significant disturbances at SP1~SP5 due to
maintenance work. The peak value, however, can vary significantly between the
samples points. In general, the peak value corresponding to the gravel fraction is
highest at SP1/SP6, which is the closest to the beach crest. The differences between
the lower points are less definable. Samples at SP1/SP6 may or may not contain sand
fractions while the other points all have sand. The peak values do not show any
consistent behaviour between these points in a spatial sense. A more systematic
method is needed and will be discussed further down the chapter in order to underpin
any possible trend in the spatial and time dependent behaviour of the sediment
distribution.
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In the above discussion, sand fraction refers to grain size less or equal to 2mm and
gravel fraction indicates grain size above 2mm.
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Figure 3.3 bi-modal sediment size distributions from disturbed sites at Pevensey Bay
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Figure 3.4 bi-modal sediment size distributions from undisturbed sites at Pevensey
Bay
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3.4.2 Sediment characterisation by conventional parameters
As indicated earlier, plotting the sediment distribution in the form of the retention
density against sediment size does not reveal any systematic behaviour across the
beach surface in the cross-shore direction.

To explore the possibility of any

underlying trend both spatially and over time, we will first look at the basic
descriptive parameters as described in Section 3.3.

Representation of a mixed sediment is conventionally by means of the D50 together
with D5, D16, D84, and D95. D84 and D95 serve a similar purpose, which is to show the
coarse component of the sediment. Figures 3.5 & 3.6 show D84 for the duration of a
full year cycle between two annual recharges. There is a fluctuation over the year but
it is not clear what the underlying pattern is. In terms of the cross-shore variation, the
top of the beach (SP1/SP6) seems to contain coarser material than lower down the
beach. The differences between the other points are however, far from obvious.

In a similar way, D5 and D16 may be used to identify if fine material is contained in
the sediment. Figures 3.7 & 3.8 show D16 for the twelve month period starting from
July 2007. There is again a clear difference between the top of the beach (SP1/SP6)
and the remaining positions across the beach. More fine material is contained in the
lower part of the beach.

In theory, D50 is the single most important parameter in the definition of a sediment
mix, as it is used in almost all engineering applications as the key design parameter.
Yet it is commonly recognised that D50 is not an effective representation of a mixed
sediment with a bimodal character. This problem may be highlighted by looking at its
spatial variation and over time in the present investigation (Figures 3.9 & 10). Apart
from the top of the beach (SP1/SP6) where the sediment is almost free from sand
material, the D50 values show very large fluctuations in a random manner both across
the beach and over time. It is clear that a more representative parameter is needed for
sediment of a bimodal nature and further discussions will be given later.

Discussions about mixed beaches are incomplete without looking at the sediment
sorting.

The sediment sorting is quantified by the use of equation 3.3, which
82

approximates the standard deviation of the sediment size distribution. The smaller the
value, the better sorted the sediment. A sediment mix with a value greater than 4 is
deemed extremely poorly sorted. Figure 3.11 & 3.12 show the sorting parameter
against time. All but one sample show a value greater than 4. As in the case of D16,
D50, and D86, no pattern or trend can be identified in a spatial sense or in time. For a
mixed beach with bi-modal characteristics, the standard deviation is just another
parameter of confusion.

Figure 3.5 D84 verse dates (SP1~SP5)
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Figure 3.6 D84 versus dates (SP6~SP10)
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Figure 3.7 D16 versus dates (SP1~SP5)
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Figure 3.8 D16 versus dates (SP6~SP10)

Figure 3.9 D50 versus dates (SP1~SP5)
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Figure 3.10 D50 versus dates (SP6~SP10)
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Figure 3.11 σΦ versus dates (SP1~SP5)
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Figure 3.12 σΦ versus dates (SP6~SP10)

3.4.3 A new approach to characterising mixed sediment
From the discussions of the previous section, it is clear that a new approach is
necessary to in order to underpin the underlying characteristics of a mixed beach of a
bimodal nature. As shown earlier, the retention density RD shows two peaks in its
relation with grain size. It should be possible to extract the grain sizes corresponding
to these peaks. For convenience, we use Dpg for the peak value within the coarse
(gravel) fraction and Dps for the sand fraction.

Because of the discrete and

logarithmic nature of the sieve sizes, the peak values are obtained using a weighting
function:

ܦ =

భ ோವభ ାమ ோವమ ାయ ோವయ
ோವభ ାோವమ ାோವయ

(3.5)

where RD2 and D2 are the peak retention density and corresponding grain size and
subscripts 1 & 3 represent the points immediately adjacent to the peak.
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The fact that the sediment contains two distinctive fractions also means that each may
be represented by a median size and these may be denoted by D50g for gravel and D50s
for sand. Figures 3.13~3.16 show Dpg and Dps for a one year cycle. Although there is
still a cross-shore variation in Dpg, the scatter is significantly less than those shown in
the previous section using the conventional parameters.

Over the period of the

recharge cycle, Dpg remained relatively stable. Similarly, Dps varies over a smaller
range both spatially and temporally. There is a slight difference between set SP1~SP5
and SP6~SP10, the latter of which appears to show a trend of size increase over time.
Note that the recharge was carried out in July and August 2007 and the peak values
become reasonably stable after about 5 months.

Dpg (mm)

SP1

SP2

SP3

SP4

SP5

18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

Date

Figure 3.13 Dpg versus dates (SP1~SP5)
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Figure 3.14 Dpg versus dates (SP6~SP10)
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Figure 3.15 Dps versus dates (SP1~SP5)
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Figure 3.16 Dps versus dates (SP6~SP10)

Figures 3.17~3.20 show D50g and D50s for the year cycle. D50g does not seem to vary
much in the cross-shore direction. The variation over time is also very small. The
same can be said about D50s for the sand fraction except that the increase in size shows
a more distinctive rise after the beach recharge July/August. Also different from Dps,
the trend of size increase in D50s over time is evident from both sets of samples. It is
possible that the finest fraction of the sand becomes washed away soon after the
recharge took place.

It is now evident that the basic characteristics of both the coarse and fine fractions of
the sediment remained reasonably stable. This leaves the apparent coarsening or
fining effects seen on the beach with only one possible explanation, the proportions of
the two fractions. Figure 3.21 & 3.22 shows the percentage of sand over the 12 month
recharge cycle. It can be seen that sand percentages across the beach are relatively
high throughout the cross-shore direction. The percentages at each point show a
fluctuation with time. As the samples were collected at fixed positions, the sediment
content is likely influenced by the tidal cycle. This is the most obvious at SP1/SP6. If
the high water level is sufficiently above this point, the sediment sorting process
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brings in sand so that the sediment composition becomes more like SP2/SP7. If the
high water level is at or below the top sampling point, we then have no sand in the
sample.

It can thus be concluded that the fundamental characteristics of the sediment does not
change significantly either in space or in time. This leads to the key question of how
we can represent a bimodal sediment using a single parameter. The answer lies with
the conclusion stated above. The parameter has to take into account the fundamental
parameters as discussed above. A simple way of doing this is a weighted grain size
that have the sand percentage and {Dpg, Dps} or {D50g, D50s} embedded in it as
expressed below:

ܦ௪௧ = ܦ (1 − ߣ) + ܦ௦ ߣ

(3.6)

ܦ௪௧ହ = ܦହ (1 − ߣ) + ܦହ௦ ߣ

(3.7)

where λ is the sand percentage.

Figures 3.23~3.26 present the weighted grain sizes over the year cycle. Common to
all samples, the point top of the beach (SP1/SP6) has the largest sediment size. The
spatial trend for the remaining points is less clear but the range of variation is at a
totally different magnitude compared to D50. There is also a significant difference
between the managed and undisturbed section of the beach. On the managed section
of the beach (SP1~SP5), the spatial cross-shore fluctuation is higher than for the
undisturbed beach (SP6~SP10).

Figures 3.27 & 3.28 compare the weighted grain sizes between the managed and
undisturbed beach sections by way of using the mean and standard deviation of the
five samples. It can be seen that the undisturbed beach shows a clearly defined
periodic behaviour in terms of both size definitions. The absolute standard deviation
is of the same magnitude but the size defined in terms of the peak density is higher
than the median size related definition. The beach management activities clearly have
an influence on the sediment size variation but overall the impact seems to be small.
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Figure 3.17 D50g versus dates (SP1~SP5)
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Figure 3.18 D50g versus dates (SP6~SP10)
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Figure 3.19 D50s versus dates (SP1~SP5)
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Figure 3.20 D50s versus dates (SP6~SP10)
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Figure 3.21 Variation of sand percentages over time (SP1~SP5)
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Figure 3.22 Variation of sand percentages over time (SP6~SP10)
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Figure 3.23 Variation of Dwtp over time (SP1~SP5)
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Figure 3.24 Variation of Dwtp over time (SP6~SP10)
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Figure 3.25 Variation of Dwt50 over time (SP1~SP5)
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Figure 3.26 Variation of Dwt50 over time (SP6~SP10)
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Figure 3.27 Comparison between managed and undisturbed beaches in terms of Dwtp
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Figure 3.28 Comparison between managed and undisturbed beaches in terms of Dwt50
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3.4.4 Influence of beach management on sediment characteristics
As discussed in the preceding text, the beach takes a few months to evolve into a more
stable condition as far as the sediment distribution is concerned. Throughout the
winter months, the managed beach section had new material added in small quantities
to make up for the excessive depletion of the beach material. Compared to the
undisturbed section, the sediment shows a less definable trend in terms of the crossshore variation and over time. While the influence of the maintenance is evidently
there, the significance seems small. Table 3.4 gives a summary of the statistical
analysis of Dwtp and Dwt50 for the duration of one full year cycle between two annual
recharges. It can be seen that with respect to the weighted grain sizes, the beach
management has a limited influence on the underlying sediment characteristics. The
annual recharge has the greatest impact but the beach quickly evolves into a relatively
stable setting.

12 month mean of spatially
averaged Dwtp (mm)
12 month mean of Dwtp spatial
(cross-shore) standard deviation
(mm)
Standard deviation with respect to
12 month mean Dwtp (mm)
12 month mean of spatially
averaged Dwt50 (mm)
12 month mean of Dwt50 spatial
(cross-shore) standard deviation
(mm)
Standard deviation with respect to
12 month mean Dwtp (mm)

Managed
Section

Undisturbed
Section

Difference as
percentage of Dwt

7.46

7.64

2.4%

1.6

1.11

6.4%

1.37

1.11

3.4%

4.99

5.24

4.8%

0.87

0.63

4.6%

0.87

0.62

4.8%

Table 3.4 Comparison of Statistical data between disturbed and undisturbed section
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3.5 Conclusions
This chapter has described the sediment distribution at two selected longshore
location, each containing 5 sampling points. The collection of the samples were
carried out periodically as well as when significant changes took place, such as annual
recharges, transfer of stockpile material and local recycling of sediment material.
Analyses were carried out in terms of the spatial variation of the sediment size and
distribution. The sediment characteristics were also examined in depth with respect to
time.

Furthermore, the influence of the beach management on the sediment

characteristics is also looked at. The main conclusions from the analysis are as
follows:
•

The sediment shows a distinctive bi-modal characteristic. A new characteristic
parameter is introduced, referred to as the retention density of the sediment
distribution. The new parameter ensures that the distribution of the sediment
sizes is truly reflected rather than a bias towards the coarse fraction of the
sediment mix.

•

Conventional presentation of the sediment in terms of median size D50
together with D95, D84, D16, and D5 was shown to be grossly insufficient in the
characterisation of a mixed sediment of a bi-modal nature.

The sorting

parameter (standard deviation of the sediment sizes) is unable to provide any
definable behaviour apart from the well known fact that the sediment on a
mixed beach is always extremely poorly sorted irrespective of the location and
time.
•

A group of new grain size definitions are introduced and these include the
peak grain sizes corresponding to the peak densities of the gravel and sand
fractions; the median sizes of the gravel and sand fractions. Analysis of the
sediment in terms of these parameters shows that the fundamental
characteristics of the sediment remains reasonably stable both spatially and in
time. The apparent changes in the sediment in space and time are more fragile
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to do with the tidal influence, which causes the percentage of the sand to vary
significantly both spatially and temporally.
•

Two additional grain sizes are also introduced, which take into account the
sediment properties of both fine and coarse fractions in combination with the
percentage of the sand fraction. The use of the weighted grain size, either
based on the peak grain sizes or the median sizes was shown to underpin the
true nature of the mixed sediment. Seasonal variations show clear patterns and
spatial variations are also better presented.

•

Apart from the period immediately after the annual recharge when the
sediment seems to undergo a significant natural sorting process, minor
maintenance activities such as local recycling do not seem to have a
significant impact on the fundament sediment characteristics.

•

For engineering applications involving mixed sediment, the use of
conventional median sized D50 should be avoided.

Instead, the sediment

should be characterised in terms of the peak median grain sizes of the two
fractions together with the percentage of the sand fraction. Where a single
size is required, the weighted grain size in terms of either the peak or median
sizes should be used.

100

4 Cliffing on recharged beaches
4.1 Introduction
Beach slopes are highly variable both temporally and spatially, depending on the
sediment properties, the prevailing wave condition and the tidal cycle. In general,
beach slopes are concave-upwards from mean low to mean high water through the
intertidal, to the swash zone where the beach face can often be as steep as the natural
angle of repose of the native sediments. Under certain conditions however, the
natural angle of repose can be exceeded, often creating a near vertical face seaward of
the beach crest as demonstrated by Figure 4.1, 4.2 & 4.3. The formation of such a
near vertical slope on beaches is referred to as ‘cliffing’ in the coastal engineering
industry. Although cliffing can occur on natural beaches, it is far more common on
recharged mixed sand and gravel beaches. The formation of cliffs on a recharged
beach not only reduces the beach’s capacity as a wave energy dissipater, but also
creates a public hazard due to its instability. Cliffing is a common problem on
recharged mixed sand-gravel beaches and has been a consistent issue at the Pevensey
Bay frontage where the beach is normally replenished on an annual basis.

A theoretical study by She et al (2006) indicated that the cliffing problem was likely
to be closely related to the presence of a high percentage of sand in the replenishment
material but further study was needed by means of direct field observations. This
chapter presents the investigation into the cliffing problem based on the information
collected at Pevensey Bay. The primary objectives are as follows:
•

To examine the possible underlying relationship between the sand percentage
and occurrence of cliffing;

•

To investigate the effects of beach slope on formation of cliffing;

•

To look at the influence of wave climate on the occurrence of cliffing.
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Figure 4.1 Cliffing near the rock revetment (30th July 2007) at the east of Sovereign
Harbour

Figure 4.2 Cliffing after storm weather (31st Dec 2007)
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Figure 4.3 Cliffing at Pevensey Bay (17th Jan 2008), with the height 2.5 m

4.2 Collection of cliffing samples
Cliffing can happen under various conditions and is difficult to predict in advance. To
catch the cliffing events, a computerised CCTV system was set up within Martello
Tower (refer to Chapter 2, Figure 2.2), transmitting images of the beach to the base at
5 minute intervals. The system helps to decide whether a trip to the site is needed.
However, it is not always possible to collect sediment samples when a significant
cliffing event occurs. This is due to the onsite maintenance activities. At Pevensey
Bay a bull dozer is always on standby to remove cliffs and to re-profile the beach
surface after any significant storm event. This is necessary not only for the public
safety consideration but also in order to ensure the best possible beach condition ready
for the next storm attack.
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To draw comparisons of the characteristics of the sediment before, during and after
the recharge the data of the characteristics from when cliffing occurred is also needed.
Over a 24 month period between Jan 2007 and Dec 2008, four significant cliffing
events were identified from the CCTV and a total of 19 sediment samples were
collected – 5 samples taken for each event along the frontage of investigation at about
80m intervals in the longshore direction. Each sample was taken at the mid-point of
the cliff face. Corresponding to each of these events, 10 sediment samples were taken
at the regular location as described in Chapter 3.

Cliffing Date

Regular Sampling
(10 bags each time)

Survey

30th Jul 07

26th Jul 07

30th Jul 07, 2nd Aug 07

30th Jul 07

31st Dec 07

28th Dec 07

31st Dec 07, 7th Jan 08

31st Dec 07

17th Jan 08

12th Jan 08

17th Jan 08

27th Jan 08

10th Nov 08

7th Nov 08

10th Nov 08

7th Nov 08

Table 4.1 Surveys and regular sediment sampling at, before and after cliffing event

Beach Crest

of

Prevailing

GP08

GP09

Normal samples

Direction

GP07

Normal samples

GP06

GP05

alongshore transport

Figure 4.4 Location of sample positions in relation to cliffing (Blue points)
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4.3 Results and discussions
4.3.1 Characteristics of sediment samples
Field experience and past studies both indicated that the occurrence of cliffing on
mixed beaches is directly related to the physical characteristics of the sediment mix.
In Chapter 3 we have shown that the sediment samples collected from the beach
surface show a strong bi-modal character. The samples taken on the cliffing face
were expected to show a similar behaviour but the actual results show a somewhat
different picture.

The cliffing samples all show three peaks and these are

demonstrated in Figures 4.5-4.7. This is in contrast to the clearly defined two-peak
characteristics for samples collected at the normal positions on the beach. Between
the fine sand and coarse gravel, there is an intermediate sediment size where the third
peak appears. This intermediate grain size corresponds to the very coarse sand. It is
possible that this behaviour is coincidental rather than an underlying mechanism and
more data would be required before any firm conclusions can be drawn.
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Figure 4.5 Sediment distribution in terms of density function RD (Sample 2)
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Figure 4.6 Sediment distribution in terms of density function RD (Sample 14)
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Figure 4.7 Sediment distribution in terms of density function RD (Sample 18)

As discussed in Chapter 3, the fundamental characteristics of the beach sediment do
not change significantly over the course of 12 months between two annual recharges.
Cliffing occurs as a result of the wave action cutting back the beach crest and the
cliffing sediment samples represent the sediment deep in the beach crest. As the size
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distribution shows a very different character compared to the normal samples it is
likely that there is difference in terms of characteristic grain sizes as defined in
Chapter 3. These are shown in Figures 4.8~4.12. For completeness D50 is also
included although it was concluded that D50 is of no real significance in reflecting the
sediment size distribution. As expected, there is a large scatter in D50. The peak grain
size Dpg for the coarse fraction fluctuates slightly around a mean of 9mm and the same
may also be said about D50g, the median size of the coarse fraction. Dps shows two
distinct groups, one at about 0.3mm and the other at 1.2mm. These correspond to two
of the three peaks discussed earlier. The median size of the sand fraction is however
fairly constant, with a value of approximately 0.31mm. As the samples were taken at
different locations along the shoreline, it indicates that there is very little variation in
these fundamental sediment characteristics. In terms of the weighted grain sizes, the
variation between the collected sediment samples is also small as shown in Figures
4.13 & 4.14. Compared with the mean values of the normal samples taken from the
beach, the weighted sediment sizes are approximately 1mm smaller. This may be
explained by the fact that the percentages of sand in these samples are higher than the
samples taken at the normal positions. The sand percentage and sort parameter are
shown in Figures 4.15 & 4.16, respective. It is clear that the sediment is in the class
of “extremely poorly sorted”. The sand percentage is consistently very high, varying
from 34% up to 50% with only one down to 30%.

In a theoretical analysis, She (2006) suggested that the physical characteristics of a
mixed sediment changes significantly at a critical sand percentage. It was suggested
that the sediment containing a sand percentage greater than the critical value is a prerequisite of the cliffing phenomenon. She also showed that the critical sand
percentage is around 34% based on a uniform sand grain size. This value can be
significantly lower if the sediment is subjected to compaction. As a maintained beach
system, the beach crest is continuously run over by heavy machineries transferring
sediment material onto the beach and recycling and re-profiling the beach. Current
results seem to support the theoretical findings of She (2006).
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Figure 4.8 Median grain size D50
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Figure 4.9 Peak grain size Dpg of coarse fraction
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Figure 4.10 Peak grain size Dps of fine fraction
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Figure 4.11 Median grain size D50g of coarse fraction
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Figure 4.12 Median grain size D50s of fine fraction
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Figure 4.13 Weighted grain size Dwtp
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Figure 4.14 Weighted grain size Dwt50
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Figure 4.15 Sand percentages
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Figure 4.16 Sediment sorting

4.3.2 Wave climate
In the preceding discussions, it was clear that the sediment condition plays an
important role in the occurrence of cliffing. But the critical sand percentage is only a
pre-requisite. It cannot happen without the most important driver of all.

Field

experience seems to indicate that the presence of storm wave energy is an important
condition but swell waves of sufficient wave energy could also cause cliffing. The
wave and tidal records preceding and through the four cliffing events are shown in
Figures 4.17~4.20. It must be noted that the date written down for the cliffing event
refers to when the phenomenon was noticed and the actual process may have taken
place during any of the preceding high tides. The wave and tidal condition of the two
to four tides in advance of the stated cliffing events should be considered in search for
answers. The wave angle shown in the diagrams are with respect to the north. In all
four events, the wave angles were about 210 to 220 degrees. This is a few degrees
with respect to the shoreline normal.

Based on the wave data of the three tides preceding the low tide when survey and
sampling were carried out, we can group the wave conditions into two categories.
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The first includes events 1 and 4 where the wave periods was in the range of 6~8s
while the significant wave height was over 1m. This wave period is typical of storm
waves but clearly a 1m wave does not belong to this category but it is only a
superficial matter. For convenience, these two events may termed as storm condition
related, characterised by relatively high energy of storm wave periods. The second
group includes cases 2 & 3 where the wave conditions were characterised by long
wave periods (10 and 14s) and low level wave energy (0.5m). While there are clear
differences between the wave characteristics, all cases had very similar wave
approach angle.

In addition, they took place when then the tide range was

approaching that of the spring tide. The high water level all exceeded 6m. The
significance of the the high tide level will be further discussed in the next section in
the context of beach slopes. From above discussions, it seems that long swell waves
as well as waves of storm characteristics can both lead to cliffing but it can only
happen if the wave action conincides with high water level approaching spring tide.
This is in addition to the appropriate sediment condition as discussed in the previous
section. Storm wave condition alone does not cause cliffing. Storms of greater wave
energy have been ovserved without causing cliffing (Table 4.2).
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Figure 4.17 Wave and tidal records corresponding to cliffing event 1 (30/07/2007)

Figure 4.18 Wave and tidal records corresponding to cliffing event 2 (31/12/2007)
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Figure 4.19 Wave and tidal records corresponding to cliffing event 3 (17/01/08)
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Figure 4.20 Wave and tidal records corresponding to cliffing event 4 (10/11/2008)
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Recharge/transfer/recycle

Storm Events

Cliffing Events

23rd to 25th July 2007

N/A

30th July 2007

9th August 2007

29th Dec 2007

31st December 2007

11th , 15th , 17th Dec 2007

17th January 2008

9th , 10th Nov 2007

10th November 2008

15th October 2008

Table 4.2 Recharge events and the dates when cliffing samples were taken

4.3.3 Influence of the beach slopes
Pure gravel beaches tend to have a slope of approximately 1:7. Past studies and also
the results presented in Chapter 2 indicated that a mixed beach tends to have naturally
stable slope between 1:10 ~ 1:12. At Pevensey Bay as well as many other sites
around the UK, the beach is artificially maintained at a much steeper slope. The
general characteristics of the Pevensey beach may be described using Figure 4.21.
There is a steep slope towards the crest with no distinctive presence of a berm below
the high water line. Away from the steep slope near the beach crest, the beach surface
is almost a straight line most of the time, as discussed in Chapter 2.

Figure 4.21 General characteristic of the Pevensey Bay

As shown in Figure 4.21, the beach is made up of three distinctive sections in the
cross-shore direction: a beach crest L1 at approximately 6m AOD (H1+H2), lower
and generally wetted section L1 of gentle slope that extends seawards for
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approximately 45m (L1), and a third section L2 between L1 and L3. L3 has a much
steeper slope then L1.

As a managed beach the Pevensey Bay beach is maintained in such a way that the
beach crest width does not go below a specified value.

Apart from the annual

recharges, the crest width is maintained using a combination of three methods:
addition of new material by transferring the stockpile material, use of material
recycled from further down along the shoreline, and re-profiling the beach. Clearly,
the system is never allowed to evolve into one of true equilibrium. With limited
resources, a more gradual transition is not possible. The beach slope in section L2 is
always very large, and sometimes as much as 1:2. This may be demonstrated by
Figures 4.22 & 23, each showing the beach profile prior to and after the cliffing event.
The consequence of this artificial beach configuration is the creation of a condition for
cliffing to occur. The reasoning will become clear after a discussion concerning the
hydraulic conductivity of mixed sediment.

Figure 4.22 Beach profile after the recharge and during the cliffing in July 2007
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Figure 4.23 Beach profile during the cliffing in Jan 2008

Pure gravel beaches are extremely effective in dissipating incident wave energy for
two reasons. The first is that the large particle sizes make them relatively less mobile
and thus more resistant to longshore transport. The second is that pure gravel has a
very high hydraulic conductivity and thus allows very high percolation flow into the
porous media. The wave energy is largely dissipated through the percolation flow.
The situation with a mixed beach is that the hydraulic conductivity may be
significantly reduced due to the presence of sand. She (2006) demonstrated that the
hydraulic conductivity of a mixed sand-gravel sediment can be reduced to
approximately the same level as the constituent sand when the sand percentage
exceeds 30%. This has significant impact on the ability of a mixed beach to dissipate
the incident wave energy. A greater proportion of the wave energy is reflected back
into the sea. Obviously the greater the beach slope, the higher the percentage of wave
reflection. At a sufficient steepness, wave reflection can create the effects close to
that of a standing wave, leading to a well known scouring effect.

It now follows that the maintenance of a steep slope just above the mean high water
line in combination with a high sand percentage creates a condition where wave
reflection becomes significant enough to cause fast depletion of material at the “toe”
of the steep slope section L2. However, a cliff cannot be formed unless there is
sufficient strength in the bulk sediment. She (2006) showed that a cliff can be created
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with a mixed sand and gravel sediment when the sand percentage exceeds 36%
approximately. This critical percentage may be much smaller if there is compaction
as in the present case. The sediment samples collected at the cliffing events showed
that the beach crest contains sand percentages over 34% with the exception of one
sample. The required bulk strength of the sediment combined with strong scouring
effects leads to the creation of cliffs on the beach.

Obviously, wave condition must be right and the water level must reach the steeper
part of the beach. As such, cliffing does not happen at neap tide. In terms of the
wave energy, the longer the wave period, the lower the energy requirement. The
reason is that long waves have greater run-up energy.

In summary, the slope configuration forms an integral part of the phenomenon of
cliffing on mixed beaches.

4.4 Conclusions
Cliffing is a complicated problem. This chapter investigated the mechanism of the
cliffing phenomenon by examining the field data collected at Pevensey Bay. The data
include sediment samples taken at four cliffing events and the corresponding beach
surveys.

The wave and tide data were obtained from the Channel Coastal

Observatory. The data analysis shows that cliffing on a mixed beach is the result of
the combined effect of several separate factors:
•

The sediment in the beach crest needs to contain a high percentage of sand.
A critical percentage of 34% seems a good estimate but a lower percentage
down to 30% may also be enough, depending on the level of compression
and the size of the sand fraction.

•

Sufficient wave energy must be present but the actual wave height depends
on the wave period. Swell waves of much smaller heights can have the same
effect as storm waves of moderate energy.
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•

Beach slope near the crest has an important role. A steep slope creates a
condition for large refection and allows local scouring to occur.

•

And finally, under a micro-tidal environment, the high water level must be
sufficient to reach the steeper part of the beach near the crest. At neap tide,
the wave action takes placed in the lower part of the beach and normal
sediment processes take place.
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5 Modified Rainbowing Technique
5.1 Introduction
Beach recharge programmes in the UK largely rely on sediment material via offshore
dredging and a review on the subject can be found in She et al (2006). Normal
recharge operations involve a dredger that dredges the sediment material from a
designated area in offshore water. When fully loaded, the dredger then sails to the
destination beach where the dredged material is discharged onto the beach directly
(via rainbowing technique, through a submerged pipeline) or indirectly (using a splitbottom barge) from the dredger. Once on the beach, the recharge material is normally
bulldozed into position to achieve the design slope. The discharge operation generally
takes place during high tide, which gives approximately an hour to complete the
process. Both the dredging and discharge operations are weather dependent and as
such beach recharge is usually carried out during the summer months.

The rainbowing technique is a popular method of sediment discharge and distribution
by using a high pressure pump that sends the sediment (mixed with water) on to the
beach (Figure 5.1). It is the rainbow-like trajectory of the mixed water and sediment
that gives the name for the technique. A significant advantage of the traditional
rainbowing technique is that the sediment can be sent on to the beach over a long
distance covering a large surface area, thus minimising the need for heavy plant work
on the beach. At Pevensey Bay, the traditional rainbowing technique cannot be used
due to safety considerations. There are residential properties in close proximity to the
beach and pumping sediment at a large distance has the potential to cause damage to
the properties and injure residents. To avoid this problem, Westminster Dredging
(one of the partners of the Pevensey Coastal Defence Ltd) derived a modified
rainbowing technique. The dredger ‘Sospan Dau’ is a modified barge that is able to
come into very shallow water, allowing the sediment to be pumped onto the beach
over a relatively short distance (Figure 5.2). The sediment is delivered onto the beach
foreshore at high tide in the form of a sediment mound which is re-distributed across
the beach at low tide by means of heavy plant work.
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During the course of early applications of the modified rainbowing technique, it was
observed that as the sediment was pumped onto the beach, sediment sorting took
place and there was a certain level of segregation between coarse and fine material.
(She et al, 2006). As discussed in Chapter 4, the problem of cliffing was closely
linked to the percentage of sand in the beach material and suggested that controlling
the sand percentage in the upper beach may be a way forward in alleviating the issue.
As the modified ‘rainbowing’ technique has a tendency of separating the coarse
aggregate from the fines, the coarse sediment can be easily placed in the upper beach
while the fines are left in the foreshore area during the redistribution process. Early
experiments with the method showed a varying degree of success. While the cliffing
problem was alleviated to an extent, the sediment sorting within the mound was
highly variable. This chapter looks at the sediment sorting within the discharged
sediment mound and investigates the factors that affect the sorting process. The
objectives of this investigation are as follows:

•

To examine the underlying trend of sediment size distribution across the
discharged sediment mound;

•

To examine the factors that influence the size distribution of the sediment;

•

To look at the benefits of the modified rainbowing technique;

•

To explore possible ways to enhance the effectiveness of the technique.
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Figure 5.1 Conventional rainbowing technique (http://www.havant.gov.uk)

Figure 5.2 Modified rainbowing technique at Pevensey Bay 2007
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5.2 The method of investigation
The annual recharge of the section of the beach under study normally takes place
during the period between August and November and the sediment is discharged on
the east side of Sovereign Harbour (Refer to Chapter 2, Figure 2.2). Table 5.1 lists
the deliveries made in 2007 when the sampling of the sediment mound took place.
There is a beach survey including sediment sampling prior to the commencement of
the recharge and another after the event. The whole operation takes two to four weeks
to complete, depending on the prevailing weather condition.

Limited sampling exercise in an earlier study by She et al (2006) indicated that there
was a significant variability in the sediment distribution between sediment mounds of
different deliveries. In order to take the investigation into a greater depth, it is
necessary to carry out extensive sediment sampling of the sediment mound covering a
sufficient number of deliveries. The decision on the sampling positions and the
number of samples to take was made after initial visual inspections of early delivered
sediment mounds while taking into account the time scale of post-processing and
analysis. Sieve analysis is an extremely time consuming process and requires two
people working in a team and the plan of work has to take this into consideration.
Figure 5.3 shows the plan view of the sediment mound and positions where the
sediment samples are collected.

Figure 5.4 gives a cross-sectional view of the

sampling positions in the cross-shore direction while Figure 5.5 shows the sampling
points in the sediment mound in the longshore direction.

Table 5.1 lists dates on which the sampling of sediment mounds took place. A total of
10 samples were taken for each sediment mound although one sample was lost in
transit for two of the collections.
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Figure 5.3 Plan view of sampling positions across the sediment mound
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size
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Figure 5.4 Cross-sectional view of sampling positions in cross-shore direction
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Figure 5.5 Cross-sectional view of sampling positions in longshore direction
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Sampling of
sediment mounds

Surveys before and after
recharges
Before
After

Sediment sampling on the
beach, pre & post-recharges
Before
After

23rd, 24th, 25th July,
2007

16th Jul, 2007

23rd Jul 2007

16th Jul, 2007

23rd Jul, 30th
Jul, 2007

9th Aug, 2007

2nd Aug, 2007

19th Aug 2007

2nd Aug, 2007

9th Aug, 19th
Aug, 2007

4th Oct, 2008

30th Sep, 2008

5th Oct, 2008

30th Sep, 2008

4th Oct, 28th
Oct, 2008

Table 5.1 Sampling records of 2007/08 beach recharges

5.3 Sediment distribution
It was shown in Chapter 3 that the sediment on the Pevensey beach exhibits a strong
bi-modal characteristic. Naturally, the source material dredged and delivered onto the
beach is expected to show the same character. However, as the sediment-water
mixture is pumped off the dredger through a pipe, sediment particles of different sizes
will move with the water flow in different directions and settle down at different rates.
This leads to different characteristics in the size distribution across the mound. The
landward part of the mound is strongly bi-modal but the characteristics gets weaker as
we move cross-shore towards the seaward side of the mound.

This can be

demonstrated by reduced retention density of sand as shown in Figures 5.6, 7 & 8.
The samples taken in the longshore cross-section are generally bi-modal but there are
occasional exceptions if the delivery is under a somewhat windy condition. Two
longshore samples are shown in Figures 5.9 & 5.10.
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Figure 5.6 Strongly bi-modal: Cross-shore sample S1 on 2007-07-23
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Figure 5.7 Bi-modal: Cross-shore sample S3 on 2007-07-23
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Figure 5.8 No obvious bi-modality: Cross-shore sample S5 on 2007-07-23
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Figure 5.9 Strongly bi-modal: Longshore sample S8 on 2007-07-23
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Figure 5.10 Strongly bi-modal: Longshore sample S10 on 2007-07-23

As described in Chapter 3, use of conventional parameters to describe of a bi-modal
mixed sediment is not effective. A number of new parameters have been introduced
by first separating the coarse fraction of the sediment from fine. Coarse fraction is
defined as sediment particles with a minimum size of 2mm. The fine fraction refers
to grain sizes below 2mm. Based on this concept the following parameters have been
defined:
•

Peak sediment sizes Dpg/Dps: a nominal diameter corresponding to the peak
density of the gravel/sand fraction of the sediment sample;

•

Median gravel/sand sizes D50g/D50s: a median diameter of the gravel/sand fraction
of the sediment sample;

•

Weighted sediment size Dwtp: defined in terms of Dpg, Dps and sand percentage λ;

•

Weighted sediment size Dwt50: defined in terms of D50g, D50s and sand percentage
λ.

The above parameters are now used to examine the variations of the sediment sizes
across the mound in cross-shore and longshore directions.

The following

observations may be made with respect to these parameters.
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a) With respect to Figures 5.11 to 5.15, it is clear that there is no significant variation
in Dpg in either cross-shore direction or longshore direction. This gives a first
indication that the core of the coarse fraction of the sediment is not greatly
affected by the interaction between the jet of the water-sediment mix and the sea
water. This is possibly because these particles have relatively large fall velocity
compared to any uplift that may be caused by the turbulence in the water.
b) In contrast, the peak of sand fraction seems to be more variable, particularly in the
cross-shore direction, as can be seen from Figure 5.16 to 5.20. As the jet of watersediment mix meets the sea water, significant turbulence is generated.

This

turbulence can force the particles into suspension; and the smaller the grain size,
the more likely the particles are forced into suspension. As the jet moves forward
in the shoreward direction, the smallest of the sand fraction is more easily carried
landward.
c) In terms of D50g as shown in Figure 5.21~5.25, there is clear evidence that the
median size of the coarse fraction increases as we move from shoreward-most
point towards the sea. This indicates that although the coarse sediment is less
prone to the influence of the turbulence, the finer of coarse grains is still under the
influence of the turbulence. In the longshore direction, the variation in D50g shows
a general trend of decease from in the northeast direction (S7 to S11). This trend
is likely associated with the longshore drift and will be discussed later.
d) With respect to D50s, the sand fraction has a tendency of overall size increase
although this is not significant (refer to Figure 5.26~30). Nevertheless, it confirms
that the turbulence has a greater influence on the smaller grains and tends to help
carry these shoreward.
e) Based on the weighted grain size Dwtp and Dwt50 presented in Figure 5.31~5.40, it
is clear that in the cross-shore direction the grain size increased as we move in the
seaward direction. This is due to a combination of increased size of the coarse
fraction and a decreased percentage of the sand fraction as shown below.
Similarly, there is a general trend of size reduction as we move north-easterly (S7
toward S11). Again, the longshore drift is the likely cause and will be discussed
further down.
f) The percentage of the fines is shown in Figure 5.41~5.45. While there is a general
increase toward northeast in the longshore direction, the sand percentage
decreases as we move cross-shore toward the sea. The cross-shore result confirms
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the discussion earlier that the very fine fraction of the sediment is carried
landward due to the forward flow and a more prolonged suspension of these
sediment particles.
g) Figure 5.46~48 show the wave conditions corresponding to the high tides when
the sediment was discharged onto the beach. The wave energy varied from 0.4m
to 0.75m and the wave direction was consistently north-easterly. Without the
need for detailed calculations, it is certain that longshore current was present.
While the turbulence of the jet led to the suspension of the fines, the longshore
current helps to carry them in the longshore direction. The means that more of the
fines were migrated in the northeast direction, resulting in reduced sand fraction
on the southwest side (S7, S8, S9) of the sediment mound.
It can be seen from the above discussions that there is a trend of sediment size
variation in the longshore direction but this change is dependent on the weather
condition. However, the trend that was shown in the cross-shore direction does not
seem to be affected by the weather within the limit of 0.75m waves. This fact may be
used as a useful guide for beach management and this will be discussed in the next
section.
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Figure 5.11 Variation of Dpg in cross-shore and longshore direction (2007-07-23)

131

18
16
14

Dpg (mm)

12
10
Cross-shore

8

Longshore

6
4
2
0
0

1

2

3

4

5

6

7

8

9

10

11

12

Sample ID

Figure 5.12 Variation of Dpg in cross-shore and longshore direction (2007-07-24)
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Figure 5.13 Variation of Dpg in cross-shore and longshore direction (2007-07-25)
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Figure 5.14 Variation of Dpg in cross-shore and longshore direction (2007-08-09)
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Figure 5.15 Variation of Dpg in cross-shore and longshore direction (2008-10-04)
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Figure 5.16 Variation of Dps in cross-shore and longshore direction (2007-07-23)
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Figure 5.17 Variation of Dps in cross-shore and longshore direction (2007-07-24)
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Figure 5.18 Variation of Dps in cross-shore and longshore direction (2007-07-25)
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Figure 5.19 Variation of Dps in cross-shore and longshore direction (2007-08-09)
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Figure 5.20 Variation of Dps in cross-shore and longshore direction (2008-10-04)

25

D50g (mm)

20

15
Cross-shore

10

Longshore

5

0
0

1

2

3

4

5

6

7

8

9

10

11

12

Sample ID

Figure 5.21 Variation of D50g in cross-shore and longshore direction (2007-07-23)
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Figure 5.22 Variation of D50g in cross-shore and longshore direction (2007-07-24)
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Figure 5.23 Variation of D50g in cross-shore and longshore direction (2007-07-25)
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Figure 5.24 Variation of D50g in cross-shore and longshore direction (2007-08-09)
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Figure 5.25 Variation of D50g in cross-shore and longshore direction (2008-10-04)
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Figure 5.26 Variation of D50s in cross-shore and longshore direction (2007-07-23)
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Figure 5.27 Variation of D50s in cross-shore and longshore direction (2007-07-24)
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Figure 5.28 Variation of D50s in cross-shore and longshore direction (2007-07-25)
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Figure 5.29 Variation of D50s in cross-shore and longshore direction (2007-08-09)
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Figure 5.30 Variation of D50s in cross-shore and longshore direction (2008-10-04)
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Figure 5.31 Variation of Dwtp in cross-shore and longshore direction (2007-07-23)
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Figure 5.32 Variation of Dwtp in cross-shore and longshore direction (2007-07-24)
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Figure 5.33 Variation of Dwtp in cross-shore and longshore direction (2007-07-25)
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Figure 5.34 Variation of Dwtp in cross-shore and longshore direction (2007-08-09)
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Figure 5.35 Variation of Dwtp in cross-shore and longshore direction (2008-10-04)
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Figure 5.36 Variation of Dwt50 in cross-shore and longshore direction (2007-07-23)
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Figure 5.37 Variation of Dwt50 in cross-shore and longshore direction (2007-07-24)
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Figure 5.38 Variation of Dwt50 in cross-shore and longshore direction (2007-07-25)
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Figure 5.39 Variation of Dwt50 in cross-shore and longshore direction (2007-08-09)
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Figure 5.40 Variation of Dwt50 in cross-shore and longshore direction (2008-10-04)
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Figure 5.41 Variation of sand percentage in cross-shore and longshore direction
(2007-07-23)
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Figure 5.42 Variation of sand percentage in cross-shore and longshore direction
(2007-07-24)
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Figure 5.43 Variation of sand percentage in cross-shore and longshore direction
(2007-07-25)
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Figure 5.44 Variation of sand percentage in cross-shore and longshore direction
(2007-08-09)
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Figure 5.45 Variation of sand percentage in cross-shore and longshore direction
(2008-10-04)
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Figure 5.46 Wave conditions on the day of delivery: 23/24/25, Jul 2007
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Figure 5.47 Wave conditions on the day of delivery: 09 Aug 2007
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Figure 5.48 Wave conditions on the day of delivery: 04 Oct 2008

5.4 Modified rainbowing technique and beach management
The modified rainbowing technique originally evolved from the conventional
rainbowing method. Due to the residential homes being in close proximity of the
Pevensey beach, the conventional rainbowing method was deemed unsafe to use. The
benefits and its potential uses as a beach management tool go far beyond its original
intention. Below is a discussion on some of the benefits and potential uses for
improved beach management practices.

5.4.1 Efficiency of delivery
As a dual purpose vessel converted from a barge, the Sospan Dau serves as a dredger
without the need for a separate system to transfer the dredged material onto the beach.
The operational efficiency is very high. In addition, there is a reduced need for heavy
plant operations, which leads to reduced compaction. Heavy compaction of the beach
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material has a negative impact on the performance of the beach as a wave absorber.
The efficiency of the beach to absorb the incident wave energy depends on a number
of factors, including the beach slope, sediment size and permeability. The
permeability of the porous media affects the inefficiency by way of controlling the
percolation flow into and out of the media. The greater the permeability the higher
the flow rate through the media and the more energy loss. The permeability of the
porous media is determined by the sediment properties and is also affected by the
state of compaction. The greater the compaction, the smaller the permeability. By
reducing the need for heavy plant operations on the beach, the modified rainbowing
technique has the effect of improving the efficiency of the beach system.

It is generally known to coastal engineers that there is always a difference between the
volume of dredged sediment and that measured on the beach. The dredged volume is
measured in terms of what is deposited into the dredger while the volume deposited
on the beach is via post-recharge surveys.

That is in the dredger is free from

compaction but this is unavoidable as the sediment is distributed over the beach
surface by means of heavy plant operations. In addition, a varying degree of sediment
loss can also take place due to longshore transport, although this is greatly influenced
by the weather condition. The general consensus is that up to 30% of volumetric
differences can be expected. Table 5.2 shows the amount of dredged material from
2006 to 2008. The measured volume is included for comparison. It can be seen that
the delivery rate is consistently very high with the loss of volume maintained at
around 10%.

9 km

Volume of
Recharge
(m3)
18501

Owers Bank

Survey
Results
(m3)
16238

2007

9 km

20371

Owers Bank

18059

11%

2008

9 km

11203

Owers Bank

10268

9%

Year

Length of
Frontage

2006

Source of
Recharge

Difference
12%

Table 5.2 Beach recharge at Pevensey Bay (Data source: PCDL)
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5.4.2 Alleviation of the cliffing problem
In Chapter 4 the problem of cliffing was discussed. It was concluded that one of the
prerequisite of cliffing is that the sand percentage in the sediment reaches a critical
value. It was suggested that this critical value may be at 30% if the compaction of the
sediment is taken into consideration.

It was also suggested that it is the sand

percentage of the beach crest material that is important.
In Section 5.3 we looked at the sediment characteristics and size variation of the
sediment mound. It was clear that the discharge method of the modified rainbowing
technique has the effect of sorting the sediment in terms of the sizes. It was shown
the seaward side of the sediment mound generally has a much lower sand percentage
at below 30%. If this part of the sediment mound is used to top up the beach crest
section, it should have the effect of either removing or alleviating the problem of
cliffing. The concept of using the coarse material in the upper beach had been tried
out at Pevensey Bay and there was sufficient field evidence of improvement although
no detailed records were kept about the cliffing events prior to 2007.

5.5 Conclusions and recommendations
Recharge deposition mounds were sampled during the 2007 and 2008 Pevensey
recharge operations, with samples collected in both cross-shore and longshore
directions within the sediment mound. The majority of the sediment samples are
bimodal but the bimodal character tends to disappear as we move to the seaward side
of the mound. This is also accompanied by an increase in the weighted grain size and
significantly reduced sand percentage.
There are distinctive advantages in the introduction of the modified rainbowing
technique as a method of beach management tool. It is efficient in its operation with
reduced operational cost due to reduced volumetric loss of material. Lower demand
for heavy plant work means a more efficient beach system in absorbing the incident
wave energy. The fact that the sediment size increases while the sand percentage
reduces toward the seaward side of the mound may be utilised as an efficient means,
both economically and operationally, to alleviate the problem of cliffing.
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6 Beach Management
6.1 Introduction
Pevensey Bay coastal defence is a unique system in that it is managed on the microscale. Pevensey Bay Coastal Defence Ltd (PCDL) has the sole responsibility for
ensuring the system meets the standard as specified by DEFRA. According to Ian
Thomas, Project Manager of Pevensey Coastal Defence Ltd, the Pevensey Bay
frontage was artificially nourished on several occasions on behalf of the Environment
Agency, with the contract lasting for 25 years from 2001 at a total cost of £30 million.
Originally, the contract applied to 8 km of shoreline, but the 1 km long Sovereign
Harbour frontage was added in May 2003.

As a privately own company, PCDL is obliged to be efficient in financial terms and
responsive in terms of dealing with anticipated or unforeseen events on the beach. As
such, an annual beach recharge has been combined with the use of a number of beach
management or maintenance techniques. For clarity, the following lists the terms
used to describe these techniques:
•

Recharging

This refers to the process of the beach being topped up with

new sediment material either being brought in by sea or from land sources. At
Pevensey Bay there is an annual recharging event that takes place in the summer
when the weather is relatively calm. A special purpose dredger 'Sospan Dau'
dredges the mixed sand and gravel from a designated offshore shingle bank, sails
back to Pevensey Bay at high tide and off-loads the material onto the beach by a
method referred to as the modified rainbowing technique as shown in Figure 6.1.
Annual recharge or replenishment is a necessity in order to compensate for the lost
material and maintain the overall beach volume.


Recycling This refers to the process of the sediment material being taken from
areas of accretion to locations of depletion. Recyling normally takes place within
a relatively short longshore distance with the material either being bull-dozed into
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place or moved by trucks. Long distance recycling is possible but it is not
financially viable. Figure 6.2 shows the recycling in action at Pevensey Bay
where the beach material is generally taken from the GP08/GP09 area and placed
in the area immediately downcoast (northeast) of the rock revetment (see Figure
6.3).


Sediment Transfer While the presence of the breakwater cut off the
sediment feed to the beach northeast of the Sovereign Harbour, there is a
continuous accretion of material on the other side of the breakwater. Annually,
approximately 5,000 m3 of material is collected from here and transferred by road
round the harbour to the other side. This material is normally stockpiled behind
the rock revetment but may also be used directly to fill the scour holes around the
rocks of the revetment. The scouring problem must be dealt with before any
damage is caused to the revetment. Figure 6.4 shows the stockpile material being
“transferred” on to the beach. The stockpile acts as an emergency source of
material for the winter months when the sea is often too rough for dredgers to be
operating for extended periods.



Re-profiling This is a process involving the movement of the sediment
material in the cross-shore direction by means of heavy machinery.

This

normally means that material in the lower part of the beach is taken to the upper
section of the beach so as to maintain the required crest width of the beach. The
overall profile configuration is altered with the naturally formed beach slope
destroyed. Figure 6.5 shows an example of beach re-profiling in action on the
Pevensey beach. As discussed in the previous chapters, storm waves tend to
flatten and lower beaches, causing the beach crests to retreat landward. Often the
beaches become steeper again during periods of calmer weather. Artificial beach
re-profiling may be viewed in a way as an attempt to speed up the process and
prepare the beaches for the onslaught of further storms.

The primary objective of this chapter is to review beach nourishment practices at
Pevensey Bay, issues relating to the effect of beach recharge and recycle, sediment
transfer and beach re-profiling. The impact of the beach maintenance techniques will
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be examined along with their relative effectiveness. The method of investigation is
twofold. The first is to look at the methods using field data collected over the course
of this study and the second is by laboratory means. The laboratory approach is with
specific reference to the re-profiling method.

Figure 6.1 Beach recharge – delivery of offshore dredged material

Figure 6.2 Beach Recycling
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Figure 6.3 Plan view recycling area

Figure 6.4 Transfer of stockpile material
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Figure 6.5 Beach re-profiling in action

6.2 Impact of beach management operations
Annual recharging of the beach is a necessity for the maintenance of the beach to the
required standard of defence.

It is by far the most important event in beach

management. It also has the greatest impact on the performance of the beach system.
It was shown in Chapter 3 that the sediment characteristics across the beach are
significantly different from those before the recharging event. It normally takes
around five months for the beach to evolve into a relatively steady state. As such, the
recharge of the beach should ideally take place in July/August so that enough time is
allowed for the beach settle before the winter waves start to impact on the beach.

The annual recharge is also an important event in that the beach crest material is
effectively decided at this point. The sediment content has significant influence on
the occurrence of cliffing as discussed in Chapter 4. In Chapter 5, the modified
rainbowing technique was examined in detail and it was shown that as the sediment is
discharged onto the beach, the sediment mound has a distinctively coarser mix on the
part seaward of the mound. It should be possible to take advantage of this and top up
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the beach crest with this material rather than redistributing the material
indiscriminately. With a low percentage of sand in the beach crest, the problem of
cliffing should be significantly alleviated.

By placing the coarser material in the upper beach also has the additional benefit of
improved performance. On a mixed beach, the longshore transport primarily takes
place through the swash process which happens in the upper beach. Coarser sediment
means greater percolation flow and more energy loss. Overall, a more efficient beach
system may be expected as a result.

It was shown in Chapter 2 that the erosion of the Sovereign Harbour frontage is
primarily the consequence of storm events over the winter months. Around 70% of
the overall loss takes place during this period. 40~60% of monthly sediment loss is
attributable to the storm events. The large loss of material, mostly in the beach crest
section, over a very short space of time means that measures other than the annual
recharge is needed to retain sufficient level of defence in terms of the beach crest
width. This is achieved by one of three means: use of stockpile material, re-cycling of
material from further downcoast of the shoreline, and beach re-profiling. The use of
stockpile material has the same impact as the annual recharge but at a much smaller
scale.

The transfer of the stockpile material is effective but is limited by its

availability. Good planning is essential to make sure that as much material as possible
is collected and stocked over the year.

Recycling of material from the accretion area to the eroded parts of the beach can be
very effective but it is only economically viable if it is done over a short distance. Its
use is thus a matter of economics and availability.

Local re-profiling of the beach is carried out in order to maintain the required beach
crest width when no other resources are available. The increase in the crest width is
achieved by moving the material from lower part of the beach up to the beach crest.
The immediate impact is that it has changed the beach slope in such a way that the
beach slope significantly deviates from its natural condition. The steep slope near the
beach crest coupled with the fine sediment being moved up to the crest creates a
condition for scouring to take place. This is likely to contribute to the creation of the
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cliffing problem. In addition, there is also the question of whether the action has any
real effects on increasing the level of defence against further storm attacks. The
answer to this question comes from further laboratory examination in the next section.

6.3 Laboratory study of beach re-profiling
As discussed earlier, re-profiling of the beach is an operation that artificially reshapes
the beach surface using existing beach material. Its aim is to ensure that the crest
width is maintained as required by the Environment Agency over time. The beach reprofiling operation uses part of the sediment rolled over to the backshore in order to
broad the crest width, creating a slope of around 1/4 seaward of the beach crest as
demonstrated in Figure 6.6. Maintaining a certain crest width is intended as a way of
ensuring sufficient defence capability against storm attacks but does it really work when
an unnaturally steep beach slope has to be used?

Figure 6.6 Slope change due to beach re-profiling operations

6.3.1 Experimental set-up
The basic concept is to carry out two sets of tests under identical wave conditions.
One series of tests are run with a mobile model beach set up with a uniform slope of
approximately 1:7. The beach profile evolution under various wave conditions are
recorded and used as a bench mark. The second series of tests are a repetition of the
first but with some of the beach material moved from the lower part of the beach up to
the crest to create an increased crest width but with an increased slope (1:4) seaward
of the crest. This is intended to recreate the effect of beach re-profiling operation. The
resulting beach slope is 1:4 near the crest and 1:10 in the lower part of the beach. For
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convenience we refer to the uniform slope model as a “natural” beach and the
1:4+1:10 as a “re-profiled” beach. By comparing the two sets of results, it should be
possible to evaluate the effectiveness of re-profiling as a means of improving the
beach’s defence capability.

6.3.1.1 Beach model
The experiment was carried out in the Coastal Research Facility at the University of
Brighton. The wave flume has transparent glass sides of 3m spans, which allows
imaging of the wave evolution if needed. It is 16m long, 1m deep and 0.465m wide.
Figure 6.7 shows the model dimensions of the “re-profiled” beach model. Each
experiment ran for 15 minutes, during which time profiles were measured every 5
minutes.

Figure 6.7 Natural beach and re-profiled beach models

After the slope has been constructed, the wave flume is filled up to the required
experimental water depth. Prior to each test run the beach surface is smoothed over to
remove any gross irregularities caused by the consolidating process and to also ensure
that the initial beach slopes are consistent throughout each test series.
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The water depth at the toe of the mixed beach model is 0.28m. The corresponding
prototype water depth is 3.5m based on a model scale of 1:12.5.
6.3.1.2 The model sediment size
Modelling of mixed sediment is difficult at small model scales. Trim (2003) showed
that modelling mixed sand-gravel beaches is possible by using sand as a model
material but the scale must be sufficiently large.

She demonstrated that valid

assessment of the beach response to wave action may be achieved using scales up to
1:12.5. Obviously, the larger the model scale is the better. In the current study, the
model was set up based on a scale of 1:12.5. The model sediment grading is shown in
Table 6.1.

SIEVE TEST
Sample = 500 g
Sediment size in Weight retained in each
(mm)
sieve (gr)
Retained (%)
8.00
0
0
5.60
0
0
4
190
38
2
106
21.2
1.18
68
13.6
0.43
29
5.8
0.36
20
4
0.30
8
1.6
0.25
3
0.6
0.13
31
6.2
Bottom pan
45
9
Sum up
500
100

Passing
(%)
100
100
62
40.8
27.2
21.4
17.4
15.8
15.2
9
0
0

Table 6.1 Model sediment size distribution

6.3.1.3 Wave conditions
In Chapter 4, the cliffing problem was investigated and it was shown that swell waves
of moderate wave energy can cause large volume losses at the beach crest, resulting in
cliffing just like storm waves. In the laboratory experiment here, the test conditions
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included both monochromatic and random wave conditions to represent the swell and
storm conditions.

The random waves are generated based on standard Jonswap

spectrum. Table 6.2 summaries the test conditions.

Regular Waves
Wave ID
H50T2
H75T2
H100T2

Height H (mm)
50
75
100

Frequency f (Hz)
0.5
0.5
0.5

Random Waves
Wave ID
H50T1.8
H50T2
H50T2.2
H75T1.8
H75T2
H75T2.2
H100T1.8
H100T2
H100T2.2

Significant height HS (mm)
50
50
50
75
75
75
100
100
100

Significant period TP (s)
1.8
2.0
2.2
1.8
2.0
2.2
1.8
2.0
2.2

Table 6.2 Nominal test conditions

6.3.1.4 Profile Measurement
The beach surface was measured manually at every 5 minutes by marking profile with
a marker pen onto the glass wall of the tank. The idea is to see how fast the beach
reacts to the wave attacks. The surface profiles were measured on both sides of the
tank simultaneously with two people working together. This is necessary because the
beach surface is not strictly symmetrical across the width of the flume. Irrespective of
how carefully the beach was constructed, once the wave action commenced, the beach
surface would show varying degrees of three-dimensional features.

The vertical

height of the beach surface is thus measured on both sides of the flume and this is
done using a ruler at 5cm intervals along the length of the beach model. Once the
tests are completed, the measurements from the two sides are averaged to give a
representative profile of the beach.

For each test four measurements are made,

including one at the start of the test. The corresponding profile is referred to as the
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initial profile. In the same way, the profile measured at the end of the test run is
referred to as the final profile.

6.3.2 Experimental results and discussions
6.3.2.1 Erosion / Accretion on beach profiles
Trim (2003) showed that the beach response to storm wave attacks is rapid and in
prototype conditions, it takes around 30 minutes for the sediment to move cross-shore
before a relatively stable profile is formed. This equates to around 8 minutes of test
time at a model scale of 1:12.5 as in the current experiment. The results from this
study indicate that the beach profile changes very little after the first five minutes,
which is equivalent to about 20 minutes in prototype condition. This means that
under storm attacks combined with spring tide, the beach crest can be destroyed in a
matter of minutes. It is thus not surprising that it takes only a single storm to cut back
the beach crest by few metres. It can also be seen that swell waves (monochromatic
waves) can also cause significant cross-shore transport. The damage to the beach
crest can be as much as storm waves of comparable energy. The profile changes with
time are shown in Figures 6.8-6.16 under monochromatic and random wave
conditions. Although the experiment was carried out in a 2D flume, the inference can
be easily drawn for 3D prototype conditions. The cross-shore transport moves the
sediment material off the beach crest into the swash zone while the longshore
transport moves the material down the shoreline. It is the cross-shore transport that
destroys the beach crest and the longshore transport takes the material away. If there
is an interruption of sediment supply as is the case at Pevensey Bay, it simply means
beach erosion.
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Figure 6.8 Re-profiled beach under monochromatic wave conditions (TP = 2s,
HS = 0.075m)

Figure 6.9 Profiles measured under monochromatic wave conditions (TP = 2s, HS =
0.100m) with natural beach.

Figure 6.10 Profiles measured under monochromatic wave conditions (TP = 2s, HS =
0.100m) with re-profiled beach

164

Figure 6.11 Profiles measured under Random wave (JS spectral) conditions (TP = 2s,
HS = 0.050m) with natural beach

Figure 6.12 Profiles measured under Random wave (JS spectral) conditions (TP = 2s,
HS = 0.050m) with re-profiled beach

Figure 6.13 Profiles measured under Random wave (JS spectral) conditions (TP = 2s,
HS = 0.075m) with natural beach
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Figure 6.14 Profiles measured under Random wave (JS spectral) conditions (TP = 2s,
HS = 0.075m) with re-profiled beach

Figure 6.15 Profiles measured under Random wave (JS spectral) conditions (TP = 2s,
HS = 0.100m) with natural beach

Figure 6.16 Profiles measured under Random wave (JS spectral) conditions (TP = 2s,
HS = 0.100m) with re-profiled beach
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6.3.2.2 Comparison between normal and re-profiled beaches
Note that the two model beaches were constructed with the same sediment of equal
quantity. The only difference between the two is the slope. The 1:4 plus 1:10 slope is
“re-profiled” from the uniform 1:7 slope. The responses of the two beaches under the
wave conditions are compared in Figures 6.17~6.27. For clarity, the graphs only
show the initial profile and the final profile after 15 minutes of test run. It can be seen
that under both storm and swell wave conditions, the final profile has little relevance
to the initial profile. What this means is that the increase crest width achieved by reprofiling the beach creates a superficial feel of security. It has no real effect in so far
as the standard of defence is concerned. What matters is the amount of material
available on the beach.

Figure 6.17 Comparison between the normal and re-profiled beaches under
monochromatic wave conditions (TP = 2s, HS = 0.075m)

Figure 6.18 Comparison between the normal and re-profiled beaches under
monochromatic wave conditions (TP = 2s, HS = 0.100m)

167

Figure 6.19 Comparison between the normal and re-profiled beaches under Random
wave (JS spectral) conditions (TP = 1.8s, HS = 0.050m)

Figure 6.20 Comparison between the normal and re-profiled beaches under Random
wave (JS spectral) conditions (TP = 1.8s, HS = 0.075m)

Figure 6.21 Comparison between the normal and re-profiled beaches under Random
wave (JS spectral) conditions (TP = 1.8s, HS = 0.100m)
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Figure 6.22 Comparison between the normal and re-profiled beaches under Random
wave (JS spectral) conditions (TP = 2s, HS = 0.050m)

Figure 6.23 Comparison between the normal and re-profiled beaches under Random
wave (JS spectral) conditions (TP = 2s, HS = 0.075m)

Figure 6.24 Comparison between the normal and re-profiled beaches under Random
wave (JS spectral) conditions (TP = 2s, HS = 0.100m)
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Figure 6.25 Comparison between the normal and re-profiled beaches under Random
wave (JS spectral) conditions (TP = 2.2s, HS = 0.050m)

Figure 6.26 Comparison between the normal and re-profiled beaches under Random
wave (JS spectral) conditions (TP = 2.2s, HS = 0.075m)

Figure 6.27 Comparison between the normal and re-profiled beaches under Random
wave (JS spectral) conditions (TP = 2.2s, HS = 0.100m)
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6.4 Conclusions
This chapter has examined the techniques employed at Pevensey for the management
of the beach. The primary concern of all maintenance operations was to ensure that
the beach crest retains the required width as a measure of the standard of defence.
Conclusions drawn from the discussions may be summarised below.
•

Annual recharging of the beach has by far the most important role. Effective
planning is crucial in order to provide sufficient time for the recharged beach to
settle and evolve into a state close to that of a natural system.

•

Recycling of material from areas of accretion into depleted areas is has no obvious
negative impact on the beach except possibly some additional compaction to the
beach.

•

It is extremely useful to collect and keep a stockpile of excess sediment in the
summer months. The stockpile may be used in case of severe storm attacks when
significant crest cutbacks can happen.

•

The local re-profiling practice, where the beach profile is re-shaped without new
material in order to increase the crest width, does not seem to have any positive
impact on the standard of defence. On the contrary, the operation can have a
negative influence on the beach’s performance. It creates a steep slope seaward of
the crest. Moving material from lower part of the beach up to the crest tends to
increase the fine fraction. The result is the increased possibility of scouring and
cliffing.
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7 Conclusions and further work
7.1 Conclusions
Sediment transport processes on mixed sand and gravel beaches are complex and the
problem is made more difficult due to beach management and maintenance operations.
This study has carried out an intensive surveying programme with respect to the
Pevensey frontage in Eastbourne of the Sussex coast, which is a mixed beach under
the management of the Pevensey Coastal Defence Ltd. The field programme also
includes collecting sediment samples across the beach regularly as well as in response
to significant events on the beach such beach recharge and heavy storms. The latest
high accuracy GPS system is used while the power of the GIS is fully utilised. To
further assist the investigation, laboratory experiments are also conducted although
this is intended as a minor part of the programme. Main conclusions from this
research may be summarised as follows.

Comparing the total amount of the new material introduced onto the beach and the
total volume of sediment eroded over a one year cycle, it was shown that the
combination of the differential GPS for data gathering and GIS for post processing is
a highly reliable method of generating 3D beach surface information. The use of a
specially designed GPS supporting system and sub-division of the surveying area in
the GIS analysis played a crucial role in ensuring high accuracy of the results.

There was a strong seasonal variation in the longshore sediment movement on the
beach. Approximately 70% of the annual sediment loss took place in the winter
months of which 40~60% was due to storm events.

It was clearly shown that mixed beaches tend to have a milder slope than that of a
pure gravel beach. For beach renourishment schemes involving mixed sand and
gravel sediment it is advisable to use a design slope in the range of 1:9~1:12 rather
than the 1:7 slope frequently used for gravel beaches.
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The tide clearly has a significant effect on the sediment transport rate. To account for
this effect, a numerical scheme was developed that allows the calculation of the
volume of sediment being transported over a tidal cycle. This made it possible to
assess the accuracy of existing methods for estimating the longshore transport rate.
Both the CERC formula and Kamphuis’ equation were examined against the
measured changes of the beach volume. The K coefficient in the CERC formula was
calibrated against the present data and a new equation was proposed that better relates
the K coefficient with the sediment size. However, Kamphuis’ equation was shown to
give consistently better predictions than the CERC formula.

The sediment analysis has been carried out in terms of the spatial variation of the
sediment size and distribution as well as with respect to time. The influence of the
beach management on the sediment characteristics is also examined. The sediment
shows a distinctive bi-modal characteristic as observed by previous studies. A new
characteristic parameter is introduced, referred to as the retention density of the
sediment distribution.

The new parameter ensures that the distribution of the

sediment sizes is truly reflected rather than a bias towards the coarse fraction of the
sediment mix.

A group of new grain size definitions are introduced and these include the peak grain
sizes corresponding to the peak densities of the gravel and sand fractions; the median
sizes of the gravel and sand fractions because conventional presentation of the
sediment in terms of median size D50 together with D95, D84, D16, D5, and the sorting
parameter (standard deviation of the sediment sizes) were shown to be grossly
insufficient in the characterisation of a mixed sediment of a bi-modal nature. The
introduction of these new sediment size definitions makes it possible to identify the
underlying characteristics of mixed sediments of a strong bi-modal nature.

Two additional grain sizes are also introduced, which take into account the sediment
properties of both fine and coarse fractions in combination with the percentage of the
sand fraction. The use of the weighted grain size, either based on the peak grain sizes
or the median sizes was shown to underpin the true nature of the mixed sediment.
Seasonal variations show clear patterns and spatial variations are also better
represented.
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Apart from the period immediately after the annual recharge when the sediment seems
to undergo a significant natural sorting process, minor maintenance activities such as
local recycling do not seem to have a significant impact on the fundamental sediment
characteristics.

For engineering applications involving mixed sediment, the use of conventional
median sized D50 should be avoided. Instead, the sediment should be characterised in
terms of the peak median grain sizes of the two fractions together with the percentage
of the sand fraction. Where a single size is required, the weighted grain size in terms
of either the peak or median sizes should be used.

Analysis of the cliffing events at Pevensey Bay suggests that cliffing is the result of
the combined effect of several separate factors:
a) The sediment in the beach crest needs to contain a high percentage of sand. A
critical percentage of 34% seems a good estimate but a lower percentage down
to 30% may also be enough, depending on the level compression and the size
of the sand fraction.
b) Sufficient wave energy must be present but the actual wave height depends on
the wave period. Swell waves of much smaller heights can have the same
effect as storm waves of moderate energy.
c) Beach slope near the crest has an important role. A steep slope creates a
condition for large scale refection and allows local scouring to occur.
d) And finally, under a micro-tidal environment, the high water level must be
sufficient to reach the steeper part of the beach near the crest. At neap tide, the
wave action takes place in the lower part of the beach and normal sediment
processes take place.
The modified rainbowing technique is an important management tool used at
Pevensey Bay.

Analysis of sediment samples taken from a number of recharge

deposition mounds has identified some major advantages of the method compared to
other recharge techniques. It is efficient in its operation with reduced operational cost
due to reduced volumetric losses. Lower demand for heavy plant work means a more
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efficient beach system in absorbing the incident wave energy. The fact that the
sediment size increases while the sand percentage reduces toward the seaward side of
the mound may be utilised as an efficient means, both economically and operationally,
to alleviate the problem of cliffing.

Beach management and maintenance operations are important to ensure sufficient
standard of sea defences, a measure of which has been the beach crest width. Annual
recharging of the beach plays by far the most important role. Effective planning is
crucial in order to provide sufficient time for the recharged beach to settle and evolve
into a state close to that of a natural system. Recycling of material from areas of
accretion into depleted areas is has no obvious negative impact on the beach except
possibly some additional compaction to the beach. It is extremely useful to collect and
keep a stockpile of excess sediment in the summer months. The stockpile may be
used in case of severe storm attacks when significant crest cutbacks can happen.

The local re-profiling practice, where the beach profile is re-shaped without new
material in order to increase the crest width, is shown to have no identifiable positive
impact on the standard of defence. On the contrary, the operation is potentially
harmful to the beach’s performance. It creates a steep slope seaward of the crest
while moving the fines from lower part of the beach up to the crest, increasing the
likely-hood of scouring and cliffing. As such, beach re-profiling is not recommended.

7.2 Suggested further work
Both the CERC formula and Kamphuis’ equation use D50 as input. Although there
was a good comparison between the Kamphius’ equation and the measured data, the
true potential of the equation needs to be further explored. This is because D50 is a
highly unreliable parameter in representing a beach of a bi-modal nature. Use of other
sediment size definitions should be explored.

The examination of the sediment

transport equations was carried out by comparing the measured sediment movement
integrated over several tidal cycles. To assess these equations more accurately, we
should try to obtain survey data over a single tide. This study uses offshore wave data
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together with the measured local tidal information.

Ideally, the beach survey,

sediment sampling and tidal data should all be collected locally and concurrently but
this requires the effort of a large team. The laboratory modelling work had not taken
the tide into consideration. More extensive test conditions combined with tides may
be useful to confirm the findings in this thesis.
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