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Executive Summary 
Many of the beaches on the UK coast that constitute the main defence against 
erosion and flooding are composed of highly permeable sediments, usually a 
mixture of sand and gravel. Recharge material dredged from offshore is 
increasingly used to replenish these mixed sand-gravel beaches. Because 
beach recharge materials may contain a larger proportion of fine sediment than 
the natural beach, sediment size distributions, sorting and hydraulic conductivity 
can be significantly altered, as is beach profile response. Even when the size 
distributions of the natural sediment and the recharge sediment are quite 
similar, the standard recovery technique produces an increased proportion of 
sand on the upper foreshore, which is normally composed of coarse sediment. 
The higher amount of fine sediment leads to the development of cliffing around 
the high water mark, which results in enhanced loss of recharge material due to 
undercutting by wave action. In addition, such cliffs can be extremely hazardous 
due to their natural instability and for public safety may require removal at the 
first opportunity.  

This study aims to address issues such as cliffing, the influence of permeability 
on the performance of recharged beaches, sediment resources and their 
management, efficiency of sediment placement techniques, and cost 
effectiveness of frequent and focussed recycling operations. The specific 
objectives are as follows: 

• to produce a review of existing knowledge of the impacts of permeability on 
the performance of gravel and mixed sand-gravel beaches; 

• to examine possible methodology by which sediment properties on mixed 
sand-gravel beaches can be characterised; 

• to examine the effects of the sand fraction on the permeability and porosity 
of mixed sand-gravel sediment, and the ways forward in alleviating the 
problem of cliffing; 

• to carry out numerical modelling to improve understanding of the effect of 
permeability on beach profile response on mixed sand-gravel beaches, 
including the relative importance of parameters such as hydraulic 
conductivity, wave friction factor, sediment grading, and groundwater flow; 

• to propose recommendations for a framework of field and laboratory studies 
to advance knowledge of the influence of permeability on beach 
performance. 

The investigation takes the form of an extended literature review, theoretical 
development coupled with laboratory experiments, numerical modelling with the 
support of laboratory and field data, and case studies of three current/recent 
beach recharge programmes. 

The literature review covers a wide range of topics associated with gravel and 
mixed sand-gravel beaches. Fundamental research questions and challenges 
identified by this review relate to 
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1) understanding the difference between coastal dynamics on mixed sand and 
gravel beaches and beaches dominated by relatively uniform sediment sizes 
(either sand or gravel) 

2) developing methodology to quantify and/or classify complex, spatially and 
temporally variable sediment characteristics effectively on mixed sand and 
gravel beaches 

3) developing methodology to parameterise the effects of bimodal sediments 
and mixed sand and gravel in hydrodynamic and morphodynamic models  

4) adapting existing numerical models to predict the processes and 
morphological evolution of mixed sand and gravel beaches 

No standard method is yet available for characterising the sediments of a mixed 
sand-gravel beach. A primary difficulty is that mixed sand-gravel beaches 
exhibit a high degree of variability, both spatially and temporally, in terms of 
sediment size and density, sediment shape, sorting, hydraulic conductivity, 
porosity, specific yield and moisture content. However, research 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.  

A re-analysis of some existing laboratory data was undertaken to assess 
performance of mixed sand-gravel beaches in contrast to that of gravel 
beaches. The experiments were carried out using a model gravel beach and a 
model mixed sand-gravel beach, both being subjected to a range of identical 
wave conditions. The comparison shows that under the same wave conditions, 
mixed sand-gravel beaches have reduced volumetric changes, less onshore 
transport, and more offshore transport than gravel beaches. This may be 
directly related to the fact that the presence of sand in a mixed sand-gravel 
beach significantly reduces the permeability of the beach, impairing the water 
flow within the sediment media.  

Laboratory experiments and numerical modelling also show that altering beach 
groundwater levels affects profile response on fine and coarse beaches, with a 
greater amount of change on coarse beaches. A lower groundwater level leads 
to increased onshore transport and a higher groundwater level to increased 
offshore transport for both accretionary and erosional conditions. 

The presence of sand in a mixed sediment has been known to affect the 
porosity and hydraulic conductivity of the sediment. In this study, a theoretical 
approach was taken using a bimodal sediment model. The constituent sand and 
gravel each has a known grain size, porosity and hydraulic conductivity. The 
analytical work led to some simple equations relating the porosity, hydraulic 
conductivity and bulk density of the mixed sediment to the percentage of sand. 
These equations were successfully validated by a series of specially designed 
laboratory experiments. The hydraulic conductivity of the mixed sediment is 
shown to be greatly influenced by the presence of sand. As the sand 
percentage increases, the hydraulic conductivity of the sediment mix reduces 
rapidly until the sand fraction reaches about 30~40%, beyond which the 
hydraulic conductivity remains close to but below that of pure sand. The 
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minimum hydraulic conductivity occurs at a sand percentage in the region of 
30~40%, and has a value of approximately 55% less than that of pure sand. 
The sand percentage corresponding to the minimum hydraulic conductivity is of 
critical significance and is referred to as the critical point. Additional loading 
experiments using “sand castle” models showed that cliffing would occur when 
the sand percentage exceeds the critical value, and that the load bearing 
capacity appeared to be greater than at higher sand percentages. The critical 
point thus represents the worst scenario in terms of the likelihood of cliffing. 

The theoretical analysis and laboratory tests also showed that compaction of 
the sediment due to heavy plant operations on the beach can greatly reduce the 
hydraulic conductivity and lower the critical sand percentage, thus enhancing 
the likelihood of cliffing of a recharged sand-gravel beach.  

The theory suggests that the cliffing problem may be significantly alleviated by 
controlling the sand percentage, which should not exceed a critical value of 
30~40%. It is also noted that the control of the sand percentage is only required 
for the upper beach, or just the beach crest, and it is achievable through 
managed use of sediment sources and improved sediment placement 
techniques. 

Limited numerical modelling shows that the hydraulic conductivity of the 
sediment and the groundwater level both have significant effects on the 
evolution of the beach surface. Model simulations suggest that accretion on the 
upper beach face increases with increasing hydraulic conductivity. There is a 
clear need for improved numerical models specifically designed to deal with 
mixed sand-gravel beaches. 

The case studies included three sites: Pevensey Bay in East Sussex, Tankerton 
in Kent and Hayling Island in Hampshire. The analysis of the data collected 
from the three sites highlights the importance of frequent and focused recycling 
operation and the widespread problem of cliffing. At the Pevensey site, the 
volume of annual recycled material is of the same order as the annual 
maintenance recharged material, leading to significantly reduced operational 
cost while improving the efficiency of use of limited sediment resources. The 
field data also show that the high sand percentage coupled with an unnaturally 
steep beach slope seems to be the predominant cause of the cliffing problem. 
Laboratory and field data indicate that a natural slope of a mixed sand-gravel 
beach is around 1:9, but recharged beaches tend to have a design slope of 
~1:7. The experiences from the three sites indicated that reducing the sand 
percentage in the upper beach had the positive effect of alleviating the cliffing 
problem. Reduction of the sand percentage in the upper beach or beach crest 
may be achieved in two ways: improved recovery technique at the point of 
delivery, and managed use of the sediment resources. The modified rainbowing 
technique experimented with at Pevensey is an example of the former, while the 
latter needs additional regulations by the government. 
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1. Introduction 
 

1.1 Background 
Although interest in gravel and mixed sand-gravel beaches has increased in 
recent years, processes on coarse-grained beaches are less well understood 
than on sand beaches. Most sediment transport models concentrate on sand-
sized sediment and surf zone processes and little field data are available to 
indicate the temporal and spatial variability of gravel and mixed beaches.  

The sediment processes on gravel and mixed sand-gravel beaches show two 
distinct zones of activities, the surf zone and the swash zone. In the surf zone, 
the sediment particles are under the influence of the wave motion and 
turbulence created by wave breaking. The sediment movement is in the form of 
bedload and suspended load. The swash zone on steep coarse-grained 
beaches is characterised by a violent breaking wave impact directly on the 
sediment particles followed by uprush and backwash. The beach in the swash 
zone is partially saturated and the sediment movement is primarily bedload 
and/or sheet flow. Sediment transport in the swash zone is likely to be more 
significant on gravel beaches than on sand beaches (Van Wellen et al. 2000).  

The high percolation flow allowed within the sediment media makes a gravel 
beach an extremely efficient system for absorbing the incident wave energy. It 
forms an ideal system of coastal defence against storm attacks. In practice, 
pure gravel beaches are rare. In cases of beach renourishment schemes, the 
recharged material inevitably contains a varying amount of sand. At low sand 
percentage, the mixed sand-gravel beach may be expected to function like a 
gravel beach. As the sand fraction increases, the beach permeability is likely to 
reduce significantly and hydraulic performance of the beach may be greatly 
impaired. The question is then how the presence of sand affects the 
performance of a mixed sand-gravel beach due to the reduced permeability of 
the sediment media. 

Recharged mixed sand-gravel beaches are a common means of sea defence in 
the UK. Field experiences have revealed a number of significant problems in 
relation to such schemes, including, critically, safety concerns as a result of 
cliffing. Cliffs of up to two metre height are common among newly recharged 
mixed beaches (Figure 1.1). These cliffs can be extremely hazardous due to 
their natural instability and for health and safety of the public may require 
removal at the first opportunity. The question is what causes cliffing and how 
the problem may be resolved or alleviated. 
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Figure 1.1  Cliffing photographed at Hayling Island (left) and Pevensey 
Bay (right) 

 

1.2 Objectives 
This study aims to address issues such as cliffing, the influence of permeability 
on the performance of recharged beaches, sediment resources and their 
management, efficiency of sediment placement techniques, and cost 
effectiveness of frequent and focussed recycling operations. The detailed 
objectives of the project are 

• to produce a review of existing knowledge of the impacts of permeability on 
mixed and gravel beach performance; 

• to investigate the cliffing problem of recharged mixed sand-gravel beaches;  

• to examine possible methodology by which sediment properties on mixed 
sand/gravel beaches can be characterised; 

• to carry out numerical modelling to improve understanding of the effect of 
permeability on beach profile response on mixed beaches, including the 
relative importance of parameters such as hydraulic conductivity, wave 
friction factor, sediment grading, and groundwater flow; 

• to propose recommendations for a framework of field and laboratory studies 
to advance knowledge of the influence of permeability on beach 
performance. 

 

1.3 Methodology 
Five distinct approaches were employed in this study: 

1) Literature review  

This provided an overall view of the current state of knowledge and 
understanding in relation to gravel and mixed sand-gravel beaches. 

2) Theoretical analysis 

This involved firstly the development of theoretical equations describing the 
relationship between the porosity and permeability of a mixed sediment and 
the sand percentage of the sediment mix. The theory was then validated by 
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laboratory experiments. Additional series of experiments were carried out to 
establish the relationship between the sand percentage and cliffing problem. 

3) Re-analysis of existing gravel and mixed beach experiments 

This examined the performance of a mixed sand-gravel model beach in 
contrast to a gravel beach model results. This provided an indication of the 
influence of permeability on the performance of the beach. 

4) Numerical modelling 

This involved the use of a numerical model to show the influence of the 
groundwater level on the beach profile evolution. 

5) Case studies 

By looking at three current/recent beach recharge programmes, significant 
issues in relation to beach recharge operations were identified and possible 
solutions proposed. 

 

1.4 Outline of Report 
The report consists of 10 chapters as follows: 

1. Introduction 

2. Literature review 

3. Theory of bimodal mixed sand-gravel sediment 

4. Performance of mixed beaches versus gravel beaches 

5. Groundwater level and beach evolution 

6. Case studies 

7. Review of aggregate production, placement and mixing 

8. Conclusions and recommendations 

9. References 

10. Acknowledgments 
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2. Literature Review 
 
 

2.1 Introduction 
The literature review was based on a collection of 275 publications, including 
journal and conference papers and government reports. The review 
summarises the current state of knowledge on mixed beaches and, in particular, 
the effects of permeability on gravel and mixed beach behaviour. 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,  

• poor predictive capacity for cross-shore response of mixed sediment 
beaches to storms and their recovery after storms,  

• 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.  

 

Some of the fundamental research questions and challenges identified by this 
review relate to  

• understanding the difference between coastal dynamics on mixed sand and 
gravel beaches and beaches dominated by relatively uniform sediment sizes 
(either sand or gravel)  

• developing methodology to quantify and/or classify complex, spatially and 
temporally variable sediment characteristics effectively on mixed sand and 
gravel beaches  

• developing methodology to parameterise the effects of bimodal sediments 
and mixed sand and gravel in hydrodynamic and morphodynamic models  

• adapting existing numerical models to predict the processes and 
morphological evolution of mixed sand and gravel beaches 

 

A detailed report of the literature review is included in Appendix 1 (Review of 
Mixed Sand and Gravel Beaches), and the following summarises the main 
findings of the review. 

 

2.2 Characterisation of Sediment Properties of Mixed 
Beaches 

Mixed beaches show a high degree of variability, both spatially and temporally, 
in terms of key parameters such as sediment size and shape, sorting, hydraulic 
conductivity, permeability, porosity, specific yield and moisture content. In 
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particular, the amount of air contained in beach sediments is likely to vary 
across the beach profile and also temporally, at both tidal and wave 
frequencies, and can significantly reduce hydraulic conductivity. The degree of 
compaction, and hence porosity, of sediment is also highly variable, particularly 
in the swash zone. However, very few field measurements of these parameters 
have been reported in the literature. 

No standard method is available for characterising bimodal sediments. The 
degree of bimodality and the nature of the mixture has been shown to be 
important in the initiation of motion, sediment transport, and beach profile 
evolution, and should be included in sediment parameterisation. 

The percentage of sand in a mixture has been suggested as a simple indicator 
of the performance of a mixed beach. However, the percentage of sand on a 
highly mixed beach is not easy to determine and is probably not constant over 
time.  

Properties such as sediment sorting, particle shape and packing have a major 
effect on porosity and sediment transport of mixed sediments; these are also 
highly variable on mixed beaches, but hard to reproduce in laboratory 
experiments. 

 

2.3 Sediment Processes 
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.  

• The velocity of coarse sediment in a mixture has been found to be higher 
than the velocity of uniform coarse sediment, and the transported sediment 
is coarser than the original mixture.  

• The effect of fine sediment on very coarse sediment appears to be negligible 
when the diameter of the coarse sediment is more than four times the mean 
diameter of the sediment mixture.  

• Beach profile evolution in laboratory experiments has also been shown to be 
affected by the relative proportion of sand and gravel.  

 

The process of kinetic sieving (size sorting within the bed) is a mechanism by 
which finer grains are able to occupy space vacated by the entrainment of large 
grains, but not vice versa, leading to a downward movement of fine grains 
relative to coarse grains. This process leads to a gradual filling of pore spaces 
by fine sediment and a coarser surface layer, which is more easily entrained. 
The degree of size segregation appears to increase with increasing mixture 
bimodality.  

Initiation of motion of mixed sediments is better understood under unidirectional 
flow than under oscillatory flow. Unidirectional flow studies indicate that the 
critical shear stress for initiation of motion of individual fractions in bimodal 
sediments depends on mixture bimodality. In sediments with a strongly bimodal 
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distribution, fine grain sizes begin moving at measurably smaller values of bed 
shear stress. Mixture bimodality appears to affect fine fractions more than 
coarse fractions.  

Unidirectional flow experiments show that adding sand to mixed sediments can 
increase gravel transport as well as the total transport rate. The addition of sand 
is able to induce entrainment and transport on an armoured gravel bed where 
no sediment transport was occurring before the addition of the sand. 

Model simulations suggest that  

• Bedload transport processes under waves segregate grains by size and 
density when the distribution of grain sizes is not uniform.  

• Transport rates for different grain sizes can vary by factors of two to three or 
more for mixed size distributions. Transport rates for uniform sediments are 
greater than those for mixed sediments.  

• The single representative grain size whose bed load transport rate is 
equivalent to the mixed size distribution increased from D75 under Stokes-
like waves, to D85 under near-breaking waves, to D95 under a bore.  

These numerical experiments suggest that model results relative to 
heterogeneous sediment flux cannot be accurately quantified using a single 
representative grain parameter. Laboratory experiments under sheet flow 
conditions indicate that gradation effects on sediment transport rates cannot be 
predicted by the transport rate of uniform sediment. 

 

2.4 Profile Evolution 
Laboratory experiments on profile evolution of mixed beaches suggest that 
results depend on the relative proportion of sand and gravel. However, most 
observations show that adding sand to a gravel beach destabilises 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. These results are 
analogous to those reported for mixed sediments under unidirectional flow. The 
assumption is that these results are due to the effects of reduced permeability, 
but this assumption has not been validated with direct measurements of 
hydraulic conductivity.  

Laboratory experiments show that under the same wave conditions, mixed 
beaches have reduced volumetric changes, less onshore transport, and more 
offshore transport than gravel beaches. Model simulations suggest that 
subaerial beach volume is positively related to hydraulic conductivity and that 
accretion on the upper beachface increases with increasing hydraulic 
conductivity. 

 

2.5 Infiltration and Exfiltration 
Infiltration loss in the swash is often given as the reason why gravel beaches 
are steeper than sand beaches. However, the effects of flows through the 
porous bed (vertical, horizontal and slope-parallel) on entrainment and sediment 
transport are not clear. The contradictory results reported in the literature may 
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be because the main physical mechanisms by which flow through a porous bed 
affect sediment motion (seepage force and boundary layer thinning) tend to 
oppose each other. It has been suggested that the relative importance of these 
opposing effects depends on the density of the sediment and the permeability of 
the bed. For a fixed sediment density, as grain size (and therefore hydraulic 
conductivity) decreases, the stabilising effect will increase. Infiltration is likely to 
enhance sediment mobility for dense coarse sediment and impede sediment 
motion for light, fine sediment. However, this analysis has not yet been 
extended to mixed sediments.  

When waves propagate over a porous bed, fluid flow is induced in the porous 
medium and the porous medium itself may be deformed. Three main processes 
have been identified regarding the interactions between flows outside and within 
the sediment bed, all of which can have varying effects on sediment motion 
across the beach:  

(1) vertical pressure gradients due to infiltration;  

(2) horizontal pressure gradients due to the set-up and run-up; and  

(3) liquefaction due to repeated cyclical wave loading on the sediments.  

Model simulations of the effects of infiltration/ exfiltration, and the inferences 
drawn from this modelling about infiltration effects on beach profile evolution, 
are based on theory which has not yet been verified in terms of swash zone 
sediment transport. Although some of these simulations have been driven by 
measurements of pore pressures in natural beaches, simulations of sediment 
transport and/or beach profile response have not yet been validated against 
either laboratory or field data. In particular, no studies of this sort have yet been 
carried out for mixed sand and gravel beaches. 

 

2.6 Internal Flow and Hydraulic Gradients 
Very few measurements have been reported of hydraulic gradients on mixed 
beaches, and the relative importance and magnitude of flows within mixed 
beaches is yet to be determined. The few reported measurements indicate that 
hydraulic gradients and flows within mixed beaches are less than those on pure 
gravel beaches. Pressures appear to propagate through a gravel beach nearly 
instantaneously and are very nearly hydrostatic. This suggests that particles on 
a gravel beach are only acted on by flow forces, whereas on a mixed beach 
pressure gradients must be taken into account in order to predict profile 
evolution. 

 

2.7 Wave Reflection 
Few measurements of reflection from mixed beaches have been reported in the 
literature, and it has not yet been possible to determine whether changes in 
reflection coefficients on mixed beaches are due to sediment properties or 
simply due to the well-known increase in reflection on steeper slopes. 
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2.8 Numerical Models 
Existing gravel beach models have not been validated for mixed sand and 
gravel beaches, and the limited tests of these models suggest that use of these 
models for mixed beach profile evolution cannot be predicted by simply 
modifying and recalibrating existing sand or gravel beach models. 

At present, no existing sediment transport model contains all of the significant 
factors in mixed sediment transport. Most sediment transport models make a 
number of assumptions which may not be appropriate for mixed sand and 
gravel beaches: they characterise beach sediment by one parameter, usually 
D50, and assume that sediment properties do not vary cross-shore, longshore, 
vertically or through time. They assume an infinite supply of uniform sediment 
which is available for transport, and assume an impermeable surface, ignoring 
infiltration and exfiltration. They assume an aquifer geometry. They assume a 
simple threshold of motion based on the defined grain size. Most models do not 
allow for tidal variation. Although this reduction in complexity may be useful in 
the initialisation of numerical models, the problem with this approach is that it 
assumes that the sediment dynamics are either similar to those within an 
environment composed of uniform sediments or equivalent to the linear 
summation of results determined for individual grains within an overall 
distribution. 

 

2.9 Recharge Material 
Recharge material dredged from offshore, often containing a significant amount 
of sand, is increasingly used to replenish mixed sand/gravel beaches. Because 
beach recharge materials can contain a larger proportion of fine sediment than 
the natural beach, sediment size distributions, sorting and hydraulic conductivity 
can be significantly altered, as is beach profile response and plan shape. Even 
when the size distributions of the natural sediment and the recharge sediment 
are quite similar, standard recovery techniques result in an increased proportion 
of sand on the upper foreshore, which is normally composed of coarse 
sediment. The higher amount of fine sediment leads to the development of 
cliffing around the high water mark, which results in enhanced loss of recharge 
material due to undercutting by wave action. 

In order to reduce cliffing, recharge sediment should contain as little sand as 
possible, and certainly no more than 20-30%. There is some evidence to 
support the use of fill sediment which is coarser and more poorly sorted than 
the native material.  
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3. Theoretical Study of Mixed Sand-Gravel 
Sediment 

 
3.1 Introduction 
The problem of cliffing of mixed sand-gravel beaches has been suspected to be 
closely associated with the bi-modal nature of the sediment mix. Mason (1997) 
showed that as the sand fraction 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%. Román-Blanco (2003) further 
discussed Mason’s results and also provided experimental data that showed a 
similar behaviour in terms of the porosity of a bi-modal sediment mix. Román-
Blanco (2003) hypothesised that as the sand content increases from 0 to 100%, 
the sediment mix may be said to be “under-filled”, “fully-filled” and “over-filled”. 
The “under-filled” state is where the sand content is not enough to fill the pore 
space between the gravel particles, while the “over-filled” state is where there is 
more sand than that required to fill up the gravel pore space. The “fully-filled” 
state is a transitional zone between the under-filled and fully-filled stages. 
Theoretically speaking, the “fully-filled” state represents a single point at which 
the bulk volume of the sand is equal to that of the gravel pore space. This point 
is of particular importance, as will be shown later, and is referred to as the 
critical point. 

The following presents an analytical solution linking the porosity and 
permeability of a sediment mix to the respective values of the constituent sand 
and gravel. 

 

3.2 Porosity Analysis 
Let λ be the percentage of sand content by weight. The porosity of the pure 
gravel aggregate is ng and the pure sand aggregate has a value of ns. For 
simplicity, we assume that both sand and gravel have the same density of ρs.  

First consider the under-filled state. In this case, the pore space of the sediment 
mix is the pore space of the pure gravel minus the solid volume of the sand. 
Making use of this fact, we can show that the porosity of the sediment mix may 
be expressed as 

 nunder-filled = 
 ng − λ 
 1 − λ        (3.1) 

In the case of the overfilled state, the pore space of the mixed sediment is equal 
to the pore space of the sand. As a result, we have an equation for the porosity 
of an overfilled sand-gravel mixture as follows 

 nover-filled = 
λns

 1 − ns(1 − λ)       (3.2) 

At the critical point, nunder-filled=nover-filled. The critical sand percentage and critical 
porosity can be thus be derived from equations (3.1) and (3.2) and these are 
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 λc = 
 ng(1 − ns) 

 1 − ngns
       (3.3) 

 

 nc = ngns         (3.4) 

In summary, the porosity of a bi-modal mixed sand-gravel sediment may be 
given by 

��
�
��
  k = kg(1 − ξ)2 + ksngξ    (λ � λ c)

  k = 
ksλ

 λ + (1 − ns)(1 − λ)    (λ � λ c)
     (3.5) 

 

 
3.3 Hydraulic Conductivity 
Let kg and ks be the hydraulic conductivity of pure gravel and pure sand, 
respectively. The derivation of the hydraulic conductivity of the mixed sand-
gravel sediment makes the following assumptions: 

• The flow through the sediment media is laminar and obeys Darcy’s law; i.e., 
the flow velocity and hydraulic gradient is related to the hydraulic 
conductivity by 

 v=ki 

• The flow through the sediment pores may be approximated by that through 
parallel pipes each having a length L and an effective diameter d. The 
diameter d is further assumed to be proportional to the sediment size and 
porosity. 

• The Hagen-Poiseuille equation for laminar pipe flow applies; i.e., the energy 
loss h is related to the seepage velocity vseepage by 

 h = 
 32µLvseepage 

 ρgd2  = 
 Lvseepage 

 Cd2    or  i = 
h
 L  = 

vseepage 

 Cd2  

where µ and ρ are the viscosity and density of the water, respectively, and g 
is the acceleration due to gravity.  

Now consider the case of an under-filled sand-gravel mixture. By nature, the 
fluid finds the path of least resistance. The effect of this is the creation of “two” 
flow pathways within the gravel pore space, one through the sand and the other 
through the pore space that is free from the sand occupation. The two flow 
pathways run in parallel just like two parallel pipes of different diameters. This 
leads to an expression for the hydraulic conductivity of the mixed sediment as 

 kunder-filled = kg(1 − ξ)2 + ksngξ     (3.6) 

where 

ξ = 
(1 − ng)λ

 ng (1 − ns)( 1 − λ)       (3.7) 



 

Section 3. Theory of bimodal mixed sediment 
  

11 

In the case of the over-filled state, the gravel particles simply act to reduce the 
cross-sectional area of the sand media. The corresponding hydraulic 
conductivity may then be given by 

 

 kover-filled = 
ksλ

 λ + (1 − ns)(1 − λ)     (3.8) 

At the critical sand percentage, the hydraulic conductivity is 

kc=ngks        (3.9) 

In general, the hydraulic conductivity of a mixed sand-gravel media may be 
estimated by 

��
�
��
  k = kg(1 − ξ)2 + ksngξ    (λ � λ c)

  k = 
ksλ

 λ + (1 − ns)(1 − λ)    (λ � λ c)
     (3.10) 

 
3.4 Bulk Density 
The bulk density of the sand-gravel mixture can be easily worked out from the 
porosity as calculated using equation (3.5): 

��
�
��  ρbulk = 

 (1 − ng)ρs 

 1 − λ    (λ � λc)

  ρbulk = 
(1 − ns)ρs

 1 − ns(1 − λ)    (λ � λc)
     (3.11) 

 

3.5 Comparison with Experimental Results 
3.5.1 Permeability experiment 

In order to validate equations (3.5) and (3.10), a series of permeability tests 
were carried out at the University of Brighton. Although Mason (1997) 
performed permeability tests for sand-gravel mixtures of varying sand content, 
the data could not be used due to lack of information on porosity. Similarly, the 
data of Blanco (2003) contained porosity but permeability was not measured. 
Using as a guideline the theoretical predictions and the results from Mason 
(1997), we decided to test sand-gravel mixtures with sand content at 0%, 10%, 
20%, 30%, 40%, 60%, 80% and 100% by weight. The gravel had a D50 of 4 mm 
while three sand sizes were used, representing the fine, medium and coarse 
range. The size distribution of the gravel and sands is shown in Figure 3.1. The 
test procedure followed that of British Standard 1377 (BSI, 1990). A constant 
head permeameter was used, which has a cell chamber of 75 mm diameter and 
600 mm length with three manometer tappings spaced at 225 mm apart. 
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Figure 3.1  Sediment grading of sand and gravel used for permeability 

tests 

 

3.5.2  Comparison between theory and experimental data 

Figure 3.2 compares the porosity measured from the current permeability tests 
with the prediction given by equation (3.5). The measured data followed the 
trend as predicted by the equation, but the minimum porosity appears to occur 
at the critical point. The test data of Blanco (2003) does not contain the porosity 
for pure sand. Given the fact that fine sand was used in Blanco’s experiment, 
we assume a value of sand porosity as measured in the current experiment for 
fine sand. This allows a comparison between Blanco’s test data with the 
prediction by equation (3.5), as shown in Figure 3.3. Again, the analytical 
solution gives very good prediction against the experimental data. 
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Figure 3.2  Comparison between analytical prediction and measured    

porosity (present study) 
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Figure 3.3 Comparison between analytical prediction and measured 

porosity of Román-Blanco (2003)  
 

Figure 3.4 shows the currently measured hydraulic conductivity in comparison 
with the predictions by equation (3.10). It can be seen that there is very good 
agreement between the test data and analytical prediction across the whole 
range of sand percentages for all three sand sizes. In addition, there is also 
good agreement between the theoretical predictions and the experimental 
results of Mason (1997), as shown in Figure 3.5. Note that Mason’s experiment 
did not include measurements of porosity. However, the gravel size D50 in 
Mason’s experiment is the same as that used in the present study, while the 
sand sizes are also similar. As a result, we used the porosity values obtained 
from the present experiment when producing the analytical curves in Figure 3.5. 
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Figure 3.4  Comparison between analytical prediction and measured 

permeability (present study) 

 
 



 

                                       Section 3. Theory of bimodal mixed sediment 
 

 

14 

0.00001

0.0001

0.001

0.01

0.1

1

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Sand Percentage λ

H
yd

ra
ul

ic
 C

on
du

ct
iv

ity
 k

 (m
/s

)
Mason, 1997 (Coarse Sand) Analytical (Coarse)
Mason, 1997 (Medium Sand) Analytical (Medium)
Mason, 1997 (Fine Sand) Analytical (Fine)

 
Figure 3.5  Comparison between analytical prediction and measured 

permeability of Mason (1997) 
 

3.5.3 Discussions on porosity and hydraulic conductivity 

Having shown the validity of the analytical solution, we can now look at the 
significance of the derived equations. The first important point is that as the 
sand content increases from 0% to the critical value λc, the hydraulic 
conductivity reduces rapidly. This effect can be better seen from Figure 3.6, 
which shows the ratio between the hydraulic conductivity of sand-gravel 
mixtures and that of pure gravel. A major advantage of a gravel beach is its 
ability to efficiently absorb wave energy over a short distance as a result of 
large percolation flow allowed in the beach. This advantage over sand beaches 
quickly disappears as the increased sand fraction is added to the gravel.  
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Figure 3.6  Relative hydraulic conductivity as a function of sand 

percentage 
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Note that the hydraulic conductivity reaches a minimum at the critical sand 
percentage. As the sand percentage increases further, the hydraulic 
conductivity rises gradually but remains below the value of pure sand. The 
minimum hydraulic conductivity means that the percolation flow in the beach is 
also at a minimum. As a result, the beach’s ability to dissipate wave energy by 
percolation flow is at its worst. From this point of view, the critical point 
represents the worst possible case in terms of beach performance. 

 

 

3.6 Loading Experiment and Implications on Cliffing 
The particular nature of porosity, bulk density and permeability of the sand-
gravel mixture as a function of sand percentage seems to indicate that serious 
cliffing starts to occur when the sand fraction is equal or more than the critical 
value. The critical point is also likely to be the worst point for cliffing. To verify 
this hypothesis, we carried out some simple but effective laboratory tests. The 
experiment was intended to be indicative rather than definitive. The 
experimental procedure is as follows: 

a) Weigh the amount of dry sand and gravel according to the required sand 
percentage, and mix the two by hand. 

b) Place the mixture in a (63µm) sieve and add water into the sand-gravel 
mix. Allow the excess water to drain and then mix content again. 

c) Place the sand-gravel mixture into a plastic container in layers of ~5cm, 
hand-tamping each layer as happened in the permeability experiment. 
The container is 185 mm diameter and 120 mm height with a wall slope 
of 1:15.  

d) Place a laminated chipboard on the top of the container, turn the board 
and container upside down and lay them on a level concrete base. 

e) Slowly remove the container to form a “sand castle”. 

f) If the sand castle does not collapse, place an empty container on top of 
the “sand castle”. Slowly add gravel into the container until the “sand 
castle” collapses. 

g) Record the load at which the “sand castle” collapses.  

 

We chose to experiment with the medium sand and gravel mixture, with the 
sand content of 20%, 30%, 36%, 40%, 50% and 100%. The 36% represents the 
critical point. Each mixture was tested twice. At 20% and 30%, the “sand castle” 
collapsed on removing the container. In both cases, the collapse was 
symmetric, as shown in Figures 3.7 and 3.8, but the central portion of the “sand 
castle” remained upright. As can be expected, the size of the free standing part 
of the “sand castle” became smaller as the sand percentage was reduced. In 
addition, this remaining part completely collapsed when experiencing minor 
disturbance.  
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Figure 3.7 Collapsed “sand castle” (λλλλ=20%) 

 
 

 
Figure 3.8 Collapsed “sand castle” (λλλλ=30%) 

 

At 36 and higher percentages, the “sand castles” stood firm on removal of the 
container. The recorded failure load varied from sample to sample for a given 
sand percentage, and from one sand percentage to another. Figure 3.9 shows 
the 40% “sand castle” at different stages of the test. Figures 3.10 to 3.13 show 
the collapsed “sand castles” under load at various sand percentages. In all 
cases tested, the collapses were asymmetric, which may have been caused by 
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the imperfections (non-symmetric) in the “sand castle” itself and/or in the 
loading application. 
 
 

 
Figure 3.9 Different stages of “sand castle” test (λλλλ=40%) 

 
 

 
Figure 3.10 Collapsed “sand castle” (λλλλ=36%) 
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Figure 3.11 Collapsed “sand castle” (λλλλ=40%) 

 
 

 
Figure 3.12 Collapsed “sand castle” (λλλλ=50%) 
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Figure 3.13 Collapsed “sand castle” (λλλλ=100%) 

 

Table 3.1 summarises the collapsing loads for all tests. It seemed that the “sand 
castle” at the critical percentage was able to sustain a similar or greater load 
than at higher sand percentages. The reason for this may be due to the fact that 
the bulk density of the mixed sediment is at its highest (equation 3.11), and its 
behaviour is the closest to that of a solid body. 

The implication of the “sand castle” experiment is that cliffing is likely a 
phenomenon which occurs when the sand percentage of the sediment exceeds 
the critical percentage. No serious cliffing should be expected below the critical 
percentage. 

 

Table 3.1 Collapsing load of “sand castles” 
Sand percentage Test 1 Load (N) Test 2 Load (N) Mean (N) 

36% 7.2 10.8 9.0 

40% 5.9 7.3 6.6 

50% 5.4 9.6 7.5 

100% 7.7 8.0 7.8 

 

 

3.7 Effects of Compaction 
When recharging a beach, the sand-gravel mixture is greatly consolidated and 
compacted during the course of its placement onto the beach. This will 
significantly reduce the porosity of the sediment media, which in turn reduces 
the permeability and shifts the critical point to a lower percentage. This can be 
best demonstrated by Figures 3.14 and 3.15 showing the performance of mixed 
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sediment assuming 10% and 20% compactions. A basic assumption has been 
made here with regard to the effect of porosity on the permeability. According to 
Kozeny (1927), the hydraulic conductivity may be approximated by 

 k = 
Cd2n3

 (1 − n)2  

where C is a constant and d is the sediment size. Given a percentage reduction 
in the porosity, the reduction in the permeability of the sand and gravel may be 
worked out accordingly. It can seen that with a 20% compaction, the critical 
point is moved from 36% to 30%. The greater the compaction, the more 
reduction in the critical sand percentage. This also means that cliffing may 
occur at lower sand percentages. 

In addition to the shift of the critical point, the compaction also has the effect of 
increasing the loading capacity of the sediment mix. This point can be 
demonstrated by the result of two additional tests at 50% and 100% sand where 
a greater tamping force was applied in making these “sand castles”. The failure 
load was increased by 250% for the 50% “sand castle” and 350% for the 100% 
“sand castle”. 

 

 

Effects of compaction on porosity (medium sand)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0% 20% 40% 60% 80% 100%

Sand Percentage λ

P
or

os
ity

 n

Without compaction
With 10% compaction)
With 20% compaction

Reduced porosity and reduced critical sand percentage

 

Figure 3.14 Effects of compaction on porosity 
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Effects of compaction on permeability (medium sand)
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Figure 3.15 Effects of compaction on hydraulic conductivity 

 
 

3.8 Summary 
A set of analytical equations have been derived expressing the porosity and 
permeability of a bi-modal mixed sand-gravel sediment in relation to the sand 
percentage and the porosity and permeability of the component gravel and sand 
fractions. A critical sand percentage or critical point 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. There are two important 
implications in terms of engineering applications. The first is that cliffing 
becomes a problem when the sand percentage exceeds the critical value. The 
second is that compaction will reduce the critical sand percentage at which 
cliffing starts to happen while increasing the loading capacity of the sediment 
mix. 
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4. Performance of Gravel and Mixed Beaches 
 

4.1  Introduction 
This report looks at how the performance of a beach may be influenced by a 
change in the permeability (hydraulic conductivity) of the beach material by 
examining existing experimental data collected at the University of Brighton 
(Trim 2003). The laboratory work included two parallel beach models at a scale 
of 1:30, with one reflecting a single sized gravel beach and the other a mixed 
sand-gravel beach. The two model beaches had an identical median sediment 
size (D50). As a result any behavioural differences may be broadly linked to the 
differences in the permeability of the beaches. 

 
4.2 The Beach Model 
The experiments were carried out in a wave flume of 10m in length, 0.45m in 
width and 0.5m in depth. The model material was graded anthracites with a 
density of 1400 kg/m3. The model setup is shown in Figure 4.1, and the 
sediment characteristics of the two beaches are shown in Figure 4.2. At the 
1:30 scale, the mixed beach model represents a prototype sand-gravel beach 
containing approximately 10% sand. The equivalent prototype D50 is about 
15 mm and the water depth at the toe is 4.8 m.  

 

 

1.3m 

0.186m 

Beach section consisted of experimental sediment 
separated by a hessian layer from a core consisting 

of mixed sediment 

Wave paddle driven by 
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NOT TO SCALE 

 
Figure 4.1 Schematic of beach model set-up 
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Figure 4.2 Sediment characteristics of beach models 

 
4.3 Test Conditions 
Waves were produced by a PC operated DC piston-type wave generator 
supplied by HR Wallingford. The test conditions included both monochromatic 
and random waves of a range of wave height and period, as given in Table 4.1. 
The random waves were generated based on the Jonswap Spectrum. Both 
model beaches were subjected to each wave condition for a duration of 30 
minutes, which is approximately 3 hours under prototype conditions.  

 

Table 4.1 Experimental wave conditions 
EXPERIMENTAL CONDITIONS 

1 in 30 Scale 
Model 
Frequency Model Wave Height Prototype 

Frequency 
Prototype Wave 
Height 

Monochromatic Wave Conditions 

0.53Hz 0.02m (A), 0.04m (B) 0.10Hz 0.6m, 1.2m 

1.05Hz 0.02m (C), 0.04m (D), 0.06m (E) 0.19Hz 0.6m, 1.2m, 1.8m 

1.58Hz 0.02m (F), 0.04m (G), 0.06m (H) 0.29Hz 0.6m, 1.2m, 1.8m 

Random Wave Conditions 

0.53Hz 0.052m (I), 0.084m (J) 0.10Hz 1.6m, 2.5m 

1.05Hz 0.033m (K), 0.053m (L), 0.069m (M) 0.19Hz 1.0m, 1.6m, 2.1m 

1.58Hz 0.025m (N), 0.04m (O), 0.052m (P) 0.29Hz 0.8m, 1.2m, 1.6m 
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With an initial slope of 1:7, the beach profiles were manually measured at 10 
minute intervals. This was done by marking the profiles with coloured markers 
onto the glass sidewalls of the tank during the test. At the end of each test, the 
marked profiles were measured and recorded. Each profile consisted of an 
elevation measurement for each 50mm chainage to an accuracy of 1mm. 
Differences were present between the profile readings on the two sidewalls. 
Complete symmetry in the evolution of a 2D beach model can never be 
attained, partly due to the imperfections in the initial beach slope and partly due 
to the variations of sediment sizes across the beach. As a result, the average 
readings of the two walls are used for the final analysis. 

 
4.4 Results and Discussions 
In general, the beach underwent rapid changes within the first few minutes and 
a pseudo-steady state was attained after 10 minutes, as demonstrated in 
Figures 4.3 and 4.4. Both summer and storm profiles were observed under both 
monochromatic and random wave conditions. The general trend of profile 
evolution was similar for both model beaches but there were significant 
differences in the quantity of sediment movement. The first difference is that, 
where onshore transport took place, the mixed beach experienced less 
movement of material. This can be clearly seen from Figures 4.5, 4.6 and 4.7 
under monochromatic wave conditions, and Figures 4.8, 4.9 and 4.10 under 
random wave conditions. In the case of offshore transport, the profiles of the 
mixed beach showed greater losses of material from the beach head. This may 
be seen from Figures 4.11, 4.12 and 4.13 under monochromatic wave 
conditions, and Figures 4.14, 4.15 and 4.16 under random wave conditions. 

The above phenomenon may be closely related to the hydraulic conductivity of 
the beach. The coarse grained beach model represents a gravel beach while 
the mixed beach model represents a mixed sand-gravel beach. The percolation 
flow in the gravel beach is much greater than that in the mixed beach due to the 
difference in the permeability. In the cases where the wave energy and period 
are such that onshore transport takes place, the wave breaking brings the 
sediment particles into temporary suspension and at the same time creates an 
uprush that takes the sediment up the beach surface. The subsequent 
backwash brings some of the sediment back down. The net sediment 
deposition is the difference between the sediment taken up during the uprush 
and that taken down by the backwash. The gravel beach allows much greater 
percolation flow into the beach, thus reducing the uprush but more significantly 
the backwash. As a result, greater onshore transport takes place on a gravel 
beach than on a mixed beach even though the wave conditions are identical. 

In storm conditions, the backwash carries sufficient energy to move more 
sediment than that by the uprush, due in part to the slope advantage of the 
backwash and in part to a more saturated beach head. In comparison, a mixed 
beach is more saturated due to smaller percolation flow within the beach, which 
may be identified in terms of an increased groundwater level in the beach head. 
This means an increased backwash on the mixed beach compared to a gravel 
beach. The result is that, under the same wave conditions, a mixed beach loses 
more material than a gravel beach. 
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4.5 Summary 
Two implications may be drawn from the analysis of Trim’s (2003) experimental 
data. The first is that a mixed sand-gravel beach is unlikely to perform as well 
as a pure gravel beach as a result of a reduced onshore transport and an 
increased offshore transport. The second implication is that the hydraulic 
conductivity of the sediment is of great significance in influencing the sediment 
transport processes on the beach. The greater the sand percentage, the smaller 
the hydraulic conductivity and the more impaired the beach is as compared to a 
gravel beach. 

 

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Horizontal Distance (m)

Beach profile at t Initial profile MWL

t = 10 mins

t = 20 mins

End profile0.0

-0.1

 
Figure 4.3  Profiles recorded under monochromatic wave conditions 

(Condition B: f=0.53Hz, Hs=0.04m) with a mixed beach model 
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Figure 4.4  Profiles recorded under random wave conditions 

(Condition I: f=0.53Hz, Hs=0.052m) with a mixed beach model 
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Figure 4.5  Comparison of gravel (uniform grain) and mixed beach 
profiles (Monochromatic wave conditions A: f=0.53Hz, 
Hs=0.02m) 
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Figure 4.6  Comparison of gravel (uniform grain) and mixed beach 
profiles (Monochromatic wave condition B: f=0.53Hz, 
Hs=0.04m) 
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Figure 4.7  Comparison of gravel (uniform grain) and mixed beach 
profiles (Monochromatic wave condition C: f=1.05Hz, 
Hs=0.02m) 
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Figure 4.8  Comparison of gravel (uniform grain) and mixed beach 
profiles (Random wave condition I: f=0.53Hz, Hs=0.052m) 
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Figure 4.9  Comparison of gravel (uniform grain) and mixed beach 
profiles (Random wave condition K: f =1.05Hz, Hs=0.033m) 
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Figure 4.10  Comparison of gravel (uniform grain) and mixed beach 
profiles (Random wave condition L: f=1.05Hz, Hs=0.053m) 
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Figure 4.11  Comparison of gravel (uniform grain) and mixed beach 
profiles (Random wave condition E: f =1.05Hz, Hs=0.06m) 
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Figure 4.12  Comparison of gravel (uniform grain) and mixed beach 
profiles (Monochromatic wave condition G: f =1.58Hz, 
Hs=0.04m) 
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Figure 4.13  Comparison of gravel (uniform grain) and mixed beach 
profiles (Monochromatic wave condition H: f=1.58Hz, 
Hs=0.06m) 
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Figure 4.14  Comparison of gravel (uniform grain) and mixed beach 
profiles (Random wave condition J: f=0.53Hz, Hs=0.084m) 
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Figure 4.15  Comparison of gravel (uniform grain) and mixed beach 
profiles (Random wave condition P: f=1.58Hz, Hs=0.052m) 
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Figure 4.16  Comparison of gravel (uniform grain) and mixed beach 
profiles (Random wave condition M: f=1.05Hz, Hs=0.069m) 
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5. Influence of Groundwater Level on Beach 
Evolution 

5.1 Introduction 
BeachWin (Li et al. 2002) is a numerical model that simulates interacting wave 
motion, beach groundwater flow and sediment transport in the nearshore zone 
(swash zone and part of the surf zone). Validation of the model under gravel 
beach conditions was carried out by Horn et al. (2003) and Horn and Li (2006).  
The BeachWin is selected for the current investigation because of our extensive 
experience in the use of the software. In addition, access to the software is free 
for this project. 

In the BeachWin model, the transformation of waves across the nearshore zone 
and the motion of swash are modelled using the non-linear shallow water 
equations (SWE; Peregrine 1972). Modifications of the SWE are made to 
account for the mass and momentum exchange between seawater and beach 
groundwater due to infiltration/exfiltration. Bottom friction is included by using 

the quadratic approximation, uuf
2
1

, where f is a friction factor and u is the flow 

velocity (Packwood and Peregrine 1981). Only the saturated beach 
groundwater flow, as governed by the Laplace equation, is considered in the 
model. However, the capillary effects on the saturated flow are incorporated 
through the free-surface boundary condition at the water table (Li et al. 1997). 
The wave model is coupled with the groundwater flow model via the boundary 
conditions at the beach. For the groundwater flow, the seaward boundary 
conditions are determined by the shoreline position and the local sea surface 
elevation, both of which are calculated by the wave motion model. The rates of 
infiltration/exfiltration across the beach are computed by the groundwater flow 
model based on Darcy’s law and then inputted to the wave model. In gravel 
beaches where pore water flows may become turbulent (non-Darcian flows), 
high order/non-linear effects play a role, but Darcy’s law captures the most 
important effects (lower order effects). The instantaneous sediment transport 
rate is calculated at each cross-shore grid point based on a modification of the 
Bagnold (1966) energetics model, using the velocity from the wave motion 
model. The sum of the instantaneous rates over a wave cycle gives the net 
sediment transport rate, which is used to predict the beach profile changes. The 
location of the nodes at the beach face in the groundwater flow model, and the 
local beach slope in the wave motion model and the sediment transport model, 
are then adjusted according to the beach deformation. The BeachWin model 
has been used to investigate the effect of infiltration/exfiltration on swash zone 
hydrodynamics and sediment transport on sand and gravel beaches (Masselink 
and Li 2001). Their simulations showed that on a relatively impermeable beach 
(fine sand, K=0.01 cms-1), beach profile development was characterised by 
offshore sediment transport resulting in steepening of the beachface and the 
formation of a bar/step feature below the still water level. On a permeable 
beach (gravel, K=1.6 cms-1), the beach profile showed onshore transport and 
development of a bar/step feature at the beginning of the simulation, followed 
by onshore transport and berm development. However, these simulations were 
not validated against field or laboratory data. 



 

Section 5. Influence of groundwater level on beach evolution 
  

33 

 
5.2 Model (BeachWin) tests against field data 
Horn et al. (2003) and Horn and Li (2006) tested the predictions of BeachWin 
against data from a gravel beach (Slapton Sands, Devon). The beach was 
composed of relatively uniform gravel with a mean size of 9 mm and a steep 
slope of 9.8° (tanβ=0.17). Surface and subsurface pressures were measured 
with twelve pressure transducers deployed in different configurations to obtain 
measurements at a range of vertical and horizontal positions. Bed levels were 
measured every 10 minutes for nine hours over both a rising and a falling tide. 
BeachWin was used to simulate the field experiment in order to examine the 
beach groundwater response to waves and beach profile change. Although 
some of the model assumptions are not necessarily correct for gravel beaches 
(particularly the assumption of Darcian flow), the simulated pore pressures 
captured the main features of the wave motion, with most peaks of the 
measured water depths predicted by the model, especially the time of 
occurrence. However, the model over-predicted pore pressures in the swash 
zone. Simulations of beach profile response with and without infiltration were 
compared to measured beach profile change. The model predicted the 
observed berm formation on the upper part of the beach, suggesting that swash 
infiltration played an important role in the short-term profile evolution of a gravel 
beach; however, the predicted erosion area was landward of the measured 
erosion area. Horn and Li (2006) also used the BeachWin model to look at the 
effect of varying hydraulic conductivity, friction factor, and ku/kb (calibration 
coefficients for the Bagnold energetics model, relating the ratio of uprush and 
backwash sediment transport rates, as in Masselink and Hughes 1998). Their 
simulations showed that accretion on the upper beachface increased with 
hydraulic conductivity and ku/kb, and decreased with friction factor. 

 
5.3 Model (BeachWin) tests against laboratory data 
The experiments were carried out in a section of the Coastal Wave Basin in the 
Department of Civil Engineering, University of Queensland, Australia. The 
section used in the experiments reported here was 27.3 m long,1.4 m wide and 
0.8 m deep (Figure 5.1). The experiments were carried out with a working depth 
of 0.5 m. The water level in the basin was kept constant using a small inflow 
near the wave generator and a weir behind the beach. The back of the beach 
was supported by a wire mesh located 0.2 m from the back wall of the flume, 
which prevented the loss of sediment while allowing water flow in and out of the 
permeable beach. The water level behind the beach was controlled by an 
adjustable pipe which was connected through the back wall. A set of 20 
damped manometer tappings on the bed of the flume provided time-averaged 
mean piezometric head levels in the cross-shore direction from offshore of the 
breakpoint to the back of the beach. The water level in the manometer tubes 
responded quickly to uprush and backwash, and eventually reached steady 
state conditions. Wave parameters were measured with two surface-piercing 
wave gauges. 

Two sets of experiments were carried out, with coarse sand (d50=0.84 mm) and 
fine sand (d50=0.197 mm). In all experiments, the initial beach profile was 
planar, with a slope of approximately 1:7.6, with the beach gradient starting 
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from the weir mesh and extending 5.4 m from the back wall. The beach was 
regraded between runs so that each run started with the same initial profile. For 
each sediment size, experiments were run with regular waves at three wave 
frequencies (0.4, 0.6 and 1 Hz), three wave heights (0.05 m, 0.1 m and 0.15 m), 
and three groundwater levels in the beach (0.05 m above SWL, 0.05 m below 
SWL and equal to SWL), in order to simulate high tide, low tide and mid-tide 
conditions (Table 5.1). All tests were run for an hour. Manometer readings were 
taken at the start of the experiment and at 10, 20, 35 and 55 minutes into the 
run. The beach profile was measured along the centre line of the beach at the 
start of the experiment and at 15, 30 and 60 minutes into the run. In terms of 
flow through the beach, the coarse sand beach is comparable to a gravel beach 
at full scale. The scalings are shown in Table 5.2.  

 

 

Figure 5.1 Wave flume, beach layout and instrumentation 
 

On the coarse sand beach, with a lower watertable, a higher berm was formed 
in accretionary conditions (Figure 5.2). Under erosional conditions, slightly less 
erosion was observed on the upper beach, although little change was observed 
below mean sea level (Figure 5.5). A higher groundwater level promoted 
offshore sediment transport, with the associated formation of a smaller berm for 
swell profiles (Figure 5.4) and increased beachface erosion in storm conditions 
(Figure 5.7). In general, however, onshore sediment transport was enhanced 
when the groundwater level was lowered under both accretionary and erosive 
conditions. For swell profiles under the same wave conditions, a berm 
developed on the coarse sand beach, whereas the fine sand beach showed net 
offshore transport. This trend was most pronounced for lowered groundwater 
levels. In contrast, the back beach groundwater level had less effect on beach 
profile evolution under storm conditions. This suggests that artificially lowering 
groundwater levels would not help much in the control of storm erosion, but 
could promote accretion on permeable beaches.  

Beach profile evolution had little effect on measured or modelled piezometric 
heads, which are primarily governed by the back beach head level and the 
wave run-up limit. Groundwater levels were always higher on the coarse sand 
beach than on the fine sand beach, due to greater infiltration rates. The coarse 
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sand beach was almost fully saturated for raised groundwater levels, but this 
was not the case for the fine sand beach. Predictions of piezometric heads in 
the beach show good agreement with measurements, but overestimate head 
levels offshore. This appears to be due to the model’s over-estimation of set-up, 
which is probably related to the energy dissipation routine in the model. Model 
predictions are better for the coarse sand beach than for the fine sand beach 
(Figures 5.8 to 5.19). The model tends to underestimate groundwater levels for 
longer period waves and overestimate them for shorter period waves. 

 

Table 5.1 Experimental runs for each grain size 

Run H 
(m) 

T 
(Hz) 

� 

(Hb/wsT) 
Profile 
type 

GWL 
relative to 

SWL 
+0.05 m 

GWL 
relative 
to SWL 

0 m 

GWL 
relative 

to SWL –
0.05 m 

1 0.05 0.4 0.15 swell 0405p 0405z 0405m 

2 0.10 0.4 0.31 swell 0410p 0410z 0410m 

3 0.15 0.4 0.46 swell 0415p 0415z 0415m 

4 0.05 0.6 0.23 swell 0605p 0605z 0605m 

5 0.10 0.6 0.46 swell 0610p 0610z 0610m 

6 0.12 0.6 0.7 swell/ 
storm 0612p 0612z 0612m 

7 0.15 0.6 0.56 storm 0615p 0615z 0615m 

8 0.05 1 0.39 storm 1005p 1005z 1005m 

9 0.10 1 0.77 storm 1010p 1010z 1010m 

10 0.15 1 1.16 storm 1015p 1015Z 1015m 

 

Table 5.2 Model and prototype parameters 
Lab parameter Prototype (storm) Prototype (swell) 

Period (sec) Scaling 1:�10 scaling 1:�25 

2.50 7.90 12.50 

1.67 5.28 8.35 

1.00 3.16 5.00 

Wave height (m) scaling 1:10 scaling 1:25 

0.05 0.50 1.25 

0.10 1.00 3.75 

1.00 1.50 3.75 

D50 (mm) scaling 1:4.2 scaling 1:8.4 

0.835 3.51 7.01 

0.197 0.83 1.65 
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5.4 Summary 
Comparison between the BeachWin model and field data leads to following 
conclusions: 

1. Comparison of measured and modelled pore pressures captured the main 
features of the wave motion, with most peaks of the measured water depths 
predicted by the model, especially the time of occurrence. However, the 
model over-predicted pore pressures in the swash zone. 

2. Simulations of beach profile response with and without infiltration were 
compared to measured beach profile change. The model predicted the 
observed berm formation on the upper part of the beach, suggesting that 
swash infiltration played an important role in the short-term profile evolution 
of a gravel beach, particularly the berm formation; however, the predicted 
erosion area was landward of the measured erosion area. 

3. Model simulations showed that the model predictions are sensitive to 
parameter values of the beach hydraulic conductivity, friction factor, and the 
ratio of uprush and backwash sediment transport rates, suggesting that 
these parameters play important roles in the beach profile changes at gravel 
beaches. Accretion on the upper beachface increased as hydraulic 
conductivity and ku/kb increased, whereas an increase in friction factor 
reduced the runup elevation and berm development. The simulations 
reported here give indications of possibly realistic values for these 
parameters. 

4. The uncertainty over values of key model parameters highlights the 
importance of measuring these parameters as part of the field 
measurements whenever possible. In particular, hydraulic conductivity 
should be measured rather than estimated. 

With respect to BeachWin model and laboratory tests, the following conclusions 
may be drawn: 

1. Accretion above the SWL occurred at all groundwater levels on the coarse 
laboratory beach, suggesting that infiltration played a significant role in 
beach profile development. Onshore transport and berm development 
occurred under all inland groundwater levels, and particularly when the 
inland groundwater level was lowered. 

2. Accretion above the SWL on the fine sand laboratory beach only occurred 
when the inland groundwater level was lowered. This suggests that altering 
the groundwater level is only able to induce accretion on an eroding profile 
on a fine sand beach, in contrast to previous suggestions that infiltration only 
plays a significant role in profile evolution on coarse-grained beaches and 
does not affect fine-grained beaches.  

3. Although beach groundwater did influence profile evolution in almost all of 
the laboratory runs, the changes in groundwater elevation in these 
experiments were usually not sufficient to change an erosive profile to an 
accretive profile or vice-versa.  

4. Onshore sediment transport in the laboratory experiments was enhanced 
when the groundwater level was lowered under both accretionary and 
erosive conditions, whereas the back beach groundwater level had less 
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effect on beach profile evolution under storm conditions. This suggests that 
artificially lowering groundwater levels would not help much in the control of 
storm erosion, but could promote post-storm accretion on permeable 
beaches. 

5. The data provide the first controlled experimental verification of a numerical 
model (BeachWin) which simulates wave and beach groundwater interaction 
in the coastal zone with forcing at wave frequencies. Profile evolution had 
little effect on measured or modelled head levels, which were primarily 
governed by the back beach head level and the wave runup limit. 
Agreement between measured and simulated head levels are better for the 
coarse beach due to greater infiltration. The main discrepancies between 
measured and simulated head levels appear to be a result of inaccurate 
prediction of the nearshore hydrodynamics rather than poor representation 
of the internal flow in the beach. 
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Figure 5.2  Comparison of fine and coarse sand profiles for swell 

conditions (T=2.5s, H=0.15m), inland groundwater level below 
SWL 
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Figure 5.3  Comparison of fine and coarse sand profiles for swell 

conditions (T=2.5s, H=0.15m), inland groundwater level the 
same as SWL 
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Figure 5.4  Comparison of fine and coarse sand profiles for swell 

conditions (T=2.5s, H=0.15m), inland groundwater level above 
SWL 
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Figure 5.5  Comparison of fine and coarse sand profiles for storm 

conditions (T=1s, H=0.1m), inland groundwater level below 
SWL 

 

6543210
0.0

0.2

0.4

0.6

0.8
initial elevation

fine sand

coarse sand

distance (m)

el
ev

at
io

n 
(m

)

Same groundwater level
  H = 0.1 m   T = 1 sec

SWL

groundwater level

 
Figure 5.6  Comparison of fine and coarse sand profiles for storm 

conditions (T=1s, H=0.1m), inland groundwater level the same 
as SWL 
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Figure 5.7. Comparison of fine and coarse sand profiles for storm 

conditions (T=1s, H=0.1m), inland groundwater level above 
SWL 
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Figure 5.8  Measured versus modelled groundwater levels for swell 

conditions (T=2.5s, H=0.15m) on the coarse sand beach, 
inland groundwater level below SWL 
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Figure 5.9  Measured versus modelled groundwater levels for swell 

conditions (T=2.5s, H=0.15m) on the fine sand beach, inland 
groundwater level below SWL 
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Figure 5.10  Measured versus modelled groundwater levels for swell 

conditions (T=2.5s, H=0.15m) on the coarse sand beach, 
inland groundwater level the same as SWL 
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Figure 5.11  Measured versus modelled groundwater levels for swell 

conditions (T=2.5s, H=0.15m) on the fine sand beach, inland 
groundwater level the same as SWL 
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Figure 5.12  Measured versus modelled groundwater levels for swell 

conditions (T=2.5s, H=0.15m) on the coarse sand beach, 
inland groundwater level below SWL 
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Figure 5.13  Measured versus modelled groundwater levels for swell 

conditions (T=2.5s, H=0.15m) on the fine sand beach, inland 
groundwater level below SWL 
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Figure 5.14  Measured versus modelled groundwater levels for storm 

conditions (T=1s, H=0.1m) on the coarse sand beach, inland 
groundwater level below SWL 
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Figure 5.15  Measured versus modelled groundwater levels for storm 
conditions (T=1s, H=0.1m) on the fine sand beach, inland 
groundwater level below SWL 

 



 

                                       Section 5. Influence of groundwater level on beach evolution 
 

 

42 

3210
0.3

0.4

0.5

0.6

0.7 initial elevation

profile after 15 minutes

measured groundwater level

simulated groundwater level

distance (m)

el
ev

at
io

n
 (

m
)

Same groundwater level
  H = 0.1 m   T = 1 sec

SWL

initial groundwater level

coarse sand

 

Figure 5.16  Measured versus modelled groundwater levels for storm 
conditions (T=1s, H=0.1m) on the coarse sand beach, inland 
groundwater level the same as SWL 
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Figure 5.17  Measured versus modelled groundwater levels for storm 

conditions (T=1s, H=0.1m) on the fine sand beach, inland 
groundwater level the same as SWL 
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Figure 5.18  Measured versus modelled groundwater levels for storm 
conditions (T=1s, H=0.1m) on the coarse sand beach, inland 
groundwater level below SWL 
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Figure 5.19 Measured versus modelled groundwater levels for storm 
conditions (T=1s, H=0.1m) on the fine sand beach, inland 
groundwater level below SWL 
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6. Case Studies 
 

6.1 Introduction 
 

The primary object in this part is to look at existing beach management 
practices in the UK, issues relating to dredging and placement methodologies, 
and available aggregate resources for mixed beaches. Two issues will be 
addressed. The first is concerned with the performance of recent beach 
recharge schemes; the second addresses alternative aggregate production, 
artificial placement, and management methods that may overcome problems 
associated with artificial mixing of beach sediment. 

The case studies were led by the development and distribution of a 
questionnaire to gather information on shingle and mixed beach recharge 
schemes. The questionnaire was distributed to area offices of the Environment 
Agency (generally responsible for flood defence), maritime local authorities 
(generally responsible for coastal protection), and Coastal Group Chairmen, 
who facilitated further distribution of the questionnaire. Based on the 
questionnaire feedback, it was decided that the case studies should focus on 
three sites: Pevensey Bay in East Sussex, Eastoke Hayling Island in Hampshire 
and Tankerton Bay in Kent (Figure 6.1). 

The detailed report on the case studies is included in Appendix 2 and the main 
findings are presented below.  
 
 

 
 

Figure 6.1 Location of selected case studies 

 

  

Tankerton Bay 

Hayling Island 
Pevensey Bay 
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6.2 Performance Issues of Recharged Mixed Beaches 
The case studies highlighted two most problematic performance issues. The 
first is loss of crest height and width, generally due to the transport of sediment 
from the upper beach to the lower beach. The second is cliffing, particularly in 
newly recharged beaches. It has previously been noted that along the UK 
coastline mixed beaches typically have a sand fraction of 20 to 30% of the total 
beach volume. The schemes assessed in this study are no exception to this 
observation. The Tankerton site included an experimental bay with a sand 
percentage of ~40%, and the Hayling Island frontage also contained a bay with 
similarly high sand percentage. The most severe of the observed cliffing was 
associated with the bays with high sand fractions. This is significant, as the 
theoretical and laboratory investigations presented in Section 3 have indicated 
that the overall performance of mixed beaches is highly dependent on the sand 
fraction, in particular when it is in the region of 30 to 40%. Within this range the 
hydraulic conductivity (and permeability) of the sediment mix is at a minimum, 
and it has been observed that this results in a tendency for cliffing to occur. 
Figures 6.2 to 6.4 are examples of cliffing recorded at Pevensey Bay and 
Hayling Island.  

 

 
 

Figure 6.2 Cliffing at Eastoke Hayling Island, photographed on 24/03/2004 
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Figure 6.3 Cliffing at Pevensey Bay, photographed on 02/07/2002 

 

 

Figure 6.4 Cliffing at Pevensey Bay, photographed on 20/10/2005 
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The mechanism of cliffing is complicated. Both the theoretical analysis and field 
data show clearly that the high sand fraction is a major factor. Detailed records 
of beach profiles and wave climate at Hayling Island also suggest two other 
important factors. The first is the presence of sustained swell waves or storm 
waves of sufficient wave energy. The two severe cases of cliffing (where cliffs of 
~1.7m height were formed) were both proceeded by recorded swell waves 
approaching 2m with dominant periods of 15s. At Pevensey Bay, cliffing was 
generally observed after storm attacks. The second factor seems to be the 
presence of a steep slope in the upper section of the beach which significantly 
exceeds the “natural” slope corresponding to sediment grading of the beach. 
Laboratory studies (Trim et al. 2002) suggest that irrespective of the initial slope, 
a mixed beach tended to settle down to a mean slope of 1:8.5 to 1:9.5. This is in 
agreement with the recorded beach slopes found in the post-storm surveys 
along the Eastoke frontage (Figures 6.5 and 6.6). 

A slope of around 1:7 is a commonly used design slope, which is chosen more 
for economic reasons than sound engineering. The large loss of the beach crest 
material in a storm event may be attributed to the very fact that such design 
slopes are not naturally sustainable. Given a limited supply of material, the high 
design slope is necessary to form a beach head of sufficient width. This 
superficially wide beach crest may give a false impression of security in the 
event of a storm, as it can take just a fraction of a tidal cycle for a whole beach 
head to be destroyed. Laboratory tests indicate that the most significant 
material movement under storm conditions takes place in the first 30 minutes to 
an hour. This means that the protection provided by the width of the beach head 
can vanish in a matter of an hour. The current design practice needs to be 
further investigated in future studies by way of laboratory tests and 
experimenting in prototype conditions. 
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Figure 6.5  Profile evolution due to consecutive swell and storm action 
(Hayling Island) 
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Figure 6.6  Profile evolution due to consecutive swell and storm action 
(Hayling Island) 

 

6.3  Methods of Alleviating the Cliffing Problem 
The theoretical study and field observations indicate that controlling the sand 
fraction of the sediment mix is a key to resolving the problem of cliffing. The 
three sites under study each experimented with a technique in dealing with the 
problem. The Tankerton approach was the use of a “cap” (top layer) of pure 
gravel (0.5~1m thickness) on top of the normal mixed sediment. The effect of 
capping on cliffing is clearly demonstrated by Figures 6.7 and 6.8.  

 

 
 

Figure 6.7 Cliffing recorded at Tankerton site (45% Sand) 
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Figure 6.8 The state of the “capped” bay in contrast to that of Figure 6.7 

 

The Hayling Island approach was similar to the Tankerton method but perhaps 
slightly more economical. In this case, the beach crest was recharged with 
recycled pure gravel. The method seemed very effective from the data collected 
so far. 

While both the Tankerton and Hayling Island methods are effective, the 
widespread use of either method may prove difficult, due to limited availability of 
pure gravel resources. Field experiences indicate that offshore sediment 
resources contain isolated locations where pure or nearly pure gravel can be 
found. It is possible that the use of these gravel resources could be controlled 
so that they are used only for beach crest recharge. The controlled use will help 
the situation but it is unlikely that the natural gravel resources are enough for 
the need. 

An alternative approach is that experimented with at Pevensey. In September 
2001 the dredger Sospan Dau was introduced. This vessel not only collects the 
offshore sediment, but also discharges them directly on to the beach herself. As 
a converted barge she is able to come fully inshore at high water, and using a 
modified rainbowing technique, deposit the material in a discrete mound just in 
front of her bow. Dry plant is still required to recover the aggregate and place it 
to the required design, but because it is already substantially further up the 
beach only a bulldozer and excavator are necessary. Since September 2001 all 
recharge works have been undertaken using this modified rainbowing technique. 
The use of Sospan Dau has two clear advantages. The first is the reduced 
compaction due to less heavy plant operations, thus helping to alleviate the 
cliffing problem. Secondly, the modified rainbowing technique helps to 
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segregate the fine sand from the coarser material. This can be demonstrated by 
Figures 6.9 to 6.12, showing the sediment grading during the September 2003 
and September 2005 recharges. The separation of the material meant that the 
coarser sediment could be used in the crest section of the beach or the upper 
beach. The experience so far indicates that the method has great potential in 
significantly alleviating the cliffing problem. Importantly, the technique does not 
incur any additional cost. 

 

 
 

Figure 6.9 Sediment mound and sample positions 
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Case Study Detail Pictures 
 

2, 4, 5 & 6: Surface details 
      7         Typical Core detail 

  9, 10 & 11 Peripheral Details 
 

Figure 6.10 Photographs of sediment at different positions of the mound. 
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Figure 6.11 Cross-shore size variation (a: mound 1; b: mound 2) 
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Figure 6.12 Longshore size variation in (a) mound 1 and (b) mound 2 
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6.4  Recycling of Material 
 

In addition to major capital recharges, Pevensey Coastal Defence operates a 
policy of regular and frequent recycling operations on top of annual 
maintenance recharges. Figure 6.13 shows the cumulative quantity of the 
recharged material and recycled material. Note that there is a large step shown 
in the figure, which corresponds to the primary capital works between May 2002 
and November 2002. A large volume of material was brought in to broaden the 
beach crest in order to achieve the required standard of defence. There are two 
points to be made in terms of maintenance recharge and recycling. The first is 
that the annual volume of the recycled material is relatively constant from year 
to year. The same may also be said about the annual volume of the 
maintenance recharge material. The second point is that the recycling involves 
a volume of material similar to that of the maintenance recharges. We can 
assume that the volume of the maintenance recharge material equates to the 
net loss of material from the beach. The recycling operations can be viewed as 
an effective means of maintaining the standard of defence while reducing the 
amount of imported material. In addition to effective use of sediment resources, 
the regular and frequent recycling operations are much cheaper to carry out 
than importing material from the sea. 
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Figure 6.13 Cumulative new and recycled material 

 

6.5  Summary 
 

The case studies highlighted two significant problems of recharged mixed 
sand-gravel beaches: large loss of crest material and cliffing. Reinforcing 
the finding of the theoretical study, the case analysis showed that the 
cliffing problem is critically linked to the presence of a large sand 
percentage in the sediment mix. In addition, the beach face having a 
slope greater than the natural slope may also be an important factor 
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leading to cliffing. Finally, cliffing can be a result of storm wave attacks 
but may also be caused by sustained swell waves of sufficient energy. 

Controlling the sand percentage in the beach crest or the upper beach 
seems to be the key to alleviating the problem of cliffing. Managed use of 
limited gravel resources for recharging beach crests is one possible way 
forward, but this is unlikely to meet the practical needs. The modified 
rainbowing technique experimented with at Pevensey by PCDL offers a 
possible alternative that is both relatively effective and very economical. 

Well managed recycling operations are an efficient use of sediment 
resources while offering significant cost savings. 
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7. Review of Aggregate Production, Placement 
and Mixing Methods 

7.1 Introduction 
The availability of sand and gravel aggregates, whether they are ‘won’ from land 
or sea, is a finite resource, and therefore needs to be used in an efficient and 
sustainable manner. Beach renourishment 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. 

 
7.2 Overview of Aggregate Dredging Techniques 
Dredging for marine aggregates is now tightly controlled, with real-time 
monitoring of the dredger location as it moves over sand/gravel banks. The 
prevalent dredging technique used to collect sand and gravel deposits from the 
seabed is by trailing suction dredger, as confirmed by the three case studies 
reported herein. This works by dragging a suction pipeline from the dredger so 
that it just rests on the seabed. The movement of the dredger results in 
relatively thin layer of sediment being collected over a wide area, with minimal 
disturbance to the surrounding seabed. For sand and gravel banks where 
relatively thick deposits are present, anchored suction dredging can be used. In 
this method, the dredger is held in a constant position by an anchor, such that 
sand and gravel deposits at that location are collected; however, the seabed is 
more significantly disturbed, and lowered locally by up to 2m or more. 

The cutter suction method employs a cutter head that describes an arc and 
disturbs sediment with the cutter head; this is subsequently passed up by 
suction through a pipeline to the dredger. Dredgers can either be stationary or 
move slowly to dredge sediment. Generally this results in lowering of the 
dredged area of the order of 0.1m, with modern instrumentation allowing 
relatively fine control of the cutter head. 

 
7.3 Aggregate Placement and Mixing Techniques 
Once sediment has been dredged from the seabed, a variety of methods are 
available to transport and place the material on the beach. These include: 

� Placement of material directly from the dredger base, generally into the 
intertidal region (commonly referred to as the ‘split bottom’ method). This is 
a relatively simple method of placement, but requires significant further re-
handling by heavy plant to move sediment into the desired location. In many 
cases the water is too shallow for the dredger itself to come to the beach, 
necessitating transhipment of the cargo to barges that then bring the 
sediment to the shore; 
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� Placement of material from the dredger pumped further onshore. This may 
result in material in the intertidal region, or further towards the upper beach 
(commonly referred to as the ‘rainbow’ method). This technique can result in 
reduced, or negligible, re-handling as material can be pumped to the 
required location to some extent; 

� Placement of material from a pipeline attached to the dredger, pumping 
sediment onshore. This method is particularly used when a sediment 
source is available close by, to allow simultaneous dredging and pumping 
onshore. However, difficulties can arise with ensuring the stability of the 
pipeline if significant tidal currents are present. It is also cost-prohibitive for 
small recharge quantities; 

In addition to this, more site specific techniques can be used, such as using a 
drag line to pull sediment back onshore from the nearshore (approximately up 
to 50m), or landing of sediment by barge, as used at Tankerton Bay. 

A number of the placement techniques described above have been used in the 
three case studies. This allows some comparative assessment to be made 
between the effectiveness of different techniques, although the conditions at 
each site will necessarily be different. 

Eastoke Hayling Island in particular has used two very different methods of 
placement: split bottom dumping and rainbowing. The split bottom capital 
recharge of 1985 was estimated to have an initial loss of 24%. This is 
comparable with the initial loss of 29% that occurred at Pevensey Bay during a 
similar split bottom recharge in 2000. 

Later capital recharge events at both Eastoke Hayling Island and Pevensey Bay 
used the rainbow method, with losses that were generally lower than for the 
split bottom method, between 11 and 16%. 

A significantly different placement technique has been applied at Tankerton 
Bay, where the recharge sediment has been transferred from a trailing suction 
dredger to a flat bottom barge that approached extremely close to the shoreline. 
The tipping of material from the front of the barge and placement further up the 
beach represented a more efficient use of recharge material. 

However, the situation is complicated by the fact that the reduction in recharge 
sediment loss generally means that greater volumes of sand are retained 
initially throughout the beach, resulting in a beach profile response of upper 
beach cliffing and lower beach flattening. 

Eastoke Hayling Island now also uses an intermediate technique, in that 
recharge sediment is sourced from the local Chichester Harbour approach 
channel. This provides a relatively cheap source of recharge sediment, which 
due to its source being Eastoke beach itself, provides good quality recharge 
material. 

In conjunction with the different initial placement techniques, a variety of 
methods have been used to spread the recharge material subsequent to 
placement. At all the scheme sites, the recharge material is spread initially by 
heavy plant (although in using the rainbow technique this could be left as 
initially placed to be transported naturally, depending on the site). 
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Spreading of the recharge material is carried out via heavy plant for all the case 
studies, resulting in a relatively well-mixed layer of sediment across the cross-
shore beach profile. As noted previously, this gives artificially raised levels of 
sand volume in the upper beach, which tends to increase cliffing and the 
erosion rate of the beach crest. 

A new recovery technique was trialled at Pevensey in September 2003. It had 
been observed in previous recharges that in a typical deposition mound 
resulting from the Sospan Dau’s modified rainbowing technique, the fine 
material tended to migrate furthest from the point of discharge, with the coarser 
sediment remaining in the centre of the mound. This feature forms the basis of 
the new recovery technique: rather than simply adding the unsorted sediment to 
the crest, only the coarse sediment in the core of the deposition mound was 
taken to the upper beach, leaving the sand at the periphery on the upper/ mid-
foreshore. This technique should mean that less sand is placed on the beach 
crest, with less potential for cliffing.  

An important lesson from the Pevensey experience is that recharge from 
offshore alone is not sufficient to maintain healthy beaches. Reprofiling the 
recharged beaches and frequent recycling of material from areas of accretion to 
areas of erosion help to maintain crest height and beach width and reduce the 
need for new material from offshore. This is particularly important in areas with 
significant longshore transport, as any additional sediment added to the beach 
simply increases the rate of longshore transport and therefore the loss of 
sediment from the site. Relatively small and frequent recycling to complement 
an annual recharge appears to be the most effective method of retaining the 
required beach volume.  

In relation to spreading of the tipped recharge material, recycling operations at 
both Pevensey Bay and Eastoke Hayling Island have evolved to use the most 
appropriate sediment. Particularly coarse sediment is recycled from the west to 
the central portion of the scheme extent at Eastoke Hayling Island, whilst at 
Pevensey Bay sediment is generally contained within the locality it came from 
by regular operations. 

 
7.4 Existing and Potential Aggregate Resource 
It has previously been summarised that demand for shingle recharge sediment 
is high, with anticipated requirements for shingle recharge sediment to 2015 
estimated as up to 6.5M m3/yr (Humphreys et al. 1996; Coates et al. 2001), 
although more recently a lower annual rate of around 2M m3 has been 
suggested (Bellamy 2003). 

A large amount of data is available on the production of aggregate within 
England and Wales, generally collected by the Crown Estate. Primary 
aggregate (previously unused) production statistics are relatively well 
documented, whereas secondary or recycled aggregate data is more sparse 
and less clearly defined. The availability and use of secondary and recycled 
aggregate is currently a significantly active area of research. 

The primary aggregate resource is generally divided into land won and marine 
dredged aggregate. Further to this the aggregate resource is separated into 
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sand and gravel, and crushed rock. The use of the available aggregate is sub-
divided generally into ‘aggregate’ and ‘non-aggregate’ uses; the term 
‘aggregate’ covers a variety of uses, but includes beach replenishment. 

The general reporting method in the literature is to give all aggregate amounts 
in tonnes; for the purposes of this project, and to facilitate comparison with 
capital recharge volumes for beach replenishment schemes, all aggregate 
amounts are converted to volumes, applying a representative density of 1700 
kg/m3 (as recommended by the Crown Estate) but this may vary depending on 
the aggregate location of concern. 

 

Overall Aggregate Resource 
From the AM2001 Collation (BGS 2003), a total of 133M m3 of primary 
aggregate (from land and marine sources) was sold throughout England and 
Wales in 2001, of which over 90% was quarried/landed in England. Of this, 
sand and gravel comprises 49.3M m3 of this total (summarised from Table 7.1). 

The general trend for sales of sand and gravel (land won and marine dredged, 
for all uses) has been variable since 1973 (ranging from 46M m3 to 70M m3), 
but since the 1990s has settled to a relatively stable average of approximately 
47M m3.  

 

Table 7.1 Summary of primary aggregate (sand and gravel) sales 
Land won and marine dredged sand and gravel 

Region 
Aggregate (Mt) Non-aggregate 

(Mt) 
Aggregate 
(Mm3) 

Non-aggregate 
(Mm3) 

South West 5.79 0.07 3.41 0.04 

South East 19.67 0.85 11.57 0.50 

London 4.56 0.00 2.68 0.00 

East of England 16.41 0.49 9.65 0.29 

East Midlands 10.05 0.21 5.91 0.12 

West Midlands 9.93 0.37 5.84 0.22 

North West 3.54 1.70 2.08 1.00 

Yorkshire and the 
Humber 5.21 0.03 3.07 0.02 

North East 2.16 0.00 1.27 0.00 

South Wales 1.29 0.02 0.76 0.01 

North Wales 1.39 0.06 0.82 0.03 

Sub total 80.01 3.78 47.06 2.22 

Total 83.79 49.28 

 

The annual resource for sand and gravel is highly dependent on legislative 
procedures, as well as physical availability. Production from quarries is tightly 
controlled via planning permissions, and the marine dredged resource is 
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dependent on dredging companies successfully prospecting, and applying for 
licences to dredge (through the Government View procedure). 

The regional splits of sand and gravel volumes are significant, as transport is a 
significant percentage of overall cost. Figure 7.1 (sourced from BMAPA) shows 
that the vast majority of sand and gravel from marine dredging is used on the 
south east and north east coasts of England. The total amount of sand and 
gravel used by England and Wales is sourced by 21% marine dredging and 
79% land won (over the last 5 years). Of the marine dredged sand and gravel, 
18% of this is used for fill and beach replenishment. Records indicate that 
beach replenishment is predominantly supplied by marine dredged sand and 
gravel. The following sections give a review of the resource specific to land and 
marine sourced sediment.  

 

 
Figure 7.1 Map showing usage of marine dredged sand and gravel 

 

Land Won Sand and Gravel 
The production of land won aggregates is surveyed on a 4 yearly cycle by BGS, 
the latest published results being for the survey carried out in 2001 (and 
published by BGS in 2003). 
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The volumes of sand and gravel quarried between 1973 and 2003 in the UK are 
given in Table 7.2, collated from UK Minerals Yearbook (BGS 2004) and 
AM2001 (BGS 2003), with the permitted reserves included for comparison. 

 

Table 7.2 Use of permitted reserve (1973 to 2003) 

Year 
Quarried sand and 
gravel (volume, 
Mm3) 

Permitted reserve of sand 
and gravel (volume, Mm3) 

Use of permitted 
reserve (%) 

1973  683.53  

1983 53.65   

1984 53.29   

1985 53.76 511.76 10.5 

1986 55.53   

1987 58.24   

1988 67.29   

1989 67.71 505.88 13.4 

1990 60.59   

1991 52.53   

1992 48.24   

1993 49.24 544.12 9.1 

1994 53.82   

1995 49.00   

1996 44.53   

1997 46.76 541.76 8.6 

1998 46.06   

1999 47.24   

2000 47.06   

2001 47.53 460.59 10.3 

2002 44.35   

2003 42.94   

Range 42 to 68 461 to 684 9 to 13 

 

The trend for permitted reserves of land won sand and gravel (all uses) since 
1973 has reduced from 683M m3 to 461M m3, with volumes generally 
decreasing in the 1990s. The permitted reserve in 2001 of 461M m3 represents 
a 30 year low, although the amount of the permitted reserve actually quarried 
has generally remained around 8 to 10%. 

The current permitted reserves (as defined in AM2001), for land won sand and 
gravel (for all uses) are given in Table 7.3, confirming the current total of 461M 
m3. 



 

Section 7. Review of aggregate production, placement and mixing  61 

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. 

 

Table 7.3 Summary of permitted reserves of sand and gravel 
Permitted reserve of sand and gravel 

Region 
Active sites (Mm3) Inactive sites (Mm3) Total (Mm3) 

South West 22.94 6.47 29.41 

South East 72.35 10.59 83.53 

London 1.76 0.00 1.76 

East of England 90.00 18.82 108.82 

East Midlands 46.47 11.76 58.24 

West Midlands 67.65 17.06 84.71 

North West 32.35 1.18 34.12 

Yorkshire and the 
Humber 26.47 3.53 30.00 

North East 7.65 4.71 12.35 

South Wales 4.12 0.59 4.71 

North Wales 11.76 1.76 13.53 

Total 383.53 76.47 461.18 

 

Marine Dredged Sand and Gravel 
The current licensed dredge areas around or within Crown Estate ownership 
are shown in Figure 7.2, sourced from BMAPA. The production of marine 
dredged sand and gravel for beach replenishment purposes (sand, mixed, and 
gravel beaches) between 1983 and 2004 has been collated from BGS (2004) 
and Crown Estate (2004), and is shown graphically in Figure 7.3. The marine 
dredged sand and gravel volumes for all purposes are also included for 
comparison. Use of marine dredged sand and gravel peaked in 1996, both as 
an absolute volume and percentage of the dredged volume. Although between 
1983 and 2003 the beach replenishment volumes varied from 0.5M m3 to 4.1M 
m3, in the last 5 years this appears to have settled to an annual volume of 
approximately 1M m3. Previous estimates of beach replenishment demand have 
ranged from less than 2M m3 (Bellamy, 2003) up to 6.5M m3 (Humphreys et al. 
1996); the volume estimated herein tends to support the more recent 
suggestion of Bellamy (2003). 

From data given in Crown Estate (2004), all landings for beach replenishment in 
2004 were for the South, East and Humber regions. The overall dredged sand 
and gravel volume represents approximately 53% of the permitted removal in 
licensed dredge sites (21.4M m3 for 2004), with beach replenishment volumes 
approximately 4% of the permitted removal for 2004. 
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Figure 7.2 Licensed dredge areas in UK waters 
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Figure 7.3  Variation in use of dredged sand and gravel for beach 

replenishment 
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The estimated reserves of sand and gravel are generally given in the literature 
(BMAPA 2001 to 2005) as licensed areas for dredging rather than tonnages. 
From these licensed dredge areas, contained active dredge areas are defined, 
with the area actually dredged by dredging companies only being a portion of 
this. It is apparent that the general trend is for licensed, active, and dredged 
areas to decrease over time. This reflects a variety of factors, including 
dredging technology improvements, allowing dredged areas to be more 
effectively used. 

More detailed data on the volume of material dredged in relation to the 
permitted licensed amount for 2004 is given in Table 7.4. 

 

Table 7.4 Regional volumes for dredged sand and gravel (2004) 
Region Permitted dredge volume (Mm3) Actual dredge volume (Mm3) 

Humber 2.74 1.90 

East Coast 7.47 5.21 

Thames 2.03 0.59 

South 7.43 3.62 

South West 1.51 0.96 

North West 0.81 0.33 

Total 21.99 12.62 

 

Again, the geographical spread of landed dredged sand and gravel is 
comparable to the general location of mixed beach replenishment schemes, 
although this does not necessarily directly relate to increased dredging to 
supply beach replenishment schemes; the majority of dredged sand and gravel 
is used for other purposes. 

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. The actual extent of dredge, and whether it will be 
accepted, is still undergoing study, but the proposed maximum dredging area is 
estimated to be 117 km2 over 15 years. 

The remaining resource available for beach replenishment schemes is 
dependent on the specification of the required sediment; tightly specified 
sediment gradings would obviously restrict the acceptable dredged sediment 
volume. A summary of the available resources for mixed beach schemes on the 
UK south coast (HR Wallingford 2004) indicates that the available resource for 
2004 was significantly in excess of 2M m3. However, further data is required to 
estimate the total available resource (in particular for mixed beaches) from the 
existing licensed dredge sites. 

 

Summary 
The above discussion has described the historic and present sand and gravel 
resources from both quarrying and marine dredging. A summary of the relative 



 

                                 Section 7. Review of aggregate production, placement and mixing 
 

 

64 

production volumes of sand and gravel from marine and land sources (and 
relative percentage of the total) is given in Table 7.5. It is apparent that sand 
and gravel in general is predominantly sourced from land quarries. However, 
the trend over the last 20 years has been for marine dredged volumes to 
increase from 15% to 20% of the production total. 

It has previously been suggested (Bellamy 2003) that the existing physical 
resource of marine sand and gravel is sufficient for beach replenishment 
schemes (for all beach types) for a number of decades, although it was noted 
that licenses for extraction represent a possible limit. Considering that the use 
of marine dredged sand and gravel for beach replenishment schemes in the last 
5 years has been less than 12% of the total, this suggestion does not seem 
unreasonable. However, the design requirement for mixed beach capital 
recharge material to have a significant coarse fraction may well limit the 
availability of sediment with acceptable grading. A possible solution to this 
would be to source further material from land quarries to artificially increase the 
volume of coarse material in the beach. 

 

Table 7.5 Relative volumes of land won and marine dredged sand and 
gravel 

Sand and gravel (volume, Mm3) 
Year 

Land won  Marine dredged Total 

1983 53.65 (85%) 9.35 (15%) 63.00 

1984 53.29 (85%) 9.06 (15%) 62.35 

1985 53.76 (85%) 9.59 (15%) 63.35 

1986 55.53 (84%) 10.35 (16%) 65.88 

1987 58.24 (84%) 11.06 (16%) 69.29 

1988 67.29 (84%) 12.94 (16%) 80.24 

1989 67.71 (83%) 13.71 (17%) 81.41 

1990 60.59 (83%) 12.35 (17%) 72.94 

1991 52.53 (84%) 10.00 (16%) 62.53 

1992 48.24 (83%) 9.94 (17%) 58.18 

1993 49.24 (84%) 9.59 (16%) 58.82 

1994 53.82 (84%) 10.59 (16%) 64.41 

1995 49.00 (82%) 10.82 (18%) 59.82 

1996 44.53 (81%) 10.71 (19%) 55.24 

1997 46.76 (81%) 11.12 (19%) 57.88 

1998 46.06 (80%) 11.76 (20%) 57.82 

1999 47.24 (80%) 12.18 (20%) 59.41 

2000 47.06 (79%) 12.76 (21%) 59.82 

2001 47.53 (80%) 12.12 (20%) 59.65 

2002 44.35 (80%) 11.18 (20%) 55.53 

2003 42.94 (80%) 10.71 (20%) 53.65 

Range 42 to 68 8.8 to 13.3 53 to 81 
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8. Conclusions and Recommendations 
 

The influence of permeability on the performance of shingle and mixed beaches 
has been examined by means of a literature review; an analytical study in 
conjunction with some laboratory experiments; a re-analysis of existing 
laboratory data; a numerical analysis of groundwater flow; and finally three case 
studies. Conclusions and recommendations for future studies are as follows. 

• There is ambiguity in the literature, with the term “shingle” being used to 
describe both pure gravel and mixed sand and gravel beaches. It is 
preferable to distinguish between gravel beaches and mixed sand-gravel 
beaches rather than use the term “shingle beach”. 

• It is beyond any doubt that the performance of a recharged mixed sand-
gravel beach is closely related to the hydraulic performance of the beach. 
Limited laboratory results showed that a mixed sand-gravel beach is likely to 
suffer much greater damage than a gravel beach of the same median 
sediment size. It is recommended that more detailed and extensive 
laboratory tests be carried out so as to quantify the performance of the 
mixed sand-gravel beaches with respect to the sand percentage. 

• The hydraulic conductivity of a sand-gravel sediment mix is dominantly 
controlled by the sand percentage of the sediment, as indicated by the 
current analytical analysis and supported by past and present laboratory 
test results. The work within the current project was limited to single grain-
sized sand mixed with single grain-sized gravel. A more detailed laboratory 
study should be carried out where the hydraulic conductivity is measured 
using mixtures of graded sand and gravel in line with what is commonly 
found in practice. 

• The case studies identified two problems common to all recharged mixed 
sand-gravel beaches. The first is the problem of cliffing and the second is 
severe loss of beach head material in storm events. Both problems seem to 
be closely linked to the presence of a relatively large sand fraction, and also 
to an unsustainable design beach slope. Limited laboratory data and field 
surveys indicate that a mixed sand-gravel beach has a “natural” slope of 
about 1:8.5~1:9. It is recommended that an extended laboratory programme 
should be carried out to examine the most appropriate design slope. There 
should be a parallel programme that surveys newly recharged beaches in 
sufficient frequency and detail. 

• For economic reasons and sustainable development, the efficiency of 
aggregate production has to take precedence of the quality over its 
production. This means that a greater emphasis has to be placed on the 
improvement of placement and mixing techniques of the aggregate at the 
point of delivery. The ongoing field experiment at the Tankerton site showed 
one possible approach by combining a gravel top layer with an underlay of 
normal mixed sand-gravel material. The Hayling Island frontage also 
experimented with the beach head being constructed with recycled gravel 
and at Pevensey Bay a new sediment spreading technique has being tried 
out. It is recommended that such field experiments should continue but 
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additional support should be given so that continuous monitoring can be 
carried out. Well planned post-project monitoring is crucial in achieving a full 
understanding of the sediment processes and the advantages and 
disadvantages of a particular method. 

• To quantify the available resource of sand and gravel, collection of data on 
the total physical amount from licensed sites, and the grading 
characteristics of the aggregate would be required. Additionally, data on the 
planned future capital recharge requirement for existing and proposed 
schemes would also be needed, to clearly indicate the remaining life of the 
physical resource. 

• Groundwater monitoring such as that carried out at the Tankerton site 
should continue. If this is not possible at this site, alternative locations 
should be sought. The internal flow of a recharged mixed sand-gravel beach 
needs better understanding to help search for better methods that may 
improve the beach performance. Such field monitoring should be carried out 
in conjunction with detailed numerical modelling. 

• A standard methodology is required to characterise bimodal sediment 
distributions and sediment size variation on mixed beaches. The existing 
knowledge in relation to unidirectional flow may be a good starting point of 
development for mixed sediments under oscillatory flow. Detailed 
measurements of sediment size distributions on mixed beaches, including 
sand content, should be carried out in order to determine the natural amount 
of spatial and temporal variability. The effect of sampling methodology 
should be considered as part of this measurement programme. 

• Detailed laboratory permeameter measurements of hydraulic conductivity in 
different sediment mixtures should be carried out with a range of sand and 
gravel sizes and different proportions of sand and gravel. It is important to 
test current assumptions about the effect of increasing sand content, as 
these are based on a limited number of laboratory experiments with only 
one, relatively small, gravel size. 

• Laboratory experiments on initiation of motion in mixed sediments should be 
carried out with a range of sand and gravel sizes and different proportions of 
sand and gravel. The effect of adding sand to gravel and gravel to sand 
should be investigated. These experiments should also be carried out with 
poorly sorted gravels and sands in different mixtures. 

• Laboratory experiments on sediment transport and beach profile evolution in 
mixed sediments should be carried out with a range of sand and gravel 
sizes and different proportions of sand and gravel. The effect of adding both 
sand to gravel and gravel to sand should be investigated. Attempts should 
be made to establish the exact role of hydraulic conductivity in the variability 
of the beach profile evolution.  

• Laboratory and field measurements of infiltration/ exfiltration and hydraulic 
gradients in mixed beaches, and a range of sediment mixtures, are urgently 
required. These measurements should include concurrent measurements of 
hydraulic conductivity, watertable elevation and moisture content.  
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• Predictions of existing models must be tested against data from mixed sand 
and gravel beaches. In particular, model simulations of the effects of 
infiltration and changes in hydraulic conductivity should be validated against 
laboratory/field data. 

• Study of natural beaches in relation to the cliffing phenomenon and 
distribution of particle sizes should help in identifying ways of dealing with 
the cliffing problem and improving the material placement strategies. 

• The sorting of sediment following a beach recharge should be monitored.  
This will help improve the material spreading strategies to minimise possible 
negative impact of sediment sorting on the beach performance. 

 

Table 8.1 summarises the recommendations in terms of types of work/study 
and relevant groups of interest, with priorities of the recommended work also 
suggested. 
 
 
Table 4 Matrix of recommendations 

Type of 
study 

Most relevant for user groups, 
including Defra/EA 

Most relevant for researchers 

La
bo

ra
to

ry
 e

xp
er

im
en

ts
 

• permeameter measurements to 
investigate the effects of sediment 
grading and increasing sand content 
on the hydraulic conductivity 

• experiments on the effect of sand 
fraction and other factors on cliffing 

• experiments on the optimum design 
profile to reduce cliffing 

• experiments on sediment transport 
and beach profile evolution using a 
range of sediment mixtures, with 
concurrent measurements of 
hydraulic conductivity 

• experiments on effects of 
compaction 

• permeameter measurements of 
hydraulic conductivity with a 
range of sediment mixtures 

• experiments on initiation of 
motion using a range of 
sediment mixtures 

• experiments on initiation of 
motion, sediment transport and 
beach profile evolution with 
infiltration/exfiltration 

• experiments on kinetic sorting 
using a range of sediment 
mixtures 

• experiments on reflection on 
mixed beaches 

• measurements of porosity, 
packing, pore diameter 
distribution, particle shape, 
capillary effects 
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Fi
el

d 
ex

pe
ri

m
en

ts
 

• monitor newly recharged beaches to 
identify times when cliffing occurs; 
collect sediment samples at these 
times to test hypotheses about 
causes of cliffing 

• experiments on placement of coarse 
material on upper beach 

• measurements of adjacent sites with 
normally placed and selectively 
placed recharge material 

• continue measurements of 
groundwater on recharged beaches, 
or develop new sites for similar 
measurements 

 

• detailed measurements of 
sediment size distributions, 
sand content, in-situ hydraulic 
conductivity, watertable 
elevation, moisture content, 
hydraulic gradients 

• short-term tracer experiment to 
identify sediment transport 
paths on recharged beaches 

• Cliffing and sediment size 
distribution of natural beaches 

N
um

er
ic

al
 

m
od

el
lin

g • test predictions of existing profile 
evolution models against data from 
mixed beaches 

• development of new models for 
mixed beaches 

R
ec

ha
rg

e 

• monitor and quantify effects of 
recharge delivery systems and 
recovery techniques 

• Monitor sediment sorting following a 
recharge 

• assess economic and technical 
viability of obtaining smaller volumes 
of coarse sediment from other 
sources for placing on upper beach 

 

O
th

er
 

• ensure that regional monitoring 
programme receives information on 
recharge and recycling times and 
locations  

• collect data on total amount of sand 
and gravel available from licensed 
sites 

• collect data on future capital 
recharge programmes for existing 
schemes to define remaining life of 
currently licensed resource 

• investigate the possibility of setting 
aside certain areas of coarse 
sediment for beach recharge rather 
than other aggregate uses 

• development of standard 
methodology to characterise 
bimodal sediments 

All recommendations are in suggested order of priority within each category. 
red: overall highest priority; blue: relatively low cost; purple: high priority and relatively 
low cost; green: long-term. 



 

Section 10. Acknowledgement 
  

69 

8. References and Bibliography 
Ahmed, A.S.M and Sato, S. 2003. A sheetflow transport model for asymmetric 
oscillatory flows. Part II: mixed grain size sediments. Coastal Engineering 
Journal 45(3): 339-361. 

Ahrens, J.P. 2000. A fall velocity equation. Journal of Waterway, Port, Coastal 
and Ocean Engineering 126( 2): 99–102. 

Ang, L.S., Sum, C, H.-Y., Baldock, T.E., Li, L. and Nielsen, P. 2004. 
Measurement and modelling of controlled beach groundwater levels under 
wave action. Proceedings of 15th Australasian Fluid Mechanics Conference, 
CD-ROM 

Anthony, E.J. 1998. Sediment-wave parametric characterization of beaches. 
Journal of Coastal Research 14: 347-352. 

Atherton, R.J., Baird, A.J. and Wiggs, G.F.S. 2001. Inter-tidal dynamics of 
surface moisture content on a meso-tidal beach. Journal of Coastal Research 
17(2): 482-489. 

Austin, M. and Masselink, G. 2005 forthcoming. Infiltration and exfiltration in the 
swash zone of a steep gravel beach: implications for morphological change. 
Coastal Dynamics ’05, Barcelona, Spain, April 2005. 

Bagnold, R.A. 1940. Beach formation by waves: some model-experiments in a 
wave tank. Journal of the Institution of Civil Engineers, Paper No. 5237: 27-53. 

Bagnold, R.A. 1946. Motions of waves in shallow water. Interaction between 
waves and sand bottoms. Proceedings of the Royal Society, London A187: 1-
15. 

Bagnold, R.A., 1966. An approach to the sediment transport problem from 
general physics. U.S. Geological Survey Professional Paper, No. 422-I. 

Baird, A.J., Mason, T.E and Horn, D.P. 1998. Validation of a Boussinesq model 
of beach groundwater behaviour. Marine Geology 148: 55-69.  

Baird, A.J., Mason, T.E., and Horn, D.P. 1996. Mechanisms of beach 
groundwater and swash interaction. Proceedings of the 25th International 
Conference on Coastal Engineering. New York: American Society of Civil 
Engineers, 4120-4133. 

Baird, A.J., Mason, T.E., Horn, D.P. and Baldock, T.E. 1997. Monitoring and 
modelling groundwater behaviour in sandy beaches as a basis for improved 
models of swash zone sediment transport. In Thornton, E.B. (ed.) Coastal 
Dynamics 97. New York: American Society of Civil Engineers, 774-783. 

Baldock, T.E. and Holmes, P. 1998. Seepage effects on sediment transport by 
waves and currents. Proceedings of the 26th International Conference on 
Coastal Engineering. New York: American Society of Civil Engineers, 3601-
3614. 

Baldock, T.E., Baird, A.J., Horn, D.P. and Mason, T. 2001. Measurements and 
modelling of swash-induced pressure gradients in the surface layers of a sand 
beach. Journal of Geophysical Research 106(C2): 2653-2666. 



 

                                       Section 9. References and bibliography 
 

 

70 

BAR 2005. Beach material properties. Unpublished report, Beaches at Risk 
project.  

Bascom, W.H. 1951. The relationship between sand size and beach slope. 
Transactions of the American Geophysical Union 32: 866-874. 

Beach, R.A., Sternberg, R.W. and Johnson, R. 1992. A fiber optic sensor for 
monitoring suspended sediment. Marine Geology 103: 513-520. 

Bellamy, A. 2003. Coastal Defence and Marine Aggregate Dredging off the UK. 
Published by BMAPA. 

Benavente, J., Gracia, F.-J., Anfuso, G. and Lopez-Aguayo, F. 2005. Temporal 
assessment of sediment transport from beach nourishments by using 
foraminifera as natural tracers. Coastal Engineering 52: 205-219.  

Benedet, L., Finkl, C.W., Campbell, T. and Klein, A. 2004. Predicting the effect 
of beach nourishment and cross-shore sediment variation on beach 
morphodynamic assessment. Coastal Engineering 51: 839-861. 

Blewett, J.C., Holmes, P. and Horn, D.P. 1999. Measurement and modelling of 
swash hydrodynamics. In Kraus, N.C. and McDougal, W.G. (eds) Coastal 
Sediments '99. New York: American Society of Civil Engineers, 377-392. 

Blewett, J.C., Holmes, P. and Horn, D.P. 2000. Field measurements of swash 
hydrodynamics on sand and shingle beaches: implications for sediment 
transport. Proceedings of the 27th International Conference on Coastal 
Engineering. New York: American Society of Civil Engineers, 597-609.  

Blewett, J.C., Holmes, P. and Horn, D.P. 2001. Field measurements of swash 
on gravel beaches. In Hanson, H. and Larson, M. (eds) Coastal Dynamics ’01. 
New York: American Society of Civil Engineers, 828-837. 

Bluck, B.J. 1967. Sedimentation of beach gravels: examples from South Wales. 
Journal of Sedimentary Petrology 37:128-156. 

Bradbury, A.P. and McCabe, M. 2003. Morphodynamic response of shingle and 
mixed sand/shingle beaches in large scale tests – preliminary observations. 
Proceedings of Hydrolab II, Budapest, May 2003, 9-1 - 9-11. 

Bradshaw, M.P. 1982. Bores and swash on natural beaches. Coastal Studies 
Unit Technical Report No. 82/4, University of Sydney, 107 pp. 

Bray, M., Workman, M. and Pope, D. 1996. Field measurements of shingle 
transport using electronic tracers. Proceedings of the 31st Defra Conference. 
London: Defra, 10.4.1 – 10.4.13. 

British Geological Society. 2003. Collation of the Results of the 2001 Aggregate 
Minerals Survey for England and Wales. 

British Geological Society. 2004. UK Minerals Yearbook. 

British Marine Aggregate Producers Association. 2001. 2001 Review. 

British Marine Aggregate Producers Association. 2001. 2002 Review. 

British Marine Aggregate Producers Association. 2002. Marine Aggregate 
Dredging: 4th Annual report. 

British Marine Aggregate Producers Association. 2003. 2003 Review. 



 

Section 10. Acknowledgement 
  

71 

British Marine Aggregate Producers Association. 2003. Marine Aggregate 
Dredging 5 Year Review: the Area Involved 1998-2002. 

British Standards Institution. 1990. Methods of Test for soils for civil engineering 
purposes, BS1377, British Standards Institution, London.  

Butt, T., Russell, P. and Turner, I. 2001. The influence of swash infiltration-
exfiltration on beach face sediment transport: onshore or offshore? Coastal 
Engineering 42: 35-52. 

Buxbom, I.P, Fredsøe, J., Sumer, B.M., Conley, D.C. and Christensen, E.D. 
2003. Large eddy simulation of turbulent wave boundary layer subject to 
constant ventilation. In Davis, R.A. (ed). 2003. Proceedings of the International 
Conference on Coastal Sediments 2003. CD-ROM published by World 
Scientific Publishing Corp. and East Meets West Productions, Corpus Christi, 
Texas, USA. ISBN 981-238-422-7, 14 pp. 

Caldwell, N.E. and Williams, A.T. 1985. The use of beach profile configuration 
in discrimination between differing depositional environments affecting coarse 
clastic beaches. Journal of Coastal Research 1: 129-139. 

Caldwell, N.E. and Williams, A.T. 1986. Spatial and seasonal pebble beach 
profile characteristics. Geological Journal 21: 127-138. 

Canning, P. 2000. Shingle and mixed beach processes. Internal Report, 
University of Bristol. 

Carmen, P.C. 1937. Fluid through granular beds. Transactions of the Institute of 
Chemical Engineers 15: 150.  

Carr, A.P. 1969. Size grading along a pebble beach: Chesil Beach, England. 
Journal of Sedimentary Petrology 39: 297-311.  

Carr, A.P. 1983. Shingle beaches: aspects of their structure and stability. In 
Institution of Civil Engineers. Shoreline Protection. London: Thomas Telford, 97-
104.  

Carr, A.P., Gleason, R., King, A. 1970. Significance of pebble size and shape in 
sorting by waves. Sedimentary Geology 4: 89-101. 

Carter, R.W.G. 1988. Coastal environments. London: Academic Press. 617 pp.  

Carter, R.W.G. and Orford, J.D. 1984. Coarse clastic beaches: a discussion of 
the distinctive dynamic and morphosedimentary features. Marine Geology 60: 
377-389. 

Carter, R.W.G. and Orford, J.D. 1993. The morphodynamics of coarse clastic 
beaches and barriers: a short- and long-term perspective. Journal of Coastal 
Research Special Issue 15: 158-179. 

Carter, R.W.G. and Rihan, C.L. 1978. Shell and pebble pavements on beaches: 
examples from the north coast of Ireland. Catena 5: 365-374. 

CERC (US Army Corps of Engineers Coastal Engineering Research Center). 
1984. Shore protection manual. 4th edition, 2 volumes. Washington, DC: U.S. 
Government Printing Office. 



 

                                       Section 9. References and bibliography 
 

 

72 

Chappel, J., Eliot, I.G., Bradshaw, M.P. and Lonsdale, E. 1979. Experimental 
control of beach face dynamics by water-table pumping. Engineering Geology 
14: 29-41. 

Cheng, N. and Chiew, Y. 2000. Incipient motion with upward seepage. Journal 
of Hydraulics Research 37(5): 665-681. 

CIRIA (Construction Industry Research and Information Association). 1996. 
Beach recharge materials – demand and resources. Unpublished report cited 
by Coates et al. (2001). 154 pp.  

Clarke, S., Dodd, N. and Damgaard, J. 2004. Modelling flow in and above a 
porous beach. Journal of Waterway, Port, Coastal, and Ocean Engineering 
130(5): 223-233.  

Coates, T.T., Brampton, A.H. and Powell, K.A. 2001. Shingle beach recharge in 
the context of coastal defence: principles and problems. In Packham, J.R., 
Randall, R.E., Barnes, R.S.K., Neal, A. (eds.) Ecology and geomorphology of 
coastal shingle. Westbury Academic and Scientific. Otley, Yorkshire, 394-403. 

Conley, D.C. and Inman, D. 1992. Field observations of the fluid-granular 
boundary layer under near-breaking waves. Journal of Geophysical Research 
97(C6): 9361-9643. 

Conley, D.C. and Inman, D. 1994. Ventilated oscillatory boundary layers. 
Journal of Fluid Mechanics 273: 261-284. 

Constantz, J., Herkelrath, W.N. and Murphy, F. 1988. Air encapsulation during 
infiltration. Journal of the Soil Science Society of America 52: 10-16. 

Crown Estate. 2004. Marine Aggregates Crown Estate Licences: Summary of 
Statistics 2004. 

Davidson, M.A., Bird, P.A.D., Bullock, G.N. and Huntley, D.A. 1994. Wave 
reflection: field measurements, analysis and theoretical developments. Coastal 
Dynamics ’94. New York: American Society of Civil Engineers, 642-665. 

de Meijer, R.J., Bosboom, J., Cloin, B., Katopodi, I., Kitou, N., Koomans, R.L. 
and Manso, F. 2002. Gradation effects in sediment transport. Coastal 
Engineering 47: 179-210. 

Dean, R.G. 1973. Heuristic models of sand transport in the surf zone. 
Proceedings of the 1st Australian Conference on Engineering Dynamics in the 
Surf Zone, 208–214. 

Defra (Department of Environment, Food and Rural Affairs) 2003. Development 
of predictive tools and design guidance for mixed beaches, stage 2. Final 
project report FD1901.  

DeTemple, B.T. and Wilcock, P.R. 2005. Persistence of armor layers in gravel-
bed streams. Geophysical Research Letters 32, LO8402, 
doi:10.1029/2004GL021772, 4 pp. 

Dingler, J.R. 1979. The threshold of grain motion under oscillatory flow in a 
laboratory wave channel. Journal of Sedimentary Petrology 49: 287-294. 

Dingler, J.R. and Reiss, T.E. 2002. Changes to Monterey Bay beaches from the 
end of the 1982-83 El Niño through the 1997-98 El Niño. Marine Geology 181, 
249-263.  



 

Section 10. Acknowledgement 
  

73 

Dobkins, J.E. and Folk, R.L. 1970. Shape development of Tahiti-Nui. Journal of 
Sedimentary Petrology 40: 1167-1203. 

Domenico, P.A. and Schwartz, F.W.. 1990. Physical and Chemical 
Hydrogeology. New York: Wiley. 

Dow, F.M., Gaston, G., Li, L. and Masselink. G. In situ measurement of 
hydraulic conductivity of beach sand in the swash zone. Unpublished 
manuscript.  

Drake, T.G. 2001. Nearshore bedload sediment transport. Unpublished 
document. North Carolina State University. 
http://www.meas.ncsu.edu/faculty/drake/drake.html 

Duncan, J.R. 1964. The effects of water table and tidal cycle on swash-
backwash sediment distribution and beach profile development. Marine 
Geology 2: 186-197. 

Dyer, K.R. 1986. Coastal and estuarine sediment dynamics. Chichester: John 
Wiley & Sons. 

Emery, K.O. 1945. Entrapment of air in beach sand. Journal of Sedimentary 
Petrology 15:39-49. 

Emery, K.O. and Foster, J.F. 1948. Water tables in marine beaches. Journal of 
Marine Research 7: 644-654. 

Emery, K.O. and Gale, J.F. 1951. Swash and swash mark. Transactions of the 
American Geophysical Union 32: 31-36. 

Everts, C.H. 1973. Particle overpassing on flat granular boundaries. Journal of 
the Waterways and Harbors Division ASCE, 99(WW4): 425-438.  

Everts, C.H., Eldon, C.D. and Moore, J. 2002. Performance of cobble berms in 
Southern California. Shore and Beach 4(70): 5-14. 

Faybishenko, B.A. 1995. Hydraulic behaviour of quasi-saturated soils in the 
presence of entrapped air: laboratory experiments. Water Resources Research 
31: 2421-2435. 

Fayer, M.J. and Hillel, D. 1986a. Air encapsulation: 1. Measurement in a field 
soil. Journal of the Soil Science Society of America 50: 568-572. 

Fayer, M.J. and Hillel, D. 1986b. Air encapsulation: 2: Profile water storage and 
shallow-water table fluctuations. Journal of the Soil Science Society of America 
50(3): 572-577. 

Fetter, C.W. 1994. Applied hydrogeology. Third edition. New York: Macmillan. 

Forbes, D.L., Orford, J.D., Carter, R.W.G., Shaw, J. and Jennings, S.C. 1995. 
Morphodynamic evolution, self-organisation and instability of coarse clastic 
barriers. Marine Geology 126: 63-85.  

Forbes, D.L., Taylor, R.B., Orford, J.D., Carter, R.W.G. and Shaw, J. 1997. 
Gravel barrier migration and overstepping. Marine Geology 97: 305-303.  

Freeze, R.A. and J.A. Cherry. 1979. Groundwater. Prentice Hall: Englewood 
Cliffs, New Jersey. 



 

                                       Section 9. References and bibliography 
 

 

74 

Friedman, G.M. and Sanders, J.E. 1978. Principles of sedimentology. New 
York: Wiley.  

Fuller, R.M. and Randall, R.E. 1988. The Orford Shingles, Suffolk, UK – classic 
conflicts in coastline management. Biological Conservation 46(2): 95-114. 

Gillham, R.W. 1984. The capillary fringe and its effect on water-table response. 
Journal of Hydrology 67: 307-324. 

Gourlay, M.R. 1980. Beaches: profiles, processes and permeability. Research 
report CE14, Department of Civil Engineering, University of Queensland, 36 pp. 

Gourlay, M.R. 1985. Beaches: states, sediments and set-up. Preprints of 6th 
Australasian Conference on Coastal and Ocean Engineering. Christchurch, 
New Zealand, 347-356.  

Grant, U.S. 1946. Effects of groundwater table on beach erosion. Geological 
Society American Bulletin 57: 1952. (abstract). 

Grant, U.S. 1948. Influence of the water table on beach aggradation and 
degradation. Journal of Marine Research 7: 655-660. 

Hallermeier, R.J. 1980. Sand motion initiation by water waves: two asymptotes. 
Proceedings Journal of the Waterway, Port, Coastal and Ocean Division, 
ASCE, 106(WW3): 299-318. 

Hallermeier, R.J. 1981. Terminal settling velocity of commonly occurring sand 
grains. Sedimentology 28: 859-865. 

Hanson, H., Brampton, A., Capobianco, M., Dette, H.H., Hamm, L., Laustrup, 
C., Lechuga, A. and Spanhoff. R. 2003. Beach nourishment projects, practices 
and objectives – a European overview. Coastal Engineering 47: 81-111. 

Harlow, D.A. 1980. Sediment Processes, Selsey Bill to Portsmouth. 
Unpublished PhD thesis, Department of Civil Engineering, University of 
Southampton. 

Harrison, W. 1969. Empirical equations for foreshore changes over a tidal cycle. 
Marine Geology 7: 529-551. 

Harrison, W. 1972. Changes in foreshore sand volume on a tidal beach: role of 
fluctuations in water table and ocean still-water level. Proceedings of the 24th 
International Geological Conference, Montreal, 159-166. 

Hart, B.S. and Plint, A.G. 1989. Gravelly shoreface deposits: a comparison of 
modern and ancient facies sequences. Sedimentology 36: 43-52. 

Hassan, W.N. and Ribberink, J.S. 2005. Transport processes of uniform and 
mixed sands in oscillatory sheet flow. Coastal Engineering 53(9): 745-770. 

Hazen, A. 1911. Discussion of: Dams on sand foundations by A.C. Loenig, 
Transactions ASCE 73: 199.  

Heathershaw, A.D., Carr, A.P., Blackley, M.W.L. and Wooldridge, C.F. 1981. 
Tidal variations in the compaction of beach sediments. Marine Geology 41: 223-
238. 

Hey, R.D. 1967. Sections in the beach plain of Dungeness, Kent. Geological 
Magazine 104: 361-384. 



 

Section 10. Acknowledgement 
  

75 

Holland, K.T., Keen, T.R., Kaihatu, J.M. and Calantoni, J. 2005. Understanding 
coastal dynamics in hetereogeneous sedimentary environments. Unpublished 
document, US Naval Research Laboratory. 

Holmes, P., Baldock, T.E., Chan, R.T.C and Neshai, M.A.L. 1996. Beach 
evolution under random waves. Proceedings of the 25th International 
Conference on Coastal Engineering. New York: American Society of Civil 
Engineers, 3006-3019. 

Holmes, P., Horn, D.P., Blewett, J.C., Lopez de San Román-Blanco, B., Peel-
Yates, T. and Shanehsaz-zadeh, A. 2002. Hydraulic gradients and bed level 
changes in the swash zone on sand and gravel beaches. Proceedings of the 
28th International Conference on Coastal Engineering. New York: World 
Scientific, 1016-1027. 

Horn, D.P. 1992a. A review and experimental assessment of equilibrium grain 
size and the ideal wave-graded profile. Marine Geology 108: 161-174.  

Horn, D.P. 1992b. A numerical model for shore-normal sediment size variation 
on a macrotidal beach. Earth Surface Processes and Landforms 17(8): 755-
773. 

Horn, D.P. 1993. Sediment dynamics on a macrotidal beach. Journal of Coastal 
Research 9(1): 189-208.  

Horn, D.P. 2006. The effects of permeability on beach performance: field and 
laboratory tests of fine and coarse sand beaches. Unpublished report, Defra 
grant FD1923.  

Horn, D.P. and Li, L. 2006. Measurement and modelling of gravel beach 
groundwater response to wave run-up: effects on beach profile changes. 
Journal of Coastal Research 22(5): 1241-1249. 

Horn, D.P and Walton, S.M. 2004. Sediment-level oscillations in the swash 
zone of a mixed sand and gravel beach. Proceedings of the 29th International 
Conference on Coastal Engineering. New York: World Scientific, 2390-2402. 

Horn, D.P. and Walton, S.M. In press. Spatial and temporal variations of 
sediment size on a mixed sand and gravel beach. Sedimentary Geology. 

Horn, D.P., Baldock, T.E., Baird, A.J. and Mason, T. 1998. Field measurements 
of swash induced pressure gradients within a sandy beach. Proceedings of the 
26th International Conference on Coastal Engineering. New York: American 
Society of Civil Engineers, 2812-2825. 

Horn, D.P., Li, L. and Holmes, P. 2003. Measurement and modelling of gravel 
beach groundwater response to wave run-up. In Davis, R.A. (Ed.), Proceedings 
of the International Conference on Coastal Sediments 2003. CD-ROM 
published by World Scientific Publishing Corp. and East Meets West 
Productions, Corpus Christi, Texas, USA. ISBN 981-238-422-7, 11 pp. 

Hough, A. and Peck, A. 1997. Effective environmental monitoring of beach 
recharge schemes. Proceedings of the 32nd Defra Conference. London: Defra, 
C1.2 – C.1.12. 

HR Wallingford. 1980. Beach Replenishment at the East End of Hayling Island: 
A Feasibility Study. Report No. EX922. 



 

                                       Section 9. References and bibliography 
 

 

76 

HR Wallingford. 2004. Beach Nourishment, Hayling Island. Technical Note 
CCM5319/01. 

Hughes, M. and Turner, I. 1999. The beachface. In Short, A.D. (ed.), Handbook 
of beach and shoreface morphodynamics. Chichester: John Wiley & Sons, Ltd., 
119-144.  

Hughes, M.G. 1995. Friction factors for wave uprush. Journal of Coastal 
Research 11(4): 1089-1098. 

Hughes, M.G., Masselink, G. and Brander, R.W. 1997. Flow velocity and 
sediment transport in the swash zone of a steep beach. Marine Geology 138: 
91-103. 

Humphreys, B., Coates, T.T., Watkiss, M.J., and Harrison, D.J. 1996. Beach 
Recharge Materials – Demand and Resources. CIRIA Report R154. 

Ikeda, H. and Iseya, F. 1988. Experimental study of heterogeneous sediment 
transport. Environmental Research Center Paper No. 12, University of Tsukuba, 
Japan. Cited by Wilcock et al. 2001. 

Isaacs, J.D. and Bascom, W.N. 1949. Water tables elevations in some Pacific 
coast beaches. Transactions of the American Geophysical Union 30: 293-294. 

Isla, F.I. 1993. Overpassing and armouring phenomena on gravel beaches. 
Marine Geology 110: 369-376. 

Jackson, W.L. and Beschta, R.L. 1984. Influences of increased sand delivery on 
the morphology of sand and gravel channels. Water Resources Bulletin 20(4): 
527-533. 

Jago, C.F. and Hardisty, J. 1984. Sedimentology and morphodynamics of a 
macrotidal beach, Pendine Sands, SW Wales. Marine Geology 60: 123-154. 

Jennings, R. and Shulmeister, J. 2002. A field based classification scheme for 
gravel beaches. Marine Geology 186, 221-228. 

Jennings, S.C., Orford, J.D., Canti, M., Devoy, R.J.N. and Straker, V. 1998. The 
role of relative sea level rise and changing sediment supply on Holocene gravel 
barrier development: the example of Porlock, Somerset, UK. Holocene 8: 165-
181. 

Johannessen, J.W. 2001. Soft shore protection as an alternative to bulkheads – 
projects and monitoring. Puget Sound Research 2001. Unpublished document. 

Kaczmarek, L.M., Biegowski, J. and Ostrowski, R. 2004. Modelling cross-shore 
intensive sand transport and changes of bed grain size distribution versus field 
data. Coastal Engineering 51: 501-529.  

Kamphuis, J.W. 1985. On understanding scale effect in coastal mobile bed 
models. In Dalrymple, R.A. (ed.) Physical modelling in coastal engineering, 
Rotterdam: A.A. Balkema, 141–162. 

Kang, H.Y., Aseervatham, A.M., and Nielsen, P. 1994a. Field measurements of 
wave runup and the beach water table. Research report no. CE148, 
Department of Civil Engineering, The University of Queensland, May 1994. 44 
pp. 



 

Section 10. Acknowledgement 
  

77 

Kang, H-Y., Nielsen, P. and Hanslow, D. 1994b. Watertable overheight due to 
wave runup on a sandy beach. Proceedings of the 24th International 
Conference on Coastal Engineering. New York: American Society of Civil 
Engineers, 2115-2124. 

Kanzanci, N., Ileri, O., Varol, B. and Ergin, M. 1998. On the significance of 
small-scale and short-lived air escape structures for the destruction of primary 
sedimentary laminations in the Colakli beach deposits, Gulf of Antalya, Turkey 
(Eastern Mediterranean). Estuarine, Coastal and Shelf Science 47: 181-190.  

Karambas, T.V. 2003. Modelling of infiltration-exfiltration effects of cross-shore 
sediment transport in the swash zone. Coastal Engineering Journal 45(1): 63-
82. 

Kirk, R.M. 1975. Aspects of surf and runup processes on mixed sand and 
shingle beaches. Geografiska Annaler 57A: 117-133.  

Kirk, R.M. 1980. Mixed sand and gravel beaches: morphology, processes and 
sediments. Progress in Physical Geography 4: 189-210. 

Kirk, R.M. 1992a. Artificial beach growth for breakwater protection at the Port of 
Timaru, east coast, South Island, New Zealand. Coastal Engineering 17: 227-
251. 

Kirk, R.M. 1992b. Experimental beach reconstruction – renourishment on mixed 
sand and gravel beaches, Washdyke Lagoon, South Canterbury, New Zealand. 
Coastal Engineering 17: 253-277.  

Kobayashi, N., and Wurjanto, A. 1992. Irregular wave interaction with 
permeable slopes. Proceedings of the 23rd International Conference on Coastal 
Engineering, 1299-1312. 

Kobayshi, N., Cox, D.T. and Wurjanto, A. 1991. Permeability effects on irregular 
wave runup and reflection. Journal of Coastal Research 7(1): 127-136. 

Komar, P.D. 1977. Selective longshore transport rates of different grain-size 
fractions within a beach. Journal of Sedimentary Petrology 47: 1444-1453. 

Komar, P.D. 1987. Selective grain entrainment by a current from a bed of mixed 
sediment sizes: a reanalysis. Journal of Sedimentary Petrology 57(2): 203-211.  

Komar, P.D. and Li, Z. 1986. Pivoting analyses of the selective entrainment of 
sediments by shape and size with application to gravel threshold. 
Sedimentology 33: 425-436. 

Komar, P.D. and Miller, M.C. 1973. The threshold of sediment movement under 
oscillatory water waves. Journal of Sedimentary Petrology 43: 1101-1110. 

Komar, P.D. and Miller, M.C. 1975. On the comparison between the threshold 
of sediment motion under waves and unidirectional currents with a discussion of 
the practical evaluation of the threshold. Journal of Sedimentary Petrology 45: 
362-367. 

Kozeny J. 1927. Uber kapillare Leitung des Wassers in Boden. S. B. Akad. 
Wiss. Wien Math. Naturwiss 136, 271-306. 

Krumbein, W.C. 1934. Size frequency distribution of sediments. Journal of 
Sedimentary Petrology 4: 65-77. 



 

                                       Section 9. References and bibliography 
 

 

78 

Krumbein, W.C., and Monk, G.D. 1942. Permeability as a function of the pore 
size parameters of unconsolidated sand. Transactions of the American Institute 
of Mining and Metallurgical Engineers 151: 153-163. 

Kuhnle R.A. 1994. Incipient motion of sand-gravel sediment mixtures. Journal of 
Hydraulic Engineering 119: 1400-1415. 

Kulkarni, C.D., Levoy, F., Monfort, O. and Miles, J. 2004. Morphological 
variations of a mixed sediment beachface (Teignmouth, UK). Continental Shelf 
Research 24: 1203-1218. 

Lanyon, J.A., Eliot, I.G. and Clarke, D.J. 1982a. Observations of shelf waves 
and bay sieches from tidal and beach groundwater records. Marine Geology 49: 
23-42. 

Lanyon, J.A., Eliot, I.G. and Clarke, D.J. 1982b. Groundwater-level variation 
during semidiurnal spring tidal cycles on a sandy beach. Australian Journal of 
Marine and Freshwater Research 33: 377-400. 

Lenhoff, L. 1982. Incipient motion of particles under oscillatory flow. 
Proceedings of the 18th International Conference on Coastal Engineering. New 
York: American Society of Civil Engineers, 1555-1568. 

Li, L. and Barry, D.A. 2000. Wave-induced beach groundwater flow. Advances 
in Water Resources 23: 325-337. 

Li, L., Barry, D. A., Parlange, J.-Y., and Pattiaratchi, C.B. 1997. Beach water 
table fluctuations due to wave run-up: Capillarity effects. Water Resources 
Research 33: 935-945. 

Li, L., Barry, D. A., Parlange, J.-Y., and Pattiaratchi, C.B. 1997. Beach water 
table fluctuations due to wave run-up: Capillarity effects. Water Resources 
Research 33: 935-945.  

Li, L., Barry, D.A., Pattiaratchi, C.B. and Masselink, G. 2002. BeachWin: 
modelling groundwater effects on swash sediment transport and beach profile 
changes. Environmental Modelling and Software 17: 313-320. 

Longuet-Higgins, M.S. 1983. Wave set-up, percolation and undertow in the surf 
zone. Proceedings of the Royal Society A 390: 283-291. 

Longuet-Higgins, M.S. and Parkin, D.W. 1962. Sea waves and beach cusps. 
Geographical Journal 128: 194-201. 

Lopez de San Román-Blanco, B. 2003. Dynamics of gravel and mixed sand and 
gravel beaches. Unpublished PhD thesis, Imperial College, University of 
London.  

Lopez de San Román-Blanco, B. and Holmes, P. 2002. Further insight on 
behaviour of mixed sand and gravel beaches – large scale experiments on 
profile development. Proceedings of the 28th International Conference on 
Coastal Engineering. New York: World Scientific, 2651-2663. 

Lopez de San Román-Blanco, B., Coates, T.T., Holmes, P., Chadwick, A.J., 
Bradbury, A., Baldock, T.E., Pedrozo-Acuña, A., Lawrence, J. and Grüne, J. 
2006. Large scale experiments on gravel and mixed beaches: experimental 
procedure, data documentation and initial results. Coastal Engineering in press.  

Lorang, M.A. and Komar, P.D. 1990. Pebble shape. Nature 347: 433-434. 



 

Section 10. Acknowledgement 
  

79 

Lorang, M.S. 2002. Predicting the height of a gravel beach. Geomorphology 48: 
87-101. 

Lorang, M.S., Namikas, S.L., McDermott, J.P. and Sherman, D.J. 1999 El Niño 
storms and the morphodynamic response of two cobble beaches. In Kraus, 
N.C. and McDougal, W.G. (eds) Coastal Sediments '99. New York: American 
Society of Civil Engineers, 922-937. 

Madsen, O.S. 1978. Wave induced pore pressures and effective stresses in a 
porous bed, Géotechnique 28: 377-393. 

Madsen, O.S. and Grant, W.D. 1975. The threshold of sediment movement 
under oscillatory waves: a discussion. Journal of Sedimentary Petrology 45: 
360-361. 

MAFF (Ministry of Agriculture, Fisheries and Food) 1999. Development of 
predictive tools and design guidance for mixed beaches. Final project report 
FD1304.  

Manohar, M. 1955. Mechanics of bottom sediment movement due to wave 
action. U.S. Army Corps Engineers, Beach Erosion Board Tech. Memo No. 75, 
121. 

Martin, C.S. 1970. Effect of a porous sand bed on incipient sediment motion. 
Water Resources Research 6: 1162-1174. 

Martin, C.S. and Aral, M.M. 1971. Seepage force on interfacial bed particles. 
Journal of the Hydraulics Division, American Society of Civil Engineers 7:1081-
1100.  

Mason, T. 1997. Hydrodynamics and sediment transport on composite (mixed 
sand/shingle) and sand beaches. Unpublished PhD thesis, University of 
Southampton.  

Mason, T. and Coates, T.T. 2001. Sediment transport processes on mixed 
beaches: a review for shoreline management. Journal of Coastal Research 
17(3): 645-657. 

Mason, T., Van Wellen, E. and Chadwick, A.J. 1999. Application of Bailard’s 
energetics model for shingle sediment transport. In Kraus, N.C. and McDougal, 
W.G. (eds.), Coastal Sediments '99. New York: American Society of Civil 
Engineers, 907-921. 

Mason, T., Voulgaris, G., Simmonds, D.J. and Collins, M.B. 1997. 
Hydrodynamics and sediment transport on composite (mixed sand/shingle) 
beaches: a comparison. In Thornton, E.B. (ed.), Coastal Dynamics 97. New 
York: American Society of Civil Engineers, 48-57. 

Masselink, G. 1993. Simulating the effects of tides on beach morphodynamics. 
Journal of Coastal Research Special Issue 15: 180-197. 

Masselink, G. and Hegge, B. 1995. Morphodynamics of meso- and macrotidal 
beaches: examples from central Queensland. Marine Geology 129: 1-23.  

Masselink, G. and Hughes, M.G. 1998. Field investigation of sediment transport 
in the swash zone. Continental Shelf Research 18: 1179-1199. 

Masselink, G. and Hughes, M.G., 1998. Field investigation of sediment 
transport in the swash zone. Continental Shelf Research 18: 1179-1199.  



 

                                       Section 9. References and bibliography 
 

 

80 

Masselink, G. and Li, L. 2001. The role of swash infiltration in determine the 
beachface gradient: a numerical study. Marine Geology 176: 139-156. 

Masselink, G. and Short, A.D. 1993. The effects of tide range on beach 
morphodynamics and morphology. Journal of Coastal Research 9: 785-900.  

Masselink, G. and Turner, I. 1999. The effect of tides on beach 
morphodynamics. In Short, A.D. (ed.), Handbook of beach and shoreface 
morphodynamics. Chichester: John Wiley & Sons, Ltd, 204-229. 

McKay, P.J. and Terrich, T.T. 1992. Gravel barrier morphology: Olympic 
National Park, Washington State, USA. Journal of Coastal Research 8: 813-
829.  

McLean, R.F. and Kirk, R.M. 1969. Relationships between grain size, sorting 
and foreshore slope on mixed sand-shingle beaches. New Zealand Journal of 
Geology and Geophysics 12: 138-155. 

Miles, J.R. and Russell, P.E. 2004. Dynamics of a reflective beach with a low 
tide terrace. Continental Shelf Research 24: 1219-1247.  

Mizutani, N., Ma, H-H, and Eguchi, S. 2004. Study on velocity field on beach 
and profile change of beach consisting of sand and gravel mixture. Proceedings 
of the 29th International Conference on Coastal Engineering. New York: World 
Scientific, 2364-2376. 

Nachabe, M. 2002. Analytical expressions for transient specific yield and 
shallow water table drainage. Water Resources Research38(10), 1193, doi: 
10:1029/2001WRR001071. 

Nachabe, M., Masek, C. and Obeysekera, J. 2004. Observations and modelling 
of profile soil water storage above a shallow water table. Soil Science Society of 
American Journal 68(3): 719-724. 

Neal, A., Pontee, N.I., Pye, K. and Richards, J. 2002. Internal structure of 
mixed-sand-and-gravel beach deposits using ground-penetrating radar. 
Sedimentology 49: 789-804.  

Nelson, C.L. and Miller, R.L. 1974. The interaction of fluid and sediment on the 
foreshore. University of Chicago, Department of Geophysical Sciences, Fluid 
Dynamics and Sediment Transport Laboratory Technical Report No. 15, 175 pp.  

Nielsen, P. 1992. Coastal bottom boundary layers and sediment transport. 
Singapore: World Scientific, 324 pp. 

Nielsen, P. 1997. Coastal groundwater dynamics. In Thornton, E.B. (ed) 
Coastal Dynamics 97. New York: American Society of Civil Engineers, 546-555. 

Nielsen, P. and Callaghan, D.P. 2003. Shear stress and sediment transport 
calculations for sheet flow under waves. Coastal Engineering 47: 347-354. 

Nielsen, P., Robert, S., Møller-Christiansen, B. and Oliva, P. 2001. Infiltration 
effects on sediment mobility under waves. Coastal Engineering 42(2): 105-114.  

Noda, E.K. 1971. Coastal movable-bed scale model relationships. Tetra 
Technology Report, Tetrat-P-71-191-1. 

Nolan, T.J., Kirk, R.M. and Shulmeister, J. 1999. Beach cusp morphology on 
sand and mixed sand and gravel beaches. Marine Geology 157: 185-198. 



 

Section 10. Acknowledgement 
  

81 

Obhrai, C., Nielsen, P. and Vincent, C.E. 2002. Influence of infiltration on 
suspended sediment under waves. Coastal Engineering 45: 111-123. 

Okusa, S. 1985. Wave-induced stresses in unsaturated submarine sediments, 
Géotechnique 35: 517-532. 

Oldenziel, D.M. and Brink, W.E. 1974. Influence of suction and blowing on 
entrainment of sand particles. Journal of the Hydraulics Division, ASCE 100: 
935-949. 

Orford, J.D. 1975. Discrimination of particle zonation on a pebble beach. 
Sedimentology 22: 441-463. 

Orford, J.D. 1977. A proposed mechanism for storm beach sedimentation. 
ESPL 2: 381-400.  

Orford, J.D. and Carter, R.W.G. 1982. Crestal overtop and washover 
sedimentation on a fringing sandy gravel barrier coast, Carnsore Point, 
southeast Ireland. Journal of Sedimentary Petrology 52: 265-278. 

Orford, J.D., Carter, R.W.G. and Jennings, S.C. 1996. Control domains and 
morphological phases in gravel-dominated coastal barriers of Nova Scotia. 
Journal of Coastal Research 12(3): 589-604. 

Orford, J.D., Forbes, D.L. and Jennings, S.C. 2002. Organisational controls, 
typologies and time scales of paraglacial gravel-dominated coastal systems. 
Geomorphology 48: 51-85. 

Orford, J.D., Jennings, S.C. and Forbes, D.L. 2001. Origin, development, 
reworking and breakdown of gravel-dominated coastal barriers in Atlantic 
Canada: future scenarios for the British coast. In Packham, J.R., Randall, R.E., 
Barnes, R.S.K., Neal, A. (eds.) Ecology and geomorphology of coastal shingle. 
Westbury Academic and Scientific. Otley, Yorkshire, 23-55. 

Osborne, P.D. 2005. Transport of gravel and cobble on a mixed-sediment inner 
bank shoreline of a large inlet, Grays Harbor, Washington. Marine Geology 224: 
145-156. 

Osborne, P.D. and Rooker, G.A. 1997. Surf zone and swash zone sediment 
dynamics on high energy beaches: west Auckland, New Zealand. In Thornton, 
E.B. (ed) Coastal Dynamics 97. New York: American Society of Civil Engineers, 
814-823.  

Packham, J.R. and Neal, A. 2001. Methods and terminology. In Packham, J.R., 
Randall, R.E., Barnes, R.S.K., Neal, A. (eds.) Ecology and geomorphology of 
coastal shingle. Westbury Academic and Scientific. Otley, Yorkshire, xvii-xxii. 

Packwood, A.R. 1983. The influence of beach porosity on wave uprush and 
backwash. Coastal Engineering 7: 29-40.  

Packwood, A.R. and Peregrine, D.H. 1980. The propagation of solitary waves 
and bores over a porous bed. Coastal Engineering 3: 221-242. 

Packwood, A.R. and Peregrine, D.H. 1981. Surf and run-up on beaches. 
University of Bristol, School of Mathematics Report No. AM-81-07. 

Parker, G. and Klingeman, P.C. 1982. On why gravel bed streams are paved. 
Water Resources Research 18: 1409-1423. 



 

                                       Section 9. References and bibliography 
 

 

82 

Parker, G., Klingeman, P.C. and McLean, D.L. 1982. Bedload and size 
distribution in paved gravel-bed streams. Journal of the Hydraulics Division, 
ASCE, 108(4): 544-571. 

Paul, M.J., Kamphuis, J.W. and Brebner, A. 1972. Similarity of equilibrium 
beach profiles. Proceedings of the 13th International Conference on Coastal 
Engineering, New York: American Society of Civil Engineers, 1217-1236. 

PCDL (Pevensey Coastal Defence Ltd). 2003. Pevensey Bay Sea Defences 
PFI annual report to June 2003. Unpublished report. 

PCDL (Pevensey Coastal Defence Ltd). 2004. Pevensey Bay Sea Defences 
PFI annual report to June 2004. Unpublished report.  

Pedrozo-Acuña, A., Simmonds, D.J., Otta, A.K. and Chadwick, A.J. 2005. A 
numerical study of coarse-grained beach dynamics. Proceedings of Coastal 
Dynamics ’05. New York: American Society of Civil Engineers. 

Pedrozo-Acuña, A., Simmonds, D.J., Otta, A.K. and Chadwick, A.J. 2006. On 
the cross-shore profile change of gravel beaches. Coastal Engineering in press.  

Peregrine, D.H. 1972. Equations for water waves and the approximations 
behind them. In Meyer, R.E. (ed.) Waves on beaches and resulting sediment 
transport. New York: Academic Press, 95-121. 

Powell, K.A. 1988. The dynamic response of shingle beaches to random waves. 
Proceedings of the 21st International Conference on Coastal Engineering, New 
York: American Society of Civil Engineers, 1763-1773. 

Powell, K.A. 1990. Predicting short term profile response for shingle beaches. 
HR Wallingford report SR 628. 

Prasuhn, A.L. 1987. Fundamentals of hydraulic engineering. Holt, Rinehart and 
Winston. The Dryden Press. Saunders College Publishing, 279–283 and 335–
362. 

Price, M. 1985. Introducing groundwater. London: George Allen & Unwin. 

Pye, K. 1994. Properties of sediment particles. In Pye, K.(ed.) Sediment 
transport and depositional processes. Oxford: Blackwell Scientific, 1-24.  

Pye, K. 2001. The nature and geomorphology of coastal shingle. In Packham, 
J.R., Randall, R.E., Barnes, R.S.K., Neal, A. (eds.) Ecology and geomorphology 
of coastal shingle. Westbury Academic and Scientific. Otley, Yorkshire, 2-22. 

Quick, M.C. 1991. Onshore-offshore sediment transport on beaches. Coastal 
Engineering 15: 313-332. 

Quick, M.C. and Dyksterhuis, P. 1994. Cross-shore transport for beach of mixed 
sand and gravel. International Symposium: Waves – physical and numerical 
modelling, IAHR, Vancouver, 1443-1452. 

Rance, P.J. and Warren, N.F. 1969. The threshold of movement of coarse 
material in oscillatory flow. Proceedings of the 11th International Conference on 
Coastal Engineering. New York: American Society of Civil Engineers, 487-491. 

Randall, R.E., Sneddon, P. and Doody, P. 1990. Coastal shingle in Great 
Britain: a preliminary review. Research and Survey in Nature Conservation 
Series No 85. Peterborough: Nature Conservancy Council.  



 

Section 10. Acknowledgement 
  

83 

Rao, A.R., Subrahmannyam, V., Thayumanavan, S. and Namboodiripad, D. 
1994. Seepage effects on sand-bed channels. Journal of Irrigation and 
Drainage Engineering 120(1): 60-79. 

Reynolds, D.B.H. 1986. Dungeness Foreland: its shingle ridges and what lies 
under them. Geographical Journal 152: 81-87. 

Sakai, T., Hatanaka, K. and Mase, H. 1992. Wave-induced effective stress in a 
seabed and its momentary liquefaction. Journal of Waterway, Port, Coastal and 
Ocean Engineering 118: 202-206.  

Sallenger, A.H. 1981. Swash mark and grain flow. Journal of Sedimentary 
Petrology 51(1): 261-264. 

Sallenger, A.H. and Richmond, B.M. 1984. High-frequency sediment-level 
oscillations in the swash zone. Marine Geology 60: 155-164. 

Sambrook Smith, G., Nicholas, A.P. and Ferguson, R.I. 1997. Measuring and 
defining bimodal sediments: problems and implications. Water Resources 
Research 33(5): 1179-1185.  

Sassa, S. 1998. Wave-induced liquefaction, densification and reliquefaction of 
sand beds, Centrifuge’98, 391-396. 

Sénéchal, N., Bonneton, P. and Dupuis, H. 2002. Field experiment on 
secondary wave generation on a barred beach and the consequent evolution of 
energy dissipation on the beach face. Coastal Engineering 46: 233-247. 

She, K. 2003. Scaling effects of modelling beach processes. International 
Conference on Towards a Balanced Methodology in European Hydraulic 
Research, Budapest, 2003. 

She, K., Trim L. and Pope D.J. 2001. Incipient motion of sediments in shallow 
water waves. XXIX IAHR Congress Proceedings, September 2001, Beijing, 
Volume E, 300-306. 

She, K., Trim, K.L., Pope, D.J. 2005. Fall velocities of large natural particles. 
Journal of Hydraulic Research 43(2):189-195. 

She, K., Trim, K.L. and Pope, D.J. 2006. Threshold of motion of natural 
sediment particles in oscillatory flows. Journal of Coastal Research, 22-3: 701-
709. 

Sherman, D.1991. Gravel beaches. National Geographic Research 7(4): 442-
452. 

Shipman, H. 2001. Beach nourishment on Puget Sound: a review of existing 
projects and potential applications. Puget Sound Research 2001. Unpublished 
document. 

Short, A.D. 1991. Macro-meso tidal beach morphodynamics - an overview. 
Journal of Coastal Research 7(2): 417-436. 

Shulmeister, J. and Kirk, R. 1993. Evolution of a mixed sand and gravel barrier 
system in North Canterbury, New Zealand during Holocene sea-level rise and 
still-stand. Sedimentary Geology 87: 215-235.  



 

                                       Section 9. References and bibliography 
 

 

84 

Shulmeister, J. and Kirk, R. 1997. Holocene fluvial-coastal interactions on a 
mixed sand and gravel beach system, North Canterbury, New Zealand. Catena 
30: 337-355.  

Sleath, J.F.A. 1970. Wave induced pressures in beds of sand, Journal of the 
Hydraulics Division, ASCE, 96: 367-378. 

Sneddon, P. and Randall, R.E. Shingle survey of Great Britain. Appendix 3: 
report on shingle sites in England. Report to Nature Conservancy Council.  

Soulsby, R.L. and Whitehouse, R.J.S. 1997. Threshold of sediment motion in 
coastal environments. Pacific Coasts and Ports Conference, Christchurch, New 
Zealand, 149–154. 

Stapleton, K., Mason, T. and Coates, T.T. 1999. Sub-tidal resolution of beach 
profiles on a macrotidal shingle beach. In Kraus, N.C. and McDougal, W.G. 
(eds.), Coastal Sediments '99. New York: American Society of Civil Engineers, 
885-893. 

Strahler, A.N. 1966. Tidal cycle of changes in an equilibrium beach, Sandy 
Hook, New Jersey. Journal of Geology 74: 247-268.Tanner, L.H. 1996. Gravel 
imbrication on the deflating backshores of beaches on Prince Edward Island, 
Canada. Sedimentary Geology 101: 145-148. 

Tanner, L.H. 1996. Gravel imbrication on the deflating backshores of beaches 
on Prince Edward Island, Canada. Sedimentary Geology 101: 145-148. 

Terrile, E., Reniers, A.J.H.M., Stive, M.J., Tromp, M. and Verhagen, H.J. 2006. 
Incipient motion of coarse particles under regular shoaling waves. Coastal 
Engineering 53: 81-92.  

Thaxton, C.S., Calantoni, J. and Drake, T.G. 2001. Can a single representative 
grain size describe bed load transport in the surf zone? Abstract OS12A-0412, 
American Geophysical Union Fall Meeting. 

Trim L., She, K. and Pope D.J. 2002. Tidal effects on cross-shore sediment 
transport on a shingle beach, J. Coastal Research Special Issue 36: 708-715. 

Trim L. 2003. Physical modelling of shingle beaches, Unpublished PhD thesis, 
University of Brighton. 

Turcotte, D. L. 1960. A sub-layer theory for fluid injection into incompressible 
turbulent boundary layer, Journal of Aerospace Sciences 27(9): 675-678. 

Turner, I.L. 1993a. The total water content of sandy beaches. Journal of Coastal 
Research Special Issue 15: 11-26. 

Turner, I.L. 1993b. Water table outcropping on macro-tidal beaches: a 
simulation model. Marine Geology 115: 227-238. 

Turner, I.L. 1993c. Beach face permeability, the groundwater effluent zone, and 
intertidal profiles of macro-tidal beaches: a conceptual model. In Thomas, M. 
(ed.) Catchments and coasts of eastern Australia. Department of Geography, 
University of Sydney Monograph Series 5, 88-99. 

Turner, I.L. and Masselink, G. 1998. Swash infiltration-exfiltration and sediment 
transport. Journal of Geophysical Research 103(C13): 30,813-30,824. 



 

Section 10. Acknowledgement 
  

85 

Turner, I.L. and Nielsen, P. 1997. Rapid watertable fluctuations within the 
beachface: implications for swash zone sediment mobility? Coastal Engineering 
32: 45-59. 

Turner, R.J. 1990. The effects of a mid-foreshore groundwater effluent zone on 
tidal-cycle sediment distribution in Puget Sound, Washington. Journal of 
Coastal Research 6(3): 591-610.  

US Army Corps of Engineers 1991. Coastal Engineering Technical Note CETN 
II-26. Recommended physical data collection program for beach nourishment 
projects. 

van der Meer, J. 1988. Rock slopes and gravel beaches under wave attack. 
Delft Hydraulics publication number 396.  

van Gent, M.R.A. 1994. The modelling of wave action on and in coastal 
structures. Coastal Engineering 22: 311-399. 

Van Rijn, L.C. 1997. Cross-shore sand transport and bed composition. In 
Thornton, E.B. (ed) Coastal Dynamics 97. New York: American Society of Civil 
Engineers, 88-98. 

Van Wellen, E., Lee, M. and Baily, B. 1999. Longshore drift evaluation on a 
groyned shingle beach using field data. In Kraus, N.C. and McDougal, W.G. 
(eds.), Coastal Sediments '99. New York: American Society of Civil Engineers, 
894-906. 

W.S. Atkins Ltd. 1998. Hayling Island Coastal Defences Strategy, 4 Volumes. 
Report to Environment Agency (South), Vol. 1: 69pp.; Vol. 1A: Figures (n.p.); 
Vol. 2: Technical Appendices (n.p.); Vol. 3: Strategic Environmental 
Assessment, 18pp. 

Waddell, E. 1976. Swash-groundwater-beach profile interactions. In Davis, R.A. 
and Etherington, R.L. (eds.) Beach and nearshore sedimentation. Society of 
Economic and Paleontological Mineralogists Special Publication 24, 115-125. 

Walker, J.R., Everts, C.H., Schmelig, S. and Demirel, V. 1991. Observations of 
a tidal inlet on a shingle beach. In Kraus, N.C., Gingerich, K.J. and Kriebel, D.L. 
(eds) Coastal Sediments '91. New York: American Society of Civil Engineers, 
975-989. 

Watters, G.Z. and Rao, M.V.P. 1971. Hydrodynamic effects of seepage on bed 
particles. Journal of the Hydraulics Division, ASCE 97(HY3): 421-439. 

Weisman, R.N., Seidel, G.S. and Ogden, M.R. 1995. Effect of water-table 
manipulation on beach profiles. Journal of Waterway, Port, Coastal and Ocean 
Engineering 121(2): 134-142. 

Wentworth, C.K. 1922. A scale of grade and class terms for clastic sediments. 
Journal of Geology 30: 377-392. 

Whitcombe, L. J., 1995. Sediment Transport Processes, with Particular 
Reference to Hayling Island. Unpublished PhD thesis, Department of 
Oceanography, University of Southampton, 294 pp. 

Whitcombe, L.J. 1996. Behaviour of an artificially replenished shingle beach at 
Hayling Island, UK. Quarterly Journal of Engineering Geology 29(4): 265-271.  



 

                                       Section 9. References and bibliography 
 

 

86 

Wiberg, P.L. and Smith, J.D. 1987. Calculations of the critical shear-stress for 
motion of uniform and heterogeneous sediments. Water Resources Research 
23(8): 1471-1480.  

Wilcock, P.R. 1992. Experimental investigation of the effect of mixture 
properties on transport dynamics. In Billi, P., Hey, R.D., Thorne, C.R. and 
Tacconi, P. (eds.) Dynamics of gravel-bed rivers. New York: Wiley, 109-139.  

Wilcock, P.R. 1998. Two-fraction model of initial sediment motion in gravel-bed 
rivers. Science 280: 410-412. 

Wilcock, P.R. and Crowe, J.C. 2003. Surface-based transport model for mixed-
size sediment. Journal of Hydraulic Engineering 129(2): 120-128. DOI: 
10.1061/(ASCE)0733-9429(2003)129:2(120)/  

Wilcock, P.R. and McArdle, B.W. 1993. Surface-based fractional transport 
rates: mobilization thresholds and partial transport of a sand-gravel sediment. 
Water Resources Research 29(4): 1297-1312. 

Wilcock, P.R., Kenworthy, S.T. and Crowe, J.C. 2001. Experimental study of the 
transport of mixed sand and gravel. Water Resources Research 37(12): 3349-
3358. 

Wilcock. P.R. and Southard, J.B. 1988. Experimental study of incipient motion 
in mixed-size sediment. Water Resources Research 24(7): 1137-1151. 

Wilcock, P.R. 1993. Critical shear stress of natural sediments. Journal of 
Hydraulic Engineering 119(4): 491-505. 

Willets, B.B. and M.E. Drossos, M.E. 1975. Local erosion caused by rapid 
infiltration. Journal of the Hydraulics Division, ASCE 101: 1477-1488. 

Williams, A.T. and Caldwell, N.E. 1988. Particle size and shape in pebble beach 
sedimentation. Marine Geology 82: 199-215.  

Wright, L.D. and Short, A.D. 1984. Morphodynamic variability of surf zones and 
beaches: a synthesis. Marine Geology 56: 93-118. 

Wright, L.D., Nielsen, P., Short, A.D. and Green, M.O. 1982. Morphodynamics 
of a macrotidal beach. Marine Geology 50: 97-128. 

Wurjanto, A. and Kobayashi, N. 1993. Irregular wave reflection and runup on 
permeable slopes. Journal of Waterway, Port, Coastal and Ocean Engineering 
119(5): 537-557.  

Yalin, M.S. 1963. A model shingle beach with permeability and drag forces 
reproduced. Proceedings of the 10th IAHR congress, 1, 169–175. 

Yalin, M.S. 1971. Theory of hydraulic models. London: Macmillan Press. 

Yamamoto, T., Koning, H.L., Sellmeijer, H. and Hijum, E. 1978. On the 
response of a poro-elastic bed to water waves. Journal of Fluid Mechanics 87: 
193-206.  

Yamashita, T., Jungwook, P. and Ito, M. 2004. Profile change of coarse and fine 
material composite beach. Proceedings of the 29th International Conference on 
Coastal Engineering. New York: World Scientific, 2353-2363. 

You, Z–J. 1998. Initial motion of sediment in oscillatory flow. Journal of 
Waterway, Port, Coastal and Ocean Engineering 124(2): 68–72.  



 

Section 10. Acknowledgement 
  

87 

10. Acknowledgements 
 
Information has been kindly provided for the case studies by a number of 
parties. These are: 

� Pevensey Coastal Defence Limited; 

� Havant Borough Council; and 

� Canterbury City Council 

 
Also acknowledged are all organisations that responded to the questionnaire 
survey. 
 
The authors would also like to thank Jonathan Clark (Canterbury CC) and Clive 
Moon (Havant BC) for their contribution to the project, and Louise Trim (Black & 
Veatch) for use of her experimental data. 
 
Special thanks go to Bill Symons of Defra for his continuous support and active 
participation throughout the project, and to Ian Thomas of PCDL and Roger 
Spencer of Arun DC for their time and effort put into the project. 

 



 



PB 12527/25

Ergon House
Horseferry Road
London SW1P 2AL

www.defra.gov.uk

PB11207-CVR.qxd  1/9/05  11:42 AM  Page 2

m126208
Rectangle




