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INTRODUCTION

Coarse clastic (gravel/shingle) deposits are found throughout the world, but especially in 
formerly glaciated regions or along tectonically - controlled coastlines where high gradient 
streams deliver bedload material to the shore; they are presented also in wave-dominated 
areas, subject to rock cliff erosion. Nevertheless, despite their worldwide occurrence they are 
nowhere of more significance to coastal engineers than in Britain (Carr, 1983), in terms of 
coastal defence and the construction industry. Shingle deposits may be classified as coarse 
clastic shorelines or offshore deposits. ,

Coarse clastic shorelines are divided into barriers (free-standing or fringing) and beaches 
(natural or artificial) (Figure 1). Each of these categories displays a number of distinctive 
morphodynamic attributes (Carter and Orford, 1993).

Offshore clastic deposits are classified, likewise, according to their origin aiid hydrodynamic 
environment into (Figure 1): ancient (relict) shingle shorelines; buried palaeovalleys; gravel 
sheets and offshore gravel banks or tidal ebb deltas.

Although these environments are governed by different hydrodynamic conditions (i.e breaking 
waves, tidal currents etc), sediment movement is not confined between rigidly set boundaries. 
Exchange of material takes place, as shown by the two arrows on Figure 1. Dominance of 
one of the two directions will result in an erosiona! or accretional coastline.

In the present contribution, experience gained in participation in the South Coast Mobility 
Study (HR Wallingford, 1993) is described. The detailed parameters required for such a study 
are identified, whilst a method for in-situ monitoring of flow structure and sediment 
movement details is presented.

SEDIMENT MOBILITY

Although the predominant direction of shingle transport in barriers is to landward (due to 
overtopping processes), offshore movement can be observed after the breaching of such a 
structure. The shingle on beaches is transported alongshore and/or in the onshore-offshore 
direction. v

Changes are rapid and at times visually dramatic within the surf zone, especially during
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extreme storm events. For example, Seymour (1985) has demonstrated that 50% of the gross 
longshore sediment transport occurs over only 10% of the time, during extreme events. 
Although these data are the result of long-term wave monitoring along the West Coast of the 
USA for sandy beaches, a similar value is likely to be Valid for UK coastal waters. Such an 
observation was confirmed during wint» storms along the south coast of the UK, during 
1989-90, where significant amounts of shingle material were removed from the beaches.

During such events, material is removed from the beach/barrier system; it is transported 
initially offshore over the inner ( <  60m) continental shelf. Here, this material will be subject 
to wave and current forces under normal and storm conditions. Along the southern coastline 
of England, for example, Hurst Spit, (a large sedimentary structure consisting of gravel), 
faces serious erosional problems. During severe gales (in December, 1989), the beach face 
receded by some 80m in a single day. As a consequence, much material is being lost to the 
sea: 50000 tonnes of gravel is a typical value for a storm event (Velegrakis and Collins, 
1992).

Coastal management plans should be able to predict: the result of extreme events on the 
shoreface; and the long-term effect of waves and currents on the inner shelf. Such predictions 
should be able to identify the transport pathways and areas o f erosion and deposition.

Sediment Transport on the Beachface (inside the surf zone)

Sediment movement on the beachface results in a continuous alteration of the beach profile. 
This movement may be classified into longshore (drift) and cross-shore sediment transport. 
The former is considered to be the major factor affecting long-term erosion or accretion; the 
latter is considered to be associated to shórt-term erosional events.

Longshore Sediment Transport

The energy flux approach (CERC, 1984) as developed for sandy beaches, has been used also 
for the prediction of longshore sediment transport on shingle beaches:

Q = Â:*P*cos(a&)*siri(ai) (1)

where Q is the volumetric transport rate, P is the wave power at the breaking point and a b 
is the angle of wave approach at the breaking point. In the equation, various values have been 
proposed for the constant, k. Thus, Hattpri and Suzuki (1978) suggested 0.0025, whilst a 
similar value (k ==0.002) was proposed by Brampton and Motyka (1987). For comparison, a 
series of gravel tracing experiments has revealed k  values ranging from 0.002 to 0.0059 
(Nicholls and Wright, 1991). Commonly the coefficient for shingle beaches is about 3 orders 
of magnitude smaller than that suggested for sandy beaches; this reflects the difference in size 
and hydraulic behaviour of the two sediment types.

The values of k presented above are the result of tracing experiments. Although different 
material (i.e radioactive, painted, aluminium pebbles) have been used as tracers, a 
fundamental problem in such experiments is the recovery rate and the depth of detection.



Both parameters are important in the definition of sediment transport rates* Therefore, a new 
technique (an electronically transmitting pebble) is under investigation for use as a tracer. 
Such a technique promises high recovery rates and detection depths of up to lm  (Voulgaris 
et al., 1994c)

Cross-shore Sediment Transport

Beach profile changes are due, in general, to movement of sediment in a cross-shore 
direction. Profile models can be classified as either morphodynämic or parametric. The 
former attempt to predict the development of the beach from a description of the relevant 
physical processes (i.e current flow and flow-sediment interaction); the latter ignore physical 
processes and relate features cm the beach to parameters which include (mainly) wave incident 
conditions, initial beach slope and sediment size. A review of the performance of such models 
for sandy beaches can be found in Seymour and King (1982), Seymour and Castel (1989), 
and Horikawa (1988).

Nowadays, most shingle beach models are parametric (e.g. Powell, 1990); this is because of 
a general lack of knowledge concerning the controlling physical processes (velocity field, 
perculation etc). No cross-shore sediment transport equations exist for shingle transport along 
the beach, profile, which would relate grain movement to fluid velocities.

Sediment Transport on the Shoreface (outside the breaker zone)

Farther offshore, gravel deposits are subject to forces induced by both waves and currents. 
Although a number of niodels have been developed for the study of the wave-current 
interaction (Grant and Madsen, 1979; Christoffersen and Jonsson, 1985; Sleath, 1991), major 
uncertainties are included in the use of threshold criterion and empirical sediment transport 
formulae. In such approaches, the direction of transport is determined by the resultant vector 
of bed shear stress of the waves and currents.

In addition to the quantitative techniques outlined above, there are also a number of 
qualitative approaches to the problem: sediment size analysis; and geophysical and 
bathymetric surveys (i.e shallow seismic profiling, side-scan sonar, echo-sounding etc).

A combination of both approaches leads to the derivation of sediment transport pathways, 
such that the natural environment is simulated and facilitates coastal management studies. This 
procedure is demonstrated by the South Coast Mobility Study.

The above investigation was concerned with the mobility o f the seabed sediments (sand and 
gravel) in the area extending from the Isle of Wight to Shoreham, for water depths ranging 
from 5 to 50m (Figure 2). Sediment transport pathways were determined on the basis of: 
assessment of the sea bed character, using sea bed sampling; and geophysical surveys 
(shallow seismic profilés and side-scan sonar imagery). These data, were integrated with the 
output of numerical modelling work undertaken by FDR Wallingford (1993). In these models, 
the hydraulic climate was presented by establishing a detailed pattern of waves and currents 
across the study region. Wave climate data (H, T, direction) were converted into near-bed



„.ties and then used, together with tidal currents, for the derivation’ „ 
jjnpartson with the threshold of movement of sea bed material perinii 
if sea bed mobility and sediment transport pathways (Figure 2).

t aspect of this study, was the selection of the appropriate threshold criterion, : 
lion of the percentage of the time that shear stress exceeds threshold. Mainly, any 
I  were due to absence of in-situ data for gravel beds, for use in the modelling. .

MEASUREMENTS OF SHINGLE MOVEMENT (TOSCA)

881

|h  Coast Mobility Study, outlined above, involved the definition of the threshold 
for shingle movement. In general, however any numerical model investigations 

sediment transport formula to be used in conjunction with the hydrodynamic 
p is .  Although there are a number of hydrodynamic models available of sufficient 

the sediment transport formulae available (especially for shingle particles) are 
at limited and based mainly on riverine research (Einstein, 1950; Kallinske, 1947; 

lyer-Peter and Muller, 1948). Information is not available on shingle transport under 
fribined action of waves and currents; this is due mainly to the absence of any approach 
easuring sediment transport, at time-scales comparable to the wave period.

1 ! ' ' 
attempt to fulfil the above requirements, a Research and Development study was

awarded to Southampton University by the Ministry of Agriculture Fisheries and Food
(Coastal and Flood Defence Division) for the in-situ monitoring of shingle movement, under
¿íe combined action of waves and currents. An objective of the study was to obtain flow
parameters and Sediment threshold values for use in studies such as the South Coast Mobility
Study. ,

An underwater tripod was constructed which was equipped with electromagnetic current 
meters, measuring horizontal and vertical currents together with wave-induced pressures and 
sediment transport rates. The concept of the Self-Generated Noise (SGN) was used for 
monitoring the sediment transport rates. The tripod was connected to a surface buoy used for 
power supply provision and data transmission to the shoreline in "almost" feai time. The 
operation of TOSCA is shown schematically, as a flow diagram, on Figure 3. [More details 
on the tripod and its characteristics can be found in Voulgaris et al (1994a)].

SGN is a passive non-intrusive acoustic method, for shingle transport estimations in the field. 
The approach is based upon the assumption that when individual particles are in motion, noise 
is generated due to their intercollision. Such noise (SGN), is proportional to the amount of 
material in motion and, hence, to the shingle transport rate. Extensive theoretical work on 
SGN has been undertaken by Thome (1990), whilst the method has been used previously for 
measuring gravel transport within a tidally-dominated environment (West Solent, (Williams 
et al., 1989)).

Extensive laboratory work was undertaken, prior to the deployment, to:

(i) define t^e frequency of the Generated Noise from the collision of shingle particles - this



was necessary in order to construct the processing unit required for the conversion of the raw 
noise signal, into an rms level which was more easily comparable with the hydrodynamic 
parameters;

(ii) define a relationship between the SGN and sediment transport rates (Fig. 5); and

(iii) determine the error introduced by noise created from water flow around the body of the 
sensor (hydrophone).

A first-order approximation technique was utilised for the conversion of the laboratory 
calibration, for use in the field.

(

The systems was deployed along the southern coastline of England, in Christchurch Bay 
(Figure 5) during the period 20th April to 8th May, 1993, in a mean water depth of 8m. The 
sea bed was consisted of loose shingle, with a mean particle size of 1.70cm. Bursts of data 
were collected every 2 hours, for 10min and at 5Hz. Sopie 130 bursts of hydrodynamic and 
sediment transport data were collected during the deployment period. A schematic diagram 
of the tripod and its mode of operation is shown as Figure 5 .

The tripod was located near the edge of a gravel wave field. Hence, flow characteristics over 
the bedforms were recorded during ebb flow: in contrast, flows over a flat bed were recorded 
during flood phase. Analysis of the hydrodynamic data has identified roughness lengths which 
should be used in the modelling of flow and sediment transport over gravel bed as (Voulgaris 
et al., 1994b):

K -  2-Dm (2)

for flow over bedforms, and

K = 2-dm + 4 .4-n -i (3)

for flow over a flat gravel bed; where (D5o is the mean particle diameter; rj is the gravel wave 
height and X is the wave length).

Sediment transport rates derived from the SGN method are related to shear stress, due to both 
waves and currents. A relationship has been found (Figure 6), which expressed the immersed 
weight shingle transport (Ib) as a function of the 3rd power of the shear stress (rwc) (Voulgaris 
et al., 1994b):

/„ -  4.44-10-3t ’.  W

No definite threshold condition has been identified in this relationship; this is not in 
contradiction with existing theories. A review of existing threshold conditions (Voulgaris et 
al., 1991) has shown that published threshold values varied by an order of magnitude, for the



mean size of material found at the deployment site (Figure 7). Alternative approaches to the 
subject of threshold criterion suggest that threshold coincides with the energy level at which 
a minimum sediment transport occurs (Paintal, 1971). Such an approach to the definition, 
however, shifts the problem of the definition of a threshold to the establishment of a 
minimum sediment transport rate to be considered as significant. Two such expressions are 
presented on Figure 7, as straight lines. Line PI corresponds to the value defined by Paintal 
(1971), whilst P2 corresponds to the minimum sediment transport defined by other published 
formulae (Einstein, 1950; Meyer-Peter and Muller, 1948; and Kàllinske, 1947). 
Characteristically, these lines cross the sediment transport equation (4) line (Fig. 6) at values 
very close to the minimum and maximum threshold values shown on Figure 7.

CONCLUSIONS

The successful application of any sediment mobility study is based upon accurate 
hydrodynamic and sediment transport formulations. Although a plethora of hydrodynamic 
models exist, providing satisfactory results, the large number of sediment transport 
formulations show significant scatter in their output.

Development of the TOSCA tripod has contributed towards an improved formulation of both 
the above aspects, in terms of the hydrodynamics and for gravel transport. Application of the 
results should improve significantly the reliability of mobility studies, based upon modelling.

Gravel transport should be considered as a continuous process. Such an approach reduces the 
uncertainty in the application of a shingle threshold criterion, leading to the derivation of 
more accurate results.
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Figure 5. TOSCA deployment location, together with an artist’s impression of data 
collection and transmission modes.
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