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Previous studies of swash hydrodynamics and beach morphodynamics have been mainly from sand beaches.
Increasingly, gravel is being used to replenish eroding beaches, but very little is known how a gravel beach responds
to the natural hydrodynamic conditions. In response, a series of field measurements were taken in April 2001 on a
steep gravel beach (D50 = 9mm, tan=0.17) at Slapton, Devon, UK. Bed levels were measured across the swash width
every 10 minutes for nine hours over a rising and falling tide. Swash elevation profiles were also obtained by
deploying twelve Druck 0.15bar pressure transducers across the surface of the swash zone. Similar measurements
were conducted for a gravel beach modeled in a large wave flume, Hanover, Germany. The field experiment showed
that an accretionary feature moved up and down the beach face with a strong correlation between its position, and the
location of the Mean Water Level over the tidal cycle. During ebb, the beach at Slapton exhibited a similar pattern of
erosion and accretion to the modeled beach, whereby accretion was generally seen to occur above mean water level
and erosion was dominant immediately seawards. Importantly, the modeled beach reached dynamic equilibrium
after 2000-3000 waves, but for Slapton, equilibrium state was never reached at any time. From our observations, it is
clear that the sub-surface hydrodynamics play a key role in determining the profile behaviour of a gravel beach over
a tidal cycle and further research is required before we understand the complex mechanisms in operation.

ADITIONAL INDEX WORDS: Accretion, erosion, profile, morphodynamics, mean water level.

ABSTRACT

Response of a Gravel Beach to Swash Zone Hydrodynamics

J. C. Ibrahim†; P. Holmes‡ and B. Blanco‡

INTRODUCTION

Investigating the dynamics of the swash zone has both
practical and research applications to coastal engineering when
predicting the longer term stability and evolution of the coastal
zone. Defined as the region of the foreshore that is
intermittently wet or dry from the action of run-up, the swash
zone is important to the sediment budget of the near-shore
because it is the region of shoreline erosion or accretion. Swash
processes determine whether sediment is stored on the upper
beach or is instead returned to the inner surf zone and potentially
transported offshore. In this regard, the swash zone acts as a
sediment conduit between the upper beach and the surf zone.
The transport of sediment and hence the beach morphology
within the swash zone is primarily determined by the
hydrodynamic conditions, beach slope and the permeability of
the sediment, the latter being closely linked to the sediment
grain size and the location of the water table on the beach
profile. It has been assumed that when water tables in the swash
zone are below the beach surface, there is the potential for
infiltration of run-up and backwash to occur. Given the shallow
depth of the swash events, even a small change in water volume
due to infiltration will significantly decrease the energy
available for sediment transport. Past researchers have
concentrated on such infiltration losses and have suggested that
they provide the main mechanism for beach accretion (e.g.

1964). However, on beaches composed of finer sand-
sized material this mechanism is relatively unimportant since
the volume of water exchanged between the swash lens and the
bed during a single uprush-backwash cycle is small, compared
to coarse gravel or shingle beaches where the resulting
reduction in backwash volume can be pronounced.

Most studies which have reported measurements of

infiltration and/or exfiltration have been on sand beaches

and 1997; , 1998; and

1998; ., 1999; ., 2001).

However gravel beaches have a higher hydraulic conductivity

(permeability) than sand beaches, which correspondingly

increase the potential for infiltration. In addition, the specific

retention for shingle is correspondingly low so that the potential

for exfiltration during backwash is also higher than on a sand

beach.As a result, sediment transport in the swash zone is likely

to be more significant on gravel beaches than on sand beaches

( ., 1997). Shingle or gravel beaches in the

UK contribute to one third of the natural coastline and

increasing use is being made of coarse-grained sediment to

replenish eroding beaches. However, very little interest has

been given to the variations of the beach level compared with

the water table fluctuation and the hydrodynamic conditions.

Field experiment based on swash morphodynamic are even less

frequent. and (1984) described both the

cross-shore and longshore sediment level variation for a 70

minutes measurement, without hydrodynamic recording and

and (1990) observed the swash

zone topographic variations associated with hydrodynamic

measurements during a tidal cycle. They concluded that

the beach water table fluctuations play a significant role in

the generation of sediment level oscillations. There is no citing

in the literature of any studies from a gravel beach which

include measurements of both bed level fluctuations coupled

with swash hydrodynamic measurements taken over a tidal

cycle.
A series of field experiments were undertaken in 1998-2001

to investigate the interaction between surface and sub-surface
flows in the swash zone and bed level changes on the intertidal
profile on a sand beach (Canford Cliffs, Dorset), a mixed sand
and gravel beach (Seaford, East Sussex) and a gravel beach
(Slapton Sands, Devon). Data from the sand and mixed sand-
gravel beaches are described in detail in ., 1999,
2000, 2001 and ., 2002). This paper reports on the
field measurements taken from the steep gravel beach at
Slapton Sands. The field results are also compared to similar
measurements conducted (under controlled conditions) in a
large wave flume, Hanover, Germany 2003).
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METHODOLOGY

Field Measurements

Laboratory Experiment

OBSERVATIONS AND ANALYSIS

Shape of the Swash Lens

InApril 2001, a series of field measurements were conducted
on a gravel beach at Slapton, Devon, UK. Slapton Sands is an
east-facing macro-tidal beach, with a spring tidal range of 4.6m,

and a steep slope of 9.8º (tan =0.17). The beach is composed of
relatively uniform gravel (D = 9mm). The width of the

swash zone was about 5m. No rhythmic shoreline features were
observed on this beach, so the morphology is well described in
terms of the cross-shore profile. Surf zone wave conditions
were measured with a Druck PDCR (0.7 bar) seabed mounted
pressure transducer approximately 12m seaward of the swash
zone instrument array. Surface and near-surface pore water
pressures and hydraulic gradients were measured with twelve
Druck 0.15 bar pressure transducers, deployed in different
configurations over the field series to obtain measurements at a
range of horizontal and vertical positions (see Holmes et al.,
2002 for instrument locations). Before analyzing the pressures
and hydraulic gradients, small positive and negative offsets (in
the range of 0.01) were removed from the data. Even though the
instruments were calibrated accurately before deployment, the
drift in the transducer's response at zero water level was likely
caused by temperature variations experienced in the beach.
Clearly, measuring small pressure differences accurately is a
very challenging task. All data were collected at 12.5Hz in 10
minute record lengths. Bed levels were measured in the cross
shore over the width of the swash zone evry 10 minutes for nine
hours over a rising and falling tide, at poles which were driven
into the beach face using the same technique as Sallenger and
Richmond (1984). All data represent highly reflective

conditions, with a surf scaling parameter (2 H /gT tan ) of

0.6 to 1.2. Data presented in this paper were collected on
Tuesday 3 April, 2001, when eight pressure transducers were
positioned in an arreay 1m apart, across the swash width.

The experimental program consisted of building a physical
scaled 1:1 model of a gravel beach in a wave flume on a 1:6
permanent impermeable asphalt slope, over which the gravel
(D = 21mm) was placed with a minimum depth of 2m. The

flume is a 342m long, 7m deep and 5m wide wave flume in the
Forschungszentrum Kuste (FZK) in Hanover, Germany. The
flume has a paddle which is able to generate uniform and

random waves up to a maximum height of 2m. Both random and
uniform wave tests were conducted and the measurements
taken consisted of profile development, water surface
elevation, internal pressures in the swash zone, internal set-up,
run-up, velocities in the surf zone and sediment distributions.
Comparisons will be made from the field and laboratory
investigations. Emphasis will be placed on beach profile
development and water surface elevation.

Figure 1a and 1b show the shape of the uprush and backwash
swash lens respectively on the gravel beach at Slapton Sands at
high water (April 2001, run 1430). The first two time steps
t=131.36s and t=132.32s (figure 3a) represents the end of
backwash of the previous swash event. The next swash event
starts at t=133.28s and is characterized by a steep rise in the
water level as the swash bore approaches the beach. The swash
bore then increased in height at 46.5m horizontal location, and
at t=135.28s the bore surged forward, reaching maximum
uprush at t=137.2s. The width of the swash zone at high water
was approximately 3m and was active between 43.5m and
46.5m. Maximum depth at the point of breaking above the
beach face was 0.6m. On the uppermost portion of the swash
width the water depth was no greater than 0.1m. In the
backwash, the water depth decreased rapidly and uniformly
across the beach profile.At the end of backwash (t=141.04s) the
next bore can be seen approaching the beach, with virtually no
water in the upper part of the swash lens. This indicates the rapid
loss of water into the gravel beach matrix. The beach profile at
1430 compared to the initial profile at low water showed
consistent erosion, with a step like change between 45.5m and
47.5m.

Figure 1c and 1d shows respectively the uprush and
backwash at mid water (3hours after HW). The swash width
has increased to 5m and has moved seawards with its most
landward point being located at 45.5m. The beach profile has
taken on a much steeper profile between 45.5m and 48.5m. In
response to this, the shape of the swash lens mimics the shape of
the beach profile. At t=146.56s the swash bore approached the
beach with a characteristic rise in the water depth at t=147.04s.
At t=148.16s the swash bore surged up the beach and to
compensate for the uprush of water, there was a decrease in
water depth at the most seaward point of the swash zone. This
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Figure 1A-D. Shape of the uprush and backwash swash lens on the gravel beach at high water (Aand B) and mid water (C and D).
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swash behaviour was not seen in the swash lens profile at high
water. Maximum uprush occurred at t=148.64s and the swash
depth over much of the swash width was very shallow (0.1
0.2m), again indicating that there was a rapid loss of water into
the gravel beach matrix. During backwash the water depth
reduced to only 0.2m at the seaward limit with virtually no
water remaining on the upper portion of the swash width, until
the onset of the next swash event at t=151.28s. The significant
change in the beach profile during the course of the tidal cycle
will be discussed in more detail in the next section

Figure 2 shows the morphological evolution of the beach
profile in the active swash zone taken over a rising tide, where
the initial and final beach profile within each thirty minute time
step has been plotted. The left hand vertical axis represents
beach elevation at the measurement site and the right hand
vertical axis relates the difference in the two measured profiles.
This gives a clear indication whether there has been active
accretion, erosion or no change. The first comparison in bed
level change was taken two hours after low water (figure 2 A).
There is clear evidence that there was active erosion on the
lower two thirds of the swash zone, with some accretion arising
at the shorewards end of the active zone. The imbalance
between the amount eroded being greater than that accreted
only suggests that the eroded material was being deposited
outside the measurement zone, possibly in this case shorewards
of the measurement site to create a new berm crest. This only
highlights the difficulty in accurately measuring bed level
change over a wide area.

Bed levels were then compared in thirty minute intervals,
approximately after every 300-400 waves. Figure 2B shows a
different picture to figure 2A where there is a distinct step like
pattern with erosion occurring at the toe of the active zone. This
eroded material was then deposited immediately landward to
form a ridge. Shorewards of the ridge, enhanced erosion
occurred over the stretch of beach between 45m and 47m along
the beach transect from the backshore, forming a distinct trough
in the active zone. It can only be assumed that the eroded
material had been deposited shorewards of the measurement
site to form the distinct berm crest characteristically observed
on gravel beaches during the rising tide. A similar pattern
emerged in the next bed profile comparison (figure 2C), with
the accretionary feature described as a ridge in the previous
figure 2B moving 1m landwards. A much weaker trough

developed shorewards of the ridge with no evident change in the
profile at the top of the measurement zone suggesting that the
beach at this point had temporarily stabilized. At the toe of the
active zone, although still negative there is another accretionary
feature in the form of a ridge being formed, suggesting that there
is continuous movement of sediment shorewards with the rising
tide in the measurement zone.

Approximately three hours after low water (mid tide), the
accretionary ridge feature is stable with no movement
shorewards but has increased in magnitude. It is assumed that
the additional material deposited on the ridge was the material
of the accretionary feature observed at the toe of the beach in the
previous figure 2C. The trough landwards of the ridge has also
become more defined. It is therefore assumed that the eroded
material has again been carried shorewards outside the
measurement zone. The next comparison thirty minutes later
(figure 2E) shows the accretionary ridge increasing in height
and the whole feature has moved shorewards 1m (now located
between 44m and 46m along the beach transect from the
backshore). Notably the additional material was obtained from
active erosion seawards of the ridge where a defined trough 2m
wide has formed. A pattern now emerges where erosion is
pronounced both shorewards and seawards of the defined ridge.
Also at the toe of the measurement zone another ridge has
formed. Notably the berm crest shorewards of the measurement
site has continued to increase in magnitude. The characteristic
movement of the accretionary ridge feature continues upto high
water until it moves outside the measurement zone. It is no
longer clear what happens at the seaward end of the
measurement zone (beach transect from 48m) because the water
depth was too great to take any measurements using the current
method. However, a new pattern emerged where another ridge
formed previously at the toe of the measurement site,
progressed shorewards up the beach to reach a stationary
position between 47m and 49m (horizontal position) at high
water. From what was observed, the beach profile the
monitoring site never reached an equilibrium state on the rising
tide.

Figure 3 shows the Morphological evolution of the beach
measurement site where the initial and final beach profile has
been plotted in half hour intervals. The horizontal position of
the local mean water level are also given. Over slack water
(figure 3A) the active profile maintains its shape with erosion
occurring over much of the active zone seaward of the local
mean water level. Above Local MWL the beach remains

Beach Profile Morphodynamics

Rising Tide
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Figure 2 A I: Bed level changes on a rising tide.-
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constant with no evidence of erosion or accretion. A defined
region of accretion occurs horizontally along the beach transect
between 47m and 48m. Seaward of this zone an area of erosion
is emerging. As the Local MWL starts to fall with the ebbing
tide, a new pattern emerges, with material being moved from
above Local MWLto below it as the activity translates seawards
(figure 3B). In response, two distinct accretionary ridges are
formed seaward of Local MWL, with no evidence of erosion
occurring. In the next profile (figure 3C), the response of the
active profile to a lower Local MWL shows further accretion on
the two ridges but with active erosion occurring between them.
Possibly, the eroded material aids the accretion of the most
seaward ridge feature In addition the active profile has moved
seawards by approximately 1m. The way in which the active
profile moves in response to tidal position was also observed on
the rising tide. As the tide continued to drop, further sediment
was removed from above Local MWL and the active profile
moved seawards, with the active erosion zone moving slowly
seawards until it was no longer in the measurement zone. The
beach shorewards of local MWL was accreting continuously
indicating that swash action was still reaching the upper portion
and shorewards of the measurement site at times and dragging
the sediment seawards. A new low water profile was forming
with a distinct high water berm formed between 45m and 46m
along the horizontal transect. Interestingly, on the falling tide
accretion dominated the measurement zone whereas on the
rising tide there was a more defined balance between accretion
and erosion. After 1733 a series of errors occurred in the
measurement procedure reducing the reliability of the data.

The main factors influencing gravel beach profiles are
according to (1990) and V (1988), wave
height, wave period, wave duration, beach material and angle of
wave attack. In the natural environment these parameters are
subject to variability, even over very short time scales and the
measurements are continuous. As a result, it is difficult to
separate the influence of these factors to profile change.
However, in a laboratory setting it is possible to control these
factors and to relate alteration in profile behaviour to volumetric
change along the flume. Figure 4 represent the sediment balance
along the flume from the beginning to the end of the test for the
gravel beach over different wave heights and wave periods.
Positive differences indicated accretion, whereas negative ones
indicated erosion. The position in chainage of the Still Water
Level (SWL) at the beginning (dashed line) and end (full line) of
the test are also given.

Analysis of these figures showed that there was clearly some

erosion above SWL and some accretion below it. The reason for
this being that in order for the profile to grow to that which will
be in equilibrium with the incoming waves, the initial profile
needed to be reshaped. Relative differences between accretion
and erosion for the gravel beach varied between 10% indicating
that the sediment volume was conserved reasonably well. After
2000-3000 waves it was noted that the gravel beach acquired a
dynamic equilibrium state with a beach face slope tan varying

between 0.47 and 0.5 with the biggest profile changes occurring

during the first 500-1000 waves. n response to an increase in

wave height the surf zone width increased, and the main
influence of an increase in wave height was on the development
of the upper portion of the profile, where accretion was most
pronounced, as well as the movement of the breaking step
further down the beach. However, the relationship with wave
height was not linear, as the maximum changes occured for the
intermediate value of the wave height. According to
(1990), a larger wave period for a given wave height (i.e.
decreasing wave steepness H/L) will result in an increased crest
elevation (an increase of material above SWL and an increase in
erosion below the step. Figure 4 shows this clearly with the most
significant acretion occurring on the upper beach face when T =

7.75 seconds and H was approximately steady at ~1m.

Notably then the laboratory study showed that the patterns seen
in test 2, 4 and 5 were similar, increasing in magnitude in
relation to increasing wave height and wave period. Test 3
seemed to have a different pattern from the rest and test 1 and
test 1Repeated were similar.

Under laboratory controlled conditions, the gravel beach
profile was able to reach dynamic equilibrium under given
wave heights, and periods. In the natural environment this was
never the case and it was observed that the profile was
constantly changing over the tidal cycle, never reaching
equilibrium. The beach at Slapton Sands during ebb tide
exhibited a similar pattern of erosion and accretion to the
modelled beach, whereby accretion was generally seen to occur
above the local MWL or SWL and erosion was dominant
immediately seawards of it. Clearly, location of the water table
within the beach has a direct influence on profile behaviour.
What was also apparent in the field study was that an
accretionary feature was observed to move up and down the
measurement site with a strong correlation between its position,
and the location of the MWLover the tidal cycle. These findings
are consistent with earlier observations 1963), of
natural gravel beaches whereby the profiles appearing to move
up and down the beach with the tide. Van der Meer (1988)

Morphodynamics of a Gravel Beach under
Controlled Conditions
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Figure 3A-F. Bed level changes on a falling tide.
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examined tidal variation and the influence of storm surges on
beaches of coarse material under random waves. He noted that
the beach profile responded immediately to changes in water
level, and again the profile was observed to move up and down
the beach face with water level. Similar findings were also
reported by Powell (1986) for gravel beaches under regular
wave attack. Their conclusions stated that gradually-varying
water levels did not affect the shape or slope of their beach
profiles, but did however determine the location of the profile
on the beach face.

On gravel beaches, sediment dynamics on the beach face are
controlled by swash flow asymmetry due to swash infiltration
and the equilibrium gradient is related to the permeability
(komar, 1988), the latter of which is controlled by the grain
characteristics and the water table level. Gravel beaches exhibit
grater hydraulic conductivity (permeability) compared to sand,
which allows for greater infiltration of water during the swash
up-rush. This was clearly the case at Slapton where the uprush
and backwash swash profiles (figure 1) indicated a rapid loss of
water into the beach during uprush, suggesting that enhanced
swash infiltration was occurring. Enhanced infiltration notably
weakens the backwash and from previous gravel beach studies
( ., 1997), is identified with the formation of
the berm found at the run-up maximum. Notably our
accretionary feature seen to move up and down the beach may
actually be the result of a berm forming at maximum uprush
and moving up and down the beach as the uprush position
changes with the tidal water level.

Gravel beaches are recognised as being efficient and practical
forms of coastal protection and are capable of dissipating in
excess of 90% of all wave energy. However, a gravel beach, in
common with any other type of beach, can suffer erosion and a
susequent landward retreat of the shoreline. Anticipating this
state is clearly important if gravel beaches are to be maintained
efficiently, and landward structures are not to be damaged by
wave action. Increasingly, coarser sediment is being used for
beach replenishment schemes, but studies have shown

1996) that artificially replenished gravel
beaches do not necessary exhibit the same characteristics and
behave in the same way as a natural gravel beach. This is largely
due to the fill material having a different permeability to that of
the natural material and therefore a different profile response to
wave action.

The aim therefore was to gain a better handle on beach profile
evolution and swash zone sediment transport on a beach
composed only of gravel. What is common to both the field
survey and the laboratory study is that the location of the water
level in the beach played a significant role in determining the
erosion and accretion characteristics of the beach profile over a
tidal cycle. Whereas the laboratory beach profile reached
dynamic equilibrium over a given period of waves, the beach
profile at Slapton Sands never reached an equilibrium state, and
exhibited an accretionary feature moving up and down the
profile over the tidal cycle. Developing a realistic beach profile
prediction model requires either using data from an intensive
field measurement program or to collect the data from a
laboratory model as described in this paper. Generally the
laboratory-based approach is employed as it provides a more
controlled data base for the derivation of predictive models. But
from our comparisons it is clear that the laboratory model could
not replicate the response of a gravel beach to natural
hydrodynamic conditions. What is clear from both the field and
laboratory study is that there needs to be a greater understanding
of the hydrodynamics within the gravel beach so that we may
determine the underlying mechanisms that control accretion
and erosion. Analysis of the surface and sub-surface pressure
data collected from Slapton Sands should help us determine
these mechanisms and results of this nature will be submitted
for publication in the near future.
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