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ABSTRACT

VESTERBY, H., 2000. Modelling Groundwater Flow in Beach Profiles for Optimising Stabilising Measures.

The coherence between the elevation of the beach groundwater and erosional or accretionary trends of the
beach face has been reported for years. Manipulation of the groundwater flow has during physical model tests
and at the prototype scale shown reduction of the erosive processes and often let to accretion of the beach face.
The elevation of a groundwater table in a beach is partly determined by prevailing wave and tide conditions,
precipitation and land wards groundwater level, partly by the characteristics of the beach deposits, i.e. the
stratification, grain size distribution and corresponding porosity which determine the spatial conductivity. In
order to describe the hydrodynamic processes sufficiently detailed for optimising the manipulating measures, a
numerical model simulating the spatia variations in groundwater flow and levels has been established and the
predictions verified at the prototype scale for implemented beach dewatering facilities. The model set-up, input

parameters, simulation out-puts and verification measurements will be discussed in this paper.

ADDITIONAL INDEX WORDS: Beach groundwater, seepage, hydrodynamic, beach stability.

INTRODUCTION

When an incoming oscillatory wave breaks or spillsin the
surge zone, it at first propagates itself past the point where
the water table intersects the beach face and then it surges up
the foreshore to a surge height determined by excess energy,
slope of the beach face, roughness and permeability of the
beach deposits.

Wave breaking and run-up carry sand as it swashes up the
foreshore. During the uprush, the amount of kinetic energy
available for the sand sediment transport decreases until a
velocity of zero is reached and most sand is temporarily
deposited on the beach face. As the prism of water
accelerates down the foreshore due to the potential energy
gained, sand is picked up and moved back seawards. The net
result under a specific set of conditions is often a quasi
equilibrium, however, often combined with long-term
erosion or accretion, depending on the overall littoral budget
of the actual sediment cell.

The €elevation of the groundwater table in the beach is
partly determined by the prevailing wave and tide conditions,
precipitation and landwards groundwater level, partly by the
characteristics of the beach deposits i.e. the grain size
distribution and corresponding porosity, which determine the
permeability and the storage coefficient.

If the water table within the beach deposits is relatively
high due to flux from the hinterland, due to falling tide or

percolated water from wave run-up, the backwash volume
and the down rush velocity may be increased by water
seeping out of the seepage face located between the instant
water level at the lower part of the foreshore and the exit
point of the groundwater table further up on the foreshore. In
addition to the relatively high amount of sand picked up due
to the high down rush velocity in this situation, the seepage
forces together with the pressure unloading at the surface,
also loosen the sand and move the grains into the turbulent
flow. This enhances the erosion and flattens out the
foreshore.

In case of low groundwater table in the beach compared
to the main water level in the sea, e.g. due to rising tide or
low groundwater table further inland, water percolates into
the beach face and reduces the uprush as well as the
backwash mass. The thereby reduced down rush velocity
facilitates deposition of sand over the swash zone where the
flow islaminar.

By manipulating the water table, its fluctuations and
thereby the flow pattern in the beach deposits, e.g. by adrain
implemented here, an unsaturated zone as shown in Figure 1
is created and maintained beneath the beach face during
wave surge and the tidal cycle. This unsaturated cone of
hydraulic depression facilitates percolation of water from the
swash zone during both wave run-up and the backwash and
cuts of the local groundwater flow from the otherwise
elevated groundwater table.



With less water in the backwash and reduced run-up
height, less sand will be brought back to sea than was
brought up by the run-up volume. Thus stabilising the
foreshore by decreasing the erosional effects of backwash or
seepage and leaving more sand on the beach face.

Previoudly, the design of stabilising measures based on
mani pulated groundwater flow in sandy beaches were relying
heavily on experience, empirical models and scale model
tests.

For a more refined optimisation of such schemes, an
advanced mathematical model describing the physical
mechanisms and predicting the spatial variation in
groundwater flow and levels has been established as an
engineering tool for optimising the design of stabilising
measures to be implemented as an environmentally
acceptable soft alternative to coastal structures, such as
breakwaters, groynes and revetments.
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Figure 1. Cross-section. Water table lowered by beach drain (not in scale).

DESIGN PARAMETERS

A proper evaluation of the feasibility of implementing
ground water manipulating measures such as beach drain
depends on the local bathymetric, geological, hydrological
and hydraulic conditions as well as the morphological
characteristics of the site.

Especially, the site specific fluctuations of the beach
groundwater table reflecting the tidal and/or wave conditions
shall be identified. When e.g. adrainisto beinstaled it must
be ensured that the cone of hydraulic depression covers as
much as possible of the area seawards of the position of the
maximum water table in order to move the exit point as far
seawards as possible under the actual conditions.

HYDRODYNAMIC MODEL

The sediment transport mechanisms in the wave run-up
zone are very complex and until today no mathematical
model exists that can describe these processes sufficiently
detailed. The sediment transport mechanisms across an
unsaturated beach face are not to be quantified yet, but the
effect of a present unsaturated area can be proportionally
evaluated by determining the flow patterns, the exit point and
the amount of water discharged for manipulation.

The groundwater hydrodynamics can be simulated in the
mathematical model which has been developed for the
Danish Geotechnical Ingtitute by the Danish Hydraulic

Ingtitute by merging the hydrological model MIKE SHE
covering the groundwater dynamics, and MIKE 11
simulating the influence of sea level fluctuations and wave
run-ups.

The set-up for the modelling includes the following input
parameters:

A measured or synthetically generated beach profile.
Spatially varying hydrogeological and hydraulic
characteristics of the sub-soils (unsaturated and saturated
hydraulic conductivity, retention curve, specific yield,
boundary flow conditions from upstream groundwater
aquifers).

Variable location of e.g. abeach drain.

Variable seawater level (tides).

Wave run-up infiltration (depending on the wave
characteristics; height and period).

The established model will typically cover 50 to 100
metres into land and 20 to 25 metres off shore from the low
tide mark. The depth of the model will typically be in the
order of 5 to 10 metres beyond low-tide level with variable
horizontal and vertical grid spacing. The model is the most
comprehensive available world wide for fully coupled
surface water/groundwater simulation and solves the partial
differential equations for the processes of:



Interception and evapotranspiration
2D overland and 1D channel flow
1D unsaturated zone flow

3D groundwater flow

It smulates in detail the groundwater flow with respect
to the flux from the hinterland, in and out flow through the
beach face caused by wave and tidal variations relevant for
the beach profile and predominating hydrological
characteristics. By manipulation of the groundwater table the
model output describes the variation in potential head for
each calculation layer, the drain flow, the groundwater flow
pattern as well as the fluxes and water content in the
unsaturated zone.

Measurements of the drain flow versus the sea level
fluctuations - the delay time and time wise flow variation -
have been utilised for verification of the hydrogeological
characteristics used in the site specific set up for the model
and calibration of the model itself for a sandy beach profile
with atidal variation of 3.4 metres.

APPLICATION OF THE BEACH MODELLING TOOL

The valuable aid in establishing design parameters and
optimising the location of a beach drain facility, provided by
simulating the groundwater dynamics in the established
model complex, has been verified by test and sensitivity
simulations on established beach drain projects. Results from
a facility at Les Sables d'Olonne located at the French
Atlantic coastline will be presented in the following.

Description of the location

The actual beach is relatively flat with a Slope of approx.
1/70 and a tidal variation of 3.4 metres during a 12¥4 hours
cycle. Because the inter section of the seawater level and the
foreshore during ebbing tide move faster seawards than the
elevated water table in the deposits can drain out, the seepage
causes a wet and swampy foreshore asit appearsin Figure 2.

Figure 2. Saturated tidal flats at Les Sables d’ Olonne at rising tide.

Along the seawall approx. 30 metres of the beach are
steeper with a dlope of approx. /25 and dry during low tide.

The tidal flats remain wet throughout the tidal circle
which was a problem for the loca citizens and merchants
who would like to use the beach for recreational purposes
during low tide.

In order to improve the recreational value of the area the
municipality of Les Sables d’ Olonne decided to implement a
beach drain system. By this it was intended to lower the
groundwater table at the upper part of the beach and thereby
move the exit point seawards, decrease the seepage flow and
at the same time stabilise the high tide beach.

Site investigations revealed that the beach deposits
consist mostly of sand with conductivity in the order of 1-1.5
x 10 m/sec., but in some areas clay lenses were observed.
Comprehensive profile measurements since 1971 have
shown that long shore sediment movements are negligible
while the transversal sediment movements are established to
be approx. 45 m® sand per metre of coastline per year
fluctuating with the wave climates and extremely high tide
conditions.

Based on simulation results using the numerical model a
300 metres long beach drain system was implemented
approx. 70 metresin front of the seawall equal to approx. 40
metres seawards the high tide mark and on average 2 metres
below the beach surface. The facility was put in operation 1
April 1999 and the positive result appears from the photo in
Figure 3 taken on 10 December 1999 during low tide.

Figure 3. Dried up low tide beach at Les Sables d’ Olonne
(December 1999).

Model set-up

A 2-dimensional groundwater/surface water model was
constructed covering a vertical section of 300 metres
perpendicular to the coastline and down to level -5.5. The
horizontal grid spaces were 1 metre and in the vertica
direction, the model was divided in four calculation layers.

In the model the average water level was used as the
reference level, this means that the model coordination
system is 3 metres below the local reference system (CM).



The geological model consisted purely of sand with a
conductivity of 1.5 x 10* m/sec. and an anisotropic factor of
10. The in-put to the wave run-up infiltration is calculated
using a wave .exe program. The infiltration is added to the
model as precipitation, this will add the water directly on the
surface of the model. When the infiltration is exceeding the
infiltration capacity of the soil, the remaining part will run
off as overland flow like the backwash in nature. Time step
equal to 15 minutes, and a simulation time of 4 days were
used.

Results

The water table and flow pattern at low tide, for a
simulation with and without drain is shown below. The
groundwater table and flow patterns are clearly governed by
the drain, cf. Figure 4. The flow patterns indicate that all
drain flow at low tide is groundwater and that the exit point
has moved approx. 45 metres seawards.
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Figure 4. Groundwater flow pattern during low tide with drain.
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Figure 5. Groundwater flow pattern during low tide without drain.

In the high tide situation, Figure 6, the drains will only
influence the flow patterns in a limited area because of the
flat slope of the beach. However, the drain will have a
stabilising effect by reducing the flux from the hinterland.

The drain flow versus the sea level fluctuations is
illustrated in Figure 7. The drain flow curve is delayed
compared with the sea level fluctuations. The delay time is
the time it takes for the water to infiltrate to the drain. In this
situation where the beach has a very flat dope and the tidal
fluctuation is relatively big the drain flow will rise very
abrupt, and then decrease dowly as the water infiltrates
through the soil.

(2.2) (290.2)
Figure 6. Groundwater flow pattern during high tide with drain.

Sensitivity runs

Sensitivity runs have been done to establish the influence of
the upland hydraulic boundary and the conductivity in
relation to the drain flow and the location of the exit point.

Table 1. Sensitivity runs.

Boundary Conductivity Averagedrain  Exit point at
head flow low tide
m m/sec. I/hours/m m from drain
16 1.5x10* 360 45
1.6 3.0x10* 630 50
1.6 9.0x10* 1400 70

A higher conductivity will, as expected, give an increased
drain flow and a wider depression cone around the drain
moving the exit point outwards.

Verification measur ements

The results used from the mathematical simulation have
been verified through actual measurements of drain flow
variation versus the tidal cycle. The measurements of the
drain flow 20-21 July 1999 and the actual tidal variation
(coefficient 47) are shown in Figure 8.



Figure 7. Simulated drain flow versus sealevel fluctuations.
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Figure 8. Measured drain flow versus sealevel fluctuations.

For the stabilising measures it was predicted that some
accreation would take place landwards of the drain

The average drain flow was 176 m¥hour for the 300
metres long facility corresponding to 586 I/hour/m and the

delay time at low tide approx. 2% hours.

corresponding to a seawards erosion of the same amount of

sediments due to the predominating transversal sediment

transport. The prediction appears from Figure 9.

In the simulation the delay time for a conductivity of 1.5

x 10

m/sec. was found to be approx. 5 hours. When

Measurements of beach profiles before and after the drain

was put in operation have up to now not been in

comparing the actual measurement result with the results of
the sensitivity run it can be calculated that the actual

conductivity is approx. 3.0 x 10" m/sec.

contradiction with this prediction as it appears from Figure

10.
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Figure 9. Predicted profile devel opment.
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Figure 10. Measured profile development.

CONCLUSIONS

The aim of beach groundwater manipulation is to
stabilise the beach by a reduction of the sediment transport
towards the sea during wave run down.

Manipulation of the groundwater table under the surge
zone for the wave causes an increased infiltration through the
foreshore and results in beach sand stabilisation and
deposition.

Furthermore, the exit point during ebb tide is lowered
which will cause lower flux through the beach face, resulting
in lower transport rates and enhanced stabilisation of the
slope.

The sediment transport mechanisms in the wave run-up
zone are very complex and until today no mathematical
model exists that can describe these processes sufficiently
detailed. However, by using the generalised hydrological
modelling system MIKE SHE, coupled with the river model
MIKE 11, the exit point, the amount of discharged water, the
groundwater table and flow patterns as well as the water
content in the unsaturated areas can be simulated during
varying tide and wave conditions as basis for a proportional
evaluation of the effect on the sediment transport across an
unsaturated beach face.

The physical location of e.g. a beach drain in the beach
profile is the most important design parameter in the



optimisation of a beach drain. If the drain is located too deep,
the effect of the drain will decrease as it will only abstract
water from the upland boundary and from the sea, however,
without affecting the hydrodynamics of the foreshore. If the
drain, on the other hand, is located just below the surface the
water table depression in the surge zone will be limited.

Verifying measurements at the prototype scale have
shown that the modelling system is able to describe the
hydrological processes sufficiently detailed for an
optimisation process of the stabilising measures.
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