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Abstract 

At present plans are being developed for gaining land on the North Sea 

by a sandfill along the coast between The Hague and Hook of Holland. 

This new strip of land is meant for urban development, recreation, 

nature reserves and horticulture. This new land must be self~upporting 

with respect to its water supply. This implies that the rainfall-evapo

ration surplus of the winter season must be stored in order to balance 

the rainfall-evaporation deficit in summer. 

In this case the vicinity of the sea, the presence of saline water in 

the sandfill and the good permeability of the two upper aquifers provide 

the possibility of storing fresh water in the subsoil without considera

ble fluctuations of the groundwater level. 

1 Introduction 

The Netherlands are one of the most densily populated countries of 

Europe. The population pressure led to the creation of new land. During 

the last decades large areas of new land were impoldered in the IJssel

lake. Those polders provide room for agriculture , forestry, nature 

reserves and housing. 

New cities are built on the new land, especially on the new land near 

the most densily populated part of the Netherlands, the so-called Rand

stad. This is the circular belt of cities to which belong a.o. Amster-
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dam, Rotterdam and The Hague. The creation of new cities relieves the 

need for room in the Randsta~ but it is literally a marginal solution. 

That is why it is proposed to gain new land right at the doorstep of the 

Randstad, where room is most badly needed. This could be done by creating 

a new strip of land along the coast between Hook of Holland and The Hague 

by means of a sandfill. In the suggested plan, called after its initiator 

Plan Waterman, this strip starts at the outskirts of The Hague. The other 

end of the strip is only 10 km away from the Rotterdam agglomeration. 

In dry summers water of good quality is scarce in The Netherlands, so 

water supply of the new land in summer should preferably not charge the 

available fresh water sources of the old land. 

It lies at hand to store the winter rain surplus in order to match the 

shortage of fresh water in summer. However, creating ponds to store the 

water would cost a considerable area.Moreover, a vast amount of fresh 

water would evaporate from the ponds in summer. Storing water in the 

subsoil may be a good solution to this problem. The vicinity of the 

saline seawater can be used as a means to maintain the groundwater level 

rather constant although there are considerable changes in the storage 

of fresh water during a year. 

Geohydrologists are in a unique position here because there is a 

possibility to have the subsoil built up in such a way as to cope with 

the storage of fresh water in the best way. Of course the cost plays a 

restrictive role in this respect. 

In this paper some aspects of this storage system are presented. As the 

idea is still young more study will be needed with respect to the 

feasibility and technical implementation. 

2 The principle of storing water with 

only minor groundwater level 

fluctuations 

The presence of salt water in the sandfill is inevitable. For the 

vegetation, a layer of fresh water, which is floating on the salt water, is 

necessary. This natural situation can be seen in coastal regions every-

where in the world. The evaporation surplus in summer causes a drop of 
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the groundwatertable and in order to avoid damage to the vegetation the i 

groundwatertable can be maintained by infiltration. However, fresh water 

for infiltration is scarce,whereas along the sea salt water is abundant. 

If we succeed in keeping the head of the salt water under the fresh 

water layer at a constant level the withdrawal of fresh water from the 

lens causes only a small drop of the groundwatertable. This follows 

from the BadonGhijben-Herzberg relation as will be shown below. 

Consider fresh water floating on top 

of salt water (Figure 1). 

From the equilibrium in pressure 

follows: 
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Suppose H to be held constant.Then differentiating equation (1) with 

respect to time gives: 

dy 
dt 

1 dh 
0: dt 

The mass balance of a column of fresh water: 

0 
dh 

e + l1 dt 
dy 

P·dt 
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where 

e = evaporation 

~ storage coefficient 

p porosity 

From equation (2) and (3) it follows: 

dh 
dt 

a - ---•e 
a~ + P 

(4) 

If there was only fresh water and no lateral inflow the rate of drop of 

the groundwater level would be e/~. 

From equation (4) it follows that this rate has to be multiplied by a 

factor _Ql!__+ • 
a~ P 

The largest value for this factor ·is found for the maximum value of 1-1. 

As 1-1 is always a part of p, this factor will always be smaller than 

~ a . 1 3 

+ = -+ 
1

. Tak~ng p s = 1025 kg m , we find a 
ap p a 

0,025, which means 

that under the proposed circumstances the drop of the groundwater level 

will be less than 1/41 of the drop which can be expected if only fresh 

water is present. 

The rise of the interface follows from equation (2) and will be in the 

given case 40 times as high as the drop in the phreatic level. In this 

way the loss of fresh water by evaporation is compensated for by a drop of 

the phreatic level for 1/41 and by rise of the interface and inflow of 

saline water for 40/41. As a small drop in the saltwaterhead can be 

achieved by a large transmissivity, which means a high conductivity of 

the sandfill, first the consequences of a high conductivity are investi

gated. 
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3 Unlimited permeability 

A large transmissivity is favourable in order to maintain the salt-

waterhead in the sandfill as good as possible at a constant level. 

Another consequence of a large transmissivity is however a good access 

of seawater into the sandfill during high sea levels (e.g. during storm 

surges). For this reason first a check is made whether the groundwater 

does not exceed an acceptable level in that case. 

L = 1000 m 
old sand dunes 

... k 2 = 40 mid 

Figure 2. Vertical cross section of the sandfill 

The method developed by Edelman (1947) can be used to make a fair guess 

of the rise of the groundwater in the sandfill during storm surges. The 

geohydrologic situation is shown in Figure 2. Comparing this with the 

situation on which Edelman based his theory (Figure 3), three 

differences can be observed. 

Contrary to Edelman who presupposed a one aquifer system, water of one 

density and a vertical boundary between water and soil, in this case 

there are two aquifers, two water qualities with respect to density and 

ft gradual rise of the seabottom. 
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Figure 3. The Edelman presuppositions 

thickness D 

permeability k 

As to the two aquifers, it can be observed that, while they are 

separated by a semi-pervious layer with a hydraulic resistance of 

750 days, only a small quantity of water can be transported by way of 

the second layer during the few days that the storm surge lasts. So 

the presence of the second aquifer can be neglected. 

Because of the two densities there are two waterheads. In this 

calculation only the saltwaterhead is used because the inflow is 

saline.As the fresh water layer is about 4 m the fresh water head can 

be calculated by superimposing a.4 = 0,1 m to the salt water head. 

The transition between water and soil is not vertical in this case. 

The body of sand in front of the shoreline gives extra resistance to 

the inflow so, using the method of Edelman, the calculated ground-

water rises will be overestimated. 

The curve in Figure 4 shows the course of the actual recorded storm 

surge of February 1953 when large parts of The Netherlands were flooded. 

Qn behalf of the calculation the flood is schematized step-wise. 

The rise of the groundwatertable under the dune area is harmless. The 

groundwatertable in the menaced area will reach its highest leve1 just 

behind the new dunes. That is why the rise is calculated at this point, 

e.i. at a distance of 200m from the shoreline. If the sandfill is made 

of the most common sand in the surroundings the transmissivity of the 

sandfill will be 160m2 /d. If the coarsest sand to be found near the 

sandfill is used, the transmissivity will reach 480m2 /d. For the 
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Figure 4. Actually recorded storm surge level (February 1953) 

storage coefficient~ a value of 0,1 is supposed. Edelman introduced 

a variable u including time, place and geohydrologic constants. The 

rise of the groundwater at a certain time and place is found by multi

plying the instant rise at T ; 0 (which equals 6H) with a factor which 

is a function of u and which is tabellated as such. 

The rise of the groundwatertable as a result of the subsequent steps in 

Figure 4 can be found by superimposition. 

In formula 

X 
u 

2 /kD/~. T 

H (x,t) ; - 6H.f0 (u) 

The results of the calculation for x ; 200 m, which means just behind 

the dunes, are shown in Figure 5. ~hen comparing both curves the 

following conclusions can be drawn. An increase in transmissivity leads 

to 

a rise of the saltwaterhead to a higher level; 

an earlier occurrence of the peak level; 

a shorter duration of the peak level. 

With respect to the height of the levels can be said that even the 

greatest transmissivity of the sandfill does not give problems with 
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the groundwater level. The height of the fresh groundwater level will be• 

at the utmost 0,37 + 0,1 = 0,47 mover M.S.L. This is still 0,43 m below 

the soil surface. Moreover the peak level only lasts a few days. If the 

transmissivity is still more increased, e.g. with the help of pipes, 

provisions have to be made in order to shut them during storm surges. 

0.4 
LlH at 
x =200m 
(ml 

0.3 

0.2 

0.1 

8 9 10 11 
T(daysl 

Figure 5. Increase of the salt water head as a result of a storm surge 

4 

4.1 

The mathematical model 

The basic equations 

The presupposition of the saltwaterhead being constant is not very 

realistic as the loss of water by evapotranspiration causes a loss of 

static pressure of the fresh and salt water and so a decrease of H. In 

order to calculate the loss of saltwaterhead the relations that govern 

the geohydrologic system must be known. The geohydrologic system and 

the relevant parameters are shown in Figure 2. This schematization is 

based upon data, collected by Werkgroep Waterhuishouding (1983). 
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The following eight variables are defined: 

u fresh water flow 

v salt water flow in the first aquifer 

w salt water flow in the second aquifer 

s seepage velocity 

h freshwaterhead (; phreatic level) 

y position of the salt-fresh interface 

H saltwaterhead in the first aquifer 

¢ saltwaterhead in the second aquifer 

The impermeable base at M.S.L. - 50 m is chosen as reference level. 

The following parameters are used: 

c 

thickness of semi-permeable layer and second aquifer 

conductivity of respectively first and second aquifer 

hydraulic resistance of semi-permeable layer 

This problem of groundwater flow can be solved with help of the next 

eight equations. 

fresh water lens 

Darcy's law 

continuity 

u 
Clu 
dX 

Clh 
- kl. (h - y).-

Clh dx()y 
e - ]l 3t + P·3t 

salt water in first aquifer 

Darcy's law 

continuity 

v 
Clv 
dX 

pressure equilibrium of fresh and salt water in first aquifer 

From Badon Ghijben-Herzberg follows H (1 +a) ; h + ay 

salt water in second aquifer 

Darcy's law 

continuity 

w 

Clw 
Clx ; - s 

seepage through semi-permeable layer 

s;~ Darcy's law c 

To solve this system of equations a numerical method is applied. 
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4.2 The boundary and initial conditions 

At the landward (eastern) side of the new area the old dune area is 

situated. The fresh water lens underneath is about 60 m thick. So at 

this side the salt water flow in both aquifers is blocked. The outflow 

of water from the fresh water lenses in the old dunes to the sandfill is 

very irregular both in time and place and very small compared to the 

amount of evaporating fresh water. So the boundary conditions on the 

landward side are taken: 

u 0 

v 0 

w 0 

At the seaside of the sandfill the constant sea level H0 determines the 

saltwaterhead and inflow under the fresh water lens. The seaside 

boundary condition is therefore 

H = H0 

In the second aquifer at the shore line of the new area neither the salt

waterhead nor the inflow is known. At a sufficiently long distance 

from the shore the saltwaterhead is not affected by the flow caused 

by the evapotranspiration. The model has to be extended sufficiently 

seaward in order to take into account the salt water flow in the second 

aquifer under the sea. 

5 The computer calculation and its results 

The computer program operates as follows. Starting with the given 

initial condition the situation in course of time is computed with a 

time leap of two days. At each time level the value of the eight 

variables is calculated in eleven nodes in a cross section of the 

sandfill. The distance in between the nodes is 100m. The evapotrans

piration is supposed to be 2 mm/day. 

For a transmissivity of 160 m2 /d the position of the groundwatertable 

and the interface at subsequent time levels can be seen in Figure 6. It 

is clear that the influence of the sealevel is not large enough to 

prevent a considerable drop of the groundwater level at a greater 

distance of the sea. From the large drop of the groundwatertable and 
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Figure 6. Position of groundwatertable and interface at different times 

(kD = 160m 2 /d) 

the minor rise of the interface can be concluded that the transmissivity 

is too small to achieve the effect which was aimed at. 

To increase the transmissivity,coarser sand can be applied in the sand

fill. The transmissivity can be raised in this way to 480m2 /d. An 

additional provision is the installation of a salt water infiltration 

well line along the old dunes in order to keep the saltwaterhead at that 

point at mean sea level. This well line serves two goals: the geo

hydrologic circumstances at the old l.and are not affected and the in

flow of salt water into the sandfill can be doubled. The position of the 

groundwatertable and the interface in course of time are shown in 

Figure 7 for a transmissivity of 320m 2 /d. 

In this case the maximum drawdown is 0,6 m and the groundwater level at 

the landward side of the sandfill does not drop at all. The interface 

rises quicker and higher. The velocity of the drawdown in the middle of 

the sandfill is decreasing in course of time (Figure 8). The velocity 

of therise of the interface is increasing. Probably it takes some time 

for the groundwater to adapt to the evapotranspiration period. 
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Figure 7. Position of groundwatertable and interface at different times 

(kD =320m 2 /d) 

To show the effectivity of the salt water intrusion system a mass 

balance for the groundwater (fresh and saline water together) can be 

made. The balance period is one summerseason (100 days). The terms of 

the mass balance are in general 

input output + increase storage 

F.or a strip of the sandfill of 1 m broad and a length of 700 m, where the 

interface is about horizontal, the mass balance as found by the second 

calculation (kD = 320m 2 /d) is: 

103 = 140 + (- 37) m3 /m 

The loss of evapotranspirated fresh water was compensated by salt water 

intrusion for about 103/140 75 %. 

A mass balance with help of the computed values for the last summerday 

shows the measure of adaptation of the groundwater system to the evapo-

transpiration period. 
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Figure 8. Changes of interface and groundwater level in the middle of the 

sandfill in course of time (kD = 320m 2 /d) 

1,3568 1,4 + (- 0,0432) m3 /m 

The rate of drawdown of the groundwater level is only 0,0432/1,4 3 % 

of the rate of drawdown without salt water intrusion. 

6 Conclusions 

In principle it is possible to use the presence of saline water below a 

fresh water body to avoid an excessive drawdown of the phreatic level. 

This can be achieved by keeping the saltwaterhead as high as possible 

which will be the case if an easy access of saline water is possible in 

order to compensate the evaporation of fresh water. 

For the considered case, a planned sandfill along the Dutch coast, it is 

shown that a high transmissivity doesn't give too high a rise of the 

groundwater level in case of storm surges. Owing to the short duration 

(a few days) of these surges the rise of the groundwatertable proved 

acceptable. Calculations with a numerical model show that, although a 
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high transmissivity helps to decrease the drawdown of the groundwater 

level, the efficiency is highly improved when also on the landward side 

of the strip of new land the saltwaterhead is maintained at M.S.L. 

As a gradient in the saltwaterhead has to be developed before a helpful 

inflow of saline water takes place, the groundwater level originally 

falls quickly, but as the inflow of saline water increases, this inflow 

tends to balance the loss of fresh water and the fall of the groundwater 

level slows down. 

Further investigation have to be made, concerning 

the required flushing of the fresh water body by recharge in winter 

in order to match the obtrusion of salt by diffusion and dispersion; 

the optimal lay-out and technical realization in a given case, also 

taking into account the benefit-cost ratio. 
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