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SYNOPSIS

On islands and peninsulas, water shortage frequently takes place due to the absence of geological
conditions suitable for construction sites of surface dams. Therefore, several subsurface dam projects are
planned or have already been constructed to meet the water demand. A cut-off wall for preventing saltwater
intrusion is usually built in coastal areas. After dam construction, investigations of the movement and the
removal of residual saltwater in the storage area are often needed. However, because of difficulties in
monitoring, estimation of its behavior below ground is usually not carried out. In this study, experimental
and numerical studies were performed to understand the fundamental phenomena of saltwater movement
after dam construction. Experimental results demonstrated that residual saltwater in the storage area was
gradually flushed out under the condition of freshwater discharge over the cut-off wall. Numerical results
showed that circulation flow was created in the residual saltwater region after installation of the cut-off wall.
The amount of residual saltwater in the storage area will naturally attenuated because new saltwater from the
sea is not supplied. Consequently, residual saltwater was gradually transported with the freshwater flow from
the inland area. Therefore, countermeasures to remove residual saltwater are not necessary if the dam can be
controlled so as to maintain overflow condition of the freshwater.

INTRODUCTION

1t is difficult to develop surface water supplies on islands and peninsulas. The development of
groundwater resources by subsurface dams, however, is possible in such regions (1). A subsurface dam
consists of a cut-off wall that is constructed to prevent saltwater intrusion and facilitates stable use and
control of groundwater ((2) and (3)). '

When a subsurface dam is constructed in a coastal aquifer, it should be designed to prevent saltwater
intrusion. Numerical simulations can be used to reproduce the situation of saltwater intrusion, and to
understand characteristics of freshwater and saltwater flow. It is also important to examine movement of
residual saltwater in the storage area of a dam before its construction. Many experimental and numerical
studies on saltwater intrusion have been conducted (4). However, the details of residual saltwater have not
been examined (see e.g. (5)). In this study, laboratory experiments and numerical simulations were
conducted to understand more clearly the basic properties of residual saltwater after construction of a
subsurface dam.
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Figure 1 Experimental set-up
LABORATORY EXPERIMENT
Experimental setup and procedure

Figure 1 shows the experimental set-up including a box (64 cm x 90 cm x 10 cm) filled with sand
(particle size 0.05 cm). Beneath the sand, an impermeable layer with a small inclination (11°) was installed.
The Ieft side of the sand box was filled with saltwater of specific gravity 1.025 (electric conductivity 54.3
mS em™') and the water level was set to #,=40 cm. This saltwater tank is as a simulation of seaside. Saltwater
was colored by New Coccin, Acid Red 18 made by Kiriya Chemical Co. Ltd. The right side of the sand box
was filled with tap water indicating the freshwater with a water level set to #=41.5 cm. The saltwater
intrusion experiment started after a cut-off wall located between the saltwater tank and the sand box was
removed. This 40.3 cm high cut-off wall (/,) was inserted again, when the saltwater intrusion had reached a
steady state. The situation of the saltwater plume intruding the sand aquifer at constant time intervals was
photographed by a digital camera. To confirm the exact intrusion position, the toe position of saltwater
wedge on the basement was recorded.

Experimental results and discussion

Figure 2 shows change of the toe position of saltwater wedge on the inclined axis (Fig. 1). After 15
hours, the saltwater intrusion reached steady state and the toe position did not proceed further. Figure 3(a)
shows digital photos of the steady state of saltwater intrusion. The black part is the saltwater region and the
dashed line denotes the observed sharp interface between freshwater and saltwater. At steady state, the
freshwater flows from the freshwater tank to the saltwater tank. The saltwater flow towards the freshwater
region with a slow velocity and then it dilutes and returns to the saltwater tank in a mixing zone of
freshwater and saltwater. By means of this circulation flow, inflow and outflow of saltwater are kept in
equilibrium and show a steady state as in Fig. 3(a).

Figures 3(b) and 3(c) show the situation 4 hours and 3 days, respectively, after inserting the cut-off
wall. The height of the wall h0 was kept lower than the freshwater level hf and higher than the saltwater level
hy (hs < hy < hy). Freshwater discharge could occur over the wall. Therefore, just after the wall was inserted,
the pressure balance collapsed and deformation of the saltwater plume occurred. With this deformation, the
toe position of the saltwater wedge proceeded up on the slope axis. Figure 3(b) shows a photograph when the
peak of the toe position is reached. After this, saltwater was transported to the saltwater tank by the
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freshwater flow and then saltwater plume decreased. Progress and decline of the saltwater on the slope axis
can also be seen in Figure 2. Consequently, the residual saltwater in the storage area is gradually flushed out
under the condition of freshwater discharge passing over the cut-off wall. Due to the wall, the supply of
saltwater to the aquifer was stopped.
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Figure 2 Temporal changes in the toe position of saltwater wedge on the basement
NUMERICAL SIMULATION
Basic equations
The following set of equations was applied for the numerical calculations (4):

Equation of unsaturated-saturated flow

(cw+aoss)—z?=—§”i-@ ,u=k v=—i{9}—’+i] 6}

Egquation of mass conservation (Transport equation)

Oc +0c +0c 18 dc oc) 10 dc Jc
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where ¢ is time, & (x, y, ¢) is the piezometric head at the location of (x, y), k is the hydraulic conductivity, u
and v are the velocity components in the x and y directions which are calculated by Darcy’s law, #” and v° are

the pore velocities calculated as u = u/ 6, v =v/8, 8 is volumetric water content, , is the fluid density,
p; and p, are the density of freshwater and saltwater, respectively, c,=ds/ar is the specific moisture
capacity for unsaturated conditions, s, is the specific storage coefficient, «, is a dummy number which

takes 0 in an unsaturated condition and 1 in a saturated condition. ¢ is saltwater concentration coefficient, Dy,
Dy, D, and D,, are dispersion coefficients.
The dispersion coefficients, which are dependent on the velocity, are represented as follows (6):

2 2 2 2
aru arv aru ary
D, = +———+ 68Dy, , 6D, = + e + Dy
XX v M $44 v M (3)
0D, = 6D, = GL= )W ';T)”"

where «; and o are the microscopic dispersivity for longitudinal and transverse directions related to the

sand particle diameter, ¥=vu*++* ,and D, is the fluid molecular diffusion coefficient.
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Figure 3 Saltwéter plume movements at the steady state and after the insertion of the cut-off wall,
(a) Steady state (950 minutes), (b) 4 hours after the wall inserted, and (c) 3 days after the wall inserted

The saltwater concentration ¢ (x, y, £) in eq.2 is related to the change in the saltwater density through:

100005~ ] @

ctwp)=—r

It is necessary to resolve the relationship / (negative pressure head) .vs. @ (volumetric water content)
and £, (ratio of saturated hydraulic conductivity) .vs. & (unsaturated hydraulic conductivity) and to calculate



“specific moisture capacity C,, representing unsaturated characteristics of the aquifer, in order to carry out the
numerical simulation including the unsaturated zone. Consequently, in this paper, the unsaturated values
were obtained from the theoretical formula of van Genuchten (eq.5) (7).
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where 6, is the residual water content, 8, is the saturated water content and o, m and » are the coefficients of
the van Genuchten formula.

Table 1 Simulation conditions for laboratory experiment

Hydraulic conductivity ¥ (cms™) | 1.55% 107" -60 [
. . . o . E :
Longitudinal fixsper.stlty o (cm) 0.07 s -50 FO P V-G equation
Transversal dispersivity « r(cm) 0.007 > -40 | &
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Sy . L < =30 g
Grid size in y direction Ay(cm) 0.5 © "g‘
Unsaturated flow property for van Genuchten model é -20 ®e.q
e @®..
6, 0474 & -0 ey
6, 0.0492 -0 - e
a(em™) 0.0829 0.00 0.20 0.40 ©0.60
n 5.74 Volumetric water content

Figure 4 Soil water characteristic curves for sand
used in the experiment

Numerical simulation procedure and conditions

In the numerical simulation, successive over relaxation (SOR) method was used to solve eq.1 and the
method of characteristics (MOC) was used to solve eq.2 (8). The simulation area is 90 ecm x 55 cm forx x y
directions, respectively. Finite difference grid interval was set to 0.5 cm for both x and y directions.

The boundary condition for concentration at the interface between the saltwater tank and sand box was
set as follows: for flow out to the sand box (out to the numerical area), the concentration gradient, oc/ax,
was set to zero, for flow in to the sand box (in to the numerical area), the concentration boundary, ¢, was set
to 100%. A 0% concentration boundary condition was applied for the right side of the sand box (freshwater
tank side). Hydraulic conditions for the saltwater tank and freshwater tank sides were hydrostatic pressure
conditions. At the bottom of the numerical area, impermeable and zero mass flux boundary conditions were
given. At the top soil surface, zero recharge quantity and 0% concentration boundary conditions were set.
After the insertion of the cut-off wall, saltwater tank side boundary conditions were changed to be
impermeable and zero mass flux boundary conditions along the cut-off wall. Saltwater and freshwater tank
sides of unsaturated zones were set to be zero flux boundary conditions. Above the cut-off wall of saltwater
tank side, seepage face was set equal to the pressure head obtained at the previous time step.

Numerical simulation results and discussion

Figure 5 shows the numerical and experimental results of the saltwater intrusion process. The
numerical results include saltwater concentration, velocity vector, and groundwater level. The numerical
results of the saltwater intrusion process were in good agreement with the experiments, as reported before
(4, (9) and (10)). At first, the intrusion velocity of saltwater was relatively large, and then it gradually
decreased, finally reaching a steady state velocity. Intruding saltwater changed the direction in the mixing
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zone of freshwater and saltwater and then the saltwater returned to the saltwater tank by freshwater flow.
When saltwater intrusion stopped, saltwater inflow and outflows reached equilibrium.
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Figure 5 Saltwater intrusion processes of experiment and numerical simulations,
(a) 20 min., (b) 80min., and (¢) 500 min.

Figure 6 shows the numerical results of saltwater plume movement, which corresponds to Fig. 3.
Figure 6(a) shows the steady state for the plume at 950 minutes after intrusion started. Figures 6(b) and 6(c)
show the results at 4 hours and 3 days after the cut-off wall was inserted, respectively. The numerical results
of saltwater plume movement were in good agreement with the experiments.

Figure 7 shows a close-up view of velocity vectors and saltwater concentration distribution at 4 hours
after the wall was inserted. Circulation flow occurred in the saltwater region, just after the wall was inserted.
This was due to the fact that the saltwater supply was stopped by the wall as well as outflow to the saltwater
tank. The dividing point for saltwater outflow and saltwater circulation is approximately at y=19 cm (Figs.
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the numerical results showed mixing zone

6(b) and 7). The numerical results show that the saltwater was gradually flushed out by freshwater outflow at

the mixing zone (Figure 7). Observations were not clear, however,
of freshwater and saltwater extended by the freshwater outflow which had large flux near the cut-off wall

(Figure 6(c)).
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Figure 6 Saltwater plume movements at the steady state and after the insertion of the cut-off wall, (a) Steady

state (950 minutes), (b) 4 hours after the insertion of the wall, and (c) 3 days after the insertion of the wall

(figures correspond to figures in Fig. 3)
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Figure 7 Close view of the velocity vector and saltwater concentration
distributions at 4 hours after the insertion of the wall

For the numerical results, during steady state the groundwater level equaled the saltwater level of
h=40 cm. After the cut-off wall was installed the freshwater level rise to 40.3 cm (height of cut-off wall).
Here, the boundary condition along the wall was impermeable condition (#=0). This meant that the
groundwater level behind the right side of the wall rose and freshwater outflow over the wall was possible.
This meant that the groundwater level behind the right side of the wall rose, and it was possible that
freshwater flow over the wall. This phenomenon was treated as a new seepage face boundary condition.
Fresh water could flow out through this seepage face to the saltwater tank. In order to satisfy the conditions
of continuity, the freshwater discharge flux had to be made larger as calculation continues until its quantity
equals the inflow quantity of freshwater from the freshwater tank side,

The numerical and experimental results for the attenuation of the saltwater plume did not coincide
perfectly. The height of the cut-off wall was 40.3 cm in the experimental conditions. But it was 40.0 cm in
the numerical condition, due to the grid interval (Ay=0.5 cm). The seepage position was determined by
previous time step results of pressure head. In the calculations, this seepage position was actually only one
grid step above the wall. These properties affected the calculated quantity of freshwater outflow.

As mentioned above, the numerical results of saltwater wedge movement and attenuation of saltwater
plume showed relatively good agreement with experiments. To improve the precision of numerical
simulation, the numerical conditions and hydraulic parameters such as dispersivity and hydraulic
conductivities should be sufficiently examined.

CONCLUSIONS

We conducted laboratory experiments and numerical simulations to investigate the movement of
residual saltwater in the storage area after a subsurface dam construction. Under the conditions of freshwater
discharge passing over the cut-off wall, toe position of the saltwater wedge advanced on the sloping axis due
to density effect and then its volume gradually became smaller. As mentioned previously, a measure to
remove residual saltwater after a dam construction appears not to be necessary. A prerequisite for this is an
outflow over the cut-off wall. Our investigations are not for a real-scale subsurface dam. However, the
importance of providing numerical and experimental results is to obtain basic knowledge of the freshwater
and saltwater movement before and after a cut-off wall is constructed. We did not observe a complete
attenuated saltwater plume. However, in this paper we focused mainly on a continued fresh water outflow
and the followings saltwater drainage.

The velocity vector distribution from numerical simulation showed that circulation flow takes place in
the saltwater plume region after the cut-off wall was inserted and then outside of the plume was washed out
by the freshwater flow toward to the saltwater tank side. The present numerical simulation can reproduce the
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process of saltwater intrusion with high accuracy as shown in previous investigations ((4), (9) and (10)). It
revealed a close agreement with the toe position of the saltwater wedge and the attenuation of saltwater
plume. In order to improve the precision of numerical simulations, more attention should be focused on
hydraulic parameters such as dispersivity and hydraulic conductivity as well as simulation conditions.
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APPENDIX-NOTATION

The following symbols are used in this paper:

c concentration of saltwater;
Cw specific moisture capacity;
Dy fluid molecular diffusion coefficient;

Dy, Dy, Dyyy Dy dispersion coefficient;

h = piezometric head;

hy = water level of freshwater tank;

I/ = water level of saltwater tank;

ho = height of cut-off wall;

k = hydraulic conductivity;

ks = saturated hydraulic conductivity;

Ss = gpecific storage coefficient;

t = time;

uy = Darcy’s velocity for x and y directions;

u, v’ = pore water velocity for x and y directions;

v = pore water velocity for flow direction;

a, mand n = coefficients of van Genuchten formula;

oy, or = microscopic dispersivity for longitudinal and transverse directions;

o = dummy number that takes 0 in unsaturated condition and 1 in saturated
condition;

a8 = vyolumetric water content;

g, = residual water content;

O, = saturated water content; and

p, prand p, = density of fluid, density of fresh water and density of saltwater.
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