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holes. The mesh is almost uniform except in the zone close to the drain where a local refinement has 
been used in order to obtain more accurate results, for a total number of 11,370 nodes and 21,192 
triangles.

The beach is assumed homogeneous and isotropic. Running the model requires the hydraulic 
parameters ϑs, ϑr, Ks, n, α and l, as well as the initial water content distribution. For sand character-
istics, the code allows to use some standard parameters that depend on the soil type (grain size, soil 
classification, etc.). The hydraulic conductivity Ks has been set equal to that one measured in the 
laboratory. The initial water content distribution has not been defined a priori. In order to recreate the 
real laboratory initial conditions, the channel filling-up has been simulated by imposing a constant 
hydraulic head (equal to 4.00 and 4.20 m, respectively) on the bottom of the beach, causing the 
gradual beach saturation from the bottom to the top, like as the channel filling-up reproduced during 
laboratory tests. The output of the hydraulic head distribution in the beach has been then used as the 
initial condition for the drainage processes’ simulations.

Figure 4 schematically reports the adopted beach geometry, the mesh domain and the relative 
boundary conditions imposed for simulating the infiltration processes artificially induced by the 
drain working. The bottom of the beach (corresponding to the bottom of the laboratory channel, 
about 7 m under the drain) and the vertical beach contour (on the right side in Fig. 4, about 20 m far 
from the drain) have been considered no flux boundaries. This assumption derives from considering 
that in correspondence to the above distances from the working drain, the influence of drainage can 
be neglected. The drains are considered free drainage surfaces, because during experiments a free 
surface flows within the drains was observed. Under such an assumption, the code assumes that as 
long as a drain is located in the saturated zone, the pressure head along the drain is equal to zero. On 
the left side in Fig. 4, static conditions (with a SWL equal to 4.00 m for test S1 and 4.20 m for test 
S2) have been simulated by imposing a constant hydraulic head during the drainage processes along 
the submerged beach profile.

The time of each simulation has been set at 60′ (as for laboratory runs) and the time discretization 
∆t has be set equal to 0.001. A smaller time interval ∆t would cause the bad convergence of the 
numerical solution.

5 RESULTS
Figures 5 and 6 show two examples of both experimental and analytical spatial variation of water 
table lowering artificially induced by the activation of the drain D2 (Fig. 5) and D3 (Fig. 6) in con-
stant hydraulic head conditions at the end of simulation (t = 1 h). The simulated sea water level is 
equal to 4.00 m (test S1). Moreover, the beach profile measured in laboratory is reported. Grey line 
represents the spatial variation of water table numerically modelled, while black circles represent the 
local piezometric head measured in laboratory by piezometers.

The comparison between laboratory and numerical results shows that the numerical model sim-
ulates quite well the depression cone due to the activation of drain [42]. In fact, in all tested drain 

Figure 4: Mesh domain and boundary conditions used in numerical drainage simulations.
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configurations, the saturation line tends to the initial undisturbed groundwater level in the inner 
part of the beach and to the SWL seawards and its maximum occurs in correspondence of the 
working drain. 

The good agreement between numerical and experimental results can also be observed for tests 
S2, with a SWL equal to 4.20 m. Figure 7 reports an example of both numerical and experimental 
spatial variation of water table lowering artificially induced by the activation of the drain D4.

The most remarkable result obtained by simulating the drainage process is the groundwater 
behaviour in correspondence of drain, which has not yet been deeply analysed. Figure 8a and b 
reports the numerical maximum water table lowering (∆h) and the pressure head measured inside 
drains (pD) during laboratory tests for tests S1 and S2, respectively. The analysis of data shows that 
when the water level is equal to 4.00 m (Fig. 8a), a free surface flow occurs within the drain pipes 
and the saturation lines reach the drain contours. When the water level is higher (Fig. 8b), both 
groundwater and pipes behaviours are not well defined. When D4 is active, the maximum water table 

Figure 5:  Comparison between numerical (–) and experimental (o) spatial variation of water table 
lowering (Test S1 – drain D2).

Figure 6:  Comparison between numerical (–) and experimental (o) spatial variation of water table 
lowering (Test S1 – drain D3).
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lowering corresponds to the hydraulic head measured by the pore pressure transducer placed inside 
the drain, confirming that D4 works in pressure. On the contrary, a free surface flow is measured by 
both the pore pressure transducers placed inside the drains D2 and D3. In such a configuration, the 
water table behaviour is different and not well defined. In fact, the activation of D2 causes a water 
table lowering that reaches its maximum outside the drain, which does not correspond to the hydrau-
lic head measured inside. When D3 is open the water table joins the pipe, showing a local 
piezometric head higher than that measured by the transducer inside the drain. In these two last 
configurations, results seem to show that two different hydraulic behaviours occur in the porous 
medium and within the pipe. The lack of a pressure transducer during laboratory tests placed over 

Figure 7:  Comparison of numerical and experimental spatial variation of water table lowering (Test 
S2 – drain D4).

Figure 8:  Maximum water table lowering (∆h) and pressure head inside drains (pD) for tests S1 (a) 
and S2 (b) with single drains D2, D3 and D4.
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the drain at the same section of that one placed inside does not allow to understand the real drain 
flow regime.

Some differences between numerical and experimental results can be found in the analysis of 
the time variation of water table lowering. Figure 9 reports an example of both calculated (stars) 
and measured (dotted line) time variation of the local piezometric head for the test S1 with the 
drain D2 open. The experimental data are those collected by the pore pressure transducer placed 
near the drain D2, at 240.8 m from the wave generator and at 0.5 m under the SWL. To compare 
the data, the numerical results are referred to the mesh node at the same piezometer plano-altimet-
ric position.

Figure 9 points out that when the process reaches a quasi-steady condition, the two models show 
almost the same water table lowering velocity, assuming at the end the same value of hydraulic head. 
At the beginning of the lowering process, the transient numerically simulated by the code is more 
gradual than in laboratory experiments. In fact, in all tested configurations, about the 70 ÷ 80% of 
the total hydraulic head lowering was observed in the first 8–10 min reaching than the quasi-steady 
state. Differently, in the numerical model the transient lasts for about 30 min. In the present work, 
the analysis regards the study of the water table position at the end of tests, so such differences do 
not influence the results that are shown in the following. For this reason, the very good agreement 
shown by the numerical results in simulating the drained water table lowering gives the possibility 
to improve other numerical simulations on BDS effects in static conditions with different system 
configurations and sand characteristics. In particular, different sand permeabilities and drain depths 
with respect to the SWL have been simulated.

The planimetric position of the drain with respect to the shoreline has been set constant for all 
performed simulations. Experiments show that considering both hydrodynamic and morphodynamic 
effects induced by the activation of the drainage system, the best efficacy can be observed when the 
planimetric drain position is close to the run-up limit, which during laboratory tests corresponds to 
the position of drain D3. 

Figure 10 reports the numerical spatial variation of water table induced by the drain D3 placed at 
about 7.50 m from the shoreline, at 0.5 m under the SWL equal to 4.00 m, in a beach characterized 
by different values of permeability (from 108 to 103 m/s), corresponding to typical beach grain sizes 
(from silt to coarse sand). As it was expected, an increase in beach permeability causes an increase 
in the unsaturated area within the porous medium. The saturation line referring to the maximum 
value of permeability (the lowest water table in Fig. 10) shows that in the presence of coarse sand, 
the pipe drains a greater water volume from the inner part of the beach, which is not useful for BDS 
aims. The main aim is, in fact, to desaturate the submerged seaward-sided beach. First, the results 
allow to state that with high value of permeability the drain is useless and the beach can be consid-
ered naturally drained.

Figure 9:  Measured (–) and calculated (+) time variation of water table lowering (Test S1 – drain D2).
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BDS effects on water table lowering have been also simulated with different drain depths with 
respect to the undisturbed water table. Figure 11 shows the numerical spatial variation of water table 
lowering for the drain D3 placed in a beach with permeability equal to 2 × 105 m/s for different drain 
depths (from 0.5 to 2.00 m below the undisturbed water table).

When the drain depth varies in a range between 0.5 and 0.8 m, it can be observed that the 
maximum water table lowering and, consequently, the unsaturated area, increase with drain depth. 
In such a situation, drain seems to work in free surface flow condition. Below 0.8 m, the maximum 
water table lowering remains quite constant with the increase of drain depth, probably due to the 
fact that the drain begins to work in pressure. With a 2-m deep drain, the maximum water table 
lowering is almost the same that of one produced by a drain placed at 1.20 m with a little increase 
in the unsaturated area. As a consequence, it can be stated that a drain deeper than 0.60 ÷ 0.80 m 
would be more expensive with no advantages in terms of drainage system efficacy. This ‘limit 
drain depth’ is strongly influenced by beach grain characteristics. In fact, Figure 12 reports the 
water table lowering induced by a drain placed at different depths in a beach with permeability 
equal to 2 × 103 m/s. In a beach characterized by a higher value of permeability, a free surface flow 
occurs up to a drain depth equal about to 1.20 m. In this case, the ‘limit drain depth’ previously 
defined can be set at about 1.50 m. Analysing all simulated permeabilities, it can be observed that 
the decrease in beach permeability corresponds to a ‘limit drain depth’ reducing. This limit can be, 

Figure 10:  Numerical spatial variation of water table lowering with different beach permeabilities 
(Test S1 – drain D3).

Figure 11:  Numerical spatial variation of water table lowering with different drain depths (Test S1 
– Drain D3) in a beach with a permeability equal to 2 × 105 m/s. 
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therefore, defined as the maximum drain depth, related to the beach permeability, which produces 
the maximum water table lowering (and unsaturated area) allowing a free surface flow within the 
drain pipe.

In Figure 13, the calculated desaturated beach volume VDES for unit of length is reported as a func-
tion of permeability K. Each curve refers to different drain depths. As expected, the desaturated 
beach volume increases with the increase in both permeability and drain depth. In correspondence 
to high values of permeability, the desaturated volume is more influenced by the increased drain 
depth. In correspondence to lower value of permeability, the drainage process is mainly influenced 
by beach characteristics rather than drain altimetric position.

The knowledge of beach volume that the system is able to dry is necessary in order to know the 
water flows drained by the system and, consequently, to design the drain pipe, and, in particular the 
drain diameter.

Figure 14 reports the drained flows Q versus the desaturated beach volume VDES both calculated 
for unit of length, related to different drain depths. Each curve refers to different drain depths and 

Figure 12:  Numerical spatial variation of water table lowering at different drain depths (Test S1 – 
Drain 3 on) in a beach with a permeability equal to 2 × 103 m/s.

Figure 13: Calculated desaturated beach volume for unit of length (VDES) vs. permeability (K).
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it is made from points related to different values of permeability. Previously, Fig. 13 shows that an 
increase in permeability corresponds to an increase in desaturated volume. Consequently, in Fig. 
14, moving from the left to the right over a curve, each value corresponds to an increase in the 
permeability.

The drained flows increase with the desaturated volume and, consequently, with permeability for 
all simulated drain depths. Similarly, the drained flow increases with drain depth. Figure 14 allows 
to observe that with small values of VDES, which correspond to small values of permeability, drained 
flows are very low and the drain depth does not have a great influence on the drained flows. As stated 
before, the infiltration processes are mainly governed by beach characteristics. With higher values of 
permeability, the influence of drainage system begins to be important. Such a phenomenon is con-
firmed by the remarkable increase of drained flows in correspondence to higher value of 
permeability at deeper drain position. Moreover, obtained data show that for each drain depth (except 
for a 2.00-m deep drain) a limit value of permeability can be identified. In correspondence to this 
value (ranging from 2 × 104 to 2 × 103 m/s),  a small increase in  VDES can produce a much higher 
increase of drained flow, which would be useless and would cause an increased installation costs, 
without any advantage in reducing the saturation degree of the beach.

6 CONCLUSIONS
The reported simulations represent the first step for a more complete numerical modelling of the 
phenomena interested in a drainage process. 

Richard’s equation, numerically solved by the HYDRUS-2D code, is used in order to reproduce 
the infiltration processes in a drained beach in static conditions (without waves). Such an analysis 
allows stating some first considerations about BDS design guidelines. 

Numerical simulations first aim to validate the code, through comparing numerical data with 
experimental ones. The comparison between numerical and experimental spatial variation of the 
local hydraulic head during the drainage process shows a good agreement. Some differences between 
numerical simulations and experiments can be found in the analysis of the time variation of water 

Figure 14:  Calculated drained flows (Q) vs. calculated desaturated beach volume (VDES) for unit of 
length.
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table lowering. The transient process simulated by the code is more gradual than that one, which 
occurs during experiments and reaches the quasi-steady state after about 30 min. Conversely, during 
experiments, it is observed that about the 70 ÷ 80% of the maximum water table lowering occurs in 
the first 8–10 min, reaching the quasi-stationary condition after about 10 min. Moreover, the data 
show that the measured and calculated drained flows are comparable. 

Such a good comparison allows running other numerical simulations of the drainage system appli-
cations, in order to draw, in static condition, first system design considerations. 

Drainage processes are first analysed in a beach characterized by different values of permeability.  
The values of permeability simulated range from 2 × 103 m/s (coarse sand) to 2 × 108 m/s (silt). As 
expected, the increase in permeability causes an increase in maximum water table lowering in cor-
respondence to the working drain and, as a consequence, an increase in the unsaturated area below 
the undisturbed water table inside the beach can be observed. With greater value of permeability 
(typical of gravel), the drainage system is useless, because the beach can be considered naturally 
drained. No advantages would be obtained by adding an artificial drainage. On the contrary, sand too 
much fine would nullify the drainage efficiency.

System response is also simulated considering different drain depths (from 0.5 to 2.00 m) from 
the undisturbed water table level, under constant permeability conditions. The deeper drain altimet-
ric position favours the increased desaturated beach. The analysis allows to define a ‘limit drain 
depth’ that highly depends on beach permeability. It can be identified as the maximum drain depth, 
in correspondence to which the water table reaches its maximum. In general, it corresponds to the 
depth at which the drain pipe should begin to work in pressure. Consequently, a drain placed below 
such a defined limit would not cause any positive effects on system efficiency with an increase in 
installation costs. Desaturated volumes for unit of length (VDES) are analysed as a function of perme-
ability for different drain depths. Data show that the efficiency in draining the beach increases with 
both the permeability and the drain depth. Data show that in a beach characterized by low values of 
K, the system response is highly influenced by the beach permeability. With higher values of perme-
ability, the altimetric drain position increasingly influences the desaturated beach volumes, which 
depend on both beach and drain characteristics.

The drainage system design also regards the pipe dimensions and, in particular, the drain diame-
ter. To have the best BDS efficacy, it is important to determine the water volume that is intended to 
be drained. For this purpose, drained flows are analysed as a function of desaturated volumes. The 
analysis shows that the drained flows increase with both the VDES and the permeability and allows to 
confirm that with low values of permeability, infiltration processes are mainly governed by beach 
characteristics. The influence of drain depth with respect to the SWL begins to be important in cor-
respondence with higher value of permeability. Moreover, obtained data show that for each drain 
depth (except for a 2.00-m deep drain), a limit value of permeability can be identified, ranging from 
2 × 104 to 2 × 103 m/s, in correspondence to which a small increase in VDES can produce a high 
increase in drained flow without any advantage in reducing the saturation degree of the beach and, 
consequently, useless for BDS purposes.

The present work represents a first step in BDS modelling and designing. Once this process will 
be numerically well understood, the simulations will be completed with the other two macro pro-
cesses regarding the external wave motion and the sediment transport in the swash zone. Future 
applications mainly regard the possibility of improving the adopted numerical model by simulating 
the drainage efficiency under different wave attacks in order to analyse in deep the influence of wave 
energy on groundwater behaviour and how this interaction can produce a reduction in the off-shore 
sediment transport.
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