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INTRODUCTION 
The dynamics of groundwater at the land-ocean boundary have 

important implications to the exchange of water, nutrients and 

pollutants between the ocean and coastal aquifers (e.g., Andersen 

et al., 2007), and more subtly, varying groundwater levels may 

induce differing morphological response (erosion versus 

accretion) at the beachface (e.g., Turner and Masselink, 1998). In 

June-July 2012, the Barrier Dynamics Experiment II (BARDEX 

II) was completed in the large-scale Delta Flume laboratory 

facilities in The Netherlands, in which hydrological conditions 

within a prototype-scale sand barrier (D50 = 0.42 mm) were 

measured concurrent to surf- and swash-zone hydrodynamic and 

sediment transport investigations. This work followed the 

completion 3 years earlier of the first BARDEX experiment 

(Williams et al., 2012) where a similar test program was 

undertaken, with the principle difference between these two 

studies being that the barrier constructed for the earlier work was 

composed of much coarser gravel (D50 = 11 mm).       

A unique feature of both the original BARDEX (gravel) and 

BARDEX II (sand) test programs was the installation of a multi-

stage pump system to separately and independently control the 

water-levels at the ‘sea’ and landward ‘lagoon’ side of each 

barrier, with a feedback control system used to transfer water 

between these two regions of the wave flume and a third reservoir 

required for intermediate water storage. By this approach, lagoon 

levels on the landward side of the barrier were manipulated 

relative to the sea in order to force differing hydraulic conditions 

within the barrier, with a series of tests undertaken to examine the 

effects of varying incident wave conditions. 

This overview paper describes the range of instrumentation 

deployed during the BARDEX II test program to obtain 

measurements of the hydrological conditions with the constructed 

sand barrier. Example results are presented to demonstrate the 

range of groundwater conditions that were observed. The unique 

dataset obtained will be used for model calibration and testing, 

and will assist with other aspects of the broader BARDEX II test 

program where the water table elevation and/or exchange of 

groundwater across the beach face and nearshore boundary may 

be a partial driver of observed morphological changes. 

OVERVIEW OF LABORATORY EXPERIMENT 
A 4.5 m high, 5 m wide and 100 m long sand barrier composed 

of medium-sized sand (D50 = 0.42mm, D10 = 0.26 mm; D90 = 0.90) 

was constructed with the initial barrier crest located at around 110 

m from the front face of the wave paddle, within the 250 m long, 5 
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m wide and 7 m deep Delta Wave flume.  The hydraulic 

conductivity (K) of this material is ~0.5 – 1.0 ×10-4 m/s and the 

porosity (n) is ~0.4, determined by direct testing. The 

experimental program undertaken during the 20 days of testing 

comprised six ‘Work Packages’: 

 WP1 – barrier hydrology (reported here) 

 WP2 – swash and berm dynamics 

 WP3 – swash-surf zone exchange and bar dynamics 

 WP4 – barrier overwash 

 WP5 – Sediment re-suspension and bed morphology 

 WP6 – numerical modelling. 

The specific objectives and a summary of the other work 

packages completed during the BARDEX II experiment are 

detailed in Masselink et al., (this volume). 

Referring to Figure 1, a concrete toe (located at x = 24-29 m) 

followed by a 20 m long and 0.5 m deep horizontal sand bed,  

fronted the main 60 m wide, seaward sloping (1:15) section of the 

sand barrier (x = 49-109 m). This sloping section was topped by a 

5 m wide barrier crest (x = 125-135 m) with a 1:5 landward-

sloping barrier at the back (114-124m). A 1 m wide and highly 

permeable wall constructed using a 5 cm square steel mesh 

wrapped in a 180 micron geotextile fabric, prevented the ingress 

of barrier sand to the 10 m wide lagoon (x = 125-135 m). The 

remaining section of the Delta Flume was separated from the 

lagoon by a steel gate, providing an intermediate reservoir for 

water pumped between the sea and lagoon sides of the sand 

barrier.  

Four 0.1m3s-1 computer-controlled pumps were used to regulate 

all water-levels in the Delta Flume, with pump discharge logged 

continuously. Unfortunately, once the barrier was constructed and 

the flume filled, it became apparent that the gate between the 

lagoon and reservoir sections of the flume leaked by a significant 

but unknown quantity. Net groundwater flux through the barrier 

could therefore not be monitored via this pump system as was 

intended. 

The complete experimental program spanning all work 

packages comprised 5 distinct Test Series. Fundamentally, each of 

these comprised constant or varying lagoon and sea water-levels 

imposed across the barrier, which was then subjected to a range of 

differing wave conditions. The main focus of the work presented 

here represents a subset of the test program comprising Series A 

(refer to Table 1), where the sea was maintained at a constant 

water level of hs = 3 m, and the lagoon water-level (hl) maintained 

at either a raised (4.3 m) or lowered (1.75 m) elevation. 

For a full description of the other Test Series, details of the 

wave conditions and wave paddle steering, and the full range of 

instrumentation deployed, the reader is referred to Masselink et 

al., (this volume). The specific instrumentation that was deployed 

to observe groundwater fluctuations and flow within the sand 

barrier is described in this paper.  

BARRIER HYDROLOGY INSTRUMENTATION 

Groundwater Wells 
An array of 15 groundwater wells were installed along the 

length of the sand barrier (Figure 1) adjacent to the flume wall, 

spaced at 3 m cross-shore intervals through the beachface barrier 

section, then 4 m and 5 m spacing seaward and landward of this 

region respectively. Wells were constructed of 30 mm PVC pipe, 

capped at the bottom and fully screened (machine-slotted and 

wrapped in a geotextile sock) from their base at an elevation of z = 

1 m (relative to the flume floor), to an elevation 0.5 m beneath the 

local sand barrier surface.  

Unvented pressure sensors (Kulite HKM-134) were installed at 

the base of each well, and centrally logged at 20 Hz throughout all 

test series.  Atmospheric pressure was measured by a barometric 

pressure sensor located in a bottom-capped and water-tight well 

located at the barrier crest. Data from the unvented pressure 

sensors were subsequently corrected to determine the phreatic 

surface (‘water table’) within the barrier (Figure 1).          

Piezometers 
A set of four pairs of nested piezometers (Figure 1) were 

installed around the intersection of the mean sea level (z = 3.0 m) 

and sand barrier, to observe the vertical structure of groundwater 

flow beneath this active region of uprush-backwash flows across 

the beachface. Piezometers were constructed of solid and 

uncapped 30 mm PVC pipe and located adjacent to the flume wall. 

The open base of the lower piezometer pair were all installed at an 

elevation of z = 0.5 m relative to the flume floor, with the open 

base of the upper piezometer for each pair located at z = 2.5 m. 

Again, unvented PTs were fixed within each piezometer, logged at 

1 Hz and corrected for local atmospheric pressure variation. 

Buried PTs 
Two vertical arrays, each comprised of three high-precision 

Druck PTX1830HR unvented PTs, were buried directly into the 

beachface to measure vertical pressure gradients. To exclude sand 

grains from affecting the sensing diaphragm, the sensing ports of 

the PTs were wrapped in 250 m geotextile fabric. The PTs were 

mounted on a thin stainless steel rod, with the sensing ports 

pointing upwards. The distance between the sensors was fixed at 

10 cm. The arrays were buried into the beachface, with the 

diaphragm of the upper PT nominally 6 cm below the sand 

surface. The depths were adjusted between each 30-min wave run. 

An additional identical PT was used to sample atmospheric 

pressure. These PTs were cabled to a time-synchronised data-

logger and sampled at 20 Hz. 

One array (a1) was deployed just landward of the SWL in the 

lower-swash region, while the second array (a2) was buried in the 

upper-swash. Array a1 was thus inundated by each swash event, 

but a2 only by the largest events. 

 
Figure 1. Barrier cross-section showing the location of key 

barrier hydrology instrumentation. 

 
Figure 2. Example of water results obtained from groundwater 

wells though a complete Test Series (A4). 
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Solute and Heat as Tracers 
Heat and solute tracer transport in the barrier was monitored 

with special rigs constructed from stainless steel rods arranged in a 

cube (0.5 m length each side). These frames provided mechanical 

support for tracer sources as well as sensors for measuring the 

tracer propagation. A total of four rigs were built, two for solute 

and two for heat tracing. In order to capture the difference in 

tracer transport conditions in the swash zone and the barrier 

separately, a pair of solute and heat tracer rigs were buried next to 

each other at each site (Fig. 1). The tracer equipment was 

controlled by a laboratory PC with custom LabVIEW software 

capable of (1) driving heat sources, (2) 22 channels of high-

resolution temperature measurement, and (3) driving and 

measuring 12 channels of fluid electric conductivity (EC) 

equipment. The measurement system in this experiment is 

described in Rau et al. (2012) but was used in a different 

configuration in the present study. A USB cable was used to 

connect the measuring system with the laboratory PC which was 

located in a control room beside the flume. The measurement 

frequency was set to 1 Hz. 

For each solute rig two vertical solute sources were constructed 

out of 30 mm PVC pipes screened over 1 m and extended by solid 

pipe to above the beachface for access. These were mounted at 

opposite ends of the rigs in the cross-shore direction 0.5 m apart. 

In between, 5 micro-sensors for measuring the fluid electric 

conductivity (EC) were mounted at different distances. A solute 

slug feeder was constructed from a Perspex pipe having a smaller 

diameter so as to fit inside the access pipes. The feeder tube has a 

rubber plug at the lower end that could be removed by pulling a 

string from the top. The feeder tube enabled controlled release of 

dilute solute slugs (NaCl < 6,000 µS/cm), by lowering it into the 

access tubes, pulling the plug and slowly and evenly lifting it up. 

This process leaves a vertical salt slug that can then migrate 

through the screened section of the pipe driven by the ambient 

hydraulic gradient. The slug transport was traced by the EC 

sensors on the rig. 

Heat could be induced using a total of four heat line sources 

(heating rods) with 2 on each rig mounted on opposite ends of 

each rig. The heating rods were constructed from Nichrome 

heating wire shielded and waterproofed by silicone (~2 Ω/m, 3 

mm diameter). The wire was tightly wrapped around a 1 m section 

of a 12 mm diameter stainless steel rod. Heating output was 

induced by driving a power source to dissipate electrical power 

through the heating wire thereby generating thermal energy. The 

power source output signal could be controlled precisely with the 

data acquisition system. A total of 10 temperature sensors were 

installed on each heat tracer rig at different distances between the 

heat sources in order to record the temperature response to 

heating. 

RESULTS 

Water table profiles 
An overview of the water table profile within the BARDEXII 

sand barrier at the differing lagoon levels and wave conditions 

listed in Table 1, is presented below. To illustrate the general test 

procedure, Figure 2 depicts the groundwater levels obtained 

during Test Series A4 (lowered lagoon), with the blue colours in 

this figure corresponding to wells on the seaward side of the 

barrier, whereas red colours correspond to wells located towards 

the lagoon. The wave conditions for each test (for A4 this was Hs 

= 0.8 m, Tp = 8 s; JONSWOP spectrum) were halted for a period 

15 minutes at various intervals ranging from every 10 minutes to 

hourly, so as to enable a detailed beach profile to be recorded. For 

this reason, two specific time periods (indicated in Figure 2) were 

used to assess the time-average initial and final water table profile 

through the barrier for all tests series. The first time period (300 s) 

was selected immediately prior to the onset of the first set of 

irregular waves, and the second time period coincided with the 

final 300 seconds of irregular waves for each day of testing. It can 

be seen in Figure 2 that, following this final period of irregular 

wave testing, two additional packages of waves were also 

generated within the wave flume; the first was a 5 minutes 

sequence of mono-chromatic wave, and the second a 15 minute 

sequence of bi-chromatic waves (refer Masselink et al., this 

 
Figure 3. Lowered lagoon (Test Series A4) - Groundwater profile 

(dashed – no waves; blue – with waves) and resulting water table 
over-height. 

Table 1. Summary of Test Series A results. Hs = significant 

wave height; Tp = peak wave period; hs = water depth in the 

sea; and hl = water depth in the lagoon. 

Test Hs (m) Tp (s) hs (m) hl (m) 

Test series A: Beach and barrier response to varying wave 

conditions and different lagoon levels; no tide 

   A1 0.8 8 3 3 – 3.4 

   A2 0.8 8 3 4.3 

   A4 0.8 8 3 1.75 

   A6 0.6 12 3 3 

   A7 0.6 12 3 4.25 

   A8 0.6 12 3 1.75 

 
Figure 4. Raised lagoon (Test Series A2) - Groundwater profile 

(dashed – no-waves; blue – with waves) and resulting water table 
over-height. 
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volume). Neither of these wave conditions was used for the work 

reported here. 

Figure 3 summarises the water table profile derived from well 

data for Test Series A4 to illustrate the groundwater conditions 

that were observed when the lagoon was held at the lowered level 

of 1.75 m (-1.25 m relative to the sea level) as shown in Figure 2. 

In this and Figure 4, the location of each well is indicated along 

the x-axis of the lower panel, along with the initial and final water 

table profiles derived from the cross-shore transect of wells. Due 

to the damping effects of the 30mm fully-slotted wells, minimal  

fluctuations of the phreatic surface within each well were 

observed – the maximum and minimum water table elevations 

through the final 300 second time period is indicated by the 

dashed lines in this figure, and are barely discernible from the 

mean profile. It can be seen from Figure 3 that, as anticipated, the 

action of waves resulted in a mounding of groundwater adjacent to 

the beachface. This over-height is quantified in the upper panel. 

Relative to the condition of lowered lagoon and no waves, a 

maximum water table overheight of the order of 0.8 m was 

observed at the end of the period of irregular waves, 

corresponding to the same order as the significant wave height. 

For comparison, during Test Series A1 (not shown here) where the 

sea and lagoon levels were equal, water table overheight of the 

order of 0.6 m or 75% of the significant wave height was recorded 

adjacent to the beachface. 

For comparison, Figure 4 shows the initial and final water table 

profiles through the barrier for Test Series A2, where the sea and 

wave conditions were otherwise identical to Test Series A4 

(Figure 3), but with the lagoon raised 1.3 m above the sea level. 

Again the presence of a distinctive mounding of the water table 

profile beneath the beachface is present, but in contrast to the 

lowered lagoon case, this overheight was reduced to about 0.3 m, 

~ 40% of the significant wave height. 

Experimental studies that describe the observed overheight of 

the mean groundwater profile adjacent to the beachface due to 

wave run-up, indicate that this process has important implications 

to the modelling and management of coastal aquifers (e.g., Turner 

et al., 1996; Nielsen, 1999). Significantly, a number of previous 

studies from sandy beaches were collated by Nielsen (2009) 

suggesting that this overheight is independent of sediment grain 

size (i.e., hydraulic conductivity). This was further supported by 

the results obtained during the previous BARDEX experiment 

(Turner and Masselink, 2012), where the gravel barrier hydraulic 

conductivity was ~3 orders of magnitude larger than previous 

laboratory and field sandy beachface experiments. The over-height 

results of Test Series A of the current BARDEXII experiment, 

summarised in Figure 5, now places in question the previous 

findings. Shown in this figure is the best-fit curve for water table 

overheight in the absence of tides and presence of irregular waves 

as reported by Nielsen (1999) and reproduced by Nielsen (2009), 

given by: 

 tan44.0 oHL

   (1) 

where H is the local root-mean-square (rms) wave height. The 

equivalent deep-water wave length is calculated by linear theory 

Lo = gT2/2π, and tan β is the beachface slope. Note that, by this 

formulation, the water table overheight within coastal barriers is 

expected to scale on the vertical runup scale. Referring to the new 

data in Figure 5, it is apparent that the hydraulic conditions 

landward of the beachface cannot be neglected as is implied by 

Equation 1. The landward slope of the water table is having a 

significant influence on the maximum overheight observed. These 

and the previous gravel barrier results demonstrate that this 

overheight relative to the idealised sea=lagoon condition is also a 

function of the slope of the mean water table profile landward of 

the region of direct wave runup influence. Further, these new 

results shown in Figure 5 identify that the observed overheight 

was substantially greater than is predicted empirically by Equation 

1, bringing in to question the universality of the vertical runup 

length-scale implied by this approach. It is speculated here that 

this empirical dependence on the Irrabarren number as implied by 

Equation 1 is not appropriate for the BARDEXII test conditions, 

where less dissipation seawards of the swash zone is anticipated 

relative to natural field conditions. This was due to the absence of 

a well-established nearshore bar system in the wave flume that 

would be more typical for the intermediate morphodynamic 

conditions simulated. Recent work by Guedes (2012) shows the 

importance of nearshore bars in determining the characteristics of 

wave runup at the shore.   

Time-average flow beneath the beachface 
Data from the 8 groundwater piezometers were analysed in 

order to estimate the hydraulic gradients beneath the beachface. 

Given that the entire hydraulic barrier was constructed from the 

same sand, the gradient field should reflect the flow field based on 

Darcy’s law. The flow field can therefore be visualised by 

generating a 2D water level gradient field interpolated from the 

water level data within the space between the piezometer screens. 

The 2D interpolation was computed using time-averaged levels 

with a window of 60 data points from each of the 8 piezometer 

locations. Series A2 and A8 (Table 1) were used to illustrate 

effects of waves on the beachface gradient field above that caused 

by the barrier seepage for both landward and seaward gradients. 

For these test series the following different conditions in the 

barrier were selected from the time-series data: (1) water level 

conditions before wave loading (Fig. 6a,d), (2) the onset of the 

first waves period (Fig. 6b,e), (2) quasi-equilibrium under wave 

loading towards the end of the daily tests (Fig. 6c,f). 

 The resulting gradient fields capture the flow dynamics beneath 

the beachface. The snapshots illustrate the flow from lagoon to sea 

for the raised lagoon without waves (series A2, Fig. 6a). The 

reverse flow for the case of no waves is not readily apparent for a 

lowered lagoon (series A8, Fig. 6d), likely due to the barrier 

having not fully equilibrated prior to this specific test. At the onset 

of the wave action, the gradient field for both raised and lowered 

lagoon levels shows a slight downward direction of flow (Fig. 6b) 

 
Figure 5. Water table over height - Test Series A. Closed symbols 

correspond to new results obtained during the BARDEXII 

experiment report here; open symbols were observed during the 

previous gravel barrier BARDEX experiment (Turner and 

Masselink, 2012). ‘•’ symbols indicate sea = lagoon, ‘▲’ – 

elevated lagoon, ‘▼’ – lowered lagoon. Equation 1 (dashed) is 

also indicated.  
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and an acceleration of the velocities as a mound builds up within 

the barrier due to swash infiltration which increases the gradient 

towards the sea (Fig. 6c). Interestingly, the build-up is even more 

pronounced for the lowered lagoon case (Fig. 6e). The increase in 

water level within the barrier reverses the gradient beneath the 

beach face towards the sea when wave-loading equilibrium is 

reached (Fig. 6f) regardless of the initial direction of the gradient. 

These 2D flow fields for various conditions will assist the 

interpretation of the tracer data to better understand and quantify 

the wave induced dispersion in the groundwater zone directly 

beneath the beachface. 

Wave-by-wave swash in/exfiltration 

Figure 7 plots representative 35-minute time series of pore-

pressure data, corrected for atmospheric pressure, measured at 

array a1 at nominal depths of -6 cm and -16 cm for the low (A7) 

and high (A8) lagoon test series. Overtopping of the array by 

individual swash events causes a response in the pore-pressure at 

both PTs, and the pressure offset between the two sensors reflects 

the hydrostatic pressure difference between them (10 cm). The 

presence of a capillary fringe is apparent during both A7 and A8, 

with an instantaneous increase in pore-pressure  (from negative 

values) during the first swash event of the wave package as the 

capillary fringe rises to the sand surface and a gradual decline in 

pressure once the waves have ceased. It is noteworthy that there is 

greater variation in pore-pressure between each swash event 

during the low lagoon run (A8) than during the high lagoon run 

(A7). This may be related to bed-level change altering the nominal 

burial depth of the PTs, which can be assessed using data from the 

other work packages. 

The pore-pressure difference dp between the upper and lower 

sensors minus the hydrostatic offset between them, given as Poff 

= (g)dz, where  is the fluid density, g gravity and dz the sensor 

separation (10 cm), is plotted in the middle panels of Figure 7. The 

pressure difference fluctuates around dp = -2 hPa, with an 

asymmetry between the maxima and minima of approximately 5 

and -2 hPa, respectively. 

Using Darcy’s law for flow in a porous media, the vertical 

hydraulic gradient is computed: 

      (2) 

where w is flow velocity, K is hydraulic conductivity, p is pore-

pressure and z the vertical distance between the sensors. The 

lower panels of Figure 7 plot the hydraulic gradient w/K. 

Downwards-directed (negative) hydraulic gradients occur during 

the uprush and upwards-directed (positive) hydraulic gradients 

occur during the backwash and they fluctuate around w/K = 0.2, 

indicating net exfiltration. An interesting observation is that there 

 
Figure 7: Pore-pressure signals during runs A7 (left) and A8 

(right). From top: pore-pressure at -6 (black) and -16 cm (grey); 

pressure difference between sensors; and hydraulic gradient w/K. 

 
Figure 6: Interpolated 2D gradient field in the barrier calculated from piezometer level data using a 60 second time-average levels 

(values are plotted next to the screen locations). Data shown are for test series A2 (a, b, c) and A8 (d, e, f) under the conditions no wave 

loading (a, d), beginning of wave loading (b, e) and wave loading equilibrium (c, f). Contours lines are at 1 cm intervals. Arrows depict 

the inferred flow direction (angle) and magnitude (length). The arrow length is only comparable within each test, e.g. A2 (a, b, c) and 

A8 (d, e, f). 
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is little difference, apart from the variance, between the high and 

low lagoon runs, whereas net infiltration might be expected for the 

low lagoon and net exfiltration for the high lagoon. These 

observations agree with both the measured 2D flow fields from the 

piezometer pairs and water table overheight data, which show a 

local seaward-directed hydraulic gradient at the beachface when 

the waves are running for both the high and low lagoon runs with 

a stronger gradient for the low lagoon test case – this seems to 

indicate that the wave-induced hydraulic gradient under the swash 

zone is much more significant than the net gradient from the 

relative differences in the lagoon-ocean elevations. 

 

Figure 8 shows a zoomed section of the data from Figure 7. The 

pore-pressure measurements have been corrected for the 

hydrostatic offset between the upper and lower sensors and 

demonstrate the pressure of the upper sensor increasing above that 

of the lower sensor during the uprush and the reverse during 

backwash. The remainder of the figure demonstrates the 

directionality of the w/K hydraulic gradient, indicating the strong, 

but short duration, infiltration events under the uprush and weaker 

exfiltration during the backwash. If the data were filtered to show 

w/K only when the sensor arrays were submerged by swash, the 

mean exfiltration periods would probably be insignificant (for 

sediment transport), since they occur when dry. 

Example tracer movement in the barrier 
Figure 9 shows an example of the propagation of solute slugs 

injected into the barrier at the swash zone and towards the crest of 

the barrier during Test Series A8. The concentrations 

(conductivity) of the injected slugs were measured as  

5,840 µScm-1 (at 18 ºC). The response recorded by the EC sensors 

illustrates both the average advective transport driven by the local 

hydraulic gradients in the barrier and the dispersive spreading of 

the salt slugs. Figure 9 illustrates that the rate at which the slug in 

the barrier travels is significantly slower than in the swash zone. 

This again illustrates that the hydraulic gradients associated with 

the water table over-height caused by wave run-up is much more 

important for swash zone groundwater flow and solute transport 

than the more ‘regional’ gradients between the sea and the lagoon. 

It is anticipated that the additional dispersion of the tracer in the 

swash zone during wave runs and under different hydraulic 

conditions can be quantified from these experimental data. 

CONCLUDING REMARKS 
A comprehensive dataset detailing the hydraulic conditions 

within a prototype-scale coastal sand barrier, spanning a broad 

range of spatial and process time-scales, was successfully 

achieved during the recent BARDEX II laboratory experiment. 

Unique features of this work were the ability to control key 

variables, and in particular, the ability to manipulate the back-

barrier lagoon water level. In combination with the prior 

BARDEX experiment completed for a gravel coastal barrier, these 

two companion datasets now provide the opportunity to explore, 

model and extend our present understanding of the complex 

aquifer-ocean interactions that occur adjacent to the coastline.     
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Figure 8: Zoomed section of data from Figure 7. From top: pore-

pressure adjusted for the hydrostatic offset at -6 (black) and -16 

cm (red); pressure difference; and hydraulic gradient w/K. 

 
Figure 9: Relative fluid electric conductivity (EC) responses to 

the injection of a solute slug measured by (a) the swash zone 

tracer (b) the barrier zone tracer rig. The EC response was 
recorded during test series A8. 


