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Abstract 
We present here a new conductivity-based system for measuring concentrations and grain 
velocities in the sheet-flow layer. The system is equipped with a new technique that translates 
measured concentrations back into vertical sensor movement, which enables the measuring 
probes to track a dynamic bed level. The new CCM system was applied for the first time during 
a series of swash zone experiments with bichromatic wave conditions. The results show a rapid 
erosion event with an erosion depth of an estimated 5 mm at the start of the uprush, after which 
the suspended sediment is advected to the upper swash. Sediment is transported back and 
deposited to the lower swash mainly during the second half of the backwash. The sheet-flow 
behaviour clearly differs from observations for non-breaking waves, with both the vertical 
concentration gradient and its mean vertical position varying within the wave group cycle. 

 

 

1. Introduction 

Under highly energetic conditions, e.g. in the breaker region or swash zone, near-bed sediment 
transport occurs in a thin high-concentration layer that oscillates above the underlying immobile 
bed. This sheet-flow layer typically has a thickness of 10 to 100 times the grain diameter and can 
be divided into a pick-up/deposition layer, occurring below the still-water bed level, and an upper 
sheet-flow layer, above bed level (Ribberink and Al-Salem, 1995). Many researchers have studied 
characteristics of this layer, including thicknesses, concentrations, particle velocities, and net 
transport rates, for a wide range of conditions. For the high sheet-flow sediment concentrations 
(100 to 1600 g/L), conductivity-based instruments have been found most reliable. The research 
presented here is based on the CCM (conductivity concentration measurement) technique as 
developed by WL Delft Hydraulics in the Netherlands (Ribberink and Al-Salem, 1995). The CCM 
sensor enters the sheet-flow layer from below, ensuring minimum flow perturbation. McLean et al. 
(2001) were the first to compute grain velocities by cross-correlating two sensor probes lined in 
flow direction. Ribberink et al. (2001) connected the probes to a tank system that was buried in the 
sand bed, making the technique also suitable for flume experiments. The probes could be 
repositioned electronically through remote control (see also Dohmen-Janssen and Hanes, 2005).  

A generally encountered problem during flume studies is that beds are non-steady. Because of that, 
the probes have to be repositioned continuously to follow the bed, but more importantly, an 
accurate estimate of the probe’s relative position (with respect to the bed level) is lacking.  

This problem does not occur for the recently presented conductivity concentration profiler (CCP) 
by Lanckriet et al. (2013), which is able to measure a complete vertical concentration profile over 
16 mm. This property will make it an attractive device for many types of research and results are 
very promising. Although the authors claim that flow perturbations and scouring is minimal, the 
measuring sensor is more intrusive than the traditional CCM probe. Besides, it cannot be used for 
grain velocity derivations, and its height cannot be adjusted during a measurement.  
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We present here a new CCM system for measuring sheet-flow concentrations while at the same 
time tracking the height of the bed level. First, we will shortly describe the hardware of the tanks 
and the signal processing including the new tracking system (section 2). Next, we will present and 
discuss the results of a series of swash-zone experiments, during which the CCM system was 
applied for the first time (section 3).  

 

2. Design of New CCM System 

The new CCM system consists of a total of four sensor probes (Figure 1) that can move in vertical 
direction and are part of two large tanks (Figure 2), plus a control box and operating system 
(Figure 3). We will first present the hardware and mechanics and later explain the signal 
processing and new bed-level tracking system. 

The measuring principle is conductivity-based, and uses the linear relationship between sediment 
volume concentration C (m3/m3) and the electrical conductivity of a sediment-water mixture. 
Expressed in terms of voltages, this relationship reads as follows: 

	 1 .                                  (1) 

Here, U0 is the reference voltage for clear water, Um is the measured voltage and fcal is a calibration 
factor. The reference voltage and calibration factor depend on local conditions and may drift 
slightly in time, as the probe is sensitive to water temperature and presence of ions. Before the 
start of any measurement, the voltages in clear water and in a loosely packed sand bed (porosity 
usually ~40 Vol.%) should be measured in order to derive the proper values for U0 and fcal.  

The sensors, located in the top of a slim probe, are formed by four platinum electrodes with a 
thickness of 0.3 mm and spacing of 0.6 mm (centre-to-centre), covered by an epoxy topping such 
that the remainder of the electrodes is 0.8 mm high (Figure 1). An alternating current is generated 
over the outer two electrodes, while the inner two electrodes measure Um. The height of the 
measuring volume is estimated to be 1 to 2 mm. When used, the tanks that control the probe height 
are buried under the sand, and only the probe tops enter the sheet-flow layer.  

 

    
Figure 1. Snapshots of measuring probes (left) and probe sensors (right). 

 

The probes are mounted to rods that can move over a range of 28 cm in vertical direction. Each 
rod’s position is controlled with sub-mm accuracy by an electromagnetic servomotor in the 
corresponding tank. The rods enter the tanks through O-rings that prevent water and sand 
intrusion. The larger tank 1 contains a single-probe rod and a double-probe rod (Figure 2, left) 
whereas the smaller tank 2 contains a single-probe rod only (Figure 2, right). The probes on the 
double-probe rod are aligned in flow direction with a spacing of 1.5 cm, and can be used to 
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determine sediment velocities through cross-correlation (McLean et al., 2001). The spacing 
between the two rods of tank 1 is 9 cm.  

 

   
Figure 2. SolidWorks images of CCM Tanks. Left figure: tank 1; right figure: tank 2. 

 

The exterior of the tanks is formed by a stainless-steel cylinder, closed at the top, and at the bottom 
welded to a steel base plate. The base plates can be mounted to the flume bottom or a palette, 
which in combination with the heavy weights (70 and 50 kg) of the tanks ensures the stability 
required to compensate for buoyancy and other instability effects. Dimensions of the tank are 
included in Figure 3. Each tank contains an optical sensor for leakage detection, in case of which 
the tanks are automatically drained. This is done by a peristaltic pump, connected through a tube to 
the valves shown in Figure 2. Silica gel packages prevent condensation on electronic devices.  

Within the CCM system, two types of signals are sampled: firstly, the measured voltage signals of 
the (max. 4) CCM probes, and secondly, the vertical positions of the (max. 3) rods. The sampling 
frequency is always 1000 Hz, although one can choose a lower frequency for data writing.  

Figure 3 shows a simplified flow chart of the different subsystems, their main tasks, and the 
signals between the subsystems. The system is controlled through LabVIEW, which shows the 
measured signals, writes the sampled data and provides the graphical user interface (GUI) for 
adjusting the system settings. An Ethernet cable connects the PC to a Beckhoff PLC control unit, 
part of the control box. This box holds 16 BNC connectors for input of external instruments as 
well as two output channels to send trigger pulses for data synchronization.  

The new feedback loop for automatic concentration or bed-level tracking is programmed in the 
PLC control unit. The computation step simply translates the difference of the measured voltage 
Um and a set target voltage Ut to a velocity for vertical probe movement:  

.               (2) 

In this equation, v is the velocity of probe movement (m/s; defined positively upward). The target 
voltage Ut corresponds to a target concentration through equation (1). Input factor kp controls the 
sensitivity of the probe’s response to a certain concentration (voltage) offset, and is from here on 
referred to as the tracking system’s gain factor. When the measured voltage (concentration) is 
higher than the target voltage (concentration), the resulting probe velocity will be upward where 
voltages (concentrations) are lower. To reduce the effect of scatter in the measurements on 
tracking performance, the computation step is called every 20 ms and the Um value used in 
equation (2) is the moving average of the last 20 voltage measurements (buffering step). The 
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motion controller in the PLC unit translates this velocity to a new position, after comparing it with 
motion constraints (e.g. when measuring in flow tunnels).  

Next, the PLC control unit feeds the velocity to three Copley Controls Xenus Plus motor 
controllers, which also contain a motion controller that translates the velocity back to a desired 
position. During this step, the controller eliminates slip-stick effects as far as possible. While 
moving, the rod’s positions are measured continuously.  

The CCM electrodes are connected to a sensor interface, which contains a chip that treats the 
measured voltage signal (e.g. demodulating and analogue filtering). Next, the analogue position 
and CCM voltage signal are translated into a digital signal by the motor controller. By digitizing 
the signal near the source, distortions are minimized. The digital signal is fed back to the PLC 
control unit and PC, making the loop complete. 

Cross-correlations between vertical probe movement and measured voltages indicate that the 
different steps in the signal processing add up to a response time of 0.05 to 0.10 s. 
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Figure 3. Flow chart of signals in CCM system. 
 

3. Swash Zone Application 

The CCM tanks were applied during the CoSSedM experiments in late 2012. After explaining the 
experimental set-up (section 3.1) and the hydrodynamic results (3.2), we will show and discuss 
how we used the new CCM system to track gradual bed level motions (section 3.3). Finally, we 
will show how we can combine different sensors of the CCM system to study intra-wave sediment 
transport processes (section 3.4). 

 

3.1 Description of Experiments 

The aim of the experiments was studying swash-zone processes, including sheet-flow sediment 
transport, under various bichromatic wave conditions with equal amounts of wave energy. The 
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experiments were conducted in the large CIEM flume at UPC, Barcelona, using medium-grained 
sand (D50 = 0.25 mm). The profile was reshaped to a 1:15 constant slope before the first run of 
each condition. We will consider here the results of one erosive condition, labelled ‘BE1_2’. 
Details of the condition can be found in Table 1. Each condition consisted of 8 runs of 
approximately 30 minutes, after which the beach profile was measured. 

 

Table 1. Overview of wave conditions. Wave heights are measured at 7.72 m shoreward from the toe of the 
wave paddle. f1 and f2 are the frequencies of the individual wave components of the bichromatic wave and fp 

is the peak frequency. Run up and run-down locations are visually obtained during experiments. The tank 
location is relative to the maximum run-down location.  

d0 (m) H (m) f1 (Hz) f2 (Hz) fp 
(Hz) 

Tgroup 
(s) 

Run-up – run-
down (m) 

Relative X 
tank1 (m) 

2.48 0.27 0.303 0.237 0.27 14.97 9.30 0.90 

 

Although multiple instruments were deployed, we will focus here solely on the measurements of 
the large CCM tank in combination with corresponding Acoustic Doppler Velocimeter (ADV; 
Nortek Vectrino, positioned to 5 cm above the bottom before each run) and acoustic wave gauge 
(AWG) data. These instruments are all located at a location 0.90 m shoreward from the 
swash/inner surf-zone border. This means that instruments are measuring in the lower part of the 
swash area where the hydrodynamics are characterized by uprush and backwash events, often 
interacting with successively arriving waves. The inclination of the tank was the same as the 
gradient of the initial profile. For all probes, the bed-level tracking system was used. After a series 
of test experiments, we chose to set the single probe (probe 3) to a quick tracking mode, in order to 
follow rapid bed level changes as well as possible. The target concentration was varied with a one-
minute interval, with the hope to study intra-wave fluctuations with this probe. The sensors on the 
double-probe rod (referred to as ‘probe 1/2’) were slowly following a target concentration of 0.30 
m3/m3, equal to half the sediment concentration in the bed and close to the pivot point of the sheet-
flow layer (O'Donoghue and Wright, 2004). By doing so, the probe was able to follow gradual 
erosion patterns automatically with minimal flow disturbance for the particle velocity derivations.  

The experimental condition was erosive, resulting in a gradual decrease of the bed level towards 
an equilibrium state. Most erosion occurred during the 2 runs (1 hour), with only minor gradual 
erosion occurring during the remainder of the runs. For our analyses, we will consider only the 6 
runs that are approximately in equilibrium state. 

 
3.2 Hydrodynamics 

Figure 4 shows the hydrodynamics for the condition of interest. The time on the horizontal axes in 
the figure is scaled to the wave-group period. The zero reference value of this scaled time has no 
physical meaning but was chosen such that the main features are well shown in the centre of the 
figure. Although we are dealing with bichromatic wave conditions, at the cross-shore point of 
interest the individual wave components cannot be distinguished anymore (also not in ADV and 
AWG spectra; results not shown).  

The uprush phase is shorter than the backwash (around 30% of swash period) and is characterized 
by slightly larger velocities. The first wave of the group arrives at t/Tgr = 0.66 with a high velocity. 
Velocities peak almost instantaneously and decline gradually while the water levels continue to 
rise. At t/Tgr = 0.91, the velocity direction changes, well before the peak in water level is reached 
(t/Tgr = 0.03). After that, a long backwash (9 seconds) begins, with velocities being relatively 
constant at 0.8 to 0.9 m/s for a longer period. From t/Tgr = 0.40 to 0.66, water depths are small. For 
many waves, the ADV is emerged, which explains the larger standard deviations.  
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Figure 4. Ensemble-averaged hydrodynamics for condition BE1_2. (a) Water level by AWG  

(average level + standard deviation, plotted with respect to mean water level); (b) Water velocities by ADV 
(average level + standard deviation) and particle velocities by CCM (filled circles). 

 

Maximum onshore and offshore velocities (both about 0.9 m/s) result in mobility numbers of 
>150. Consequently, near-bed transport is in the transition regime from rippled bed to sheet flow 
conditions (Ribberink and Al-Salem, 1994). 

 

3.3 Wave-Averaged Bed Level Tracking 

As a start, we examine the performance of probe 3, which was in quick bed-level tracking mode. 
Recall that the CCM system measures a voltage corresponding to a concentration, and compares 
this with a certain target value. In a dynamic situation, local erosion/sedimentation and shifting 
gradients in the sheet-flow layer occur continuously, leading to an offset of the measured 
concentration with respect to the target value. This offset is used to re-adjust the sensor’s vertical 
position. If the probe would respond perfectly to each minor instantaneous concentration change, 
the resulting measured concentrations would always be very close to the target value.  

Figure 5b shows the result for the concentrations measured by the quickly moving probe 3 with a 
target concentration of 0.30 m3/m3. The data were ensemble averaged, i.e. phase-averaged over all 
wave groups, to remove most of the scatter. We see that the measured concentrations are not 
constantly at their target value and standard deviations are relatively high. Hence, the probe with 
the chosen settings was not able to respond quick enough to instantaneous concentration changes 
and could not follow the target concentration during the complete wave group cycle.  

On a larger time scale, the measured concentration is fluctuating around the target value, which 
corresponds to a concentration at the bed/water interface or in the sheet flow layer. This means that 
on a time scale larger than the wave group, the probe is well able to follow the bed level. Knowing 
this, we can more carefully examine the bed level motions as measured by probe 3 (Figure 5a,c). 
Although the bed is approximately in an equilibrium state, 3 types of bed motions can be identified 
from the spectrum of CCM 3’s position. First of all, we observe a clear peak at the group period (T 
= 15 s), indicating that the probe is responding to wave-group bed level motions. We also see a 
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smaller peak close to the double group period, probably because wave groups were not regularly 
generated. In fact, the wave paddle generates exactly the same wave group each 30 s. Finally, we 
can distinguish a peak at 200s which is likely to correspond to ripple-like bed forms with a height 
of 5 to 10 mm (see also Figure 5a).  

 

 
Figure 5. (a) Time series of position CCM probes, including Fourier-filtered position of CCM 3; (b) 

Ensemble averaged concentration and target value; (c) Fourier spectra of position CCM 3: original position 
signal (blue solid line) and low-pass Fourier-filtered signal (red dashed line). 

 

Probe 3 is well able to follow gradual bed motions, but this does not hold for the fluctuations on 
the wave-group time scale and smaller. By applying a low-pass Fourier filter as shown in Figure 
5c, we can isolate the low-frequency bed-level fluctuations (T = 60 s and larger) from the high-
frequency components. This results in a continuous estimation of the bed level on a time scale 
larger than the wave group, i.e. the wave-averaged bed level (red dashed line in Figure 5a).  

The wave-averaged bed level will be used as reference for subsequent analyses. We should remark 
that the target concentration of the quickly tracking CCM 3 was inconsistent throughout the run 
(see section 3.2). This inconsistency might lead to some extra variation in the derived bed level. 
Therefore, an alternative approach was applied, for which we only selected the data where the 
target voltage of CCM 3 was set to 0.30 m3/m3 (true for half of the data). As the data were not 
continuous, a polynomial fit was used instead of a Fourier filter to compute the bed level. Final 
results were very similar to the ones shown here, giving us confidence in  the chosen approach. 
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3.4 Intra-Group Sediment Transport 

In order to study sediment transport processes within the wave group cycle, we related the vertical 
position of the concentration measurements of probe 1/2 to the wave-averaged bed elevation 
(probe 3). This computation of relative positions is justifiable as both probes were positioned at the 
same cross-shore location, with probe 1/2 located 9 cm more towards the centre of the flume. It 
should be noted that we assume an equilibrium state for the ensemble-averaged graphs, but did not 
correct for the effect of the small ripples that may lead to different local dynamics. 

Figure 6a was derived by dividing all concentration measurements of sensor CCM 2 into relative 
position classes with a vertical position step of 0.50 mm. The line in this plot, obtained through 
linear interpolation, indicates where concentrations are equal to 0.30 m3/m3, and serves as an 
estimate for the vertical position of the sheet-flow layer’s centre or the intra-wave bed level.  

For the plot in Figure 6b, the data were ensemble-averaged for six bin classes, based on wave-
averaged concentrations. Probe 1/2 was moving very slowly, its vertical position being almost 
constant at an intra-group time scale. By plotting the data in this way, it allows better comparison 
with CCM sheet-flow measurements obtained during previous studies.  

 

 
Figure 6. Ensemble-averaged results for run BE1. (a) Contour plot of CCM concentrations. Red line 

represents C=0.30; (b) CCM Concentrations for 6 bin classes. 
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Both plots in Figure 6 show a distinct pattern for the intra-group sediment transport processes. The 
vertical concentration gradient of the sheet-flow layer is varying during the group, but this effect is 
overruled by more severe morphodynamic processes related to different phases of the wave group.  

The first wave of the group arrives at t/Tgr=0.65 with high velocities, and induces a rapid bed-level 
drop with an erosion depth of an estimated 5 mm. Evidently, much sediment is brought in 
suspension, part of which is sediment that was mobilized during the previous backwash. This 
suspension process is in line with earlier observations on morphodynamics under strong wave-
backwash interactions events, and is explained by the momentum exchange between the receding 
water mass of water at the backwash and the next arriving wave (Caceres and Alsina, 2012).  

During the remainder of the uprush phase and the beginning of the backwash, the bed level 
position and vertical gradients in concentration are more or less constant. This means that the 
sediment that was mobilized in the uprush phase is horizontally advected towards the upper swash. 
The backwash phase associated to the wave group is characterized by a gradual accretion of the 
bed level, which is especially evident at the end of the backwash. This is likely due to sediment 
being advected from the upper to the lower swash, deposited as water levels and velocities drop. 

The overall bed level at this location after each swash event is slowly but progressively eroding. 
Under successive wave groups, the opposing bed level changes within the wave group (accretion 
during the backwash and erosion during the uprush) add up to a net offshore transport of sediment.  

The observed erosion and accretion pattern differs from observations in previous sheet-flow 
studies, including flume studies with wave groups (Dohmen-Janssen and Hanes, 2005), during 
which it was usually found that the concentration profile was pivoting around a fixed position 
point (O'Donoghue and Wright, 2004). For the swash conditions presented herein, the vertical 
position of the pivot point is non-stationary within the wave group cycle. 

Also the measured concentrations of CCM 1/2 (Figure 6b) do not show typical sheet-flow 
behaviour, i.e. a pick-up layer for the higher concentration bin classes and an upper sheet-flow 
layer showing a mirrored image for the lower concentration bin classes (see e.g. Ribberink and Al-
Salem, 1995). This is partly due to the fact that the probe was always close to the bed, and the 
higher and lower elevations were not well captured. The only moment where the measured 
concentration resembles upper sheet-flow layer behaviour, is at the end of the backwash where the 
black solid line shows a local peak. We should be careful with our conclusions however, because 
the probe is not at a fixed position but moving with a vertical velocity of up to 0.3 mm/s.  

We also calculated the particle velocities between probes 1 and 2, by cross-correlating the 
measured signals for 36 different wave phases (for the full explanation of this method, see McLean 
et al., 2001). The particle velocities corresponding to a bin class with wave-averaged concentration 
of < 0.25 m3/m3 are included in Figure 4b.  

The grain velocities follow similar trends as the ADV data, values being close to water velocities, 
and are a clear indication of sheet flow transport during certain phases of the wave group. At the 
early uprush phase, particle velocities clearly exceed the water velocity. This is the moment where 
the bore arrives, leading to rapid erosion. Since both probes show a drop in concentration when the 
erosion event occurs, we are probably computing a propagation velocity of the erosion event 
instead of actual particle velocities. This erosion speed may well be related more to wave and bore 
celerity than to water velocities, explaining the difference. During the backwash, it is likely that 
the ADV data are not reliable because it is emerged during many wave cycles. Here, the particle 
velocities as provided by the CCM are expected to be more trustworthy.  

Note that relative positions of probe 1/2 were on average above the wave-averaged bed level (zero 
reference level in Figure 6a). This could indicate bed asymmetry in the wave flume, but might also 
be related to the different tracking system settings for both probes. Unfortunately, probe 1/2 did 
not capture the complete sheet flow layer because it was in a slow bed-level tracking mode. During 
future application of this system, we propose to use fixed vertical positions for probe 1/2 once 
equilibrium state is reached.  
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5. Conclusions 

We have presented a new CCM technique for measuring sediment concentrations and sheet-flow 
velocities while at the same time tracking bed levels. A probe in ‘bed-level tracking mode’ is well 
able to follow low-frequent bed level motions,  such as gradual erosion patterns and ripples, but 
fails to respond adequately to instantaneous bed-level changes. By applying a low-pass Fourier 
filter, we can compute the wave-averaged bed level. This level can then be used as reference for 
another, closely positioned, sensor, in order to study intra-wave concentration behaviour.  

The CCM tanks and bed-level tracking technique were applied during a series of swash-zone 
experiments with bichromatic wave conditions. The morphodynamic behaviour within the group is 
dominated by erosion and accretion events, related to different swash phases. A rapid erosion 
event with an erosion depth of 5 mm is observed at arrival of the wave front, likely due to 
sediment brought in suspension by the turbulent bore under strong wave-backwash interactions. 
The sediment is subsequently advected to the upper swash zone. After flow reversal, sediment is 
transported back towards the lower swash, and deposited mainly during the second half of the 
backwash. Here, sediment velocities indicate that transport occurs in the sheet-flow regime. Sheet-
flow behaviour in this swash-zone situation is clearly different from observations under non-
broken waves, as not only the vertical concentration gradients but also the mean position (pivot 
point) of the sheet-flow layer change within the wave-group cycle. 
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