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2 Experiments 

Studies of sediment transport under controlled conditions can help to focus 
on different aspects of sediment transport. This chapter describes the 
techniques and experimental set-up of the three experimental facilities used 
for this thesis. One experiment studies effects of density gradation on 
sediment transport on an entire coastal profile. The second experiment 
studies sorting of size and density-graded sediments on a coastal profile on 
prototype scale. For the third experiment, only part of the coastal zone is 
studied. In this experiment, sediment-transport rates of sediments with 
varying mixtures of heavy and light minerals are studied under oscillating 
sheet-flow conditions. 
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2.1 Introduction 
One of the possibilities for studying effects of density and grain size in sediment 
transport is the use of controlled conditions in a laboratory set-up. With these studies, we 
can focus on parts of an entire coastal profile or adjust the sediment composition and 
hydrodynamic conditions to specific queries, scaled with respect to nature or on 
prototype scale. The advantage of the scaled models is that large-scale processes can be 
simulated in relatively small-scale facilities, but scaling difficulties set a limit to the 
reliability of the results. For the prototype-scaled models hydrodynamics and sediment 
properties are similar to nature, but large facilities are required for this kind of studies.     
To address the questions stated in chapter 1, three experiments have been conducted.  

The first experiment focussed on the effect of density gradation in a medium-sized wave 
flume.  This flume (Scheldt flume of WL|Delft Hydraulics) is a scaled model where a 
broad spectrum of waves can be generated, with variations in wave height and wave 
period similar to that of (scaled) waves in nature. These experiments focussed on cross-
shore sediment sorting on a barred profile with small-scale ripple structures present. The 
effects of density on sediment-transport rates have been studied by comparing 
experiments where the sediments were composed of uniform quartz with experiments 
where the upper layer of the sediment are composed of a mixture of quartz and zircon, 
with different densities, but equal grain size (section 2.2). 

In the second experiment, sediment sorting according to variations in grain size and 
density have been studied on prototype scale on a coastal profile under storm and fair-
weather conditions. This flume (the Large Wave Flume (LWF) in Hannover, Germany) is 
comparable to the Scheldt flume but is about six times larger. The large size of the flume 
gives the opportunity to generate waves that are almost similar to that of nature, such 
that scaling effects are negligible (section 2.3). 

The above-described experiments covered a coastal profile and included horizontal 
variations in bed height. Effects of density gradation on sediment-transport rates under 
asymmetric wave conditions on a horizontal bed have been studied in a third type of 
experiment in the Large Oscillating Water Tunnel (LOWT) of WL|Delft Hydraulics. The 
LOWT is a facility that can generate a horizontal oscillating water motion on prototype 
scale. With this water tunnel, a total coastal profile cannot be studied, studies focus on 
sediment-transport processes under sheet-flow conditions. The sediments in this study 
comprised several mixtures of quartz and zircon with equal grain size but different 
density (section 2.4). 

This chapter describes the type of experimental facilities, experimental set-up, sediment 
types that were involved and the standard measuring techniques of the three experiments. 

2.2 Cross-shore sorting according to density 

2.2.1 Scheldt flume 
The experiments in the Scheldt flume of WL|Delft Hydraulics, conducted in the summer 
of 1998, were part of the EU-MASTIII project SAFE. The objective of this study was 
twofold: 

• The generation of data on selective transport phenomena of density-graded 
sediments on a coastal profile (Koomans et al., 1999). 
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• The generation of high-quality and high-resolution data on hydrodynamics and 
sediment transport on a “natural beach” under erosive conditions, with special 
attention to near-bottom resolution (Bosboom et al., 1999). 

To meet the objectives of this study, a coastal profile has been constructed with a length 
of 41 m, a width of 1.0 m and a total depth of 1.2 m (see Figure 2.1). The Scheldt flume 
has an iron bottom and is placed on the concrete floor. The sides of the flume are made of 
glass windows that give the opportunity (if the water is clean enough) to look at the 
sediments and sediment-transport processes during the experiments. In this thesis, the set-
up and experiments are reported briefly, a more detailed description of the experiments and 
experimental set-up can be found in two data reports: Bosboom and Koomans (2000), and 
Koomans and Bosboom (2000). 

WHM 1              2   3 4

X=0 m X=9 m X=37 m X=41 m  

Figure 2.1: Schematic set-up of the experiment. The locations of wave-height meters (WHM) and positions 
of measuring verticals (vertical dashed lines) are indicated. The wave board moves within the area indicated 
by the grey box at the left. 

For the location of the instruments in the facility the following co-ordinate system is 
adopted (see also Figure 2.1) : 

• The x-direction is parallel to the length of the flume, the positive x-direction is from 
the wave-board towards the “beach face”, and x=0 is located at the rest position of 
the wave board.  

• The y-direction is parallel to the width of the flume, the positive y-direction is to the 
right when looking from the wave board to the “beach face”, and y=0 is located inside 
the channel at the glass window. For practical reasons, the two sides of the flume are 
named as D (“drukleiding”) and W (“wand”)-side. The D-side is located at y=1m, the 
W-side is located at y=0m. 

• The z-direction is directed vertically upward, with z=0 located at the top of the 
horizontal iron bottom part of the flume. 

 

2.2.2 Measurement programme and acquisition of data 
Measurement programme 
The measurement programme consisted of four series (see Table 2.1) each divided in a 
number of runs: In series A special attention was paid to high-resolution measurements of 
hydrodynamics and sediment transport of uniform sediment. This series has been carried 
out on an initially plane beach, with a slope of 1 in 40, consisting of quartz (dune sand) 
(see Figure 2.1). During the runs, suspended-sediment concentrations were measured 
with an Optical concentration meter (OPCON) and with a transverse suction system. 
Flow velocities have been measured with an Acoustic Doppler Velocity meter (ADV). 
These instruments were attached to a movable carriage (see section 2.2.4). Four wave 
gauges were placed at a fixed position in the flume during the entire programme and 
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measured the water elevation. The carriage with instruments was placed at several positions 
along the flume. Measurements have been conducted for about half an hour at a fixed 
horizontal and vertical position. Afterwards, the instruments were moved to another 
vertical position or the carriage was replaced. To validate the results of series A, the 
experimental conditions and beach geometry have been chosen according to test 1 of 
Roelvink and Stive (1989). 

Series B focussed on the selective transport of placers of a mineral with a higher density 
than dune sand: zircon. Thin layers of zircon were placed at three positions on the single-
barred final profile of series A. In this series, the bed height and sediment composition 
have been measured after each run with a bed profiler and the MEDUSA system, 
respectively. After the series, sediment samples have been taken. 

Series C aimed at measurements of selective transport processes and profile evolution of 
density-graded sediments. The series started again from a 1 in 40 sloping plane bed, in 
which the upper 10 cm of the bed consisted of a mixture of ~60% quartz and ~40% 
zircon by mass. Wave heights were recorded by 4 fixed wave-height meters and by one 
wave-height meter located on a carriage. The flow velocities were measured at one 
position above the bed during all runs and suspended-sediment concentrations have been 
sampled with a transverse suction system at 8 locations above the bed. In between the 
runs, bed height and sediment composition were measured with a bed profiler and with 
the MEDUSA system. Sediment samples have been taken after series C. 

The objective of the series D was to calibrate a new device that relates the sound, 
generated when the system is towed over the sediment bed (‘friction sound’), to the 
median grain size of the sediment (see chapter 4). These experiments have been carried 
out without waves on the final profile of Series C. 

Table 2.2 presents the cumulative time of the various runs of series A and C. 

Table 2.1 : Initial geometry, sediment composition (in mass percentages) and total duration of the various 
experiments 

Series Initial 
geometry  

Sediment 
composition 

wave 
duration 
(hrs:min) 

Objective 

A plane, 1:40 quartz 29:36 reference test 

B final profile 
series A 

quartz + zircon 
placers 

3:32 effects of zircon placers on 
morphology 

C plane, 1:40 60% quartz, 40% 
zircon 

14:33 effects of density gradation 
on morphology 

D final profile 
series C 

quartz of different 
grain sizes 

- calibration friction sound 

 

Table 2.2: Cumulative times of profile evolution for the A and C series 

Profile A-series Profile C-series time of profile evolution (h) 

A100 C100 0:00

 C101 0:30
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 C201 1:30

A106  4:00

 C302 7:00

A207  8:00

 C402 11:30

A309  13:30

 C404 14:30

A904 29:30

 

Steering and wave conditions 
Random waves have been generated by a wave board equipped with an active wave-
absorption system (Klopman, 1995), such that at the same time waves were generated 
and reflected waves were absorbed. The waves have been generated according to a 
second-order Stokes wave theory (see equation (2.4)) with the JONSWAP model. The 
JONSWAP spectrum has been developed to model growing storm waves with a limited 
fetch (Hasselmann et al., 1973) similar to conditions that occur on the North Sea. The 
incident wave conditions at deep water (water depth h = 0.7 m) were characterised by 
wave height Hm0 = 0.17 m and the wave period Tp = 2 s. The random wave field was 
stored as a steering signal for the wave-board. This steering signal had a duration of 1820 
seconds (~30 minutes) and was repeated subsequently.  

Data acquisition 
Series A was subdivided in 52 runs. Each run lasted one steering-signal period (~30 min). 
Each run started at the same phase in the steering signal. To allow all sediments to get in 
motion before the start of the measurements five extra wave minutes have been added to 
each run. In the data analysis, the first five minutes of each run have been ignored. In series 
C, besides half-hour runs also one-hour runs were measured. These runs lasted twice the 
steering signal plus five extra minutes to stir up the sediment. All instruments with time-
dependent measurements were sampled simultaneously at 50 Hz. To avoid aliasing, a low-
pass 25Hz analogue filter filtered each signal before storage.  

At selected time intervals (mostly the end of a day) the profile was measured by a bed 
profiling system. In most cases, measurements are made along two parallel trajectories, 
each running 33 cm from one of the side-walls of the flume and after some of the runs also 
the trajectory in the middle of the flume (50 cm from each wall) was measured. The profile 
data were recorded at 0.04 m intervals and were stored on a separate PC. For the final 
profile in the series A and for all profiles in series B, C and D, the MEDUSA system has 
been used to measure the natural γ-ray activity.  

The MEDUSA system was connected to the PROVO data-acquisition system with an 
Rs232 cable. Via this connection, the x-positions of the PROVO-carriage were saved in 
the MEDUSA data files. With the information of the x-positions of the PROVO system, 
the exact x,z-positions of MEDUSA were calculated (see section 2.2.4). 

2.2.3 Sediment 
The experiments focussed on the effect of density gradation in sediment transport, and 
special attention was paid to the selection of the sediment types. In the series A 
experiments, the grain-size distribution of the quartz sand is comparable to sand used in 
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the experiments of Roelvink and Stive (1989). In the experiments of series B and C 
zircons, with a higher density than quartz, were added to the quartz sediment. To avoid 
hiding effects, the grain size of the zircons was similar to that of the quartz minerals. The 
dense mineral zircon is a reddish-coloured mineral and is considerably enhanced in 
radionuclide concentrations of 232Th and 238U. The large difference in radionuclide 
concentrations allows the radiometric measurement of zircon concentrations in the 
sediment with a high accuracy. 

The sediment properties of the quartz and zircon used in series A-C are summarised in 
Table 2.3 and Figure 2.2. The grain-size distributions in Figure 2.2 shows that the d50 of 
zircon is 14 µm smaller than the d50 of the quartz but the shape of the distribution is 
similar. The densities of both sediments (Table 2.3) were calculated after measuring the 
weight dry and underwater (see equation (2.6)) several times and the uncertainty 
represents the standard deviation in these measurements. The higher density of the 
zircon results in a settling velocity that is about twice the settling velocity of quartz. Table 
2.3 clearly shows that the activity concentrations for 238U and 232Th in zircon are about 
three orders of magnitude higher than in quartz. The activity concentration of 40K in 
zircon is lower than the detection limit. The high value of the lower limit of detection is 
due to the high activity concentration of 232Th, contributing to the 40K signal. The large 
difference in γ-ray activity of both sediments shows that the zircon concentration in the 
sediment can be derived from the radiometric characteristics. 

Table 2.3: The grain size properties (in µm), measured settling velocity, density and activity concentrations 
(with external uncertainties) of 40K, 238U and 232Th  for quartz and zircon. 

Sediment d10  

(µm) 

d50  

(µm) 

d90 

(µm) 

ws50 

(mm s-1) 
ρ 

(103 kgm-3) 

40K 

(Bqkg-1)

238U 

(Bqkg-1) 

232Th 

(Bqkg-1) 

quartz 93 129 187 12 2.43 (0.10) 6.8 (0.9) 5.6 (0.3) 4.82 (0.15)

zircon 83 115 153 27 4.4   (0.2) <580 12400 (400) 2300 (100)

 

0.0 0.1 0.2 0.3 0.4
Grain size (mm)

0

10

20

30

40

50

60

70

80

90

100

cu
m

ul
at

iv
e 

w
ei

gh
t p

er
ce

nt
ag

e 
(%

)

Zircon
Quartz

0.0 0.1 0.2 0.3 0.4
Grain size (mm)

0

10

20

30

40

50

re
la

tiv
e 

w
ei

gh
t p

er
ce

nt
ag

e 
(%

)

Zircon
Quartz

 

Figure 2.2: Relative and cumulative grain-size distributions for quartz and zircon 

2.2.4 Instrumentation 
The measurements can be grouped in two types: 

• Measurements during runs 
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• Measurements in between the runs 
 
The measurements during the runs (velocity measurements, wave height and suspended-
sediment concentrations) give direct information on sediment transport or 
hydrodynamics; the measurements in between the runs give only information on the 
results of sediment transport and hydrodynamics on the sediment bed. The 
measurements during the runs comprised recordings of: wave-height meters (WHM), 
optical concentration meter (OPCON), acoustic Doppler velocity meter (ADV) and a 
transverse suction system. In between the runs profile evolution (PROVO) and γ-ray 
activity (MEDUSA) was measured. Sediment samples were collected with the transverse 
suction system during the runs and sampled from the sediment bed in between the series. 
They have been analysed on median grain size or zircon concentration with a settling 
tube and a γ-ray detector, respectively.  

Most of the instruments that measured during the runs were placed on a moveable 
measurement carriage. Only four of the wave-height meters (WHM) that measure the 
surface elevation were placed at fixed positions in the flume. These fixed locations have 
been chosen such that in the analysis of this data the incoming bound, incoming free, the 
reflected free and reflected bound components may be separated. Besides the four wave 
gauges at a fixed position, a wave gauge was located on each of the measurement 
carriages. 

Since the general objectives of series A and C differed, special assemblies of the 
measurements carriages were used for each experiment.  

During series A, two measurement carriages (number 1 and 2) are used; each equipped 
with: 

• Transverse suction system (2 separate suction tubes at each carriage at equal height 
but different y-locations) 

• Acoustic Doppler Velocity meter (ADV) 
• Optical Concentration Meter (OPCON) 
• one resistance type wave gauge 
 
During series C one measurement carriage (number 2) is used, equipped with similar 
instruments but the transverse suction system had 8 suction tubes distributed in vertical 
direction. 

Except for the ADVs, the instruments on both measurement carriages are similar during 
the A series. During the experiments only two different ADVs were available. ADV01 
refers to the ADV placed on carriage 1 and has a cylindrical sampling volume located 0.10 
m below the probe tip (see Figure 2.8). ADV02  is located on carriage 2 and its sampling 
volume is located 0.05 m below the probe tip. The smaller distance between sampling 
volume and probe tip for ADV02 means that the second carriage can be operated in 
shallower waters than carriage 1. Consequently carriage 1 is located “offshore” of carriage 2 
in case of simultaneous deployment (series A only). In the C-series, only carriage 2 is used.  

The carriages can be moved along the length of the flume. Moreover, the OpCon, ADV 
and suction tubes on the carriages are moved jointly in vertical direction to allow 
measurements at equal elevations. The wave-height meters (WHMs) on the carriages are 
not connected to the other instruments and are kept at a fixed position with respect to 
the water level. 

To determine the vertical positions of the instruments with respect to the sediment bed, 
the carriages are equipped with a ‘depth-reference rod’, a metal rod with on the lower end 
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a PVC plate which can be rotated vertically (second instrument from the right in Figure 
2.3). In this way it can be placed on the sloping sand bed over the ripple structures. 
Before each run, this ‘depth-reference rod’ is placed on the sediment and a marker on the 
metal rod is used to place the instruments exactly 10 cm above the bed. Subsequently, the 
instruments are lowered to the described elevation with the use of a measuring rod 
attached to the carriages. The uncertainty in the position of the instruments with respect 
to the bed (due to cross-flume morphologic variations and uncertainties the deployment 
of the measuring rod) is estimated to be 0.5 cm. The measurement of the vertical position 
of the instruments is repeated after each run to determine bed-level change.  

Table 2.4 gives a general overview of the instruments that are used in each series. The 
OpCon and the ADV on carriage 1 and carriage 2 are named OPC01 and ADV01 and 
OPC02 and ADV02, respectively.  

Table 2.4: Overview of the use of the different ADVs, OPCONs, number of tubes of the transverse 
suction system that are used during the experiment, PROVO, MEDUSA, Wave-height meters (WHM), 
settling tube and KVI in-house γ-ray detector (see section 3.2.2). 

Series ADV  
01 

ADV 
02 

OPC 
01 

OPC 
02 

# 
tubes 

Provo MEDUSA WHM Settling 
tube 

γ-ray 
detector 

A * * * * 4 * * 6 *  
B      * *    
C  *  * 8 * * 5  * 
D      * *    
 

 

Figure 2.3: Measurement carriage 2 during the C-series, looking into the direction of the wave board. From 
left to right equipped with: wave-height meter, suction tubes, OPCON, depth-reference rod and ADV. 

In the measurements of the profile, PROVO and MEDUSA data are collected 
simultaneously. In the PROVO measurement after run C100, the data acquisition system 
failed and the profile had to be measured again. These measurements showed that the 
sledge of the MEDUSA system flattens small ripple structures, and the measured small-
scale variations in morphology for profile C100 will be reduced. To avoid these 
problems, was decided to measure the profile and the γ-ray activity (MEDUSA) of series C 
separately.  
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The measurements of the OPCON system are not used in this thesis. 

PROVO 
The PROVO system consists of a bed profiler, a position counter (which determines the 
exact x-location of the profiler), and measuring and processing software. The profiler is 
placed on a carriage that can move with a speed of 10 cm/s over the rail on top of the 
flume. The profiler, developed by WL|Delft Hydraulics, consists of a wheel connected to 
an aluminium rod by a highly sensitive spring. Whenever the pressure on the wheel changes 
(when it starts to move over a ripple structure for example) an electronic signal is sent by 
the spring to the carriage where the aluminium rod is moved. A potentio meter measures 
the vertical position of the rod. 

The horizontal (x) position of the PROVO is calibrated once, at the beginning of the 
experimental programme. The vertical (z) position of the PROVO is calibrated at the 
beginning of each series of profile measurements by positioning the profiler at y=0.67m 
and x=7m by using the position counter on the measuring PC. At this location, the profiler 
is set to the bottom of the flume and the zero level is adjusted. To test whether the 
electronic gain shifted, the electronic output of the profiler is measured at four different 
fixed heights above the bottom. This procedure was repeated after the first two days and 
showed a constant gain. 

MEDUSA 
The MEDUSA system (see chapter 3) is used to measure the zircon concentration of the 
sediment bed of series B and C with a spatial resolution of 0.09 m. Since the small-scale 
ripple structure had ripple lengths <0.1 m, the MEDUSA results give an average over these 
ripple structures.  

 

Figure 2.4: The MEDUSA set-up in the flume. Tube A is located on the left side, tube B on the upper right 
side of the picture. The tubes are placed on a sledge to prevent sediment piling up in front of the detectors. 

In these experiments, the detector is towed over the sediment bed, with a velocity of 0.03 
ms-1. The casing of the detector is connected to an aluminium rod, which is connected to 
the PROVO carriage. For these experiments the MEDUSA system contains two tubes 
(Figure 2.4): tube A, with the γ-ray detector and tube B with electronics, pressure sensor 
and “friction sound” microphone. Both tubes are placed on a PVC sledge to prevent 



Experiments 

27 

sediment to pile up in front of the tubes (see Figure 2.4). This sledge flattens the small-
scale ripple structures. Two parallel trajectories are measured with MEDUSA to sample the 
bed at two sides of the flume. 

 

L z

xFile

xc

x2

h2

MEDUSA

PROVO

Constants:
L    =1.39m
Xc =1.06m

z

x

carriage

 

Figure 2.5: Schematisation of the MEDUSA and PROVO set-up. 

In Figure 2.5, the set-up of the MEDUSA system in the flume is schematised. From the 
coupling between MEDUSA and the PROVO, the x-positions of the PROVO (here 
named xFile) are coupled to the radiometric measurements of MEDUSA at position x2. 
Since the relation between x2 and z is known (these data are stored in the PROVO data 
files), the stored position xFile is related to the exact location of MEDUSA (x2) via equation 
(2.1)  

22
2 zLxxx cFile −++= . (2.1)

A more detailed description of the MEDUSA set-up and data analysis in the Scheldt flume 
experiments is given in chapter 3. 

Transverse suction system 
A transverse suction system, developed by Bosman et al. (1987), is used to measure time-
averaged suspended-sediment concentrations at a height equal to the measuring volume 
of the OpCon. During series A, two suction tubes are mounted on each carriage; each 
tube positioned on one side of the carriage. During series C, 8 tubes with different 
elevations are used. In Figure 2.6, the positions of the suction tubes for series C are 
schematically indicated. The tubes, with an inner diameter of 3 mm, are each connected 
to a pump. The pump generates a velocity of the water in the nozzle of the suction tube 
of 1.2 ms-1. The pumps extract water and sediment for about 30 minutes, producing 
about two 10-litre buckets of water and sediment. The extracted volume of water is read 
from the volume scale on the buckets in which the water and sediment are collected.  

For series A, the suspended sediment samples are flushed in a volume meter tube. To 
derive the weight of the sediment from the measured volumes in these volumetric tubes, 
calibrations for different grain sizes (with uniform density) are available. The grain-size 
analysis of the suspended sediment samples gave values between 66µm and 120µm and 
the mass of the samples is determined from the calibration values of sand with a median 
grain size of 112µm. For series C, the approach with a volume meter was not possible 
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due to differences in density. These sediments are stored in plastic bags, dried in an oven 
at 60oC for 48 hours and weighed on a balance. 

1.5

2

2

1
1

1
0
0.5
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1.5
2

3.5

5.5

7.5

Cumulative (cm)Distance between tubes (cm)  
Figure 2.6: Layout of the suction system in series C 

The suction system is not 100% efficient, and the concentration measurements under-
value the actual suspended-sediment concentration of the flow (Bosman et al., 1987). 
Therefore, the transverse suction system is calibrated by the trapping efficiency α. This 
parameter is defined as the ratio of the sediment concentration of the measurement over 
the concentration in the flow. The value of the trapping efficiency depends on the nozzle 
dimensions, their orientation relative to the flow, the ratio of the intake velocity over the 
ambient flow, the sediment particle characteristics and the relative density of the 
sediment (Bosman et al., 1987). The trapping efficiency α (0.77) used for these 
experiments is determined from the calibrations by Bosman.  

In series A, two suction tubes per carriage measured the suspended-sediment 
concentrations simultaneously at equal height above the sediment. Since it is expected 
that the two tubes will give similar results, a comparison of two data sets gives 
information on the uncertainties to be expected in the suspended-sediment 
concentrations. 
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Figure 2.7: Correlation between sediment concentrations from D and W-side for Carriage 1 and 2, with the 
results of the fit y=ax. The dashed lines represent the line y=x. The grey dots are the measurements with 
the D-side tubes faced towards the centre of the flume, the black dots represent the measurements with the 
D-side tubes faced towards the wall of the flume. 

In Figure 2.7, the suspended-sediment concentrations of the two tubes are plotted for 
carriage 1 (left-hand plot) and carriage 2 (right-hand plot). The data points are linearly 
related, but the scatter around a best fit increases for increasing suspended-sediment 
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concentration. A linear fit for both series shows that the concentrations from the tubes 
on the W-side are larger than the concentrations from the D-side tubes. This can be 
explained by their location in the flume. The suction tubes on the W-side of the flume are 
located more to the middle of the flume than the D-side tubes. If any side-wall effects 
occurs during the experiments, the effects will be most pronounced in the D-side results, 
since this tube is closer to the wall. The relation between the results of the D and W-side 
concentrations are consistent with this effect. In the analysis of the data, the D-side 
results are adjusted by a factor of 1.11 and 1.16 for carriage 1 and 2, respectively.  

Initially, the nozzles of the tubes on both carriages faced the centre of the flume and 
faced the ADV (grey dots in Figure 2.7). Since it is not clear if the flow of the suction 
tube has any effect on the measured signal of the ADV, the nozzles are turned such that 
the openings of the nozzles face the wall of the flume (black dots in Figure 2.7). The data 
before and after turning the nozzle show that the influence of the facing direction of the 
tube on the suspended-sediment concentration is negligible.  

These results indicate that, similar to the findings of Bosman et al. (1987), a statistical 
uncertainty in the suspended-sediment concentrations of 30% (relative) can be expected. 

ADV 
The velocity is measured with an Acoustic Doppler Velocity meter from Sontek 
(Lohrmann et al., 1994). The ADV is based on the Doppler principle and measures the 
three components of the water velocity: u (velocity in the x-direction), v (velocity in the 
y-direction) and w (velocity in the z-direction) at a single point. The ADV-probe consists 
of four ultrasonic transducers; a transmitter transducer at the bottom end of the probe 
and three receiver transducers, horizontally lined up and pointing towards the sampling 
volume (see Figure 2.8). This sampling volume is located at 0.10 m and 0.05 m below the 
probe tip for ADV01 and ADV02, respectively, which means that the probe does not 
disturb the flow in the sampling volume. For this thesis, the time-dependent 
measurements of the ADV-system are only used to analyse time-averaged hydrodynamic 
parameters. 
 

ADV1: 10 cm
ADV2: 5 cm

Sampling volume

30°

ADV probe

 
Figure 2.8: Schematic presentation of the ADV probe and sampling volume 
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Settling tube 
A settling tube, located at “de Voorst”, is used to determine the grain size of samples 
collected with the transverse suction system. The settling tube has a length of about 2m, 
the lowest part consisting of a measuring-cup. A teaspoon of sediment is released from 
the top of the tube and at constant time intervals, the settled volume of sediment is 
measured. From the length of the tube, and the relation between settled volume and time, 
the mean fall velocity of the sediment can be calculated. From these fall velocities, the 
grain size is determined, applying the empirical relations of Van Rijn (1993) for non-
spherical particles: 

g
wd s

∆
= ν18  for 1µm <d≤ 100µm (2.2)
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 for 100 µm <d≤ 1000 µm. (2.3)

 

In these expressions: 

ws = settling velocity (m s-1) 

g = gravity acceleration (m s-2) 

d = grain diameter (m) 

ν = kinematic viscosity (m2s-1) 

∆ = 
w

ws

ρ
ρρ −  (-) 

ρs = specific density of sediment (kg m-3) 

ρw = density of water (kg m-3) 

Sediment sampling 
At the end of series B and C, samples of the upper few centimetres of the sediment bed 
are taken with a ∅= 2.5 cm syringe from which the top had been removed. The syringe is 
pressed in the sediment, the piston is pulled back and generates an underpressure 
between piston and sediment. This underpressure is large enough to keep the sediment in 
the syringe. The collected sediment can be pressed out and sub-samples of the desired 
thickness can be taken. Visual inspection of the stratigraphy of the cores pulled out the 
syringe allowed discriminating between different layers of sediment. Based on these 
observations, the cores are split in sub-samples. These samples are stored and analysed 
on their zircon concentration with the BGO-detector system (see below). 
BGO detector sample analyses (laboratory) 
The concentrations of zircon in the samples from the suction system of series C and of 
the samples from the sediment bed, are derived from the γ-ray activity measured on the 
in-house Bismuth Germanate or BGO crystal at KVI. A more elaborate description of 
the set-up and calibration of the BGO-detector is given in chapter 3. 



Experiments 

31 

2.3 Cross-shore sorting according to grain size and density 

2.3.1 The Large Wave Flume (LWF) 
As part of the EU-MASTIII project SAFE, experiments were scheduled in the Large 
Wave Flume (LWF) in Hannover, Germany. The aim of these experiments was to study 
the morphodynamic behaviour of a beach profile under several wave and water level 
conditions and with different types of beach protection. Braunschweig University 
conducted the experiments from November 1996 to August 1997 (Dette et al., 1998). 

The LWF is 300m long, 5m wide and 7m deep (Figure 2.9) and allows scaling of 
experiments on cross-shore sediment transport to a scale similar to that of nature. The 
flume consists almost completely of concrete with some small windows on the sides of 
the flume that allows visual inspection of sediment-transport processes provided that the 
water is clean enough.  

X=0 m X=60 m

7 m

X=280 m

big bags

sediment

 

Figure 2.9: Schematic set-up of the experiment with the location of the wave board. Also the carriage with 
the aluminium rod of the profiler system is indicated.  

2.3.2 Measuring programme and acquisition of data 
The implication of the size of the flume is that filling the flume with sand and water is a 
time consuming procedure. Two weeks are needed to transport the 2300 m3 of sediment 
into the LWF by shovels and to build up the sediment to the initial profile. 

The experiments consisted of two major test phases: test phase I focussed on beach profile 
stability; test phase II concentrated on dune stability with and without structural 
protection. The results of morphology and hydrodynamics and interpretation of both test 
phases are described in Peters and Dette (1999) and Newe et al. (1999). The work of this 
thesis only focuses on the sediment sorting in some of the experiments of test phase II. 

The test phases were subdivided in experiments. Each experiment was divided in runs of 
variable length. The wave conditions and wave periods were chosen such that the 
experiments resulted in a more or less equilibrium profile. Between each run, the profile 
was surveyed and after each experiment, the water was drained from the flume, sediment 
samples have been collected and sedimentary structures were recorded on photographs. 
Before each experiment, the profile has been rebuilt to the specification of the new 
experiment, but no attention has been paid to a systematically flattening and 
redistribution of the sediments. This means that the sediment distribution of an 
experiment, partly reflects the sediment distribution of its predecessor. 

The length of the runs varied from 15 minutes to 210 minutes depending on the rate of 
profile change, which proceeded rapidly in the beginning and slowed down when the 
profile reaches an equilibrium state. The wave conditions consisted of a time series of 
random waves with a length of 15 minutes. After 15 minutes, the time series was 
repeated. The random waves were generated according to the TMA spectral shape 
(Bouws et al., 1985). The TMA spectral shape is a modification of the JONSWAP 
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spectrum (see section 2.2.2) and is intended for use in water of limited depth and 
implicitly includes the processes of wave attenuation by depth-limited wave breaking 
(Goda, 1999).  

For the work of this thesis, only two sets of experiments are used: experiment GA and 
experiment GB (see Table 2.5). Experiment GA (D-series in Dette et al., 1998) was 
constructed on a 1:20 sloping beach with a dune protection of big-bags up to 2 m above 
the water line. Initially, 16 hours of storm conditions have been used to redistribute the 
sediments along the profile. After these conditions, the water level was lowered by 1 
metre and fair-weather conditions were used. Experiment GB (E-series in Dette et al., 
1998) also started from a 1:20 beach but with a lower barrier that is overtopped by the 
waves. For these experiments, 17 hours of storm conditions have been used. 

Table 2.5: Experimental conditions of the two experiments in the LWF. 

Name barrier 
height (m) 

water 
height (m) 

wave 
height (m)

wave 
period (s) 

time (h) Objective 

GA 2 5 1.2 5 16 Effect of storm conditions 
on high barrier 

 2 4 0.65 5 7.5 Effect of fair-weather 
conditions on high barrier 

GB 1 5 1.2 5 17 Effect of storm conditions 
on low barrier 

 

2.3.3 Sediment 
The sediment of the experiments (Table 2.6) consisted of rather coarse (d50=280 µm) 
sediments taken from a nearby quarry. The median grain size is comparable to the 
sediments found on the coast of Northern Germany. The analysis of the activity 
concentrations of the bulk sediment shows that the 238U and 232Th concentrations are 
very low (see e.g. Table 2.3) even compared to other quartz sands, indicating none or 
very low concentrations of heavy minerals. 

Table 2.6: The grain size properties (in µm), measured settling velocity, density and activity concentrations 
(with external uncertainties) of 40K, 238U and 232Th  for the bulk quartz used in the LWF experiments. 

Sediment d10  

(µm) 

d50  

(µm) 

d90 

(µm) 

ws50 

(mm s-1) 
ρ 

(103 kgm-3) 

40K 

(Bq/kg) 

238U 

(Bq/kg) 

232Th 

(Bq/kg) 

quartz 160 280 390 41 2.65 200 (35) 6.0 (0.9) 5.45 (0.17) 

 

2.3.4 Instrumentation  
Profiler 
The bed height has been measured with a mechanical profiler system, described in detail 
by Berend et al. (1997). This system is composed of a 7.5 m  long aluminium pipe of, 
connected to a moveable carriage by a hinge (Figure 2.9). The carriage moved from the 
upper beach towards deep water with a speed of 0.2 ms-1. At the lower end of the pipe, 
positioned in the middle of the flume, three plastic wheels are mounted that can roll over 
the sediment surface (Figure 2.10). The vertical position of the three wheels was recorded 
by measuring the angle between the aluminium pipe and the carriage floor electronically. 
The horizontal position of the carriage was measured by recording the number of turns 
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of one of the carriage wheels. Both measurements were recorded on a PC that calculates 
the bed height as function of position in the flume. The profile was only measured in the 
middle profile of the flume.  
MEDUSA 
The radionuclide content of the sediment in the central part of the flume has been 
measured with the MEDUSA system (see chapter 3). For that purpose, MEDUSA was 
placed on a PVC sledge and dragged behind the profiler carriage (Figure 2.10). The data 
were stored every 3 s, with a towing speed of 0.2 ms-1, resulting in a spatial resolution of 
0.6 m. Since a coupling between the MEDUSA data-logging PC and the profiler data 
logging system was not possible, the horizontal position of MEDUSA in the flume has 
been calculated. The positions of MEDUSA were noted at the beginning and end of a 
measurement and locations of MEDUSA were interpolated assuming a constant velocity. 
 

 
Figure 2.10: The MEDUSA system connected to the three plastic wheels of the bed profiler. 

Sediment samples 
After each experiment, the water was drained from the flume and sediment samples were 
collected. The results of the MEDUSA measurements have been used to choose sample 
locations. The samples were taken by scooping of only the upper 2 cm of the sediment 
and by selecting sites where the very fine mud, that settled during the draining of the 
water was almost absent. These sediments have been dried in an oven for about 24 hours 
and sieved on a mesh sieve. 

2.4 Sorting according to density under sheet-flow conditions 

2.4.1 The Large Oscillating Water Tunnel 
The Large Oscillating Water Tunnel (LOWT) of WL|Delft Hydraulics is designed to 
simulate the water-sediment interaction processes under waves and currents in the near-
shore zone, in the region close to the bottom at a one-to-one scale.  

Figure 2.11 presents a schematic view of the LOWT. The LOWT is a U-shaped tube 
with a long rectangular horizontal test section and two cylindrical risers at either end. A 
piston system in the closed cylinder is capable of simulating near-bottom velocities in the 
test section, corresponding to moderate to rough wave conditions. The steering signal for 
the hydraulic piston is software generated. The other riser is open to the atmosphere. Of 
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the test section, (~14 x 0.3 x 1.1 m3), the lower 0.3 m is available for a sand bed and the 
upper 0.8 m for the oscillatory flow. At both ends of the test section a sand trap is 
located to collect the sediment transported out of the tunnel. Test measurements 
indicated that the flow in the central part of the tunnel is uniform and not influenced 
significantly by the side walls for heights <0.1 m (Ribberink and Al-Salem, 1992). 

 

Figure 2.11: Schematic cross-section of the Large Oscillating Water Tunnel (LOWT) at WL|Delft 
Hydraulics, de Voorst 

Although the tunnel is designed to model natural wave conditions at a one to one scale, 
the water motion is only horizontal. The vertical velocity variation from the orbital 
motion of real waves is absent in these type of experiments. 

The experiments in the LOWT have been conducted as part of a larger series of 
experiments on gradation effects in sediment transport. The present experiments were 
funded by the EU-programme Training and Mobility of Researchers (TMR), section 
installation facilities. The experiments were conducted in the summer of 1997. For a 
more elaborate discussion of the experiments and data analysis the reader is referred to 
Manso et al. (1999) and de Meijer et al. (2000).  

The aim of the experiments was to study the effect of sediment density and density 
gradation on sediment-transport mode and sediment-transport rate in the sheet-flow 
regime. Therefore two types of sand (quartz and zircon) with equal grain size but 
different densities have been used as sediment. Experiments comprised a number of 
mixtures. To compare the results of the mixed sediment experiments with experiments 
with pure quartz with equal grain size, the hydraulic conditions and sediment size have 
been chosen similar to the experiments of Ribberink and Al Salem (1994), known as 
series B. 

2.4.2 Measurement programme and procedures 
The experiments have been carried out with regular, asymmetric second-order Stokes 
waves without a current that can be described by: 

tututu ωω 2coscos)( 21 +=  (2.4)

where u(t) is the horizontal, near-bed orbital velocity and ω the angular frequency of the 
basic oscillation. The peak velocities under the crest, uc, and trough, ut, of the wave are 
given by uc= u1 + u2 and ut = u1 - u2, respectively. The root-mean square velocity is 
defined as: 
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)(5.0 22
tcrms uuu += . (2.5)

The propagation of the wave-crest velocity in these experiments in the LOWT was from 
left to right in Figure 2.11.  

The experiments described in this thesis are referred to as the L-series experiments. The 
numbers within the series (L1-L5) point to the various experimental conditions. The design 
of the experiments consisted of two hydraulic conditions, with a variation in crest and 
trough velocities but with equal wave period, and three sediment compositions. Table 3.1 
lists the measured hydraulic conditions (velocities of the crest and trough, urms velocity 
and wave period) and the composition of the sediment of the L-series. The 
measurements of the hydraulic conditions indicate that the lowest condition (with an urms 
of 0.67 ms-1) was reproduced within 0.01 ms-1. For the highest energetic condition, the 
urms velocities between condition L2 and L5 differ 0.11 ms-1 (see Table 2.7).  

Table 2.7: Measured crest and trough velocities in the flume, urms velocity, wave period and sediment 
compositions in mass fraction for the L-series experiments.  

experiment uc (ms-1) ut (ms-1) urms (ms-1) T (s) mquartz mzircon 

L1 1.3 0.65 0.68 6.5 0 1 

L2 1.8 0.91 0.98 6.5 0 1 

L3 1.3 0.62 0.67 6.5 0.93 0.07 

L4 1.3 0.63 0.67 6.5 0.75 0.25 

L5 1.6 0.80 0.87 6.5 0.75 0.25 

 

Each series, except for series L1 and L2, consisted of three runs, where each subsequent 
run continued with the final profile of the previous run. Before each series, the sediment 
in the flume was replaced. The bed height and sediment composition (from sediment 
samples and measurements of γ-ray activity) along the test section have been measured 
before and after each run with a PROVO system (bed height) en MEDUSA (sediment 
composition). During each run, sediments were transport from left to right and an 
erosion hole developed in the left-hand side of the tunnel and sediments settled in the 
sand traps on both sides of the flume. The sediment from these traps has been collected, 
weighed and stored for later analysis on sediment composition. In most of the 
experiments, the erosion hole has been allowed to develop further, except for series L5, 
where the erosion hole was refilled after each run. Therefore, the top layer of the 
sediment in the erosion hole was scraped off and the erosion hole was refilled with sand 
from outside the flume with the proper mixture. After the refilling of the erosion hole, 
the scraped sediments were replaced to have the composition of the upper layer of 
sediment as similar as possible to the final stage of the previous run. 

2.4.3 Sediment 
To focus on effects of density only and to exclude effects of size, two sediments with 
equal grain size have been chosen. Table 2.8 and Figure 2.12 present the grain size 
properties of the two sediments. These results show that median grain size of both 
fractions is practically identical. The distribution of the sediment fractions in Figure 2.12 
shows that the grain-size distribution of the quartz fraction is slightly narrower, but this 
will have minor effects on selective sediment transport. The density of both sands has 
been measured by weighing the sediments dry and under water (see equation (2.6)). The 
large difference in density results in a settling velocity for the zircon that is twice the 



Sorting according to density under sheet-flow conditions 

36 

settling velocity of quartz. The quartz and zircon used in present experiments have a 
different origin than the minerals used in the experiments in the Scheldt flume. This 
explains the differences in radionuclide content (see Table 2.3) 

Table 2.8: The grain size properties (in µm), measured median settling velocity (ws50), density (ρ) and 
activity concentrations (with external uncertainties) of 40K, 238U and 232Th  for quartz and zircon. 

Sediment d10  

(µm) 

d50  

(µm) 

d90 

(µm) 

ws50 

(mm s-1) 
ρ 

(103 kgm-3) 

40K 

(Bq/kg)

238U 

(Bq/kg) 

232Th 

(Bq/kg) 

Quartz 152 203 279 24 2.65 216 
(13) 

6.45 (0.07) 6.8 (0.11) 

Zircon 126 201 262 53 4.4 <85 2690 (30) 660 (30) 

 

The activity concentrations, measured with the hyper-pure Germanium (HPGe) γ-ray 
detector (see chapter 3), in Table 2.8 indicate that activity concentrations of U and Th of 
quartz and zircon differ by a factor 400 and 100. Since the densities vary only a factor of 
2, the zircon concentration can be measured more accurately by radiometry than by 
measuring the density. 

The sediment mixtures of series L3, L4 and L5, have been obtained by placing 
moisturised mixtures (to avoid seggragation) in a concrete mixer and homogenising them 
for at least 15 minutes. 
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Figure 2.12: Grain-size distribution and cumulative weight percentage of quartz and zircon. 

2.4.4 Instrumentation 
During the experiments, hydraulic conditions have been monitored by measuring the 
water velocity at one location at a fixed position above the bed and by registering the 
amplitude and velocity of the wave-generating piston. Suspended-sediment 
concentrations were measured with a transverse suction system. In between the runs the 
profile was measured with an automatic bed profiling system (PROVO) and the natural 
γ-ray activity of the sediment has been determined by measuring γ-ray spectra with the 
MEDUSA system. Supplementary, small sediment samples have been cored at continuous 
intervals. This section describes the instruments and methods. 
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PROVO 
The bed-level variations have been monitored with a profiling system different from the 
PROVO system used in the Scheldt flume. This system was placed on a carriage and is 
mounted on a rail on top of the flume and positioned manually. A position counter 
indicated the horizontal position of the carriage. The system contains three profilers, two 
located at 0.05m from the sidewalls and one in the centre. Each profiler measured the 
total conductivity in a sampling area just below the probe tip. The measured conductivity 
is mainly influenced by the amount of water between the tip and the sediment. By 
maintaining a constant value of the total conductivity, a constant distance between the 
sediment bed and probe tip is enforced mechanically by a feed-back system from the 
conductivity measurement. The PROVO system was calibrated before each measurement 
at a horizontal plate. This plate had a fixed horizontal and vertical position at the 
upstream end of the tunnel. The statistical accuracy of the profilers is estimated to be 
approximately 0.4 mm (Dohmen-Janssen, 1999). 

MEDUSA 
The natural γ-ray activity of the sediment was measured between each run with the 
MEDUSA system (see chapter 3). The set-up differs from the experiments in the Scheldt 
flume and LWF but was similar to that of the experiments described in Tánczos (1996). 
MEDUSA was placed under water and connected to a moveable carriage, used for the 
profile measurements, such that the vertical position of MEDUSA was fixed. To shield the 
system from surrounding radiation (cosmic γ-rays and radiation from building materials), 
the detector was placed in a block of lead (25×17×11 cm3) with a slit at the bottom of the 
block facing the sediment (see Figure 2.13). The γ-radiation from the sediment has been 
measured at point locations at 0.25 m intervals for 30 seconds. The results were stored on 
a data-logging system and analysed according to the procedures described in section 3.7. 
 

waterline

electronics
carriage

(-ray detectorlead

PC

sediment

 
Figure 2.13: Schematic presentation of the MEDUSA configuration in the LOWT. The waterline represents 
the level during measurement with MEDUSA. During the experiment, the water level is to the top of the 
flume. 

Transverse suction system 
A transverse suction system, similar to the system used in the Scheldt flume experiments 
(see section 2.2.4) has been used to measure average suspended-sediment concentration 
profiles and to collect samples of suspended sediments from 0.5-15 cm above the 
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sediment bed. It was positioned in the middle of the LOWT at x = 10.3 m and 0.15 m 
from the sidewall (located to the front in Figure 2.11) with the nozzles perpendicular to 
the (horizontal) fluid motion. The lay out of the suction system has been slightly adjusted 
to the set-up in the Scheldt flume, by removing the suction tubes at 0.5 and 1.5 cm 
distance from the lowest tube. The volume of the suspended sediments was determined 
in a volume meter.  

Settling tube 
A settling tube located at “de Voorst” has been used to determine the median settling 
velocity of samples collected with the transverse suction system described. This settling 
tube is described in section 2.2.4. 

Laser Doppler system  
The LOWT is equipped with a forward-scattering laser-Doppler system developed by 
WL|Delft Hydraulics (Dohmen-Janssen, 1999). With this system, the horizontal and 
vertical velocity components can be measured at every desired position in the test section 
of the tunnel. The method is based on the Doppler shift of incident laser light due to 
moving particles in the water. It determines water velocities with an accuracy of 1.7%. In 
the experiments, the laser-Doppler system was positioned in the middle of the test 
section, at 40cm above the bottom of the flume (corresponding to about 10cm above the 
sediment bed). For the analysis in this thesis, only the time-averaged horizontal velocity is 
used to monitor variations in hydraulic conditions. 

Sediment samples 
Sediment samples of the upper few centimetres of the sediment bed have been taken 
with a syringe similar to the one described in section 2.2.4. The specific bulk density of 
the sediment samples was determined by applying Archimedes’ law, by measuring the dry 
weight and weighing the samples under water. The sediment density of the sample (ρ) 
follows then from: 

ud

wd
s MM

M
−

=
ρρ , (2.6)

where ρw is the specific density of water and Md and Mu are the dry and underwater mass 
of the sample, respectively. 


