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Chapter 2

Experiments in a small-scale

wave ume

To investigate selective sand transport by waves under controlled conditions,

experiments in a small-scale wave ume were carried out. Originally the ex-

periments were meant to see if it was possible at all to create conditions under

which selective transport occurs. It quickly became clear, however, that it was

more di�cult to get conditions under which separation of the sediment into

a light and heavy fraction did not occur. This gave the opportunity to con-

centrate on the `degree of selectivity' as function of hydraulic circumstances.

Sand was exposed to a number of asymmetric wave conditions with periods

varying from 1 - 2 seconds and velocities under crest and trough in the order

of 0.2 - 0.6 m s�1. Part of the runs was carried out with an opposite ow of �

0.1 m s�1. Due to the glass walls of the ume the processes could be followed

`online' which gave insight into the processes at the bottom. Analysis of the

samples taken after each experimental run showed how e�cient the selection

of the oscillatory uid motion had been; there were samples with almost no

heavy minerals present and samples that consisted of 70 - 100 % heavy miner-

als. Under most conditions light grains were transported net in the opposite

direction of wave advance whereas the heavy grains were transported in the

wave direction.

Unfortunately it became clear during the runs that the experimental con-

ditions were not fully controllable; there was always some disturbance of the

waves from the tube that circulated the water to create a ow, and from the

walls of the ume. The e�ect of these disturbances was visible by the shape

of the edges of the sediment patterns that were formed at the bottom. This

was most clearly seen in the runs of less than an hour. For the longer runs
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the sediment formed a regular pattern at the bottom.

To explain the observed patterns formed by the segregation of the heavy

and light mineral grains, a semi-quantitative and time-dependent model was

developed tot calculate grain trajectories. This model, which is based on

the solution of the equation of motion for individual grains, gives insight in

the selection processes that occur when sediment is transported by waves. It

shows the signi�cance of incorporating non-linear e�ects.

This chapter starts with a description of the experimental set-up and

methods. Since radiometric techniques are already discussed in Chapter 1

only a brief description of aspects relevant for this experiment will be given.

The experimental results are presented in section 2.2.1 which also contains a

brief discussion. In section 2.3.2 the semi-quantitative model is described to

explain the `behaviour' of heavy and light mineral grains.

2.1 Experimental methods and procedure

2.1.1 Wave ume

Experiments were carried out in a small-scale wave ume at the Laboratory of

Fluid Mechanics of the Delft University of Technology, the Netherlands. The

ume, made out of glass, is 15 m long, 0.5 m wide and 0.8 m deep and has

a horizontal at bottom (�g 2.1). At one side of the ume a wave generator

is installed which can produce periodic waves with adjustable amplitude and

frequency. At the other end of the ume there is a wave damping slope, made

out of porous material, that inhibits wave reection. It is possible to create

a weak ow in the direction opposite to the waves, via a pumping system

(9-12 L s�1). The water is pumped out through a plastic tube (� 0.1 m) just

in front of the wave generator and enters the ume behind the slope. The

plastic tube caused a slight disturbance of the waves. A sand trap was used

to minimise the amount of sand entering the pumping system.

During the experiments with a net ow, water entered the ume behind

the wave damping slope (see �g. 2.1). Because the slope was not well attached

to the bottom over the full width of the ume, the uid was mainly owing

through the slit between the slope and the bottom. This gave rise to large

uid velocities near the slit.

Velocity measurements An Electro Magnetic Velocity (EMS) meter was

used to measure instantaneous water velocities. The EMS generates an elec-

tric �eld; the degree of disturbance of this electric �eld is a measure for the

water velocity. Because of the streamlined probe (ellipsoidal ' 20 mm �,
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Figure 2.1: Schematic side view of the wave ume

thickness 4 mm) it is possible to measure accurately as close as 5 mm to the

bottom or side walls. The amplitude of the signal produced by this instrument

is proportional to the actual velocity. During these experiments the signal was

recorded on paper. Uncertainties in the output signal are due to errors in the

calibration, (which was done in a special ume prior to the experiments),

errors in the zero setting and uncertainties in reading the output. They are

estimated to be within � 0.05 m s�1. The velocities were measured in the

centre of the ume between the wave generator and the starting position of

the sand, at several heights above the bottom.

Wave-height measurements The wave-height meter consists of two verti-

cal, parallel stainless steel rods which act as the electrodes of an ohmic electric

resistance meter. A platinum electrode is used as a reference to eliminate the

e�ect of variations in the conductivity of the water. With the instrument wave

heights up to 50 cm may be measured. The value of the measured resistance

was recorded on paper.
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2.1.2 Sand

The sand in the experiments was collected on the Islands of Texel and Ame-

land. The coarse parts (> 2 mm) were already removed. One part of it was

`normal' blond beach sand from Ameland; the other part was collected on the

beach of Texel and was naturally enriched in heavy minerals (� 30 %).

For the experiments a rather arbitrary mixture of the two types of sand

was used. Sand had to be added regularly (in between runs) to replace sand

lost in the sand trap and/or removed by sampling. It should be noted that the

heavy mineral concentration was not the same in all runs and consequently

the d50 and density of the sand will vary.

2.1.3 Sampling and sample analysis

All sand samples were taken with a plastic tube (� ' 1cm) which served

as a siphon. If the sample was taken from a thick layer of sand the tube

was pinched into the sand, to a depth of 2-3 cm, at di�erent locations in

the sampling area to get sand from the surface as well as from the `bulk'.

Sediment pumped out of the ume in this way was collected in 0.5 L bottles.

The samples, which had di�erent sizes depending on the amount of sand

available at chosen sampling area, were dried over night in an oven at 100�C

for further analysis.

Grain-size measurements The grain-size distribution of the sand samples

was determined by passing dried sand through a stack of sieves with decreasing

mesh size. The mesh openings of the sieves were 90, 106, 125, 150, 177, 212,

250 and 297 �m. From run S on a sieve with a mesh size of 355 �m was

also used. Samples were sieved for 10 minutes after which the mass of the

sand fractions was measured. The values of the d35; d50; d65 were determined.

Approximately 50 g of material was processed at once. Larger samples were

split into smaller subsamples that were sieved separately. Subsequently the

results were summed to determine the grain size distribution of the original

sample.

Density measurements The density of a sample was measured by weigh-

ing a certain volume of the sand that was compacted by means of shaking.

The porosity of the sand was taken to be 0.4 with an uncertainty of 5 %. The

error in the volume and the weight measurements of the sand was taken 1 mL

and 0.1 g, respectively.
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Radiometric analysis Radioactivity concentrations in the samples were

measured with the HPGe detector (see section 1.5.2). Samples were placed,

in small cylindrical boxes (� 5 cm and 2.5 cm high), on a stand above the

HPGe crystal. Samples were measured su�ciently long to have good counting

statistics.

If an arbitrary sample consists of a heavy and light fraction the total

activity concentration Atot is given by

Atot = �Bi+ThAH + (1� �Bi+Th)AL; (2.1)

where �Bi+Th is the total heavy minerals fraction (THM), AH and AL are the

average of the summed 214Bi and 232Th activity concentrations for the heavy

and light fraction, respectively. Therefore, �Bi+Th is given by

�Bi+Th =
Atot �AL

AH �AL
: (2.2)

The values of AH and AL are determined for a reference sample by de Meijer

et al. (1990) as 1176 � 20 and 6.0 � 0.2 Bq kg�1, respectively (see table

1.1 at page 12). Values of �Bi+Th are in good agreement with gravimetrically

determined concentrations of heavy minerals, provided the reference sample

has the same provenance [Mei90].

2.1.4 Experimental procedure

At the beginning of an experiment the sand in the water �lled ume (h � 30

cm) was brushed together until it formed a layer of a few (2-3) centimeters

thick and about 30 cm long over the total width of the ume. In this way a

well-de�ned starting position was created. For each run an arbitrary mixture

of the two types of sand was made.

Before the wave generator was turned on, a sand sample was taken and

the zero levels of the wave height and velocity meter were recorded. Sand

was exposed to waves, or waves in combination with a ow in the opposite

direction (ow velocity � 0.1 m s�1), for di�erent periods of time (varying

from 15 to 1020 minutes). The waves had a period (T) varying from 1-2.5 s

and a height (H) of 20-30 cm. A total of 25 experiments were carried out,

labeled A - Y. The sand pattern formed under inuence of the moving water

was divided into a number of regions. The criteria for this division in regions

were the distance from the starting position of the sand, its colour and bed

form. A sand sample was taken from each region. The dried and sieved

sand samples (104 in total) were taken to the KVI-Groningen for radiometric

analysis.
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The positions where the samples were taken were chosen visually. The

di�culty in taking samples from a small area with a siphon and the demand

that there had to be enough material to analyse, led to relatively large sample

areas. To monitor the sediment at the bottom in a more continuous way was

not yet possible in this experiment.

To investigate the e�ect of an opposite net ow, two runs were carried out

for a number of wave conditions: one with and one without net ow.

2.2 Results and discussion

The discussion is restricted, for reasons of clarity to a number of typical

examples out of the total of 25 experimental runs . A complete overview

of the results is given in Appendix A. At the end of this subsection visual

observations made during the runs are summarised. They are illustrative for

the di�erences in behaviour between light and heavy particles. The outcome

of the sample analysis will be discussed in section 2.2.3 where the results of

the radiometric analysis will be compared to the outcome of the grain-size

and density measurements.

2.2.1 Experimental results

The results will be given in schematic diagrams indicating sampling positions

and tables, listing the conditions of the experiment and outcome of the sample

analysis. In general, the data are grouped such that two runs with the same

setting of the wave generator are combined, one with and one without a net

ow. Diagrams will sketch a top view of the wave ume and show where the

samples were taken. To give an idea of the distances over which the sand is

transported there will be a decimeter scale below each diagram. This scale is

such that 0 lays closest to the wave generator and 25 is closest to the damping

slope. The sample taken before each run was taken at the starting position

indicated by two dashed lines. In the tables it is given the index zero.

The tables start with the wave period and running time and run identi�er.

In the next block wave amplitudes and velocities are listed for the crest and the

trough. These velocities were measured at about 2 cm above the sediment bed

(crest and trough velocities are in opposite directions as indicated by the sign).

The lower part of the table lists the results of the sample analysis. For each

run the �rst column indicates the sample number; the location is indicated

in the accompanying �gure. Samples with the number zero were taken at

t = 0 at a location indicated by dashed lines. The median of the grain-size

distribution of the samples (d50) is given in the second column of the tables
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together with the width of the distribution, de�ned as � = 1
2
(d65-d35). In the

third column the densities of the samples, calculated for a porosity factor of

0.4, are shown. The radiometrically determined heavy mineral concentrations,

�Bi+Th (see above), are given in the last column.

Inuence of current Runs J and K are listed in table 2.1. The wave-

generator blade is positioned under a small angle with respect to the vertical

position to generate slightly asymmetrical waves.

J2

4 27 53

J1

310 1

J3

7 9 14 15

K1 K2 K3 K4

- -x (dm) x (dm)

Figure 2.2: Top view of the wave ume with the sampling areas for exper-

iments J and K. The wave-generator is positioned on the left-hand side and

the wave damper on the right-hand side. The wave propagates in the positive

x direction. The starting position of the sand is indicated with dashed lines

and the relative heavy mineral concentrations by the hatched areas.

wave period: (1:3 � 0:1)s

time: 60 minutes

run J (no ow) run K (with ow)

maximum elevation crest: (0:13� 0:02)m (0:08� 0:02)m

minimum elevation trough: (�0:06 � 0:02)m (�0:09� 0:02)m

maximum velocity crest: (0:44 � 0:05)m s�1 (0:38� 0:05)m s�1

maximum velocity trough: (�0:40� 0:05)m s�1 (�0:46� 0:05)m s�1

No d50 ; � �s �Bi+Th No d50 ; � �s �Bi+Th
�m kg L�1 � 100 �m kg L�1 � 100

J0 204 ; 23 3.00 (0.05) 23.9 (0.9) K0 197 ; 23 3.15 (0.05) 23.5 (1.2)
J1 212 ; 19 2.74 (0.05) 3.10 (0.15) K1 182 ; 15 2.69 (0.06) 5.9 (0.3)

J2 199 ; 22 3.22 (0.06) 28.6 (1.3) K2 182 ; 20 3.52 (0.09) 37 (2)

J3 169 ; 21 3.64 (0.08) 58 (2) K3 224 ; 19 2.90 (0.06) 7.7 (0.4)

K4 256 ; 25 2.88 (0.10) 1.33 (0.72)

Table 2.1: Results of and conditions for run J and K. The sampling areas

are shown in �gure 2.2.

Notice that, at the starting position, sand was used that was rather en-

riched in heavy minerals (' 24 %), �s = 3.00 kg L�1. Selective transport
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leads to a concentration of sand depleted (� ' 3 %) in heavy minerals at J1.

The sand is characterised by a somewhat increased median diameter and a

lower density. For J3 the median diameter is smaller, the density and activity

higher than for J0; this sample has a heavy mineral concentration of about

60 %. The sample from J2 is still a mixture of light and heavy minerals

although the density is somewhat increased indicating that light grains are

removed faster than heavy grains.

In run K, with a current in opposite direction of the wave propagation,

one observes that heavy minerals are hardly moving from the starting position

(K2) whereas transport of light minerals is observed in both directions (K1

opposite to; K3 and K4 in the direction of the waves). From the median

diameters one notices that small, light grains are transported with the current

(K1) whereas the larger, light grains move in the direction of the waves (K3

and K4). With increasing diameter the distance over which the grains are

transported increases. One notices that sample K4, located more than one

meter from the starting position, contains only light grains with a rather large

diameter.

Comparing the two runs leads to the observation that, due to the ow,

the pattern becomes much more elongated especially in the wave direction.

This is opposite to the ow direction and opposite to the direction in which

one intuitively would have expected that transport of sediment would occur.

Another striking di�erence is that without ow, mainly heavy minerals are

transported in the wave direction, whereas with ow mainly large-grained

light minerals travel in that direction. In both runs the smaller-grained light

material moves over a small distance in the direction opposite to the waves.

Inuence of opposite ow In run L and M the blade of the wave genera-

tor is positioned vertically to generate symmetric waves. The conditions listed

in table 2.2 indicate that the e�ect of the opposite ow becomes stronger. For

the velocities near the sediment bed the introduction of the ow leads to a

reverse situation in the relative maximum velocities under crest and trough

of the waves. The results of run L are comparable to those obtained in run

J with the exception that in run L a group of large-grained light minerals is

observed (L4) being displaced over the largest distance (about 1m). In retro-

spect, it is not clear if such a group was absent in run J, but it is likely that

if such a group had been clearly present it would have been sampled.

If run K is compared with run M, sample M1 contains much more heavy

minerals and hence has a smaller d50 and a larger density value than was found

in sample K1. This result seems to indicate that near the bottom the increased
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Figure 2.3: Top view of the wave ume with the sampling areas for experi-

ments L and M. See also �gure 2.2.

wave period: (1:4� 0:1)s

time: 60 minutes

run L (no ow) run M (with ow)

maximum elevation crest: (0:15 � 0:02)m (0:15 � 0:02)m

minimum elevation trough: (�0:07� 0:02)m (�0:05 � 0:02)m

maximum velocity crest: (0:50� 0:05)m s�1 (0:32 � 0:05)m s�1

maximum velocity trough: (�0:42 � 0:05)m s�1 (�0:54 � 0:05)m s�1

No d50 ; � �s �Bi+Th No d50 ; � �s �Bi+Th
�m kg L�1 � 100 �m kg L�1 � 100

L0 201 ; 23 3.21 (0.07) 25.2 (1.3) M0 200 ; 19 3.08 (0.02) 33.8 (1.4)

L1 215 ; 18 2.65 (0.03) 2.13 (0.11) M1 160 ; 17 3.01 (0.08) 29.7 (1.5)

L2 187 ; 23 3.48 (0.08) 33 (2) M2 159 ; 22 3.76 (0.03) 83 (4)

L3 177 ; 23 3.49 (0.04) 57 (3) M3 226 ; 13 3.05 (0.02) 21.9 (0.8)

L4 235 ; 23 2.96 (0.07) 5.73 (0.20) M4 226 ; 15 2.68 (0.02) 1.51 (0.08)
M5 262 ; 22 2.58 (0.02) 1.3 (0.8)

Table 2.2: Results of and conditions for run L and M. Sample areas are

shown in �gure 2.3.

velocity under the trough and the decreased velocity under the crest leads to

transport of heavy minerals opposite to the propagation direction of the wave.

Presumably only the lighter heavy minerals were transported and the heavier

ones remained in place. The fact that the heavy-mineral concentration in

M2 is so high indicates that the light minerals were removed very e�ectively.

Table 2.2 indicates that the light minerals have predominantly moved in the

direction of the waves. The transition of M3 to M4 marks a sharp change

in density, d50 and �Bi+Th values. Whereas in M3 still an � value of 0.25 is

found, M4 and M5 consist almost exclusively of light minerals.

The inuence of the opposite ow is in run M comparable to the one in

run K. The increased velocity asymmetry seems to have given rise to more

elongated patterns.
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Inuence of the wave period Next the inuence of the wave period was

investigated by using a larger wave period of 2.1 seconds in runs N and O.

The position of the wave blade is the same as in the former two runs L and M

and the results of the 4 runs will be compared. The diagrams are presented

in �g. 2.4 and the conditions and results in table 2.3.

0

N1

013 1214 14

N2

1515

N3

1716 18

O1

17

O2N4 O3 O4

19

O5

20

N5

- -x (dm) x (dm)

Figure 2.4: Top view of the wave ume with the sampling areas for experi-

ments N and O. See also �gure 2.2.

wave period: (2:1� 0:1)s

time: 60 minutes

run N (no ow) run O (with ow)

maximum elevation crest: (0:09 � 0:02)m (0:10 � 0:02)m

minimum elevation trough: (�0:06� 0:02)m (�0:04 � 0:02)m

maximum velocity crest: (0:44� 0:05)m s�1 (0:20 � 0:05)m s�1

maximum velocity trough: (�0:24 � 0:05)m s�1 (�0:40 � 0:05)m s�1

No d50 ; � �s �Bi+Th No d50 ; � �s �Bi+Th
�m kg L�1 � 100 �m kg L�1 � 100

N0 212 ; 19 2.90 (0.02) 14.3 (0.8) O0 217 ; 20 2.91 (0.02) 15.2 (0.6)

N1 239 ; 20 2.59 (0.02) 0.77 (0.09) O1 226 ; 17 2.78 (0.02) 1.84 (0.12)

N2 204 ; 18 2.92 (0.02) 21.6 (0.8) O2 212 ; 22 2.79 (0.03) 13.6 (0.5)
N3 180 ; 21 3.47 (0.03) 51 (2) O3 175 ; 21 3.59 (0.06) 48 (2)

N4 173 ; 21 3.90 (0.05) 58 (2) O4 165 ; 22 3.80 (0.05) 77 (3)

N5 213 ; 20 3.02 (0.06) 10.3 (0.4) O5 237 ; 25 2.94 (0.11) 7.8 (0.3)

Table 2.3: Results of and conditions for run N and O. Sample areas are

shown in �gure 2.4.

The velocities under the crest and trough are somewhat lower than in run

L and M because the wave-generator blade moves more slowly. The ratio of

the crest and trough velocities in run O is the inverse value of the ratio in

run N. Surprisingly this seems to have no e�ect on the selective transport

mechanism: both runs show the same overall trend: a decreasing medium

grain-size and an increasing density and heavy-mineral concentration when

looking in the propagation direction of the waves. From the results of the

former runs (L and M) the addition of the ow was expected to lead to an
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opposite distribution of the heavy minerals. This may be explained as follows:

An e�ect of a ow opposite to the wave direction is an increase of the bottom

roughness due to formation of eddies in the wave boundary layer (apparent

roughness [Rij90]). This means that the increasing e�ect on the velocity under

the trough of the wave works only outside the wave boundary layer. Since

the heavy mineral grains move as bedload inside the boundary layer they are

not exposed to the opposite ow and behave as if no ow is present.

It was observed that light sand is lifted up easily by the whirls or eddy

currents generated in the boundary layer and is moved at a relatively large

distance from the bottom. Dark-heavy material, on the other hand, stays

very close to the bottom and is `creeping' over the ripples of the sediment

bed or over bottom of the ume. This may explain why samples found in the

sand that was transported over the largest distance in either direction (N1,

N5, O1 and O5) contain large-grained light minerals.

Inuence of running time The relatively short duration of the runs

discussed may be the reason for the presence of transition areas, where the

sand is still a mixture of light and heavy minerals. To see if this was indeed the

case three long runs of 17 hours were made. Because of the risk of overheating

the pump during the night, it was not allowed to let the pumping system work

for such a long time unattended. Therefore these runs were all done without

an additional ow. The results and conditions of one of these runs (P) are

shown in table 2.4 and �g.2.5.

The wave heights and the measured velocities are comparable to the one

from run N but with a somewhat larger wave period. The sediment pattern

formed at the bottom showed very clear transitions between the di�erent

types of sand. This is reected well in the densities and the �Bi+Th values

of the samples. Except at the edges, the sediment bed consisted of regular

ripples over the total width of the ume.

The lighter material is moved faster or easier than the heavier sand and is

transported in the direction of the smaller (trough) velocity (P1). The heavy

minerals are moved by selective transport in the wave-propagation direction,

where the distance increases with increasing density and �Bi+Th values (P3,

P4 and P5). Somewhat larger, lighter grains with a rather large amount of

heavy minerals (P6), are transported over the largest distance, almost 2 m

in the direction of the waves. The sand at the starting position (P2) has

a depleted heavy-mineral concentration compared to the original sand (P0).

Because of the length of the run this is not due to incomplete removal of

the heavy parts of the sediment; it is much more likely that all the sand is
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Figure 2.5: Top view of the wave ume with the sampling areas for experi-

ment P. See also �gure 2.2.

wave period: (2:4� 0:1)s

time: 1020 minutes

run P (no ow)

maximum elevation crest: 0:10� 0:02)m

minimum elevation trough: (�0:05� 0:02)m

maximum velocity crest: (0:40� 0:05)m s�1

maximum velocity trough: (�0:30 � 0:05)m s�1

No d50 ; � �s �Bi+Th
10�6m kg L�1 � 100

P0 197 ; 12 3.01 (0.03) 15.0 (0.7)

P1 191 ; 13 2.58 (0.02) 1.0 (0.2)

P2 196 ; 13 2.73 (0.02) 8.3 (0.6)

P3 191 ; 12 2.98 (0.02) 33 (2)

P4 183 ; 18 3.47 (0.03) 36 (2)
P5 160 ; 18 4.46 (0.08) 70 (3)

P6 191 ; 15 2.95 (0.04) 24.4 (1.0)

Table 2.4: Results of and conditions for run P. Sample areas are shown in

�gure 2.5.

transported and is redistributed over the wave ume. The continuous pattern

as observed in �gure 2.5 supports this.

Visual observations Because the wave ume has glass walls and the min-

erals are very distinct in colour, it is possible to observe the e�ect of the

processes `online'. Recording the motion on video also allows a further o�-

line analysis. The observations may be summarized as follows:

� Starting from a at bed geometry the sediment rapidly is rearranged

into ripple structures. This rearrangement becomes visible in periods in

the order of minutes. The form and dimensions, which depend on ow

and grain parameters [Rij90], are schematically indicated in �g.2.6.
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� The uid motion near the sediment bed is in phase with the wave mo-

tion. This means that the maximum velocity in the forward direction,

that is the direction of the wave propagation, occurs under the crest

and the maximum velocity in the backward direction under the trough.

During the forward water motion vortices or eddies (see �g. 2.6) develop

behind the ripples which bring mainly light particles into the uid. Be-

cause of the asymmetry the vortex under the backward motion is much

less.

Relative to the water motion the vortex is a circular coherent ow struc-

ture with a diameter of a few centimeters. Grains stirred up or `cap-

tured' by the vortex, move with the water motion forwards and back-

wards and travel a certain distance along with the ow. Only part of the

particles will settle, which means that continuously one observes light

particles in the uid. The e�ect of these vortices on the light particles

is:

{ the integrated distance travelled in the horizontal and vertical di-

rection is at least in the order of the ripple length and height,

respectively.

{ the horizontal distance travelled is smaller in the forward than in

the backward direction because they are captured by the vortex.

{ the vortex will e�ectively inhibit the particles to settle and will

also `bring' some of the particles out of the boundary layer into

the uid or, in other words, into suspension.

Schematically the motion of the light particles, within or in the vicinity

of the boundary layer, is given in �gure 2.6. It should be noted that these

observations hold for the average particle motion and not necessarily for

each individual particle. Moreover in the present wording vortex motion

includes also the irregular motions present in the wake at the lee side

of the ripples.

� The dark coloured heavy particles more or less creep over the bed forms

over very small distances in the forward direction and over even smaller

distances backwards. They do not leave the boundary layer to enter the

uid but stay in the near vicinity of the sediment bed. This contributes

to the displacement of the bed (ripple) as an entity. Particles creep up

the slope and than drop over the crest. This motion is also schematically

indicated in �gure 2.6. For these particles no e�ect of the vortex motion

is observed except for small rearrangements at the foot of the lee side
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Figure 2.6: Schematic drawing of a. the bed con�guration, b. a vortex, c.

the motion of light and d. a heavy particle

of the ripple. Again one should be aware that this applies to for the

average particle motion.

2.2.2 Summary of the main results

In all runs a clear selectivity in sediment transport was observed. Summaris-

ing the results from the experiments leads to the following conclusions:

� Heavy minerals have a net displacement of zero or are transported in

the direction of the largest velocity.

� The net displacement for heavy minerals increases with increasing den-

sity and decreasing median diameter.

� Lighter, larger grains are lifted more easily or faster than heavy ones

and are transported in both directions. The light grains moved in the

propagation direction of the waves travel over a larger distance than the

heaviest heavy minerals.

� Patterns of sediment redistribution develop in a relatively short time

(several hours).

The e�ect of the ow opposite to the wave propagation direction is twofold:

� It enhances the trough velocity and reduces the crest velocity.
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� It leads to a more elongated sediment distribution pattern in either di-

rection. The reason for this might be the generation of more turbulence

or eddy currents at the bottom such that light mineral sand is lifted up

more easily.

The e�ect seems to depend on the wave period; it is less evident when the

waves are longer. This latter remark is based on the results of two runs (N

and O). Unfortunately, no more runs were made with a longer wave period in

combination with an opposite ow.

In section 2.3.2 a simpli�ed transport model will be introduced where

the selectivity is based on wave asymmetry and the di�erences in sediment

characteristics. In section 2.4 the outcome of the model will be compared

with the results presented in this section.

2.2.3 Assessment of the sample analysis

From all 104 samples taken during the experiments grain-size distribution,

density and 214Bi and 232Th activity concentrations were measured. The lat-

ter values were used to calculated �Bi+Th as introduced in section 2.1.3. In

�gure 2.7 plots of �Bi+Th against the density and median grain size (d50),

respectively, show a decreasing median grain size and an increasing density

when �Bi+Th gets larger. The median grain sizes of the samples show an
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Figure 2.7: Radiometric determined �Bi+Th plotted against the d50 and the

density of the samples.

approximately linear relation to the heavy mineral content represented by

�Bi+Th. Heavy minerals are more dense and therefore predominantly found

in the smaller size fractions (see page 16). Schuiling et al. found that an
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increase of the speci�c density of a mineral shifts its average grain size to a

smaller size class [Sch85]. It is therefore to be to be expected that a higher

concentration of these minerals in sand results in a larger speci�c density and

a smaller median grain size.

For samples containing almost no heavy minerals the median grain sizes

show poor sorting; with heavy mineral concentration increasing this sorting

improves quite rapidly and then remains almost constant. The reason for this

behaviour lies in the origin of the sand used in the experiments. The average

grain size of the sediment from the Dutch barrier islands is decreasing when

going from west to east [Ehl88]. The sand containing a high concentration of

heavy minerals was collected at the south point of the Island of Texel, which is

the most western situated island. The sand with practically no heavy minerals

came from the island of Ameland situated about 50 km to the east. At Texel

the grain size for light minerals is about 220 �m; at Ameland about 180 �m.

The two grains sizes are well reected in the d50 values at small values of

�Bi+Th. Because the light minerals come from both islands their grain size is

likely to show poor sorting.
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Figure 2.8: A. Activity concentrations for 214Bi (open squares) and
232Th (closed squares) as function of density. B. Activity concentrations for
214Bi and 232Th plotted versus each other. The line shows the equilibrium

situation ABi = ATh.

In the original sand the contribution to the total  activity of bismuth and

thorium are similar. In �gure 2.8-A one can observe that for samples with a

large density this is no longer true, the bismuth (open squares) contribution

is larger than the one from thorium (closed squares). In �gure 2.8-B this

is clearly visible. Considering the high density of the samples the deviation
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from the line ABi = ATh, denoted in �gure 2.8-B by a dotted line, is probably

caused by an relative increase of the zircon concentration. Zircon is mineral

with a speci�c density of 4.65 kg L�1 and a bismuth activity concentration

that is about seven times as large as its thorium contents see table 1.1.

The radiometric analysis shows good agreement with the density and grain

size measurements. The sensitivity of the radiometric analysis is large com-

pared to the density and grain size measurements. The latter two vary a

factor of two while the activity concentrations vary by a factor of more than

200. However, the value of AH used to calculate �Bi+Th is only useful for a

sample where all heavy minerals are present in the same proportions as in

the reference sample. If selection would be so e�ective that samples do only

contain certain minerals the value of AH would not be an appropriate refer-

ence value anymore. Deviations from the linear relation between density and

�Bi+Th in �gure 2.8-B, for � greater than � 0.5, indicate the separation of

the minerals in these experiments was indeed starting to play a role.

2.3 A simpli�ed model to calculate trajectories of

sand grains

The results and visual observations of the di�erences in the motion of heavy

and light particles as described in the previous section, are in agreement

with the results of other experiments; sediment transport by waves over a

rippled bed is in the direction of the largest peak velocity in case of bed

load transport and against the largest peak velocity when suspension is the

dominant transport mode [Man55, Sat86, Nap88] (summarised by van Rijn

(1990)). This suggests that transport of heavy and light particles should be

described separately in order to account for the di�erences. Our goal is to

develop one formalism to describe the motion of all particles and in this way

explain selective transport under waves.

The water motion, especially in vicinity of the bed, is extremely compli-

cated. This complexity is enhanced by the feedback of the uid motion on

the sediment motion, resulting in changing bed forms, and vice versa. During

the last years a considerable research e�ort was focussed on the description

of ow velocity and sediment concentration patterns above �xed rippled beds

(see Stive et al. (1995) [Sti95]). However, quantitative modelling of the

interaction with the bed is not yet possible. In the present work a semi-

quantitative description was developed in order to obtain understanding of

the experimental results.

From the results in the previous section it becomes clear that selectivity
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results from a di�erent susceptibility to pick-up by the uid motion. To

understand this susceptibility, an attempt is made to describe trajectories

of classes of particles, characterised by density and grain size. A similar

approach was used by May (1973) [May73] who developed a qualitative model

to explain selectivity in transport under waves (see section 1.4.3). Although

the description of May is capable of explaining the development of heavy

mineral placers it does not have predictive power as to which mineral grains

will accumulate, since grains were classi�ed only in retrospect, based on their

position after the experimental runs.

The model as developed in this study gives insight whether grains of a

certain size and density will be moved on or o�shore under given wave con-

ditions. Choosing for simplicity rather than sophistication, the model incor-

porates only �rst-order e�ects and focuses on the movement in the vertical

direction. This implies that particles are considered to be spherical, and that

only �rst-order e�ects of the vortex motion are taken into account. In the

present nomenclature the vortex motion also incorporates irregular uid mo-

tions in the wake of bed forms. For the motion in the horizontal direction it

is assumed that grains travel with a fraction of the uid velocity.

Section 2.3.1 starts by listing and justifying assumptions and simpli�ca-

tions used in the model. Next in section 2.3.2 the model is constructed and

some particle trajectories will be calculated. In the �nal section (2.4.1) model

calculations will be compared to the data and model parameters will be eval-

uated.

2.3.1 Assumptions and simpli�cations

The vertical component of the trajectory travelled by a grain is calculated

by solving the equation of motion. In the description of Morsi & Alexander

(1972) and Van Rijn (1993) this contains a drag, a gravity and a lift force

[Mor72, Rij93]. E�ects related to viscosity or friction are incorporated in the

lift and drag coe�cients which have to be determined empirically. Here a

somewhat di�erent approach is chosen in which viscosity-related e�ects, like

for example drag, are incorporated in a friction force. Therefore the lift is

generated only by velocity di�erences over the particle and the motion of the

particle in the vertical direction is governed by a gravity, friction and lift force.

The choice of speci�cally addressing the friction force, as worked out in the

next subsections, allows a simpli�cation of the problem because it avoids the

necessity to describe the vortex and turbulent motions. As a consequence of

this simpli�cation, plus the assumption that the horizontal motion is a �xed

fraction of the uid velocity, results should be interpreted qualitatively or
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semi-quantitatively. The model gives information on transport mode, trans-

port direction and relative distances traveled by grains, characterised by their

density and grain size.

The description of the near-bed uid-velocity distribution u(z; t) as a func-

tion of the depth z and at time t, is a crucial point. A boundary layer ap-

proximation is taken with a certain boundary layer thickness and a certain

velocity distribution pro�le. The selectivity of the sediment transport occurs

in this boundary layer.

All grains are assumed to be spherical; their radius and speci�c density

are denoted by R and �s, respectively. The size of the particles is such that it

can be assumed not to disturb the velocity distribution over the depth. The

velocity gradient in the horizontal direction is taken to be zero: @u
@x

= 0.

Friction force The most simple way of modelling the friction force is to

use Stokes' law, where friction is directly related to velocity. Unfortunately,

using this law is only justi�ed for so called creeping ow or, for Reynolds

numbers (related to the relative ow velocity with respect to the particle)

much smaller than unity. The Reynolds number for the present situation will

not be small enough 1. In addition, turbulent `structures' like vortices will

develop in the vicinity of the sediment bed, especially at the leeside of ripples.

The question is how to model these features in a simple and correct way. To

do this a qualitative evaluation is made of the e�ects of vortices (and other

turbulent or irregular uid motions).

As discussed earlier, the presence of a vortex motion may be considered,

to �rst order, as a circular motion around a horizontal axis perpendicular to

the stream propagation which, on the average:

1. causes only a small net displacement of the particles in the horizontal

direction (relative to the center of the vortex)

2. `prevents' particles moving at some distance from the bed to settle and

will `eject' part of them out of the boundary layer into suspension.

Since a description of an individual particle trajectory becomes quite cum-

bersome, it is assumed that the inuence on the horizontal motion may be

ignored meaning that the displacement in that direction caused by turbulent

and vortex motion will not be modelled separately but the average displace-

ment (being zero) will be adopted. The vertical motion is a�ected as if the

particle was moving in a non-turbulent uid with a high viscosity or friction.

1
The grain diameter is in the order of 10

�4
m, � is 10

�6
m

2
s
�1

and ur in the order of

10
�3

or 10
�2

m s
�1

, giving a Reynolds number of � 0.1-1.
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This approach is in fact a separation of the viscous and turbulent e�ects;

all turbulent and vortex motions are incorporated in an e�ective friction co-

e�cient and the uid is reduced to non turbulent. The net e�ect of this

procedure is that the friction force can be represented by the Stokes law with

a viscosity that is multiplied by a factor K, larger than unity, which will be

called the e�ective friction coe�cient:

Ffric(v) = �6�R � vz �K: (2.3)

In this equation R and vz are the radius and the velocity in the z direction

of the particles, respectively, and � (=��) the dynamic viscosity which is

1:0 � 10�3 N s m�2 for water of 10�C.

The `positive' e�ect of the vortex motion, namely the `ejection' of par-

ticles into higher parts of the ow is not included in this description. As a

consequence the thickness of the boundary layer will be a limiting factor for

the maximum height to which a grain can be lifted.

Lift force Another consequence of separating variables is that in the e�ec-

tive non-turbulent uid Bernoulli's law (equation 1.6) may be applied. One

of the simpli�cations is that grains are spherical. This implies that the grain

itself does not cause a di�erence between the uid velocity at its upper and

lower side like, for example, in the case of an airfoil. So in the case of a spher-

ical grain placed in a uniform ow, Bernoulli's law predicts a zero lift force.

This changes, however, for the case of a particle placed in a non-uniform ow.

It is assumed here that a grain, because of its small dimensions compared

to the depth of the ow, does not disturb the vertical velocity pro�le, so

Bernoulli's law, see section 1.3.1, in a somewhat modi�ed form, causes a lift

force on a grain:

Flift(z; t) = A� (P (z � r; t)� P (z + r; t))

= A
1

2
�m(u

2(z + r; t)� u2(z � r; t)); (2.4)

with A = �r2 being the `e�ective' surface of the grain for the uid-grain

interaction, P (z; t) the instantaneous pressure at a distance z from the bottom

(Pa), u(z; t) the instantaneous uid velocity at a distance z from the bed (m

s�1) and t is time.

This expression does not di�er substantially from a theoretical expression

derived by Sa�man (1965) [Saf65]:

Flift = ���0:5d2vr(
@u

@z
)0:5; (2.5)
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where vr is the relative velocity of the grain with respect to the uid and � is

a coe�cient that is equal to 1.6 for viscous ow [Rij93]. Also here the velocity

gradient, with respect to the vertical coordinate z, and the grain diameter are

important ingredients. The principle of selective transport is not inuenced

by this choice of representing the lift force.

Fluid velocity near the bottom as a function of height. Using small-

amplitude wave theory, the horizontal uid velocity can be obtained from

the wave parameters at every moment and height. This theory is based on

potential ow, that is irrotational and that is valid for almost the total ow

except for a thin layer close to the bottom where viscosity has to be taken into

account. In this thin region (i.e, z0 � z � z� in which z0 is the height where

the uid velocity is equal to zero and z� is the edge of the boundary layer)

the relation between uid velocity and height z is not known. What is known

is that in this layer large velocity gradients (
@u(z; t)
@z

) must be present since

the velocity has to decrease to zero. To be able to lift sediment from a bed,

the velocity gradient has to be large close to the bottom. Because particles

stay in the vicinity of the bottom this gradient decreases with increasing z.

The boundary conditions are:

1. For z = z0: u(z) = 0;

2. For z = z�: u(z) = ub.

where ub(t), the velocity at the edge of the wave boundary layer. The value of

z0 depends on the sediment con�guration. The uid velocity can be obtained

from second-order linear wave theory. A possible function that matches these

boundary conditions and has a decreasing derivative with z is a logarithmic

function:

u(z) =

8<
:

0 for z � z0;
ub

ln( z�
z0
)
ln(

z

z0
) for z > z0

: (2.6)

This choice of the velocity distribution, in principle, allows for a lift force on

grains. This is of course not the only function that matches the boundary

conditions and has a decreasing gradient. Other possible functions are a

polynomial or an arctangent function.

Zero-velocity level and boundary layer thickness In the model z0 and

the thickness of the wave boundary layer are input parameters to retain some

exibility. It turned out to be possible to simulate the trajectories for either
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type of sand with the same thickness of the boundary layer (in the order of

several millimeters2) and the same value of the zero velocity level.

2.3.2 Model description

Considering the forces working on a grain in a uid, the equation of motion

in the z direction (the direction perpendicular to the bottom) is:

m
d2z

dt2
= Flift(z; t)� Ffric(z; t)� Fgrav; (2.7)

where:
m = e�ective mass of the grain(kg);

Flift(z; t) = lift force (N);

Ffric(v) = friction force (N);

Fgrav = gravity force (N);

v(z; t) = dz
dt = vertical velocity of the grains (m s�1);

t = time (s)

z = vertical position relative to z = 0 (m).

The e�ective mass of a spherical grain immersed in a perfect incompressible

uid consists of its physical mass and an apparent additional mass, due to

the motion of the body relative to the ambient uid:

m =
5

3
�R3(�s + CM�m); (2.8)

in which:
R = radius of the grain (m);

�s = density of a grain (kg m�3);

CM = additional mass coe�cient;

�m = density of the medium (kg m�3).

In these calculations the value of CM is adapted for a sphere in a potential

ow: CM = 0.5 [Men60].

The gravity force is given by:

Fgrav =
5

3
�R3g(�s � �m); (2.9)

with g being the acceleration due to gravity (m s�2).

The lift force can be written according to equation 2.4 as:

Flift = A
1

2
�m

u2b(t)

ln2
�
z�
z0

�
�
ln2

�
z +R

z0

�
� ln2

�
z �R

z0

��
; (2.10)

2
Using an empirical formula of Jonssen and Carlsen (1976) for turbulent ow gives similar

values [Jon76].
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with ub is, according to second-order wave theory, ub = u1 sin(2�t=T ) +

u2 sin(4�t=T ) where the peak velocity under the crest wave Uc = u1+u2 and

under the trough Ut = u1 � u2.

All the forces working on a grain are formulated and the equation of

motion can be expressed as:

m
d2z

dt2
= Flift(t; z)� Ffric(vz)� Fgrav

= Flift(t; z)� Cfric
dz

dt
� Fgrav; (2.11)

where Cfric = 6�R�K is the friction coe�cient according to Stokes' law mul-

tiplied with the e�ective friction coe�cient K.

Due to the non-linear z-dependence of the lift-force, this di�erential equa-

tion has to be solved numerically (Runge-Kutta) which means that the process

will be discretised with a step in time of �t.

Movement in the horizontal x direction The motion in the x direction

may also be modelled by solving an equation of motion such as

m
d2x

dt
= �Cfric

�
dx

dt
� u(x; t)

�
; (2.12)

in which the term in parentheses represents the velocity of the grain with

respect to the uid. This would mean that the horizontal grain velocity is

not only reduced with respect to the orbital velocity, but also delayed (there

is a phase lag ��). Because the two are coupled equation 2.12 may be ap-

proximated by
dx

dt
= bui(z); (2.13)

with ui(z) the velocity at ti at height z and b < 1 for a non-zero phase lag.

As a consequence the choice of b has no inuence on the selectivity because

it is a scaling factor.

2.3.3 Summary of the assumptions and simpli�cations

In summary, the following assumptions and simpli�cations are made:

1. Grains are spherical;

2. Grains are not transported by rolling;
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3. Variation of the uid velocity as a function of time is of the same shape

as, and in phase with the water elevation (linear small-amplitude wave

theory);

4. Viscous, vortex and turbulent e�ects are incorporated in a friction force

via the e�ective friction coe�cient K.

5. The lift force is due to a uid velocity gradient, via the Bernoulli e�ect.

6. The increase of uid-velocity with z, the distance from the bottom, is a

logarithmic function of z inside the wave boundary layer.

7. The thickness of the wave boundary layer is constant.

8. For the horizontal motion the particle moves with a velocity that is a

fraction of the uid velocity at the height of the center of the particle.

2.4 Assessment of the model

In this section the functioning of the model will be discussed. This will be done

by showing some results of calculations and by evaluating the parameters.

2.4.1 Model calculations

As mentioned in the previous section the model calculates particle trajectories
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Figure 2.9: The movement of a

quartz grain under one wave as calcu-

lated by the model. The starting point

is at x=0.

in a two-dimensional xz-plane, x be-

ing the direction of the wave propa-

gation and z being the vertical coor-

dinate. Such a trajectory is shown

in Figure 2.9 where the motion of a

quartz grain during the passing of a

single wave, calculated by the model,

is drawn.

The input parameters of the

model may be divided into sediment

and ow parameters. Sediment is

characterised by density (�s), grain

size (d) and average diameter of the

grains in the sediment bed (davg).

Flow is parameterised by the maxi-

mum velocities under the wave crest
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and trough (Uc and Ut), wave period (T ), `e�ective' viscosity (K � �), zero

velocity level (z0) and thickness of the boundary layer (�). In the model cal-

culations the sediment parameters will be kept constant and only the ow

characteristics will be changed.

In this section model calculations are compared with experimental results.

Three types of grain will be considered: a light mineral grain (�=2.6 kg L�1;

d = 200 �m), a heavy-mineral grain (� = 4.0 kg L�1; d = 150�m) and an

`intermediate' grain with medium density (�=3.0 kg L�1) and a large diameter

(d = 250 �m). The average diameter of the grains in the sediment bed dmean

will be 215�m in all cases.

The value for z0 can be estimated from the ripple height which was in the

order of 1 cm. According to the relation z0 = ks=30, where ks is the Nikuradse

roughness length, one obtains a value of z0 � 200 - 300 �m. A suitable value

for the e�ective friction coe�cient K was obtained by trial and error.

For various ow conditions the trajectories of the grains will be calculated.

The results will be presented in graphs like �gure 2.9. In all �gures the

direction of the wave propagation is from left to right.

Maximum velocities under crest and trough. In �g. 2.10 trajectories

for the three grain types are presented for three combinations of Uc and Ut.

From the �gure one notes the clear di�erences in transport mode of the light

and heavy particle. In all three combinations the light grain is not settling

and remains o� the bottom; it will either be transported against the wave-

propagation direction or its net displacement is zero within one wave cycle.

The heavy grain always moves in the wave-propagation direction. Moreover

one observes that the excursions in the x direction increase with increasing

values of Uc and Ut whereas the excursion in the z direction mainly depends

on Uc. These results are in agreement with the experimental observations;

heavy grains were transported in the direction of the highest velocity and

the light ones in the direction of the smallest velocity. Also the shape of

the trajectory is in agreement with the observations made during the runs:

light grains stay o� the ground and follow the alternating ow motion and

the heavy grains make small jumps, staying more or less in contact with the

sediment bed.

For the intermediate grain, however, the net displacement is rather sensi-

tive to the combinations of Uc and Ut. These grains with a `medium' density

were found at both the edges of the formed sand pattern and this behaviour

is not simulated in a satisfactory manner
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Figure 2.10: Calculated trajectories for three types of sand grain for various

values of Uc and Ut: A. Uc = 0:5 m s�1, Ut = 0:3 m s�1, B. Uc = 0:6 m s�1,

Ut = 0:3 m s�1 and C. Uc = 0:5 m s�1, Ut = 0:4 m s�1. The values of the

other parameters are: z0 = 215 �m, T = 2 s, K = 20, and � = 5 mm. The

wave propagates from left to right. The grains are �rst subjected to the crest

motion.

Thickness of boundary layer In �g. 2.11 trajectories are presented for

the three types of grain for various values of the boundary layer thickness �.

The main e�ect of the layer thickness is the vertical velocity gradient. This

gradient diminishes with increasing thickness and consequently the magnitude

of the lift force decreases. As may be observed in �g. 2.11 the increase of

� results in a smaller excursion in the z direction. For the light grain this

means that it returns earlier to the bed which leads to a decrease of the x

displacement along the x axis and, for the largest thickness, as a positive

directed net movement. For the intermediate grain the reduced lift results in

increased displacement and for the heavy grain it is not su�cient anymore to

overcome the downward directed force of gravity, and hence this grain does

not move at all.

Zero velocity level In �g. 2.12 trajectories are presented for the three

types of grain for various values of the zero-velocity level z0. The lift force

will increase with decreasing z0 causing an early pick-up so the excursion in
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Figure 2.11: Calculated trajectories for three types of sand grain for various

values of the boundary layer thickness �: A. � = 5 mm, B. � = 7 mm and C.

� = 10 mm. The values of the other parameters are: z0 = 215 �m, T = 2 s,

K = 20, Uc = 0:5 m s�1 and Ut = 0:3 m s�1. The wave propagates from left

to right. The grains are �rst subjected to the crest motion.

the positive x direction will increase. One can see that a small value of z0,

with respect to the grain diameter, results in a positive transport direction

for the light mineral grain too.

Viscosity As mentioned in the previous section a multiplication factor K

for the viscosity was introduced to describe the e�ect of the vortex and tur-

bulent uid motion on the e�ective settling of the grains. A larger value of K

corresponds to more turbulence (friction) and hence a smaller settling velocity.

In �g. 2.13 trajectories are presented for the three types of grain for various

values of K. From the �gure one notes for K close to unity the transport

is hardly selective: all grains move in the direction of the wave propagation

(This e�ect becomes even stronger for smaller values of K.). Increasing K,

corresponding to increasing friction, results in smaller z excursions and slower

settling. Especially for the light grains this leads to a larger displacement un-

der the trough in the direction opposite to wave propagation. As a result

the selectivity in transport between light, intermediate and heavy grains in-

creases with larger values of K. A value of K in the range of 10-30 gives
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Figure 2.12: Calculated trajectories for three type of sand grains for various

values of the zero velocity level z0: A. z0 = 250 �m, B. z0 = 215 �m and C.

z0 = 50 �m. The values of the other parameters are: � = 5 mm, T = 2 s,

K = 20, Uc = 0:5 m s�1 and Ut = 0:3 m s�1. The wave propagates from left

to right. The grains are �rst subjected to the crest motion.

results comparable to experiments in the ume.

Wave period The inuence of the wave period was examined for three val-

ues of T: 1, 1.5 and 2.5 s. The results for the three types of grain are presented

in �g. 2.14. As can be seen the length of the trajectories increases consid-

erable with increasing value of T. This is not surprising since a larger value

of T means that particles remain for a longer time o� the sediment bed and

consequently travel a longer distance. One notices that with increasing T, the

selectivity in transport decreases rapidly especially for the intermediate and

heavy grains. The net displacement of the light grain within one wave period

changes from negative to positive. This result shows the non-linear behaviour

as a consequence of the di�erences in threshold velocity for entrainment for

di�erent grains. Under longer waves this e�ect becomes less dominant and

grains move in the same direction.
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Figure 2.13: Calculated trajectories for three types of sand grain for various

values of the e�ective friction factor K: A. 1 B. 10 and C. 30. The values of

the other parameters are: z0 = 215 �m, T = 2 s, � = 5 mm, Uc = 0:5 m s�1

and Ut = 0:3 m s�1. The wave propagates from left to right. The grains are

�rst subjected to the crest motion.

2.5 Conclusions

The aim of the experiments was to investigate the possibility of creating

conditions in the laboratory in which selective transport of light and heavy

minerals could be obtained. From the experiments it can be concluded that

selective transport is the rule and not the exception. In all measurements a

di�erence in net transport distances was observed. In general, light and heavy

grains were net transported in opposite directions with the heavies moving in

the direction in which the maximum velocity in the wave period occurred.

One observes that light grains are mainly transported after being brought

into suspension, whereas heavy grains creep over the sediment bed (bed load

transport). The e�ects of selective transport become manifest in a rather

short time. Longer runs indicate that the initial thin sediment layer gets

completely reworked and grains become distributed according to density.

From sample analysis it was found that the activity concentrations of bis-

muth and thorium increase with density; for higher densities the bismuth

to thorium ratio starts to change, indicating a further selectivity within the
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Figure 2.14: Calculated trajectories for three types of sand grain for various

values of the wave period T : A. T = 1 s, B. T = 2 s and C. T = 3 s. The

values of the other parameters are: z0 = 215 �m, � = 5 mm,K = 20, Uc = 0:5

m s�1 and Ut = 0:3 m s�1. The wave propagates from left to right. The grains

are �rst subjected to the crest motion.

heavy mineral suite. These results indicate that `in situ' radiometric mea-

surements can be used, rather than taking disturbing samples. In principle

the radiometry seems to be a direct measure of the density.

A model was constructed to describe the observations. One may conclude

that the model, despite its severe simpli�cations, seems to be able to simulate

the trajectories of light as well as heavy grains with one set of (ow) param-

eters. It shows that it is not unlikely for light particles to move against the

wave direction. Of course the question remains whether this model based on

the motion of a single particle has predictive power for sediment transport in

general.

The model can in principle be applied for any ow condition by chosing a

suitable value for the e�ective friction coe�cient K. This parameter represents

all mechanisms that may delay or inhibit the settling of a grain and has

therefore a somewhat `fuzzy' character. To reproduce the selectivity observed

in the wave-ume experiments an e�ective friction coe�cient K, had to be

used that is in the order of ten to thirty. This e�ectively means that all

particles settle a similar factor slower than in still water. The conditions for
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hydraulic equivalence remain unchanged. One should be aware that because

K is a constant variations in time and place of the responsible mechanisms

are not taken into account.

In order to give quantitative estimations of sediment transport rates, dif-

ferent aspects have to be taken into account as well:

- the probability for a grain of getting into motion (so far it is assumed

that a grain that may move will move),

- what happens after one wave has passed, speci�cally whether grains

in suspension will stay o� the bottom or whether they will eventually

settle.

With respect to the assumptions in the model the present investigations have

pointed out that for this simpli�ed model quantities such as thickness of the

boundary layer and the velocity as function of z in this layer are of prime

importance. Because the velocity at the sediment bed (z = z0) has to be

zero and at the upper boundary of the layer (z = z1) equal to U
max, various

functions may be applicable.

Concerning other aspect of the model the following remarks can be made:

� The `positive' e�ect of the vortex motion on the vertical motion of the

light grains is not taken into account and the upward force is solely

generated by the velocity gradient. The vertical velocity distribution is

such that outside the wave boundary layer this gradient is small and

not su�cient to lift the grains higher up into the ow. This means that

the vertical distances are determined by the thickness of the boundary

layer. What one can see is that the light particles tend to stay o� the

bed, which can be interpreted as being in suspension. The `crawling'

behaviour of the heavy grains was simulated well.

� Only with value of the zero-velocity level z0 in the order of the grain

diameter the model is able to simulate the displacements observed in

the wave ume.

� Qualitatively the model seems to predict the displacements of the grains

rather well. The di�erences in the motion of heavy and light grains are

reproduced and the direction of the net movement is in agreement with

the experimental results.


