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Abstract

To determine the effects of grain size and density gradation in oscillatory sheet-flow, experiments are conducted in an

oscillating water tunnel. A formal derivation of a schematised transport model shows that the transport rates per sediment

fraction can be determined with and without the assumption of an active layer. A technique that measures sediment composition

from natural occurring radionuclides is used to determine the transport rates without that assumption of an active layer. The

measurements on total sediment transport rates and suspended sediment concentrations show that effects of gradation are

present. The effects of size gradation are mainly in the increased transport rates of the coarse fraction with respect to the uniform

coarse material and the availability at the bed under similar conditions. The experiments on density graded sediments indicate

that total mass-transport rates are larger than the mass-transport rates of quartz material, whilst the transport rates of the quartz

fraction show that this fraction is not hindered by the availability at the bed.
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1. Introduction

Beaches of open seas are good sites to observe

effects of selective sediment transport. Beaches show

a large variety in morphology from coast to coast and

in time at a particular location. At some locations

pebble and rock beaches are adjacent to sand beaches

and on sand beaches one notices variations in ‘‘sedi-

ment’’ composition along and across the beach: fine

and coarse sand, placers of heavy minerals, concen-

trations of shells and driftwood and man-made mate-

rials such as shoes and bottles.

These observations are the indication that transport

processes depend on variations as size, density, shape,

sphericity and roundness of grains. Describing trans-

port of a set of spherical grains with one particular

diameter is already complicated enough and many

models for calculating transport of sediments or of

seafloor morphology ignore effects that can occur

when sediments with different properties are graded.
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These restrictions were also partly imposed by limi-

tation in computational power. The rapid changes in

computer technology and the associated developments

of software reduce these limitations and allow incor-

poration of gradation effects.

Grain size and gradation variations are not only of

importance for the ‘‘natural’’ morphodynamic devel-

opment of the coast but have large implications for the

design and effectivity of nourishments as well. The

segregation mechanisms underlying the observed

cross and along shoreface grain size and density

variations are still poorly understood.

Sorting processes occur both in settling and pick

up of grains. In settling the fall velocity is dependent

on size, shape and density. The settling or fall velocity

follows from the equilibrium between gravity and

friction acting on the grain. Grains with the same

settling velocity are considered to be hydraulic equiv-

alent. Due to the differences in settling velocity, it can

be expected that segregation of sediment fractions

takes place in the vertical, with the finer fractions

suspended at higher elevations. A net onshore trans-

port of coarser and/or denser material relatively close

to the bed combined with a net offshore sediment

transport of finer and/or lighter material at higher

elevations would then result in cross-shore segrega-

tion leading to the offshore fining. Pick up of grain

was first studied for uni-directional flow (rivers) and

has later been extended to oscillatory flow (waves).

The effects of sediment density and grain size are

different in both processes.

Fig. 1.1 describes the settling velocity and entrain-

ment velocity of sediment grains as function of grain

size and density. The settling velocity, ws, is calcu-

lated using the formulation of Cheng (1997); the

entrainment velocity is derived from Komar (1987).

The upper figure shows the effect of varying

density and grain size on the settling velocity of a

sediment particle. For small grain sizes, density var-

iations have little impact on the settling velocity of a

grain; for larger grains, the effect of density becomes

more important. The lower figure shows the entrain-

ment velocity as a function of density and grain size.

Again for small grain sizes, effects of density in the

entrainment velocity are small, whilst for larger grain

sizes the effect of density dominates. A comparison

between both figures shows that effects of to density

variations are different in sorting processes due to

settling and processes due to entrainment. Whilst

grain-size variations will have a larger effect on the

settling velocity, variations in density will have larger

effects in the entrainment velocity.

1.1. Field measurements

1.1.1. Size gradation

The effects of size gradation on sediment transport

in unidirectional flows were investigated in field

measurements (see e.g. Andrews, 1983; Carling,

1983; Hammond et al., 1984; Komar, 1987). All these

measurements focus on size sorting of gravel and

conclude that in a mixed size (gravel) sediment, the

coarser fraction sticks higher into the water and have

smaller pivoting angles than under uniform bed con-

ditions. This implies that a mixture leads to a lower

entrainment stress for the coarser fraction.

Van Rijn (1997b) gave an overview of field data

concerning grain-size variations in coastal sediments

reported in literature. Grain-size variations under non-

tidal and micro-tidal conditions were studied by

Pruszak (1993), Liu and Zarillo (1987), Moutzouris

(1988), Boon and Green (1998), Richmond and Sal-

lenger (1984) and Katoh and Yanagishima (1995).

Similar studies for meso-tidal conditions were con-

Fig. 1.1. Settling velocities (m s� 1) and velocity needed to entrain

the sediment as function of grain size and density.
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ducted by Migniot and Lorin (1986), Terwindt (1962)

and Guillén and Hoekstra (1996). In the framework of

the MAST-II programme NOURTEC, grain-size var-

iations were studied extensively along the barrier

island of Terschelling on the Netherlands North Sea

coast before and after a shoreface nourishment with

relatively coarse and well-sorted material. It was

found that the grain size is largest near the wave

plunge point or in the swash zone from where both an

onshore and offshore fining takes place. In the off-

shore direction the layer of fine material overlying

coarser material becomes increasingly thinner. A

slight coarsening is observed over the breaker-bar

crests, whereas finer material is found in the bar

troughs. The adaptation time of the spatial sorting to

morphological changes was found to be short, given

the fact that the impact of the nourishment with

coarser and less well-sorted material had quickly

disappeared. Clearly, some dynamic equilibrium of

sediment size and hydrodynamic conditions exists.

The basic rule appears to be that finer grains are

winnowed away from the bed in the most energetic

areas by turbulent processes and carried away to less

energetic areas.

Gradation effects are also observed for even finer

grained materials than sand. At sea and in rivers mud

and clay are settling in areas where sand grains have

virtually become immobile. In a recent set of measure-

ments the transport of harbour sludges, dredged from

Rotterdam harbour, was monitored over a 10� 15

km2 area of the seafloor (Venema and De Meijer,

2001). Using a towable detector system to measure

natural radioactivity (see also Section 2.4) and using

radiometric fingerprints of sand, silt and clay to derive

sediment composition maps, the changes in bottom

sediment composition were measured over time. The

data clearly showed the large mobility of clays (d < 16

Am) being transported in more or less two opposite

directions, whereas the silt fraction remained near the

dumpsite at about 10-m water depth.

1.1.2. Density

Whereas in transport of gravel, size, sphericity and

roundness-gradation effects dominate, grains of beach

sands are often almost spherical but consist of mineral

grains with quite a range in density (from carbonates

< 2 kg/l to cassiterite 7.4 kg/l). von Engelhardt (1937)

noticed that on a given place only sand grains with a

specific settling velocity are deposited, meaning that

the grain-size distribution is a reflection of the

hydraulic equivalence (same settling velocity) of the

mineral suite. This leads to simultaneous deposition of

large grains with lower density and small grains with

higher density. von Engelhardt also observed density-

dependent sorting in horizontal directions.

Traditionally, minerals and sands are divided in

two density fractions according to the separation

technique based on the heavy liquid bromoform

(q = 2.9 kg/l). The minerals that float on bromoform

(e.g. carbonate, quartz and feldspar) are named light

minerals and those that sink are called heavy minerals.

Sand deposits with a very high concentration of heavy

minerals (>50%) are also named placers.

Selective transport within the suite of heavy min-

erals has been studied by investigating the heavy

mineral composition of sediments collected along

beach profiles (see e.g. Koning, 1947; Veenstra and

Winkelmolen, 1976; Winkelmolen and Veenstra,

1980; de Moor and de Decker, 1982; Komar and

Wang, 1984; Peterson et al., 1985; Meisburger, 1989;

Eitner, 1995). The composition is often deduced from

counting of heavy-mineral concentrates obtained from

sediment samples. In general it is observed that the

percentage of total heavy minerals and the relative

contribution of the high-density minerals increase in

shoreward direction. Komar and Wang (1984) con-

clude that selective transport must play an important

role and that selective transport occurs on all scales:

on the beach, during offshore transport and even

within ripples. Measurements of Greenfield et al.

(1989) and Tánczos (1996) confirm this conclusion

and also observed selectivity in onshore transport.

Effects of selective transport are also observed in

the longshore direction. Peterson et al. (1985) noticed

that placers were best developed along the Oregon

coasts (USA) at points of shoreline curvature. At these

locations the longshore currents and wave action

diminish, resulting in fluid shear-stress gradients.

Similarly, concentrations of denser minerals are found

near river mouths. This is well known from offshore

diamond-mining activities near the Orange River

(South Africa) and was studied for the Columbia

River (USA) by Li and Komar (1992) and the Nile

River (Egypt) by Frihy and Komar (1991, 1993) and

Frihy et al. (1995). In the latter study, it was con-

cluded that light minerals are transported from eroding
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areas to accretion areas, thereby concentrating the

heavy minerals as lags.

1.2. Flume experiments

1.2.1. Effects of size and density

In wave flumes size and density effects in sedi-

ment transport were studied by May (1973), Ribber-

ink and Chen (1993), Ribberink and Al Salem

(1994), Janssen and Ribberink (1996), Tánczos

(1996), Janssen and Van der Hout (1997) and several

Japanese groups (see Yeganeh Bakhtiary and Asano,

1998). In their paper, Yeganeh and Asano evaluate

experiments under sheet-flow conditions with natural

sand (q = 2.65 kg/l and d50 = 0.2 mm) of Horikawa et

al. (1982), Al-Salem (1993) and Ribberink and Al

Salem (1994) and those with artificial materials like

imitation pearl, coal dust and plastics with

1.2 < q < 1.6 kg/l and 2.8 < d50 < 5 mm. They try to

compare sediment concentration profiles, transport

velocity profiles, fluxes and rates by scaling the

experiment according to the Shields parameter. For

references to the latter experiments, mainly published

in Japanese, we refer to Yeganeh Bakhtiary and

Asano (1998). The main conclusion of their work is

that using artificial particles it is not always possible

to reproduce sheet-flow sediment transport even if the

Shields number predicts so.

Ribberink and Al Salem (1994) and Ribberink and

Chen (1993) conducted experiments in the Large

Oscillating Water Tunnel (LOWT) of WL/Delft

Hydraulics with second-order Stokes waves using

unsieved dune sand (d50 = 0.21 mm) and fine sand

(d50 = 0.13 mm), respectively. Janssen and Ribberink

(1996) and Janssen and Van der Hout (1997) studied

the grain-size influence on net-transport rates and sand

transport mechanisms. Experiments with fine sand

(d50 = 0.13 mm) were carried out by Janssen in the

LOWT. The same flow conditions were used as in the

experiments with unsieved dune sand (d50 = 0.21 mm)

(Katopodi et al., 1994). In the above studies, it was

found that the grain diameter is an important param-

eter for the net transport rates. It was found that for the

fine sand unsteady effects are very important. The

time-dependent sediment concentrations show that the

fine sand which is entrained in the positive half wave

cycle, does not settle down in that half-wave cycle,

but is transported in the succeeding negative half-

wave cycle. The net-transport rates were smaller

compared to the net-transport rates for dune sand

and even became negative for increasing oscillating

velocities. The net-transport measurements were used

to verify existing quasi-steady and semi-unsteady

transport models. It appeared that only for the coarser

material the net transport rates can be described in a

quasi-steady way.

Janssen and Van der Hout (1997) carried out some

experiments to complete the data set for three different

grain sizes (d50 = 0.13, 0.21 and 0.32 mm). Van der

Hout (1997) concluded that as long as a condition can

be considered as quasi-steady, a smaller grain size

results in an increased transport rate.

1.2.2. Effects of size and density gradation

Dibanja and Watanabe (1996) carried out experi-

ments with non-linear waves and a mixture that was

composed of fine sand, d50 = 0.2 mm and coarse sand,

d50 = 0.87 mm. They observed that for mixed sands,

sheet flow occurs even at lower velocities than those

for uniform sands; likely due to a firmer structure of

the sediment bed. Transport-rate measurements

showed that armouring of fine sand by the coarse

sand gives rise to a significant reduction in the trans-

port rate of the fine sand. The transport rate of the

coarse sand was almost unaffected by the presence of

the fine sand. Slingerland (1984) classified the effects

of sorting of heavy minerals in unidirectional currents

according to hydraulic and lift forces and/or shear

stress. Slingerland stated that the equivalent entrain-

ment size ratios of heavy to light grains could be four

times smaller than would be predicted by settling

laws. Tánczos et al. (1995) used two wave flumes in

their experiments to study gradation effects under

ripple and sheet flow conditions. Under ripple con-

ditions heavy and light minerals were transported in

opposite directions and different modes: heavies as

bed load and lights in suspension. These effects were

also observed by May (1973).

Experiments under sheet-flow conditions were car-

ried out by Tánczos (1996) in the Large Oscillating

Water Tunnel (LOWT) of WL/Delft Hydraulics at de

Voorst (NL). In these experiments heavy-mineral sand

was used taken from a storm deposit of the beach of

Ameland. The hydrodynamic conditions were similar

as in the experiments of Ribberink and Al Salem

(1994) using light-mineral sands. In their experiments,
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Tánczos et al. (Tánczos, 1996; Tánczos et al., 1995)

observe that:

– both light and heavy minerals are moved in the

wave direction;

– only light minerals are collected in the suspension

sediment collector.

Tánczos (1996) shows that the transport rates for

this sand mixture are considerably lower than for

quartz sand and seem to level off with increasing

velocity. Based on this levelling off, Tánczos proposes

an armouring effect in which the denser grains get

concentrated in a thin surface layer and thereby

prohibit the lighter grains from being picked up and

transported.

1.2.2.1. Effects of porosity. The experiments of

Dibanja and Watanabe (1996) showed that for a sedi-

ment mixture, the better packing of the bed results in

increased adaptation times of the bed forms. Theoret-

ically, the densest system obtainable with spheres is

the so-called rhombohedral packing in which a poros-

ity of e = 0.26 can be achieved (Graton and Fraser,

1935).

In mixtures of larger and smaller grains the smaller

grains always interfere with packing of the larger. The

greater the range from maximum to minimum particle

sizes, the smaller is the porosity of the system. This

technique is applied in soil stabilisation and in making

concrete and hydraulic and bituminous cements. For a

normal distribution of rounded gravel and sand the

porosity e is given as an empirical relation (Winter-

korn and Fang, 1975):

e ¼ 0:385� 0:08log
dmax

dmin

� �
ð1:1Þ

in which dmax and dmin are the diameters of the largest

and smallest particles, respectively. For the experi-

ments in this paper, a porosity of 0.36 is calculated for

the well-sorted sediments, whilst the poor sorted

mixture gives a porosity of 0.34.

1.3. Transport and morphological modelling for grain

size mixtures

The most straightforward attempts to include the

spatial variation of grain size in morphological models

make use of the assumption that the sediment sorting

adapts quickly to morphological changes, as was

observed in the NOURTEC programme. On the basis

of these findings a unique relationship was taken into

account between water depth and grain size in a cross-

shore profile (Roelvink et al., 1995). The usual trans-

port formulas are used to compute the net transport

rates using the local median grain size as input. This

was found to have a significant influence on the

morphodynamic development.

A second step towards taking sediment sorting into

account implies the prediction of the behaviour of

individual sediment fractions, and hence the spatial

sorting effects. Van Rijn (1997a,b) included the effects

of size gradation in a cross-shore profile model by

considering the individual fractions and the bed-level

changes per fraction using a layer model (see below).

The total transport rates were computed by dividing

the grain-size distribution in a number of sediment

fractions each characterised by a certain d50 and

calculating the transport rates of each fraction sepa-

rately using the conventional sediment-transport for-

mula for uniform material. In the following, this

method is referred to as the size-fraction method. It

assumes that the mass-transport rates of a individual

fraction, can be computed as the transport rates given

by formula for uniform material using the d50 of the

fraction under consideration, weighted with its per-

centage of occurrence at the bed. Often the size-

fraction method includes a correction in the formula

for uniform material which accounts for the differ-

ences in exposure to the flow of each fraction in the

mixture as compared to a uniform bed composed of

that fraction.

These corrections are referred to as hiding and

exposure corrections. The size-fraction method has

widely been applied (e.g. Egiazaroff, 1965; Ribberink,

1987a,b; and many others). In situations where a model

is used which resolves the sediment distribution in the

vertical by applying for example a diffusion equation,

the size-fraction method implies a bed-boundary con-

dition for the suspended-sediment vertical for each

fraction (Deigaard and Fredsoe, 1978; Armanini and

Ruol, 1998; Zyserman and Fredsoe, 1991).

An important aspect in situations with graded

sediment is the description of the sediment exchange

between stream and bottom. In the classical river

model of Hirano (1971), the river is schematised by
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one ’’mixing layer’’ in the bottom and one ‘‘transport

layer’’ in the stream (two-layer model). The two

layers interact through the sediment-continuity equa-

tion and the bed-material composition is computed.

The consideration of the suspended sediment requires

in principle a third layer so that the sediments are free

to deviate from local equilibrium and their vertical

distribution depends on the upstream conditions

(three-layer model). Three-layer models were pre-

sented by Armanini and Di Silvio (1988) and Rahuel

et al. (1989). Moreover, the mixing or exchange layer

in the bottom can be divided in two parts: a pavement

and a subpavement (four-layer model) (Di Silvio,

1991). Di Silvio and Peviani (1991) compare two-

and three-layer models with experimental data and

present an evaluation. They find that for slow changes

in the hydraulic conditions a two-layer model is

sufficient.

The above work on graded-sediment transport is

mainly applied to sediment transport and morpholog-

ical development in rivers. Applications to a coastal

environment are still limited. The experiments pre-

sented in this paper provide an opportunity to test the

validity of the size-fraction method and to investigate

the influence of the type of uniform transport formula

in applying a size-fraction method.

1.4. Scope

Within the EU programme Marine Science and

Technology (MAST III), a project SAFE is funded.

Part of the SAFE activity is on gradation effects in

sand transport. With support of the EU programme

Training and Mobility of Researchers (TMR) section

Large Installations Facilities, the LOWT of WL/Delft

Hydraulics was used for two series of experiments in

1997. The experimental programme is a continuation

of the experiments initiated by Ribberink and Al

Salem (1994) and Tánczos et al. (1995) and a follow

up on a series of other experiments (Table 1.1).

Tánczos et al. (Tánczos, 1996) used a mixture of

minerals with a large range of grain size and densities.

The effects that were observed in the experiments may

consequently be the result of gradation effects of grain

size and density. Thus far it is unknown whether

density and grain size effects can be treated independ-

ently. But to keep the interpretation of the data as

simple as possible one of present experiments was

devoted solely to grain size effects and the second one

was designed to investigate density gradation only.

The grain size experiment in the LOWT (K-series)

used light mineral sands. Experiments were carried

out with a mixture of two types of sand with different

median grain sizes (d50 values). The conditions of the

K-series are chosen such that a comparison is possible

with previous experiments with uniform sand with

d50 = 0.13, 0.21 and 0.32 mm. The sinusoidal wave

conditions can be compared with experiments that

were conducted by Katopodi et al. (1994), d50 = 0.21

mm; Janssen and Ribberink (1996), d50 = 0.13 mm;

and Janssen and Van der Hout (1997), d50 = 0.13 and

0.21 mm. The second-order Stokes wave conditions

are similar to the conditions of the experiments by

Ribberink and Al Salem (1994), d50 = 0.21 mm and

Ribberink and Chen (1993), d50 = 0.13 mm.

In the other experiments (L-series) light and zircon

sand have been utilised. The sands have the same d50
value, with almost the same grain size distribution but

Table 1.1

Series identifier, median grain size, type of oscillatory sheet flow, net current velocities, root mean square velocity oscillation period and

reference for previous experiments conducted in the LOWT

Series d50 (mm) Type of osc. flow hui (m s� 1) urms (m s� 1) T (s) Reference

B 0.21 reg + irreg; asym 0.5–0.9 5–12 Al-Salem, 1993

C 0.21 reg; asym+ sin 0.6–1.2 6.5–9.1 Al-Salem, 1993

D 0.13 reg; asym 0.5–0.9 6.5 Ribberink and Chen, 1993

E 0.21 reg; sin 0.15–0.4 0.7–1.2 7.2 Katopodi et al., 1994

F range d50,

range q
reg; asym 0.5–0.9 6.5 Tánczos, 1996

H 0.13 reg; sin 0.2–0.4 0.65–1.1 4–12 Janssen et al., 1996

I 0.32 reg; sin 0.2–0.4 0.5–1.2 7.2 Janssen and Van der Hout, 1997

J 0.21 reg; sin 0.2–0.4 0.35–0.9 4–12 Janssen and Van der Hout, 1997

reg = regular; irreg = irregular; asym= asymmetric; sin = sinusoidal.
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with densities of 2.6 and 4.4 kg/l, respectively. Three

combinations of quartz and zircons, 100% zircon,

25% zircon and 7% zircon, respectively, were used

in the experiments. The hydrodynamic conditions in

the LOWT experiments (L-series) were similar as for

the K-series experiments.

The present experiments are the first ones inves-

tigating transport of graded sediment under sheet-flow

conditions under laboratory conditions. We therefore

adapted a similar strategy as proved successful for

uniform sediment experiments. Also in the analysis of

the data we started from the methodology developed

for uniform sediment. In the K-series sediment-com-

position information on the bed has been obtained by

‘‘traditional’’ sampling; grain size distributions have

been derived from a settling tube analysis. In the L-

series a settling tube analysis is not straightforward

due to differences in density. In the L-series we used a

non-invasive, radiometric method and combined it

with control measurements using a small size corer.

In both series suspended sediment composition is

measured by a transverse suction system, whilst con-

centrations are also measured by optical and conduc-

tivity based devices.

Also in the interpretation we adopted the experi-

ences obtained in previous experiments (Tánczos,

1996) in which an active layer of at most a couple

of centimetres could be observed, due to the differ-

ences in colour between light and heavy minerals. As

these layers were quite uniform in colour a homoge-

neous composition of the layers is assumed.

The main goal of the present set of experiments is

to observe deviations from results obtained with

corresponding uniform sediment experiments under

similar hydrodynamic conditions. At the same time

the experiments serve as a test for the measurement

strategies for graded sediment experiments. The

results supply a database to test, develop and validate

descriptions of gradation effects in sediment transport

by mathematical models.

This paper reviews the experimental techniques

and the data obtained in these two experiments. For

details we refer to the data reports (Hamm et al., 1998;

Manso et al., 1999). In addition a mathematical layer

model is presented, tailored to describe these data.

2. Hydraulic conditions and experimental

techniques

2.1. The Large Oscillating Water Tunnel

The Large Oscillating Water Tunnel (LOWT) was

designed to simulate water– sediment interaction

under waves in the near-shore zone, in the region

close to the bottom at a one-to-one scale. Fig. 2.1

presents a schematic view of the LOWT. As can be

seen the LOWT has a long rectangular horizontal test

section with a cylindrical riser at either end. A piston

system in the closed cylinder, driven by a hydraulic

servo-cylinder, is capable of simulating near bottom

velocities in the test section that correspond to mod-

Fig. 2.1. Schematic cross section of the Large Oscillating Water Tunnel at WL/Delft Hydraulics.
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erate to rough wave conditions. The steering signal for

the hydraulic piston is generated by software. The

other riser is open to the atmosphere. Of the test

section, that measures approximately 14� 0.3� 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 that is transported out of the tunnel.

Oscillatory flow can be combined with a current

(maximum, 0.5 m/s) via a recirculation flow system

connecting the open cylinder with the piston cylinder.

This system also contains a sand trap, consisting of a

12-m long, 1.2-m diameter pipe that traps effectively

90% of suspended sediments with a grain size of more

than 0.1 mm.

The LOWT is designed to simulate pure horizontal

flow. Test measurements indicated that the horizontal

velocity amplitude is uniform in the central axis over

the middle 10 m of the test section. No systematic

variations in the horizontal velocity component in the

lower 20 cm of the central 2.0 m were found (Ribber-

ink, 1989).

2.2. Hydraulic conditions and measuring procedures

Part of the experiments were carried out with

regular, asymmetric second-order Stokes waves with-

out a current:

uðtÞ ¼ u1cosxt þ u2cos2xt; ð2:1Þ

where u(t) is the near-bed horizontal orbital velocity

and x is the angular frequency of the basic oscillation.

The peak velocities under the crest and trough of the

wave are given by uc = u1 + u2 and ut = u1� u2, respec-

tively. The root-mean square velocity is defined as:

urms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5ðu21 þ u22Þ

q
¼ 0:5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2c þ u2t

q
: ð2:2Þ

In the K-series experiments in addition to the

second-order Stokes wave, a sinusoidal and a saw-

tooth wave were applied. The saw-tooth wave is

described by:

uðtÞ ¼ u1ðtÞcosxt � u2sin2xt: ð2:3Þ

‘‘Real’’ waves propagate in the direction of the

crest velocity. In the LOWT the wave direction is

equal to the direction of the largest peak velocity.

Table 2.1 lists the hydraulic conditions of the

experiments of the K and L series. Each condition

contains three runs. The bed level along the test

section was measured before and after each run by a

bed-level profiling system. For the K-series the initial

situation for all conditions was the same; before every

new condition, the upper layer of the sand bed (about

5 cm) was removed from the tunnel and replaced with

new, well-mixed sand. Before every run, the erosion

hole was filled with new sand and the sediment

accumulation at the right-hand (upstream) side of

the tunnel was removed. In all conditions sheet-flow

conditions were obtained.

2.3. Sand characteristics

In the present experiments four types of sediment

were used: quartz sand with a density, q = 2.65 kg/l

Table 2.1

Wave type, crest and trough velocities in the flume, wave period, net current and sediment compositions in the K and L series experiments

Experiment Wave type Wave characteristics Net current, Quartz, d50 (mm) Zircon,

ID
uc (m s� 1) ut (m s� 1) T (s)

Q (l s� 1) 0.13 0.20 0.32
d50 = 0.21 mm

K1 second-order Stokes 1.5 0.8 6.5 0.5 0.5

K2 second-order Stokes 1.1 0.6 6.5 0.5 0.5

K3 Sawtooth 1.2 0.7 6.4 0.5 0.5

K5 Sinusoidal 1.7 1.2 7.2 46 0.5 0.5

K6 Sinusoidal 1.4 0.5 7.2 89 0.5 0.5

L1 second-order Stokes 1.3 0.7 6.5 1.0

L2 second-order Stokes 1.8 0.9 6.5 1.0

L3 second-order Stokes 1.3 0.6 6.5 0.93 0.07

L4 second-order Stokes 1.3 0.6 6.5 0.75 0.25

L5 second-order Stokes 1.6 0.8 6.5 0.75 0.25
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with a median grain diameter, d50, of 0.13, 0.20 and

0.32 mm, and zircon sand with q = 4.6 kg/l and

d50 = 0.21 mm. In the size-gradation experiment (K-

series) a 50%:50% mixture of the d50 = 0.13 and 0.32

mm quartz sands was used. As can be seen from Table

2.2, the two fractions hardly overlap in grain size and

the composition of bed samples can be determined by

either sieving or settling. It should be pointed out that

the density of the quartz sand was estimated and

hence was assumed to be independent of grain size.

Fig. 2.2 shows the grain-size distribution and the

cumulative weight percentage of the d50 = 0.13 and

0.32 mm sands together with the data for the

50%:50% mixture resulting in a d50 = 0.21 mm. The

figure confirms the small overlap in grain size of the

two initial fractions and shows the somewhat shoul-

dered distribution of the mixture. As follows from

Table 2.2, the activity concentrations of the natural

radionuclides U and Th in the coarse and fine quartz

sand differ enough to measure the mixture composi-

tion radiometrically (see Eq. (2.5)). This method was

only tested for samples of the sand trap after the

experiments.

In the density gradation experiment (L-series)

mixtures of quartz and zircon sand were used. Both

fractions have a d50 = 0.20 mm. The measured average

densities are 2.66F 0.02 kg/l for quartz sand and

4.61F 0.04 kg/l for zircon sand. Fig. 2.3 shows the

grain-size distribution and the cumulative weight

percentages for the two sands. One notices that the

distributions for the two sands are quite similar and

can be considered identical for analytical purposes.

For the same token the densities are assumed to be

independent of grain size. As follows from Table 2.2

Table 2.2

Sand properties: grain size and natural radionuclide concentrations

Type d10 (mm) d50 (mm) d90 (mm) 40K (Bq/kg) 238U (Bq/kg) 232Th (Bq/kg)

Quartz (fine) 0.099 0.128 0.182 4.8 (0.5) 5.1 (0.3) 4.87 (0.13)

Quartz (medium) 0.152 0.203 0.279 216 (13) 6.45 (0.07) 6.80 (0.11)

Quartz (coarse) 0.217 0.317 0.457 1.48 (0.17) 1.84 (0.05) 1.76 (0.06)

Quartz (f/c mixture) 0.097 0.194 0.406 3.1 (03) 3.47 (0.15) 3.32 (0.07)

Zircon 0.126 0.201 0.262 ND 2690 (30) 660 (30)

The values in brackets indicate statistical uncertainties (1 STD).

ND, not detectable due to large Th content.

Fig. 2.2. Grain size distribution and cumulative weight percentage for fine and coarse quartz sand used in the size-gradation experiments and the

calculated values for a 50%:50% mixture of the two.
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there is a very large difference in the U and Th

concentrations between the quartz and the zircon

sands.

Activity concentrations in sand samples were

measured with a hyper-pure Germanium (HPGe) g-

ray detector. The detector has a high-energy resolution

for g-rays with energies between 0.12 and 3 MeV. To

suppress ambient radiation the detector is placed

inside a 10-cm thick ‘‘old’’ lead shielding. The activ-

ities are determined from the content of peaks in the

g-ray spectrum according to standard procedures

(Dutch Norm NEN 5623), more extensively described

in de Meijer (1998).

2.4. Measuring techniques

2.4.1. Velocity

The LOWT is equipped with a forward-scatter

laser-Doppler system. With this system at every

desired position in the test section of the tunnel the

horizontal velocity component can be measured. The

method is based on the Doppler shift of incident laser

light due to moving particles in the water. It deter-

mines water velocities with an accuracy of 1.7%. In

the present experiments, the laser-Doppler system was

positioned in the middle of the test section, at 40 cm

above the bottom of the flume (corresponding to

about 10 cm above the sediment bed).

The Acoustic Doppler Velocity meter (ADV)

measures three components of the velocity in a certain

volume. The measuring probe consists of four ultra-

sonic transducers: one transmission transducer at the

bottom of the stem and three receiving transducers

pointing at the sampling volume. The receiver trans-

ducers measure the velocity by the Doppler shift in the

signal scattered by the moving particles.

2.4.2. Concentration

To measure sediment concentrations, three differ-

ent systems are used: optical concentration meter

(OpCon), the Conductivity Concentration Meter

(CCM) and a transverse suction system.

The OpCon measures sand (volume) concentra-

tions by the intensity reduction of infra red light. The

sensitivity of the instrument allows the measurement

of concentrations in the range of 0.005–2 vol.%; the

height of its sensing volume is 2.6 mm. The CCM is

an instrument to measure large sand concentrations

(5–50 vol.%) with a four-point electro-resistance

method. A constant AC current is maintained between

the two outer electrodes and the voltage between the

two inner electrodes is measured. The conductivity

will decrease with increasing sand concentrations.

According to Ribberink and Al Salem (1992) the

height of the sensing volume is approximately 1 mm.

A transverse suction system, as developed by Bos-

man et al. (1987), was mounted in the test section to

measure time-averaged suspended sediment concentra-

tion profiles C(z) (Bosman et al., 1987). It was located

in the middle of the LOWT at y = 0.15 m and x = 2.3 m

with the 10 nozzles (F 3 mm) perpendicular to the

(horizontal) fluid motion. The fluid with the sus-

Fig. 2.3. Grain size distributions and cumulative weight percentage for medium quartz and zircon sand used in the density-gradation

experiments.
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pended sediment was pumped out of the LOWTwith a

constant velocity and collected in reservoirs. In a

volume meter the wet volume of the sand present in

the reservoirs was determined from which the sus-

pended-sediment concentrations (g/l) in the suction

samples were calculated assuming a certain porosity.

The ratio between the concentration in the suction

samples Cs and the actual sediment concentration in

the flowCc is given by the trapping efficiency a =Cs/Cc.

This factor depends amongst others on the grain size

and is constant if the suction velocity is high enough

(c three times the fluid velocity). Its value was deter-

mined in a calibration procedure for several types of

sediment Bosman et al. (1987).

2.4.3. Bed height

The bed level was measured with a profiling

system positioned on a carriage. The system contains

three profilers based on conductivity measurements,

two at 0.05 m from the sidewall and one in the centre.

The bed level is defined as the average of the three

readings. A profiler measures the conductivity in a

sampling area and by maintaining a constant value the

tip of the profiler remains at a constant distance from

the sediment bed.

2.4.4. Sediment samples

Samples of the sediment bed were taken into two

ways. In the K-series a perspex cylinder 0.1 m height

and 0.1 mm diameter was placed into the sediment for

about 0.05 m. Subsequently the top layer of sediment

was siphoned into buckets. For the net transport

measurements samples of 4–5 mm height were taken

at five locations along the tunnel. To determine the

grain-size distribution as function of depth, subse-

quently five samples of 2 mm were collected. The

grain-size distribution of each sample was determined

with a settling tube.

In the L-series a syringe system was used for

sampling. A F 2.5 cm syringe with its narrow part

removed was pressed into the sediment bed. While

keeping the piston fixed the syringe is pulled back.

The collected sediment could be pressed out and

subsamples of the desired thickness were collected.

2.4.5. In situ sediment composition

The sediments used in the L-series consisted of

quartz and zircons with a similar size distribution and

a distinctly different average density. In addition the

two sediment compounds differ several orders of

magnitude in their uranium (238U) and thorium

(232Th) contents. This allows a determination of the

sediment composition both in-situ and in the labora-

tory. For a sediment containing a mass fraction lz of

zircons and hence (1� lz) of quartz, the activity

concentration, A, of either radionuclide is given as:

A ¼ lzAz þ ð1� lzÞAq ð2:4Þ

or

lz ¼
A� Aq

Az � Aq

: ð2:5Þ

In these expressions Az and Aq are the activity

concentrations in the pure zircon and quartz, respec-

tively.

In the flume, the activity concentrations for radio-

nuclides of the uranium and thorium decay series

were determined using the MEDUSA system of the

KVI (de Meijer, 1998). This system consists of a 15-

cm long, 5-cm diameter scintillation crystal for g-ray

detection and associated hard and software for spec-

trum analysis and stabilisation. The system measures

the activity concentration of the sediment in a few

seconds.

For the application in the LOWT, the detector was

mounted in a lead collimator to shield it from room

background. It was placed in a carriage that similar to

the bed-profiling system could be placed on a rail on

the flume after the flume was opened. The height of

the detector was adjusted such that the detector

remained at least a few centimetres above the bed.

A schematic view of the detector is presented in Fig.

2.4.

For these experiments, the MEDUSA system is cali-

brated for absorption of g-rays by the water between

detector and sediment bed and for the solid angle in

this geometry. A series of calibration measurements

were carried out in the LOWT above sediment bed

containing 7% zircon (by mass) (Manso et al., 1999).

The total activity concentration of the nuclides 238U

and 232Th is the result of g-rays that are emitted from

the total 30 cm of sediment. However, due to self-

absorption of g-rays in the sediment, part of these g-

rays are absorbed. The total flux of g-rays on the

sediment surface can therefore be described as coming
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from an effective layer of sediment without self-

absorption. Measurements of sediment properties

(Koomans et al., 1999, Koomans, 2000) indicate that

this thickness is f 8 cm for quartz. Therefore, the

average zircon concentration is measured for the upper

8 cm of the sediment and used in the determination of

the sediment transport rates. The results of Manso et al.

(1999) are corrected for this estimation. Moreover,

uncertainties presented in the data report of Manso et

al. (1999) are adjusted by using an error propagation

that accounts for uncertainties in activity concentra-

tions rather than of density.

The reason for this change is that in the work of

Manso et al. (1999) the densities are derived from

activities concentrations. In the relation between den-

sity and activity concentrations, the latter ones occur

as well in the nominator and the denominator. By

using ‘‘standard’’ error propagation (in which all

quantities are considered to be independent) the

uncertainty in the resulting densities is unrealistic

large. Therefore in this work all operations are made

in activity concentrations, which only in the last step

are converted to densities (Koomans, 2000).

2.4.6. Zircon concentrations sediment samples

The concentrations of zircon in sand mixtures were

determined radiometrically using Eq. (2.5) and taking

the activity concentrations of 238U + 232Th and gravi-

metrically by weighing samples dried and underwater.

The weighing procedure leads to the specific density

of the sample q:

q ¼ mdqw

md � mu

; ð2:6Þ

where qw is the specific density of water and md and

mu are the dry and underwater mass of the sample.

Similar to Eq. (2.5) one can derive that:

lz ¼
qz

q

q � qq

qz � qq

; ð2:7Þ

with qq and qz being the specific densities of the

quartz and zircon sands, respectively.

3. Mathematical formulation

This section gives a brief description of the mathe-

matical formulations and concepts of graded sediment

transport. First, the bed schematization and the conse-

quent formulation of the bed material are described, the

simplified equations that have been used in the two

experiments (series-K grain-size gradation, series-L

density gradation) are given and the approaches fol-

lowed in the experiments are discussed. A detailed

derivation of the equations from conservation princi-

ples, the simplifying steps followed and the approx-

imate expressions used in the experiments can be

found in Kitou and Katopodi (1999).

Fig. 2.4. Schematic presentation of the MEDUSA detector set up used in the present experiments (L-series).
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3.1. General

3.1.1. Sediment grain size and density gradation

Sediment non-uniformity is generally treated by

considering a number of discrete grain classes with a

representative grain size or density of the solid matter.

In principle the bed composition can be described

either by the fractional contributions of each grain

class bj to the volume of solid matter or by their

fractional contributions lj to the mass of solids in a

bed sample. Since mass and volume are related trough

the definition of density the two fractional descrip-

tions are equivalent, and become identical for sedi-

ments of constant density. In the following the mass

related description lj will be used:

lj ¼
mj

m
ð3:1Þ

with

XJ
j¼1

mj ¼ m ð3:2Þ

where lj (–) is fraction of the jth grain class by mass;

mj (kg) is mass of solids of the jth grain class; m (kg)

is total mass of solids.

Then it follows that the sum of all fractions is unity.

XJ
j¼1

lj ¼ 1 ð3:3Þ

Moreover an equation that relates the mean density of

solids and the mass contributions of all grain classes

can be derived.

1

q
¼

XJ
j¼1

lj

qj

ð3:4Þ

where qj (kg/m
3) is density of solids of the jth grain

class; q (kg/m3) is mean density of solids.

3.1.2. Schematization

The description of the sediment transport processes

with graded sediments is more complicated than with

uniform sediments because the transport depends on

the composition of the upper layer of the bed but also

alters the composition itself.

For the mathematical representation of sediment

exchange the physical domain is divided into three

layers plus the underlying material layer (see Fig. 3.1):

	 The suspended load or stream layer: this is the

upper layer where sediments are conveyed in

Fig. 3.1. Physical domain and schematic control volumes.
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suspension and are described in terms of concen-

tration.
	 The bed load or bottom layer: this is a thin layer

above the bottom surface where sediments are

transported as bed load by sliding, rolling and

saltations.
	 The active bed or mixing layer: this is a thin layer

below the bottom surface where only vertical

exchange of sediments takes place. The grains are

assumed to be always uniformly mixed in the

vertical whilst their composition varies in time and

in the horizontal.
	 The underlying or undisturbed material layer: this

is a semi-infinite layer where the sediments keep

the original bed composition.

The two upper layers, where sediment transporta-

tion takes place, are sometimes termed as ‘‘the trans-

port layers’’ whilst the two lower ones are called ‘‘the

bed layers’’.

In the figure the conceptual sediment fluxes during

the transport process are also shown:

3.1.3. Formulation of the bed material

The bed layers (active and underlying layer) con-

sist of sediment grains that are in contact with each

other during the transport processes. Thus the fraction

of the bed bulk volume occupied by solid matter

equals (1� e), where e denotes the porosity. Conse-

quently the dry density of the sample equals q(1� e),
where q is the mean density of solids. The composi-

tion of the bed material is described by the fractional

contributions lj of each grain class to the mass of

solid matter in a bed sample. It follows that the

contribution of the jth grain class to the dry density

equals qlj(1� e).
The active layer is actually the reservoir of sedi-

ments from which grains can be actively entrained and

transported. The thickness of this layer d is related

locally to the grain characteristics of the sediment

mixture (i.e. the grain composition) or to the ripple

height in the case of bed forms.

The two-layer schematization of the bed implies a

particular structure of the grain fractions lj as func-

tions of space and time (Eq. (3.5)). The active layer is

assumed to be well mixed by the transport process, so

that the grain fractions lAj within the active layer have
no vertical structure. Since lAj interact with the trans-

port process itself, it can give horizontal and temporal

variations. Below the active layer there is the under-

lying layer, with grain fractions lUj. Its composition

may vary arbitrarily in all spatial directions, but

cannot change directly in time because it is not

directly subject to movement. Material can be

exchanged between the active layer and the under-

lying layer through their interface. This exchange is

due to time variations of the active-layer interface

level during sedimentation or erosion, as will be

outlined later on. This leads to a function structure:

ljðx; z; tÞ ¼ lAjðx; tÞ : zb > z > zb � d;

lUjðx; zÞ : zb � d > z ð3:5Þ

where lj (–) is fraction of the jth grain class by mass

(percentage); lAj (–) is fraction of the jth grain class

by mass (percentage) in the active layer; lUj (–) is

fraction of the jth grain class by mass (percentage) in

the underlying layer.

Bed porosity depends, in general, on the geometric

characteristics of the grains (size and shape) and on

the fractional participation of each grain class. The

common approach in the literature is to consider

porosity as independent of the bed composition.

Nevertheless, under the assumption of a known

dependence of porosity on the grain fractions, it can

vary also in time and space in a similar manner to the

grain fractions themselves.

In the case of density gradation, the mean density

of solids in a bed sample q depends on the fractional

cj kg m� 3 mass concentration of the jth

grain class

qsj
m kg/s m� 1 suspended-load transport of the

jth grain fraction by mass

qbj
m kg/s m� 1 bed-load transport of the jth

grain class by mass

qj
m kg/s m� 1 qj

m = qsj
m+ qbj

m transport of the jth

grain class, by mass in the

transport layers

FBj
S kg/s m� 2 sediment flux of the jth grain

class by mass between bed-load

and suspended layer

FAj
B kg/s m� 2 sediment flux of the jth grain

class by mass between active and

bed-load layer

FUj
A kg/s m� 2 sediment flux of the jth grain class

by mass between underlying and

active layer
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participation of the grain classes. This implies a

similar structure, as function of space and time, to

the grain fraction themselves.

3.2. Simplified formulations for grain size (series-K)

and density gradation (series-L)

In transport experiments, estimations of transport

rates at any location of the flume are based on

measurements of sand displacement during the exper-

imental run. The measurements for a particular loca-

tion are based on conservation statements of mass.

The computations lead to time mean values of trans-

port over the duration of the experiments that are

supposed to be estimations of slowly varying (quasi-

steady) wave-averaged values.

For uniform sediments it is common to measure

differences of the bulk volume including pores, or in

other words changes of the bed level. With graded

sediments one has to estimate the sand displacement

separately for each class of grains. Measurements of

the sand displacement along the flume section can be

carried out in different ways depending on the proce-

dure employed.

For the K and L series, the determination of the

sediment composition of the bed was approached

differently. In the K-series (uniform density and size

gradation) the grain-size compositions are based on

samples from the upper (active) layer of the sediment

bed. For the L-series (uniform grain size and density

gradation) the averaged density of the entire bed

column is derived from the radiometric properties of

the sediment. Therefore, two different approaches in

the formulation of the transport rates are used.

3.2.1. Series-K

In the K-series experiments a sand mixture with

bimodal size gradation was used. The sand consists of

two grain classes ( J = 2) with different sizes (fine and

coarse) and with the same density of solid matter.

Measurements are based on sediment-balance state-

ments by volume. A conservation statement that

incorporates the layered schematization can be

derived for each class of grains. For constant density

this statement reduces to a volume-balance equation

and can be simplified further by assuming constant

porosity eo and by neglecting time variations of the

active layer thickness d and of the storage term in

the suspended-load layer. The simplified equation

reads:

ð1� eoÞd
BlAj

Bt
þ lj


ð1� eoÞ
Bzb

Bt
¼ �

Bqvj

Bx

ð3:6Þ

where qj
v (m3/s m� 1) is transport of the jth grain class

by volume in the transport layers.

The bed-composition parameter lj* is associated

with sediment exchange at the active-layer interface

and is specifically related with time variations of this

level. In the case of a time decreasing interface level

(erosion), underlying material is incorporated into the

active-layer as this level drops. In the case of a time

increasing interface level (deposition), active layer

material is transferred to the underling layer.

lj

 ¼ lAj :

Bzb

Bt
� Bd

Bt

� �
z0;

lUj :
Bzb

Bt
� Bd

Bt

� �
< 0 ð3:7Þ

It can be shown that the corresponding equation of

total sediment balance, derived by summation from

the grain class specific equations, reads:

ð1� eoÞ
Bzb

Bt
¼ � Bqv

Bx
ð3:8Þ

with

qv ¼
XJ
j¼1

qvj ð3:9Þ

where qv (m3/s m� 1) total transport of all grain

classes by volume in the transport layers.

The formulations used for the transport computa-

tions in the experiment are derived from the above

equations by integration. The procedure provides

estimations of the transport rates per grain class qj
v

and of the total transport rate qv along the flume as

well as the constant values for porosity eo and active

layer thickness d. The technique is based on measure-

ments of the active-layer composition, bed profiles

and volumes of solids in the sand traps per grain class.

3.2.2. Series-L

In the L-series experiments a sand mixture uniform

in size but with density gradation was used. The sand

consists of two grain classes ( J = 2) with different

density of solids (light–heavy) but with the same size
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of grains. Measurements are based on sediment-bal-

ance statements by mass. A sediment-balance equa-

tion can be written, for each grain class, concerning

mass of solids below the bed surface. In its general

form it refers to a control volume (column) extended

from an arbitrary datum level zo up to the bed surface

zb. This equation can be simplified by assuming

constant porosity eo and neglecting time variations

of the storage term in the suspended-load layer.

Furthermore by considering the channel floor as the

datum level zo and by introducing the averaged value

of the grain-class contribution qlj to the density of

solids q over the entire column of the bed material,

this equation reads:

ð1� eoÞ
B

Bt
ðqljðzb � zoÞÞ ¼ �

Bqmj

Bx
ð3:10Þ

with

qlj ¼
1

zb � zo

Z zb

zo

qljdz ð3:11Þ

where qj
m (kg/s m� 1) in the transport of the jth grain

class by mass in the transport layers.

It can be shown that the corresponding equation of

total sediment balance, derived by summation from

the grain class specific equations, reads:

ð1� eoÞ
B

Bt
ðq̄ðzb � zoÞÞ ¼ � Bqm

Bx
ð3:12Þ

with

q̄ ¼ 1

zb � zo

Z zb

zo

qdz ð3:13Þ

qm ¼
XJ
j¼1

qmj ð3:14Þ

where qm (kg/s m� 1) is the total transport of all grain

classes by mass in the transport layers.

The formulations used for the transport computa-

tions in the experiment are derived from the above

equations by integration. The procedure provides

estimations of the transport rates per grain class qj
m

and of the total transport rate qm along the flume. The

computations are based on measurements of the

averaged density of the entire bed column (via radio-

metry), bed profiles and masses of solids in the sand

traps per grain class.

The averaged density values of solids over the

entire column of the bed material can be described by:

ql1 ¼ q1

q̄ � q2

q1 � q2

ql2 ¼ q2

q̄ � q1

q2 � q1

ð3:15Þ

The above means that the averaged values of the grain

class components qlj over the entire column of the

bed material can be computed from averaged values

of density of solids q¯. Eq. (3.15) shows the depth-

averaged form of the sediment composition measured

with the MEDUSA system (see Eqs. (2.5) and (2.7)).

3.3. Discussion on the formulations used in the

measurements

The two series of experiments had a different nature

of the sediment mixtures. As a result different measur-

ing techniques and formulations have been used.

In the K-series experiments two grain-size classes

were used (fine–coarse). The calculations of sediment

transport are based on measurements of the active-

layer composition, bed profiles and volumes of solids

in the sand traps. In the L-series experiments two

grain-density classes were used (light–heavy) and the

calculations of sediment transport are based on in situ

measurements of the density of solids averaged over

the bed column (via radiometry), the bed profile and

mass of solids in the sand traps.

For both experiments constant porosity was

assumed. This is not accurate for sediment mixtures

with different grain sizes (series-K) but the assump-

tion is justified for sediments uniform in size (series-

L). The major difference is that for series-K a model-

ing schematization (active layer) was involved while

for series-L the formulation was fundamental.

Even though in the previously presented formula-

tions the time evolution of sediment suspension was

neglected (storage term) in fact it is present in the

experimental results. This is because the computation

is based on the differences of the bed before (no

suspension) and after the experiment (concentration

has settled). However, attention is needed in analysing

(small) sediment samples of the bed surface at the end
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of the experiment because they contain material that

was in suspension during the transport process.

In the series-K experiment an active layer was

assumed, which added inaccuracies to the measure-

ments. An alternative procedure could be to extract

entire columns (cores) of bed material for a direct and

more accurate evaluation of the amount of solids per

class qlj(1� eo).

4. Results

4.1. Total transport rates

4.1.1. Size gradation

Net specific sediment-transport rates (excluding

pores) were inferred from change in profile using

the volume balance Eq. (3.8) with a constant porosity

value e= 0.4, based on previous experiments. Per run,

a right-and left-hand estimate of the sediment-trans-

port rate in the middle of the section can be made (see

Section 3.2.1). The average value of the two estimates

is taken as the total transport rate for the respective

runs. The two estimates differ only slightly except for

the first run of each condition, which is most likely

related to the fact that before every new condition, the

upper layer of the sand bed (about 5 cm) was removed

from the tunnel and replaced with new, well mixed

sand. The compaction of this new layer during the

first run of a new condition results in a porosity value

deviating from the assumed value e = 0.4. Note that

none of the below given transport rates are corrected

for side-wall effects, as explained by Dohmen-Janssen

(1999).

Each condition involved three runs and hence the

net sediment-transport rates per condition are based

on three transport estimates. In Table 4.1, the net

sediment-transport rates averaged over all runs of each

condition are presented. The second column in Table

4.1 shows the standard deviation r.
The results in Table 4.1 show that the transport

rates in the conditions K2 and K3 are lower, are

medium in K1, and are higher in K5 and K6. The

results will be further discussed in Section 5.

Van der Wal (1996), Van der Hout (1997) and

Cloin (1998) made a detailed study on the accuracy of

the transport rates in the wave tunnel inferred from

profile deformation. It was found that the major

contributions to inaccuracies in the transport rates

result from uncertainties in: (1) bed porosity (and

the assumption of time and location independent

porosity); (2) total eroded volume in the tunnel as

determined from three parallel bed profiles measured

by the bed-level sounding system; and (3) total weight

of sand in the sand traps (related to a loss of sands in

the traps). Based on these studies, the uncertainties in

the net sediment-transport rates related to these three

factors are estimated to amount to a maximum of

respectively 20%, 10% and 10% at most.

Fig. 4.1 presents the transport rates as function of

the third-power velocity moment. In this figure, the

K5 and K6 results are compared to the values for

uniform grain-size experiments. Most transport for-

mulae assume a linear relationship between the trans-

port rate and a third or higher power of the velocity

moment, which seems to be the case for the results in

Fig. 4.1. The only significant dependence on the mean

velocity is observed for the fine sand (d50 = 0.13 mm).

The slower increasing transport rates for smaller mean

velocities are related to time-lag effects between wave

orbital velocity and concentrations within the wave

cycle. Comparing the results for K5 and K6 we see

that the transport rate of K5 corresponds both to the

transport rates of the d50 = 0.21 and 0.32 mm experi-

ments, but deviates from the corresponding d50 = 0.13

mm. For K6, the transport rate corresponds to the

d50 = 0.13 and 0.21 mm values, but differ from the

d50 = 0.32 mm values. From this comparison one may

conclude that in the K5 condition the mixture acts

more as the medium and coarser fractions whereas in

K6, the mixture acts more as the fine fraction.

For the second-order Stokes conditions (K1 and

K2), a comparison of transport rates is shown in Fig.

4.2. Also this figure shows that the uniform fine

material (D-series) exhibits phase-lag effects (Doh-

Table 4.1

Net sediment-transport rates and standard deviations for the various

conditions of the K-series

Run hqavgi
(10� 6 m2 s� 1)

r
(10� 6 m2 s� 1)

K1 35 4

K2 17 0.3

K3 18 2

K5 79 11

K6 73 6
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men-Janssen, 1999) for increasing velocity moment

the net-transport rates decrease and eventually even

reverse sign (see e.g. K1 and D12). This effect can be

understood from phase difference between wave orbi-

tal velocity and sediment concentration. Unfortu-

nately, no data are available for the coarse uniform

sediment.

4.1.2. Density gradation

4.1.2.1. Profile and development of sediment compo-

sition. Profiles were measured at the beginning and

at the end of each run. The initial condition for each

run was the same: the sediment was homogeneously

mixed, placed in the flume and the bed was flattened.

Fig. 4.1. Total net-transport rates in the middle of the flume for sinusoidal waves plus current for uniform sand with d50 = 0.32 mm (upper plot),

d50 = 0.13 mm (centre) and d50 = 0.21 mm (lower plot) as a function of the third power velocity moment hAuA3i (m3/s3). Open and closed

symbols refer to a mean velocity of 0.4 and 0.2 m s� 1, respectively. The letters refer to previous LOWT experiments (see Table 1.1). Total net-

transport rates for the mixture of K6 and K5 are shown in every plot.
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The profile development during the runs was similar

for all conditions: at the beginning an erosion hole

develops at the left-hand side of the flume, whereas

sediment accumulates at the right-hand side. In the

conditions L1 and L2, with 100% zircon sand, large-

scale ripple structures developed throughout the flume

and even at the highest possible velocity (urms = 1.0 m

s� 1) sheet-flow conditions could not be achieved. At

the other conditions only minor oscillations in the bed

were noticed.

At the end of each run the sand in the traps was

collected, dried and weighed. The concentrations of

zircon were determined gravimetrically and radiomet-

rically. Table 4.2 presents an overview of the masses,

corrected for the sand losses in the traps, and the

corresponding zircon concentrations.

From Table 4.2 one notices that the sand trap at the

right-hand side, at the down-stream part of the tunnel

collects more sand than the trap at the left-hand side.

The sand in the right-hand sand trap contains for the

runs L3–L5 some zircons, whereas the trap at the left-

hand side contains almost pure quartz sand.

Fig. 4.3 presents the profile of the initial and final

bed of condition L4 and the zircon concentrations

obtained from the syringe samples and of the MEDUSA

measurements. In the initial profile, the zircon concen-

trations obtained from the syringe and MEDUSA meas-

urements are the same. In the final profile the MEDUSA

Table 4.2

Mass and composition of sediment in the sand traps for the five

conditions of the L-series

Run Left-hand side Right-hand side

m (kg) Zircon

(grav) (%)

m (kg) Zircon

(grav) (%)

L1 0.2 (0.0) 73 (11) 3.0 (0.1) 86 (11)

L2 4.8 (0.2) 99 (11) 9.8 (0.4) 97 (11)

L3 2.2 (0.2) 1 (6) 7.5 (0.5) � 7 (6)

L4 2.6 (0.2) 10 (6) 7.2 (0.5) � 6 (6)

L5 11.6 (0.8) 12 (6) 12.9 (0.9) � 7 (6)

Fig. 4.2. Total net-transport rates in the middle of the flume for second-order Stokes waves without a current for uniform sand with d50 = 0.13

mm (upper plot) and d50 = 0.21 mm (lower plot) as a function of the third power velocity moment hAuA3i (m3/s3). The letters refer to the various

LOWT experiments (see Table 1.1).
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shows an increased zircon concentration on the left-

hand side of the flume, especially near the erosion

hole, whereas at the right-hand side, downstream of

about 10 m, the zircon concentration start to diminish

from f 30% to 15%. In the syringe samples a clear

difference of concentration with depth is observed.

Within the uncertainties, the lower samples contain

the zircon concentration of the initial bed, whereas for

x < 10 m, the upper (typically 1–2 cm) an increased

concentration is observed. For the far downstream

sample (x = 11.33 m) the top slice of the syringe

sample does not contain any zircons. In summary it

can be concluded that the variations along the profile

as measured with MEDUSA, originate from changes in

the concentration in an active layer of 1–2 cm.

It should be noted that the zircon concentrations

reflect changes in density (Eq. (2.7)). In the following,

the measured zircon concentrations have been con-

verted to densities.

4.1.2.2. Net-transport rates. Net-transport rates

have been derived for the middle of the flume. They

are based on the changes in volume and density in

each section of the flume and the masses in the sand

traps, corrected for loss of material (see Manso et al.,

1999). In the L-series, no differences in the transport

rates between left and right-hand side estimates were

observed.

Fig. 4.4 shows the net total-transport rates as func-

tion of urms. The values of the transport rates for the

density-mixed conditions (L3, L4 and L5) are larger

than the values obtained by Ribberink and Al-Salem

(1991) for uniform quartz sand. For conditions L1 and

L2, sheet-flow conditions were not reached. However,

Fig. 4.3. Bed height, zircon concentration measured with MEDUSA (uncertainties fall within the data points) and zircon concentration measured

from samples from the active layer and the immobile bed along the flume of the initial profile of condition L4 and the profile after three runs of

condition L4.

R.J. de Meijer et al. / Coastal Engineering 47 (2002) 179–210198



these results are shown to estimate the transport rates of

pure zircon. If one compares the transport rates of pure

zircon (L1 and L2) with L3, L4 and L5, one notices that

the transport rates of L1 and L2 are considerably lower.

L3 and L4 have similar hydrodynamic conditions, but

differ in zircon content (7% and 25%, respectively).

The higher zircon concentration in L4 is not reflected in

the total transport rates.

4.2. Transport per fraction

From a modelling point of view, a size fraction

method is often used in order to account for variations

in sediment composition. In this approach, the sedi-

ment composition is divided in a number of fractions

(i) with a frequency at the bed bi. The transport rates

are calculated for each fraction separately. The total

transport rates are then calculated as:

qm ¼
X
i

biqi*: ð4:1Þ

The transport of the several fractions is assumed to

be uncorrelated and qi* is the transport rate calculated

as if the bed were composed of uniform material of

fraction i. To account for non-uniformity effects, i.e.

the sheltering of the smaller sizes in the lee of the

larger sizes and the increased exposure of the larger

grains, a correction factor is often applied to either the

critical dimensionless shear stress or the effective bed

shear stress in the computation of qi*.

In the comparison with previous experiments, not

only the transport rates of the mixture will be com-

pared with the transport rates of the well sorted

sediment with equal grain size, but also the transport

rates of the various fractions will be compared to the

transport rates of the uniform sediment with equal

properties and the frequency at the bed.

4.2.1. Size gradation

As mentioned in Section 2, Eq. (3.6) can be used to

assess the sediment-transport rates per fraction in the

central portion of the tunnel based on the mass of the

fraction in the right-hand sand trap or in the left-hand

sand trap. To solve this equation the sediment frac-

tions lj*, associated with the time-variations in the

active layer, must be determined. In case of erosion,

the sediment fractions lj* are assumed to be equal to

the fractions in the active layer lAj as measured from

sediment samples. The samples were taken at five

locations along the tunnel of the initial bed. In case of

sedimentation we assume that the sediment fractions

lj* are represented by the average of the fractions lAj
measured before and after the run. In principle, the

active-layer thickness follows from Eq. (3.6) by con-

sidering the complete length of the tunnel. Subse-

quently, the transport rates per fraction follow from

using Eq. (3.6) using the volumes in the left or,

equivalently, right-hand side estimate. In practice,

however, in some cases unrealistic (negative) values

for the layer thickness were obtained. Cloin (1998)

showed that the present measuring technique was not

accurate enough to determine the active-layer thick-

ness with sufficient accuracy. The uncertainty in the

net-transport rates per fraction resulting from these

uncertainties was assessed by a sensitivity analysis

(Cloin, 1998) in which the net-transport rates per

fraction were computed using a realistic range of

active-layer composition and thickness. In Table 4.3

the transport rates for both the coarse and the fine

fraction are given as well as the uncertainty, defined as

the maximum of the standard deviation of either the

transport rate per fraction over all runs per condition,

or the standard deviation of the transport rate per

fraction for the assumed range of active-layer compo-

sition and thickness. The results in Table 4.3 show

Fig. 4.4. Total transport rates for the L-series conditions and for

some conditions of the B-series with uniform quartz sediments.
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that in general the transport rates for the coarse

fraction are considerably and significantly larger than

for the fine fraction. We will return to these results in

Section 5.

4.2.1.1. Conditions K5 and K6: sinusoidal waves plus

current. In Eq. (4.1), the transport rate of a mixture

is the sum to the product of the transport rate of the

pure fraction times the abundance of the fraction. Fig.

4.5 shows for the conditions K5 and K6 the transport

rates of the pure fractions (left) and the transport of the

total mix and transport per fraction (right). For K5 one

notices that the transport rate of the fine fraction is

50F 12% of the uniform fine sediment and the coarse

fraction is 65F 10% of the uniform coarse fraction.

This result is within the uncertainties in agreement

with the transport rates that would have been derived

with the size-fraction method Eq. (4.1). The sediment-

transport rate of the medium sediment is equal to the

transport rate of the mixture with similar median grain

size.

For K6, the situation is different. Here, the relative

transports per fraction are 37F 13% and 110F 20%

for the fine and coarse fraction. Here the total trans-

port rate corresponds again to the value of the uniform

medium sediment. These results indicate that although

the total transport rates of K5 and K6 is the same as

the uniform sediment, considerable differences occur

in the transport per fraction. Whilst in K5, the trans-

port rates of coarse and fine material are determined

by the availability in the bed, in K6 the transport rates

of the coarse fraction is not limited by the availability

whereas the fine fraction is reduced proportional to

the availability.

4.2.1.2. Conditions K1 and K2: second-order stokes

waves in the absence of a current. The transport

rates for the uniform cases are determined from

interpolation based on the third-power velocity-

moment diagram in Fig. 4.2. Fig. 4.6 shows the total

transport rates for uniform fine and medium sedi-

ments and the sediment-transport rates for the mix-

ture as well as of the individual fractions. Although

measurements on the uniform coarse fraction are not

Fig. 4.5. Total net-transport rates in the middle of the flume for conditions K5 and K6, for uniform fine, medium and coarse sand based on

interpolation and for the mixture total and fine and coarse fraction based on layer model.

Table 4.3

Net transport rates per fraction (10� 6 m2 s� 1)

Run hqavgicoarse hqavgifine
K1 37 (8) � 2 (8)

K2 13.1 (1.1) 3.9 (1.0)

K3 11.5 (1.6) 7 (2)

K5 52 (8) 27 (2)

K6 49 (9) 26 (9)

The estimated uncertainty (1 STD) is presented in brackets.
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available, we know that the ratios of the coarse

fractions of K1 and K2 over the medium uniform

fractions are 67% and 62%, respectively. Since we

expect that the transport rates of the uniform coarse

sediments are smaller than those of the medium-sized

sediments, the ratio of the transport rate of the coarse

fraction over the uniform coarse sediment would then

be at least 67% and 62%, respectively. This would

lead for condition K6 to the tentative conclusion that

the coarse material is more easily transported than

would be expected on basis of the availability at the

bed.

For both K1 and K2, the transport rates of the

mixture are dominated by transport rates of the coarse

fraction. For condition K1 a non-significant transport

of the fines in the mixture was found, compared to the

large negative transport rates in the uniform fine sand.

In K2 a small positive transport of fines is found in the

mixture, whereas the uniform fine material is trans-

ported in opposite direction.

The fine fraction is reduced by the availability at

the bed for sinusoidal waves plus a current, whilst

the fines in the mixture show less effects of phase-lag

in the second-order Stokes wave conditions. In most

the experiments the transport rate of the coarse is

larger than can be expected by their availability of

the bed.

4.2.2. Density gradation

The transport rates for quartz and zircon have been

derived from the analysis of the sand in the traps and

the quantities entering Eq. (3.10). The results are

presented in Fig. 4.7 for the net transport in the

middle of the flume. The results in Fig. 4.7 indicate

large differences between the transport of quartz and

zircon.

A comparison of the transport rates of the quartz

fraction with the sediment-transport rates of uniform

quartz by Ribberink and Al-Salem (1992) (Fig. 4.7)

gives ratios of 1.19 (0.10) for series L3, 0.94 (0.08)

for L4 and 0.90 (0.07) for L5. This indicates that for

all series, the transport rate of the lighter material is

larger than can be expected on the availability at the

bed. For the zircon, the ratios of the transport rates of

the fractions with respect to the uniform material

read 0.02 (0.02) for L3, 0.35 (0.11) for L4 and 0.59

(0.06) for L5. These results indicate that for the

experiment with the low concentration of zircons

(L3), the transport rate is lower than can be expected

on the availability whilst the high energetic condi-

tions of L5 point to an increased transport of zircon.

However, we should point to the fact that the trans-

port rates of uniform zircon were not under sheet-

flow conditions.

4.3. Suspended sediment

4.3.1. General

In the K and L-series experiments, time-averaged

suspended sediment concentrations hC(z)i were meas-

ured with a transverse suction concentration meter

positioned at x = 8.5 m. The lowest suction tube was

Fig. 4.6. Total net-transport rates for the middle of the flume conditions K1 and K2, for uniform fine and medium sand, based on interpolation,

and for the mixture total, and its fine and coarse fraction based on layer model calculation.
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initially positioned at about 5 mm above the sediment,

but the distance to bed changed during the experi-

ments by an extra maximum 5 mm due to erosion at

the bed.

Normally the suspended sediment is pumped into a

bucket and after the experiment transferred to a

volume meter. The amount of sediment collected is

obtained by reading of the level in a volume meter

after manually tapping on the tube. The conversion

from volumes to masses is known for various grain

sizes of quartz. Provided the density of the collected

sediment is known, these conversion factors can be

modified straightforwardly. In the K-series experi-

ments only quartz was used and volumes were con-

verted to masses. For the L-series, the volumes of

most of the suspended sediments were too small to

determine the density properly and hence only vol-

umes are reported. However, settling velocities of

samples of the lowest suction tubes (see Table 4.4)

show that all values are consistent with the settling

velocity of quartz, which indicates that only quartz

minerals went into suspension.

Time-averaged suspended-sediment concentrations

are often described by a diffusion equation (Ribberink

and Al Salem, 1994):

wshCi þ esðzÞ
dhCi
dz

¼ 0 ð4:2Þ

In this equation ws represents the settling velocity and

es represents the sediment-mixing coefficient. By

assuming that the sediment-mixing coefficient es is

constant in time and increases linearly with increasing

distance z above the bed a = z/e (Al-Salem, 1993), the

time-averaged concentration from Eq. (4.2) can be

described by a negative-power distribution:

hCðzÞi ¼ Cr

z

r

� ��a

ð4:3Þ

with Cr being the reference concentration at z = zr
(zr = 1 mm in this case) and a =wsa, the concentra-

tion-decay parameter. As can been seen from Eq.

Table 4.4

Settling velocities (in mm s� 1) at the lowest three tubes of the

transverse suction system for the experiments L3, L4 and L5

Height above ws50

sediment (mm)
L3 L4 L5

6 25 23 22

15 21 20 21

25 20 19

The measured values for quartz and zircon are 24 and 53 mm s� 1,

respectively.

Fig. 4.7. Mass-transport rates for the quartz and zircon fraction compared with the uniform quartz measurements of Ribberink and Al-Salem

(1991).
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(4.3), the mode of expressing the concentration, in

either volume or mass per liter, is not relevant for the

value of a as long as the density of the samples

collected along the profile remains constant. The

quantity a is a measure of the slope of the suspended-

sediment profile: the larger a, the faster the suspended-
sediment concentration decreases with increasing dis-

tance above the bed. Experiments by Ribberink and Al

Salem (1994) showed that the a-parameter is constant

for different urms velocities and the a-parameter

depends only on the settling velocity.

During conditions K2 and K5 time-dependent

concentrations were measured with a CCM in the

sheet-flow layer and inside the bed. In the conditions

K2, K5, K6, L3, L4 and L5 time-averaged sediment

concentrations in the suspension layer were measured

with the transverse suction system. In the following,

only time-averaged concentrations will be presented

both in the suspension layer (transverse suction) and

the sheet-flow layer (CCM). The CCM concentra-

tions were obtained by time-averaging the CCM

signal.

4.3.2. Size gradation

4.3.2.1. Introduction. The sediment concentrations

in the suspension and sheet-flow layers, measured

during series K are compared with results of experi-

ments with the same flow conditions but with uniform

sands with d50 = 0.21 mm and d50 = 0.13 mm. In series

K, condition K2 is compared with condition C1,

condition K5 with condition E2 and H6 and condition

K6 with condition E4 and H9 (for series references

see Table 1.1). The comparison is considered as a first

step to illustrate the gradation effects in sediment

transport. For more details about the comparisons

see also Katopodi et al. (1999).

4.3.2.2. Comparison of time-averaged concentrations

in the suspension layer. The suspended-sediment

samples of the K-series were also analysed on their

median grain size in a settling tube. These analyses

showed that the derived grain size decreases with

increasing distance to the sediment bed, with a max-

imum d50 = 0.13 mm at 5 mm above the sediment bed.

This size is smaller than the d50 of the finest compo-

nent of the bimodal distribution, and indicates that

only the portion of the smaller grains of the finest

fraction are primarily being suspended.

In series E the original sand with d50 = 0.21 mm

was suspended up to 2 cm. At elevations over 5 cm,

the d50 drops to 0.18 mm. Stronger vertical sorting

occurred in C1, where the d50 dropped to 0.13 mm

for heights over 10 cm. This shows that even for

uniform sand, selective sorting within the grain-size

distribution occurs.

Table 4.5

Comparison of the concentration-decay parameter a for similar

conditions

Condition a Condition a Condition a

K2 1.25

(0.07)

K5 1.55

(0.03)

K6 1.23

(0.04)

C1 1.78

(0.08)

E2 2.20

(0.07)

E4 2.13

(0.06)

H6 1.3 H9 1.4

Fig. 4.8. Suspended-sediment concentrations, measured with the transverse suction system, as function of the height over the sediment bed for

three combinations of conditions.
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Eq. (4.3) is used to fit the suspended-sediment

concentration profile of the K-series. Each run is fitted

separately and the average value of the concentration-

decay parameter a, for each series is calculated by

taking into account the external uncertainty in a
accounting for the correctness of the fit by a v2

method (Table 4.5).

Ribberink and Al Salem (1994) found that the

value of the concentration-decay parameter for uni-

form sediment (d50 = 0.21 mm) is almost constant

(a = 2.1) in the velocity range of urms = 0.3–0.9 m

s� 1 under various wave conditions.

In Fig. 4.8 the time-averaged suspended-sediment

concentration profiles measured with transverse suc-

tion are shown for the three pairs of conditions. For

K5 and K6 the suspended-transport concentrations

and the slope a (see Table 4.5) agree very well to

those obtained in conditions H6 and H9 (d50 = 0.13

mm) and differ considerably in magnitude and slope

of the uniform d50 = 0.21 mm data. This corroborates

Fig. 4.9. Time-averaged concentrations measured with CCM for two pairs of conditions.

Fig. 4.10. Suspended-sediment concentrations over elevation.
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the observation that smaller grain sizes in the distri-

bution go into suspension. The similarity in magni-

tude points that the suspended transport is not limited

by the availability at the bed. The shape and magni-

tude of the K2 series compared to the C1 data points

to similar conclusions.

4.3.2.3. Comparison of time-averaged concentrations

in the sheet flow layer. The time-dependent sedi-

ment concentration in the sheet-flow layer and below

the bed was measured with a conductivity-concen-

tration meter (CCM). The wave-averaged concentra-

tion was obtained by averaging the CCM signal over a

number of wave cycles (Fig. 4.9).

These results differ from the comparisons of total

transport rates. The total transport rates of K2 are

smaller than C1, whilst the concentration in the sheet-

flow layer show a reversed pattern, but the scarce data

of the C1 experiment makes a firmer conclusion

impossible. For the K5 experiment the comparison

with E2 reveals a different pattern. Here the concen-

trations with the uniform sand (E2) are considerably

higher than for the sand mixture (K5) for the same

position over or in the bed, whilst the total transport

rates are similar for both experiments.

4.3.3. Density gradation

Since the suspended sediments in the L-series

experiments are only composed of quartz, it is

expected that the a-parameter is constant for the

different experiments and are comparable to the

experiments with pure quartz.

Fig. 4.10 shows the suspended-sediment concen-

trations as function of elevation and the fits of Eq.

(4.3). These results show, that opposite to the expect-

ations, the slope of the suspension verticals changes

with zircon concentrations in the bed and that the a-

parameters decrease with increased concentration of

zircon in the bed material (Table 4.6).

For the L-series experiments, all the a-parameters

that describe the lower part of the suspended-sediment

profile are smaller than 2.1 as reported by Ribberink

and Al-Salem. The a-parameter for the experiment

with 7% of zircon (L3) is larger than the a-parameter

for both experiments with 25% of zircon (L4 and L5).

Conditions L4 and L5 have the same a-parameter. A

decreasing value of a for a constant settling velocity

corresponds to an increased sediment diffusivity e.
According to Dohmen-Janssen (1999) an increased

diffusivity corresponds to a thinner sheet-flow layer.

In the L-series, the a-parameters are smaller than with

pure quartz and decreases with increasing zircon

concentration of the bed. Combining this information

leads to the conclusion that the thickness of the sheet-

flow layer decreases with increasing zircon concen-

tration. This may explain why in the pure zircon

experiments, sheet-flow could not be reached (Koo-

mans, 2000).

5. Assessment and conclusions

The scope of this paper was to examine the effects

of grain size and density gradation on sediment trans-

port. Moreover we aimed at presenting a mathematical

description that could serve as a basis to compute

transport rates per sediment fraction.

5.1. Experimental techniques

The grain-size gradation experiments (series K)

were conducted according to the measuring techni-

ques and analysis methods proven to be successful in

previous experiments with the LOWT: sediment com-

position was measured with a siphoning system in a

thin layer (several centimetres) close to the sediment

surface. In the density-gradation experiments (series

L) a different approach was used: the differences in

density required measurement techniques that could

monitor the changes in density in the sediment bed

along the flume. Therefore, measurements of natural

radioactivity are used.

The validity of the volumetric approach in the K-

series, especially with regard to the assumption that

porosity was constant was investigated by applying a

Table 4.6

a-Parameters for two urms velocities and varying zircon concen-

tration of the sediment

Zircon a-parameter

concentration
0.7 m s� 1 0.9 m s� 1

0.25 1.43 (0.05) 1.55 (0.09)

0.07 1.83 (0.03)

0 2.00 (0.04) 2.30 (0.01)
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mass-conservation equation to the total system, i.e.

the entire flume and the two sand traps. The changes

in porosity for all the three runs of L3 are consistent

with zero. For the K-series experiments the values are

statistically significant different from zero, and have a

negative value. A negative value means a reduction

in porosity, opposite to an expected increase due to

segregation of the mixture into its components (see

Section 1.2.2.1). Most likely effects of compaction

dominate in the K2 series. The fact that these effects

show up in the K-series and not in series-L is con-

sistent with the procedure in which the erosion hole

was filled after each run; in the series-L the erosion

hole was allowed to develop during the entire experi-

ment. In most of the runs of series K indicate that

only small decreases (Def� 0.001) in porosity

occur. In view of other systematic uncertainties, the

compaction/segregation effects are ignored in the

analysed data series. The results indicate that effects

of change in bed structure due to the mixing and

unmixing of the mixture is not of significant influ-

ence.

In the L-series, the sediment composition of the

upper 8 cm of the sediment bed was determined with

the MEDUSA system with a high spatial resolution

along the tunnel. With these data, sediment transport

per fraction could be calculated without the estimation

of an active layer thickness.

5.2. Assessment of the formulations used in the

measurements

The two series of experiments had a different

nature of the sediment mixtures. As a result of the

nature of the sediments used and the limitations of the

available equipment and techniques for the different

researches different procedures and different formula-

tions were used. For the series K sediment composi-

tion could only been measured in a, thin, active layer.

Therefore a modelling schematisation (active layer)

had to be assumed, which added inaccuracies. In

future work, an alternative procedure could be to

extract entire columns (cores) of bed material for a

direct and more accurate evaluation of the amount of

solids per class qlj(1� eo).
The radiometric measurements with the MEDUSA

system in series L gave information on the average

composition of the total sediment column. Therefore,

in the analysis of these experiments, assumptions on

an active layer thickness were not necessary.

5.3. Total sediment transport

Previous work on experiments with different uni-

form grain sizes, showed that the increase in transport

rates of fine sands was reduced with increasing hu3i
by phase-lag effects (see e.g. Dohmen-Janssen, 1999).

Whether these effects are still of importance when the

fine sands are part of a mixture depends on the flow

conditions of the experiment.

For the experiments of sinusoidal waves plus a

current, the total transport rates of the uniform sedi-

ment are not significantly different from the transport

rates of the total mixture with equal median grain size.

For the condition with highest third-power velocity

moment (small current, large waves), the transport

rates of both fractions are limited by the availability at

the bed. For the conditions with the lower third-power

velocity (large current, small waves) moment, the

transport rates of the fine fraction are determined by

the availability at the bed, but transport rates of the

coarse fraction are equal to the transport rate of the

uniform coarse sediment. Here the bed availability is

not limiting the transport rates.

In the experiments with a second-order Stokes

wave, comparative measurements of the coarse frac-

tion are not available, but an estimation based on the

transport of the median grain size shows that the

transport of the coarse fraction is at least equal or

larger than half the transport rate of the uniform

coarse. The comparison with the transport rates of

the finest fraction and the transport rates of uniform

fines shows that the mixed sediment transport rates

are considerably lower than for the uniform case. A

comparison of the total transport rates with transport

rate of uniform sediment with equal grain size shows

that the total transport of the mixture is smaller than in

the uniform case. In a prediction of sediment-transport

rates based on one d50, were grading is not accounted

for, the transport rates for the experiments with

second-order Stokes waves would have been over-

estimated by a factor of 1.2–1.6. For all experiments

it appears that the transport of the coarse fraction is

larger than can be expected on basis of transport rates

of uniform coarse sediment and the availability at the

bed.
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For the density-graded sediments, the total trans-

port rates of the mixture are larger than the sediment-

transport rates of pure quartz sediments. This is

caused by the fact that the transport rates of the quartz

fraction are not limited by the reduced availability at

the bed, whilst the transport rates of zircons are equal

to or higher than the transport rates that can be

expected from the size-fraction method and the avail-

ability at the bed.

5.4. Suspended-sediment transport

The results on suspended-sediment transport of the

size-graded sediments revealed that only the finest

fraction is suspended and the concentration of the

finest fraction is equal to the concentration of the

uniform sediment with equal grain size. Therefore, the

suspended-sediment concentrations are not hindered

by the availability at the bed. This is surprising since

for the experiments of sinusoidal waves plus a current,

the net-transport rates show that the transport of fine

material is reduced by the bed availability, but can be

explained by realising that the suspended-sediment

transport only accounts for 10–20% of the total

transport. Since the suspended transport of fines in

the sediment mixture is equal to the suspended trans-

port of uniform fine sand, this indicates that effects of

sediment grading on total sediment transport occur

mainly in the bed-load transport in the sheet-flow

layer.

For the density-graded experiments, it appeared

that only the quartz minerals are suspended. This

would indicate that the concentration-decay parame-

ter, a, would be a constant. However, the results

showed that this is not the case. This a-parameter

decreases with increasing zircon concentration and

point to an increased sediment diffusivity just above

the sheet-flow layer with increased zircon concentra-

tion. Dohmen-Janssen (1999) attributes an increased

sediment diffusivity to a decreased thickness of the

sheet-flow layer.

5.5. Conclusion

In summary it can be concluded that gradation

effects on sediment-transport rates can not been

predicted by the transport rates of uniform sediment

with equal grain size and the availability at the bed

(size fraction method). The effects of size gradation

are mainly in the increased transport rates of the

coarse fraction with respect to the uniform coarse

material and the availability at the bed under similar

conditions. For conditions with sinusoidal waves

plus a current, both sediment fractions behave as

can be expected from the size-fraction method for

the conditions with the smallest current, but for

conditions with higher current, the transport rates

of the coarse fraction is larger than can be expected

on the availability at the bed and results from

experiments with uniform material. The experiments

on density-graded sediments indicate that total trans-

port rates are larger than the transport rates of quartz

material, whilst the transport rates of the quartz

fraction show that this fraction is not hindered by

the availability at the bed. The increase in zircon

concentration at the bed causes and increase of the

sediment-mixing coefficient just above the sheet-

flow layer.

The mathematical description of the transport of

graded sediment is derived in this work and shows

that with improved techniques on the determination of

the bed composition, assumptions on an active layer

are not necessary for a correct description of the

transport rates per sediment fraction, not only for

experiments with heavy minerals, but also for grain-

size gradation experiments. As has been shown in this

paper the choice of quartz sand can be made such that

a large enough difference in radiometric fingerprint is

obtained. In that way a non-invasive measurement of

the bed composition can be made.

We are convinced that this type of work needs

further extension in experimental and theoretical

direction. This work shows a clear need for further

instrumental development. Porosity changes could

play an important role, however, no direct porosity

measurement technique is available. A possible way

could be to measure porosity through bulk density by

e.g. absorption of mono-energetic g-rays. Such a

measurement will yield an e-value averaged over the

volume between source and detector.
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