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7 Sorting according to density under 
sheet-flow conditions 

Experiments in the Large Wave Flume (chapter 6) show that sediments are 
sorted by density in the region of sheet-flow conditions just offshore the 
breaker-bar system. The sediment-transport processes of this region are 
simulated in an oscillating water tunnel. For these experiments, 
hydrodynamic conditions and the composition of the sediment are varied. 
For the sediment, two sands with different density but equal grain size are 
used. These experiments show that the transport rates of these sediments 
differ. Both fractions are transported in the direction of the flow under the 
wave crest, but the transport rates of the more dense material are an order of 
magnitude smaller. This will lead to a sorting of sediments where the more 
dense minerals “lag” behind the lighter ones. Also for the suspended-
sediment transport, effects of the sediment mixture are clearly present. Only 
the light sediment fraction is brought in suspension. The magnitude of the 
suspended-sediment transport decreases with the increase of the heavy-
mineral fraction at the bed and also the shape of the suspension profile 
changes. 
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7.1 General 
The experiments in the Large Wave Flume (chapter 6) show that sediments are sorted by 
density in the region of sheet-flow conditions just offshore the breaker-bar system. At 
this location, flow velocities are large and have an horizontal asymmetric behaviour. The 
mechanism of wave shoaling results in a larger velocity onshore than offshore. This 
asymmetric water motion can be modelled at a scale similar to that of nature in an 
oscillating water tunnel. Experiments in such an experimental facility provide the 
opportunity to study the detailed behaviour of sediments under local, horizontally 
uniform, conditions but do not give information on the processes of sediment transport 
along an entire coastal profile, which includes horizontal non-uniformity. The 
experiments described in this chapter have been conducted in such a facility and aim to 
focus on the transport processes of a part of the coastal profile. 

The experiments are conducted in the Large Oscillating Wave Tunnel (LOWT) of 
WLDelft Hydraulics as part of the EU-TMR programme in June ´97. This study on the 
effects of density gradation (referred to as the L-series and reported by Manso et al., 1999) 
was part of a larger project where also effects of grain-size gradation (referred to as the 
series K and reported by Hamm et al., 1998b) have been studied. Tánczos (1996) also 
studied effects of density gradation under asymmetric sheet flow in the same oscillating 
water tunnel. These experiments are conducted with sands naturally enriched in heavy 
minerals from the Dutch coast with a range of minerals with various grain sizes and 
densities. In these sands, the grain size of the heavy minerals is somewhat smaller than 
the grain size of the light minerals. These experiments showed that the heavy minerals 
have clearly different transport properties than light minerals (Tánczos, 1996). Under 
asymmetric wave conditions, the heavy minerals in the sediment did not only move at 
different transport rates compared to light minerals, the presence of these minerals also 
reduced the total sediment transport by a factor 2-3, ascribed to an armouring effect. This 
armouring is due to the lower mobility of the heavy minerals compared to the light ones. 
In the upper (active) layer, the heavy minerals get concentrated thereby inhibiting the 
underlying light sediment access to (suspension) transport. 

In the experiments of Tánczos grain size was not uniform and effects of grain-size 
gradation may have obscured the effects of density variation. To study the effects of 
sediment density only, in the present experiments mixtures of quartz and zircon have 
been used with a similar grain-size distribution (d50=0.21 mm) but distinctly different 
densities. The experiments contained five series with differences in initial sediment 
composition and hydraulic conditions. The experimental set-up of the experiments, the 
hydraulic conditions and zircon content have been described in chapter 2 of this thesis.  

7.2 Bed height development  
The bed height is measured at the beginning and at the end of each run with a profiler 
system. The initial condition for each run is the same: the sediment is homogeneously 
mixed, placed in the tunnel and the bed was flattened.  

In conditions L1 and L2 the sediment is composed of 100% of zircon. In these runs, 
large-scale ripple structures develop throughout the flume (Figure 7.1). In series L1, the 
ripple length, λ, was ~0.6 m and ripple height, η, was 1-2 cm. For series L2, with larger 
hydrodynamic conditions than series L1, ripple structures were larger with λ~ 1.5 m and 
η~3 cm. The experiments have been designed to study sorting processes under sheet-
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flow conditions and flow velocities are increased to a maximum to meet these conditions. 
However, even at the highest possible velocity (urms=1.0 ms-1) ripples remained and hence 
sheet-flow conditions could not be achieved. At the conditions with a mixture of sand 
and zircon (L3, L4 and L5), only minor oscillations were present at the bed and sheet-
flow conditions were met for these experiments. 
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Figure 7.1: Bed height in the test section at the start of the experiments and the final profiles of series L1 
and L2. 
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Figure 7.2: Bed height in the test section at the start of the experiments and the final profiles of series L3, 
L4 and L5. 

The initial bed and the final profile of the three experiments with a sediment mixture are 
presented in Figure 7.2. The development of bed-height is similar for all conditions: an 
erosion hole develops at the left-hand side of the flume, whereas sediment accumulates at 
the right-hand side, pointing to a net transport of sediment from left to right in the 
direction of the maximum flow velocity. The undulations on the left-hand side of the 
profile of series L3, have a length and height of 1 m and 5 cm, respectively, and are 
adjacent to the erosion hole. The height of these undulations is larger in series L4, but the 
width is more or less identical. For series 5 the magnitude of the undulations is decreased. 
The small amount of erosion at x=8.25 m, is the result of the induced turbulence by the 
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transverse suction system located on that position. For x>8.25 m, sediments are 
deposited  and bed-height is increased. 

7.3 Sediment composition  
In the experiments, sediments redistributed along the test section (see Figure 7.2), and 
part of the transported material is deposited in the sand traps at the sides of the tunnel. 
These sediments are collected and weighed after each run. The concentration of zircon in 
these samples is determined by means of weighing and by measurements of γ-radiation 
on the HPGe system (see chapter 2). Table 7.1 presents an overview of the masses, 
corrected for the sand losses in the traps, and the corresponding zircon concentrations. 
For conditions L1 and L2, sheet-flow conditions have not been reached, but these results 
are nevertheless presented to estimate the transport rates of pure zircon. 

Table 7.1: Root-mean square velocities of the regular asymmetric waves, initial zircon fraction of the bed 
(mz) and zircon fraction (measured from weighing) and mass of the sediment in the sand traps for the five 
conditions of the L-series. The running time for all experiments was about 15 minutes. The crest velocity is 
in the direction of the right-hand trap. 

Series urms mz,bed Left-hand trap Right-hand trap 

 ms-1 (-) M (kg) mz (-) M (kg) mz (-) 

L1 0.7 1 0.2 (0.0) 0.73 (0.11) 3.0 (0.1) 0.86(0.11) 

L2 1 1 4.8 (0.2) 0.99 (0.11) 9.8 (0.4) 0.97(0.11) 

L3 0.7 0.07 2.2 (0.2) 0.01 (0.06) 7.5 (0.5) -0.07(0.06) 

L4 0.7 0.25 2.6 (0.2) 0.10 (0.06) 7.2 (0.5) -0.06(0.06) 

L5 0.9 0.25 11.6 (0.8) 0.12 (0.06) 12.9 (0.9) -0.07(0.06) 

 

From Table 7.1 we can observe two effects: 

� The mass in the sand traps increases with increasing urms for a constant sediment composition. 
This effect is clearly observed in the comparison of the masses of runs L1 and L2 and 
of L4 and L5. One notes that the effect is larger for the left-hand trap (this trap is in 
the direction of the wave through). In L4 and L5 also the concentration of zircon in 
the left-hand sand trap increases with increasing urms. 

� The mass in the sand traps, for a given urms, is independent of the concentration of zircon in a 
mixture 
For L3 and L4, no significant differences in the mass of the sediment in the traps are 
observed. There is no firm evidence that the zircon fraction in the sediment of the 
sand trap changes with the zircon concentration of the initial bed. The zircon 
fractions in the right hand trap of L3, L4 and L5 give results that are consistent with 
the collection of pure quartz. 

These observations confirm the expected increase of sediment transport with increasing 
urms (Ribberink and Al-Salem, 1994) and indicate that for mixed sediment exclusively 
quartz is transported to the right-hand trap. The magnitude of transport is not affected 
by the presence of zircons.  

The zircon fraction in the sand traps of series L1 is smaller than 1, whilst the bed is 
composed of pure zircon. During the experiments it appeared that a small amount of fine 
(light) particles contaminated the zircon sediment. These particles are brought in 
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suspension during the first run of the experiment and are removed from the sediment 
during draining the tunnel after series L1. 
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Figure 7.3: Zircon fraction in the bed measured with MEDUSA (uncertainties fall within the lines) along the 
flume of the initial profile of condition L3 and L4 and the final profiles of L3, L4 and L5. 

The zircon concentrations in the test section have been measured with the MEDUSA 
system (see section 3.7) at 0.25 m intervals and are presented by a line in Figure 7.3. 

In the initial profile of all series, the zircon concentration is uniformly distributed along 
the test section. In the final profile the zircon concentration is increased on the left-hand 
side of the flume, especially near the erosion hole. At the right-hand side, downstream of 
about 10 m, the zircon concentration diminishes. 

During the experiments of L3, L4 and L5, the sediments are redistributed and the zircon 
concentration peaks at locations corresponding to the morphological undulations (Figure 
7.2). For x>9 m, in the region of accretion, the zircon concentration decreases. For series 
L4 and L5, the concentration of zircon also shows up in peaks. For L5, the final zircon 
concentration for x>3.5 m becomes larger than the final zircon concentration of 
experiment L4. 

In summary, the total amount of sediments transported to the sand traps is related to the 
flow conditions and not to the concentration of zircon at the bed. The final 
concentration of zircon in the bed increases for increasing flow conditions. This increase 
is peaked around the morphological undulations of the bed. 

7.4 Sediment-transport rates 

7.4.1 General  
Similar to the description in chapter 5 (Figure 5.1), the mass-transport rates in the test 
section are inferred from bed-height changes and changes in sediment composition. This 
is achieved by constructing a mass balance equation for the sediments in the flume 
similar to equation (5.6) in chapter 5. One of the constraints in this mass balance is the 
total conservation of mass in the section of study. Since part of the sediments is 
transported into the sediment traps, this is not the case for the test section and the sand 
traps should also be included in the integral of equation (5.6). If we schematise the set-up 
as in Figure 7.4, the mass balance equation, calculated from left to right reads: 
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( ) ∫ ∆−=
0

)(0

x

L

dxxMxq . (7.1)

With x0 a location in the test section for which the transport rate is calculated. The mass 
changes in the sand traps per unit time and width (kgm-2s-1) are measured directly by 
weighing, the mass changes in the test section are inferred from the duration of the run, 
∆t, the changes in height, ∆z, changes in density, ∆ρ, and the porosity ε, which is 
assumed to be constant. This can be written as: 

( ) ( )( )ρερε ∆−+∆−
∆

=∆ zz
t

M 111 . (7.2)

The variation in density is determined from the mass changes of the zircon fraction (see 
equation (3.50)). In this expression, we assume that we know the average density 
variations over a thickness z. In the analysis by Manso et al. (1999), this thickness is taken 
as the total thickness of sediment in the flume (z=30 cm). They assumed homogeneity of 
the sediment over the total “depth of view” of the γ-ray measurements and presumed 
that the depth of view of the γ-ray measurements is 30 cm. We know that the sediments 
are not homogeneously distributed, since most of the changes occur in the upper layer. 
Moreover, the analysis in section 3.4 shows that in quartz and zircon, 95% of the γ-
radiation comes from a depth of 20 cm for the quartz and 15 cm for the zircon. 
Effectively, the average density variation is therefore determined for a depth of maximum 
20 cm. The discussion in section 3.4 shows that γ-ray measurements are most sensitive to 
changes in the upper layer of the sediment and 75% from the γ-radiation originates from 
a depth <~8 cm. By using z=30 cm in equation (7.2), the contribution of the term 
( ) ρε ∆− z1 to the total mass change is overestimated. In retrospect, corrections should 
have been made by using a two-layer model as described in chapter 3. These corrections 
could not be made on the raw data set and the results of mass changes of Manso et al. 
served as a basis of the mass balance determinations. These data are corrected by 
assuming that the measured sediment composition represents an average over 8 cm. 
Therefore, the contribution of the term ( ) ρε ∆− z1  is corrected by a factor 4. 

The sediment-transport rates in Manso et al. (1999) have unphysical large uncertainties, 
which are mainly the result of the uncertainty propagation in the determination of the 
changes in density. In this error propagation, the uncertainty is divided by the difference 
in density of the sediment and density of zircon. Since these densities differ by a factor 2 
maximal, the ratio will become very large. The densities of the sediment are derived from 
the activity concentrations of U+Th. These activity concentrations can differ by a factor 
3000. If we determine the mass changes directly from the activity concentrations of 
U+Th, the before mentioned ratio will be three orders of magnitude smaller. As a result, 
the uncertainty in the mass change is reduced. This modification is used to reduce the 
uncertainties in the sediment-transport rates of Manso et al. (1999). 
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Figure 7.4: Schematisation of the mass changes in both the traps and the test section of the Large 
Oscillating Water Tunnel. 

For the determination of the transport rates for each sediment fraction, i, at location x0, 
equation (7.1) can be written as: 

( ) ∫ ∆−=
0

)(0

x

L
ii dxxMxq . (7.3)

7.4.2 Total net transport rates  
Net-transport rates have been derived for the middle of the test section. The quality of 
the sediment transport rate calculations can be tested by calculating sediment-transport 
rates in the centre of the test section from the left-hand trap to the centre and from the 
right hand trap to the centre. Both methods should yield identical results. In the L-series, 
no significant differences in the transport rates between left and right-hand side estimates 
are observed and the weighted average of both values is presented in Figure 7.5. 
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Figure 7.5: Total transport rates in the middle of the flume for the L-series. The transport rates are 
weighted averages of the left and right-hand estimate over 3 runs. Also sediment-transport rates of the B-
series  (Ribberink et al., 1994) with uniform quartz sediments of similar grain size are given.  
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Figure 7.5 shows the net total sediment-transport rates as function of urms for the 
experiments of the L-series and for experiments of pure quartz with similar grain size 
(Ribberink and Al-Salem, 1994). The results show that the transport rates of pure zircon 
(L1 and L2) are considerably lower than the transport rates of uniform quartz sand (B 
series) and than the transport rates of the sediment mixtures (series L3, L4 and L5). The 
reduced sediment-transport rates of the uniform zircon with respect to the uniform 
quartz can be explained by the differences in density and has also been observed by 
others (e.g. Bakhtiary and Asano, 1998). The zircon fraction has smaller transport rates 
than quartz and the result that the quartz-zircon mixtures have larger sediment-transport 
rates than uniform quartz is surprising since we expect that the transport rate of a 
mixture is the weighted sum of the transport rates of the fractions (see e.g. equation 
(5.12)). This effect can have a real physical origin, but we should be aware of the fact that 
the series B experiments were different experiments than series L. We cannot be certain 
that sediments, hydrodynamic conditions (steering signal of the piston) and corrections 
for loss of sediment from the sand traps are identical fort the two experiments. 

7.4.3 Transport per fraction 
The transport rates for the quartz and zircon fraction of series L3-L5 are compared to 
the transport rates of uniform quartz (series B, Ribberink and Al-Salem, 1994) and 
uniform zircon (L1 is compared to L3 and L4, L2 is compared to L5) for similar flow 
conditions. These results show that the transport rates of the quartz fraction are in 
general larger than the zircon fraction. Compared to the uniform quartz, the quartz 
fraction has similar sediment-transport rates for all series. For the zircon, the transport 
rates of the fractions are smaller than the transport rates of the uniform material. These 
results indicate that the sediment-transport rates of the quartz fraction are not reduced by 
the smaller fraction (availability) of quartz at the bed. For zircon, the observed sediment-
transport rates in the mixture are smaller than for pure zircon. A conclusion cannot be 
drawn since in the pure zircon experiments, L1 and L2, sheet-flow conditions are not 
met.  

L3 L4 L5
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

q m
 (k

gm
-1
s-1

)

Uniform quartz
Uniform zircon
Quartz fraction
Zircon fraction

 

Figure 7.6: Mass-transport rates for the quartz and zircon fraction compared with the uniform quartz 
measurements of Ribberink and AL-Salem (1991). 

In summary, the total sediment-transport rates of the sediment mixture are larger than 
the sediment-transport rates of pure quartz sediments for comparable hydrodynamics. 
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The analysis of the transport rates per sediment fraction show that the quartz and zircon 
fraction are both transported in the direction of the wave crest (projected in the field, 
that is in onshore direction), but that the mass-transport rates of the zircon fraction are 
considerably smaller than for quartz. In terms of volume, these differences will even be 
larger. The comparison of the transport rates per sediment fraction with sediment-
transport rates of uniform sediment reveals that the transport rates of the quartz fraction 
equal the transport rates of uniform quartz. For zircon this relation is not clear. 

7.5 Suspended-sediment transport 
The total sediment-transport rates under sheet-flow conditions are the sum of 
suspended-sediment transport and a “sheet” layer of sediment, moving close to the bed. 
A definition of the transition of the sheet layer to the suspension layer is not clear, but 
this distinction is often defined at a sediment concentration between 1-8%, by volume. In 
similar experiments in the LOWT, it appeared that 10-20% of the total sediment 
transport is transported in the suspension layer and 80-90% in the sheet flow layer 
(Dohmen-Janssen, 1999). 

The time-averaged suspended-sediment concentrations <C(z)> have been measured with 
a transverse suction concentration meter positioned at x=8.5m at 10 elevations above the 
bed (0.5, 1.5, 2.5, 4, 6, 8, 11, 15, 20 and 26 cm). The lowest suction tube was initially 
positioned at about 5 mm above the sediment, but the distance to bed changed during 
the experiments by maximum an extra 5 mm due to erosion. 

The suspended sediment is pumped into a bucket and after the experiment transferred to 
a volume meter. The amount of collected sediment is obtained by reading the level in the 
volume meter after compaction, induced by 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. The volumes of most of the suspended sediments were too small to 
measure the density properly and hence only volumes can be reported. However, settling 
velocities of samples of the lowest suction tubes (see Table 7.2) show that all values are 
smaller than the median settling velocity of quartz, which indicates that only quartz 
minerals went into suspension.  

Table 7.2: Settling velocities (in mms-1) for sediments of the lower three tubes of the transverse suction 
system for the experiments L3, L4 and L5. The measured median values for uniform quartz and zircon are 
24 mms-1, and 53 mms-1, respectively. 

Sample elevation (mm) ws50 (mm s-1) 

   L3    L4   L5 

5 25 23 22 

15 21 20 21 

25  20 19 

 

In case of sheet-flow conditions, the diffusion equation (see equation (5.10) in section 
5.6) is often solved by assuming that the sediment-mixing coefficient εs is constant in 
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time and increases linearly with increasing elevation, z (α= 
s

s zw
ε

) (Al-Salem, 1993). With 

this solution, the concentration profile can be described by a negative power distribution: 

( )
α−









=

r
r z
zCzC  (7.4)  

with Cr being the reference concentration at z=zr (zr= 1mm in this case). As can been 
seen from equation (7.4), the mode of expressing the concentration, in either volume or 
mass per litre, is not relevant for the value of α as long as the density of the samples 
collected along the profile remains constant. The quantity α is a measure of the slope of 
the suspended sediment profile: the smaller α, the more uniform the sediments are 
distributed over height. Experiments by Ribberink and Al Salem (1994) resulted in a 
constant α-parameter for different urms velocities and in their measurements, α has a 
value of ~2.1.  

Since the suspended sediments in the experiments L3-L5 only contain quartz, it is 
expected that also in these experiments, α is a constant and similar to the experiments 
with pure quartz (series B). The value of α of series L1 is expected to be a factor 2 larger 
since the settling velocity of zircon is larger than the settling velocity of quartz. 
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Figure 7.7: Suspended-sediment concentrations over elevation. The lines present the best fit according to 
equation (7.4). The uncertainties fall within the data points. The suspended sediments are composed of 
quartz expect for L1. In L1 the suspended sediments are composed of pure zircon. 

Figure 7.7 shows the suspended-sediment concentrations as function of elevation and the 
fits according to equation (7.4). These results show that α is not a constant, but the 
slopes of the suspension verticals change with differences in zircon fractions at the bed. 
If we compare the values of α (Table 7.3), it strikes that α  increases with decreasing 
zircon fraction. For experiment L1 (with mz=1) the α-parameter is smallest which is 
opposite to the expectations. The values of α oif series B in Table 7.3 are determined 
from a reanalysis of the data of Ribberink and Al Salem. These values differ from the 
value of 2.1, reported by Ribberink and Al Salem. These results indicate that external 
uncertainties due to differences in fit-procedures and differences in data analysis in the α-
parameter can be up to ~0.2. Since the results are only compared with each other, only 
internal uncertainties are used. 
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Table 7.3: α-parameters for two urms velocities and varying zircon fraction of the sediment. The internal 
uncertainties are determined from the fit. 

mz (-) urms=0.7 ms-1 urms=0.9 ms-1 

 α (-) α (-) 

1 0.84 (0.06)  

0.25 1.43 (0.05) 1.55 (0.09) 

0.07 1.83 (0.03)  

0 2.00 (0.04) 1 2.30 (0.01)1 

7.6 Assessment and conclusions 

7.6.1 Bed availability 
From a modelling point of view, a bed availability model (Reed et al., 1999; van Rijn, 
1998a) is often used to account for variations in sediment composition. In this approach, 
the sediment composition is divided in a number of fractions (i) with a volume fraction at 
the bed vi (in case of density gradation, vz differs from the mass fraction, mz). The 
transport rates are calculated for each fraction separately. The total mass-transport rates 
(which are the sum of the bed load and suspended load) are then calculated as:  

∑=
i

imim qvq *
, . (7.5) 

In this approach, the transport of the several fractions is assumed to be uncorrelated 
(hiding and exposure are not of importance) and qi

* is the transport rate for a uniform 
bed of fraction i (see also section 5.7). The observation that the sediment deposited in the 
sand traps is independent of the zircon fraction in the bed, is a first indication that the 
assumption of equation (7.5) is not correct.  For a better validation of the assumption, 
the transport rates of the various fractions are compared to the transport rates of the 
uniform sediment in Table 7.4. These results show that the sediment-transport rates of 
the quartz fraction are similar to the sediment-transport rates of quartz in the uniform 
case. For zircon, the sediment-transport rates of the mixture are considerably lower than 
the sediment-transport rates of the uniform zircon. We should, however, keep in mind 
that the transport rates of uniform zircon are not determined under sheet-flow 
conditions. For the experiment with small flow conditions and low zircon concentration 
(L3), the transport rate of zircon is similar to the expected value according to equation 
(7.5). For experiment L4, with a larger zircon concentration and low flow conditions, the 
ratio of sediment-transport rates is larger than the volumetric zircon concentration at the 
bed (vz=0.16). Also the high energetic conditions of L5 point to an increased transport of 
zircon with respect to the uniform case.  

Under sheet-flow conditions, the net sediment-transport rates of the quartz fraction are 
close to the uniform quartz. However, again we should point to the possible differences 
in experimental conditions or in differences in assumptions in the data analysis between 
the experiments with pure quartz (series B) and the zircon mixture. These differences 
could lead to an overall normalisation factor. Therefore, it is more appropriate to 
compare the ratios of measured transport rates of the quartz fraction and uniform quartz 
with the expected from equation (7.5). In doing so we observe that the data are 

                                                 
1 Reanalysed from the data from Ribberink and Al Salem (1994). 
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consistent with a normalisation factor of 1.2 for series L3 and 1.1 for series L4 and L5. If 
we compare the change of the measured normalised transport rates as a function of 
zircon concentration at the bed (Figure 7.8), the values show that the reduction of the 
transport rate of the quartz fraction does not significantly differ from the expected line. 

Although the transport rates of the zircon fraction increase with increasing fraction of 
zircon at the bed, the relation with the availability in the bed is not so evident. The 
measurements may be masked by the differences in sediment transport regimes of the 
uniform zircon (ripple regime) and zircon fraction (sheet flow), but contrary to quartz the 
ratios for zircon seem also to be dependent on urms.  

The presented results indicate that for quartz, there is a relation between sediment-
transport rate and bed availability that can be described by the bed availability model. For 
a better definition experiments with a broader range of sediment mixtures are required. 

Table 7.4: Sediment-transport rates of the quartz (q) and zircon (z) fraction with respect to the sediment-
transport rates of the uniform quartz for the different experiments and the values expected from equation 
(7.5).  

series vz qq,fraction/ qq,uniform qz,fraction/ qz,uniform 

  measured expected 
(eq. (7.5)) 

measured expected 
(eq. (7.5)) 

L3 0.04 1.19 (0.10) 0.96 0.02 (0.02) 0.04 

L4 0.16 0.94 (0.08) 0.84 0.35 (0.11) 0.16 

L5 0.16 0.90 (0.07) 0.84 0.59 (0.06) 0.16 
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Figure 7.8: Sediment-transport rates of the quartz and zircon fraction with respect to the sediment-
transport rates of the uniform material as function of zircon concentration in the bed. 

7.6.2 suspended-sediment transport 
For the suspended-sediment transport, it appears that only quartz minerals are 
suspended. Contrary to the results of Ribberink and Al-Salem, the slope parameter α is 
not a constant in the present experiments and decreases with zircon content in the bed. 

For the series with different hydraulic conditions but equal zircon concentration at the 
bed, the α-parameter is similar. The results in Figure 7.9 show that for increasing zircon 
fraction at the bed, α decreases and the suspension vertical becomes more uniform. 
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Figure 7.9: The α-parameters determined with a fit of equation (7.4) as function of the zircon 
concentration at the bed (left-hand graph) and the reference concentrations as function of zircon fraction 

at the bed. The line represents the expected values according to the relation ( )z
q

q v
C
C

−= 1
,0

*
,0 , with vz the 

volume fraction of zircon at the bed. 

In models on graded sediment transport, it is often assumed that the suspended-sediment 
concentrations of one sediment type are determined by the fraction of that specific 
sediment in the bed (see section 5.7). To determine this relation, the reference 
concentrations of the mixed bed experiments are normalised to the reference 
concentration of uniform quartz and plotted as function of zircon fraction in the bed on 
the right-hand plot of Figure 7.9. According to the assumptions used in the modelling of 
suspended-sediment concentrations of a mixed bed (Reed et al., 1999; Samaga et al., 1986; 
van Rijn, 1998b; Wang et al., 1998), the normalised reference concentrations should be on 

the line ( )z
q

q v
C
C

−= 1
,0

*
,0 , plotted in Figure 7.9. These results show that the reference 

concentrations for the mixed-bed experiments are smaller than the reference 
concentrations of uniform quartz and decrease much faster than expected for a 
decreasing quartz fraction at the bed. For the two experiments with different hydraulic 
conditions but equal zircon fraction at the bed (L4 and L5), the values are similar. These 
measurements show that the assumption that the reference concentration scales with the 
availability of a fraction in the bed is not valid. 

In chapter 5, we have seen that the sediment-mixing coefficient εs decreases with 
increasing reference concentration of quartz. For the present experiments, the sediment 
mixing coefficients at the reference height (1 mm) for series L3-L5 and series B8 and B9 
are determined from the fit parameters of equation (7.4) and the settling velocities of the 
lowest suction samples and are plotted as function of normalised reference concentration 
in Figure 7.10. These results show that also for these experiments, both parameters are 
related. 



Sorting according to density under sheet-flow conditions 

177 

0.0 0.2 0.4 0.6 0.8 1.0
C0,q /C*

0,q (-)

1.0E-005

1.2E-005

1.4E-005

1.6E-005

1.8E-005

ε-
pa

ra
m

et
er

 (m
2 s

-1
)

Urms=0.7
Urms=0.9

 

Figure 7.10: Sediment-mixing coefficient at the reference height (1 mm) as function of the reference 
concentration. 

Summarising, if up to 25% (by mass) of heavy minerals are present in the sediment, total 
sediment-transport rates in the sheet-flow regime are not significantly different from the 
transport rates of uniform quartz. On the other hand, sediment-transport rates of the 
quartz fraction decrease with increasing zircon fraction at the bed. This decrease is can be 
predicted by the bed-availability model. For the zircon fraction such a trend could not be 
established. 

Also for the suspended-sediment transport, effects of the sediment mixture are clearly 
present. The magnitude of the suspended-sediment transport decreases with the increase 
of the zircon fraction at the bed. This decrease is larger than is modelled with a bed-
availability model. Also the shape of the suspension profile changes with varying zircon 
fraction in the bed. It appears that the sediment-mixing coefficient is correlated to the 
reference concentration. For the modelling of suspended-sediment concentrations, the 
relation between reference concentration and sediment-mixing coefficient should be 
considered in more detail. Since in the sheet-flow conditions of the present experiments 
the suspended-sediment transport only comprises 10-20% of the total sediment 
transport, these effects will not be noticeable in net sediment-transport rates. 

The transport rates of the quartz and zircon fraction differ. Both fractions are 
transported in direction of the flow under the wave crest (which is in onshore direction in 
a region of wave shoaling), but the transport rates of the zircon fraction are an order of 
magnitude smaller. This leads to a sorting of sediments where the more dense minerals 
“lag” behind the lighter ones. If we project these results to the observations in the LWF 
(chapter 6), heavy minerals will be concentrated at the most seaward side of the region 
where sheet flow conditions are present (region 3 in the LWF experiments). This is in 
agreement with our observations. 




