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ARTICLE INFO ABSTRACT

Editor: G.J. de Lange Predicting seabed mobility is hampered by the limited accuracy of sediment transport models when the bed is
composed of mixed sediments. The hiding-exposure (HE) effect modifies the threshold of motion of individual
grain classes in sediment mixtures and its strength is dependent on the grain size distribution. However, an
appropriate method of predicting this effect for bimodal sediment mixtures remains to be developed. The pro-
totypical example of a bimodal mixture is that consisting of a well-sorted sand and gravel for the fine and coarse
fractions respectively. Through a comprehensive series of laboratory experiments, the HE effect has been
quantified for a full range of sand-gravel mixtures from pure sand to pure gravel, the choice of which has been
underpinned by an integrated study of offshore geophysical and sedimentological data found in coastal and shelf
seas. In the sand-gravel mixtures used in the present study the critical shear stress needed to mobilise the sand
and gravel fractions increased by up to 75% and decreased by up to 64%, respectively, compared to that needed
to mobilise well-sorted sediment of similar size. The HE effect was found to be dependent on the percentage of
gravel (coarse mode) present in the bimodal mixture, whereby the effect for the mixture is the weighted sum of
the HE effect for the fine and coarse modes.

1. Introduction resource management, conservation and spatial planning (e.g. Warner

et al., 2008a; Stephens and Diesing, 2015; Ward et al., 2015). Seabed

Sediment composition and transport are amongst the main con-
trolling factors on seabed functioning in coastal and shelf seas.
Engineering activity is widespread in these environments with the de-
velopment of energy infrastructure and the need to mitigate against
coastal hazards. The presence of structures associated with, for ex-
ample, renewable energy and hydrocarbon extraction, can cause dis-
turbance to natural sediment transport dynamics. In turn, this may have
undesirable consequences, including damage of pipelines or subsea
cables and scouring of the bed around man-made structures (e.g. Sumer
et al., 2001).

Predicting the spatial variability of mixed seabed composition aids

* Corresponding author.
E-mail address: c.j.mccarron@bangor.ac.uk (C.J. McCarron).

https://doi.org/10.1016/j.margeo.2018.12.001

sediment also supports benthic marine communities, acts as a sink for
bacteria, pathogens, heavy metals and microplastics (e.g. James, 2002;
Malham et al., 2014; Diesing et al., 2017; Ling et al., 2017), and carbon
cycling is controlled by the heterogeneity of seafloor biota (Snelgrove
et al., 2018). The mobility of seafloor sediment and resulting bedforms
may also obstruct navigation channels (e.g. Aliotta and Perillo, 1987;
Redding, 2000; Knaapen and Hulscher, 2002; Wienberg and Hebbeln,
2005), may dictate the sustainability of aggregate extraction (e.g. Le
Bot et al., 2010; Van Lancker et al., 2010), and influence the recovery
rate of the bed after demersal fishing activities (e.g. Diesing et al., 2013;
Hiddink et al., 2017). The ability to accurately predict sediment
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transport rates and pathways allows for better determination of seabed
recovery rates, the potential for coastal erosion and the reconstruction
of paleo-environments.

Insight into the dynamic processes governing sediment transport
and the resulting seafloor morphological features therefore has im-
plications for a wide range coastal and shelf sea stakeholders, for ex-
ample: (1) companies assessing the safety of offshore structures and the
sustainability of aggregate extraction; (2) seabed modellers predicting
habitat resilience, pollutant dispersal and carbon fluxes; (3) planning
authorities, coastal engineers and environmental advisers/managers,
responsible for coastal erosion measures; (4) geoscientists conducting
paleo-environmental reconstruction; and (5) the wider public as con-
sumers of shelf sea resources (i.e. food, aggregates, fossil fuels and re-
newable energy). Hence, increased importance has been placed on the
ability to predict the mobility of seabed sediment. The level of un-
certainty is highest when the seabed consists of mixed sediment (Wilson
et al., 2018), introduced to shelf and coastal seas by glacial and fluvial
processes (Holland and Elmore, 2008). With this in mind the present
study seeks to investigate the hiding-exposure function of a bimodal
sediment distribution through detailed laboratory experiments. Hiding-
exposure functions modify the critical shear stress for sediment move-
ment for each size class in mixtures of sizes.

1.1. Predicting bedload transport

Bedload transport is the dominant mechanism controlling seabed
morphodynamics. It occurs through the movement of sediment by the
frictional force exerted by a flow per unit area on the seabed, referred to
as the bed shear stress, 7:

7= pu,?, (@]

where p is the density of water and u, is the friction velocity. Once =
exceeds the critical shear stress, 7., grains begin to move. Often, r and
7. are expressed in dimensionless form as the Shields (1936) parameter,
0, and critical Shields parameter, O,,, respectively:

9 _ T _ Ter
pg(s — Ddy,’ T pg(s — Dd,

where g is the acceleration due to gravity, s = p;/p is the specific
density of the sediment, p; is the sediment density, and d, is a re-
presentative grain size (i.e. the median grain size, dso, or mean grain
size, d,,). A wide range of formulae have been developed theoretically
and empirically to predict bedload transport rates (e.g. Meyer-Peter and
Miiller, 1948; Einstein, 1950; Bagnold, 1956, 1966; Yalin, 1963;
Engelund and Hansen, 1967; Ashida and Michiue, 1971; Engelund and
Fredsge, 1976; van Rijn, 1984; Nielsen, 1992). These equations relate
the dimensionless bedload transport rate, q*, to some function of the
excess Shields parameter (6 — 0.,)

dp

g6 - naope €78 ®)
where g, is the dimensional volumetric transport rate (m?s ). Eq. (3)
is routinely applied in coastal sediment transport models to predict
bedload transport rates (e.g. Lesser et al., 2004; Warner et al., 2008b).
Egs. (2a,b) and (3) assume a homogeneous grain size distribution re-
presented by a single grain size (i.e. dso or d,,) and might not be re-
flective of environments where sediment mixtures are composed of two
or more sediment size classes. Single-class bedload transport equations
have been adapted to account for multiple classes by separating the
mixture into different grain size classes and calculating gy ;*, 6; and 6,,;
for each class (e.g. Meyer-Peter and Miiller, 1948; van Rijn, 1984,
2007):

(2a,b)

a0

@ =16 = Berp)s 4
T Ter,i

b= ——, Opi=—"",
pg(s — Dd; pg(s — d; (5a,b)
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where the subscript i refers to the i™ grain size class of the bed material.

1.2. The hiding-exposure effect

In equally sized sediment, transport is controlled by the absolute
grain size of the bed material (e.g. Wilcock, 1993, 2001; Wilcock and
Kenworthy, 2002). In mixed sediment, the differently sized grains in-
teract uniquely with the flow leading to selective entrainment and this
complicates the calculation of bedload transport rates. This selective
entrainment is referred to as the hiding-exposure effect and describes
the process in which small grains are hidden from a current by larger,
more exposed grains. Hiding of grains in sediment mixtures results in an
increase in the critical shear stress required to mobilise smaller grains.
Exposure of grains leads to a decrease in the critical shear stress re-
quired to move large grains (Einstein, 1950). A correction factor, &,
adjusts the critical Shields parameter, O.;, of a particular grain size
fraction as a function of its size relative to the median grain size of the
mixture, d;/dsy (Einstein, 1950; Wilcock, 1993):

&= eecr’i = n(;—i)_y.
cr,50 50 (6)
The exponent y controls the strength of the hiding-exposure effect
by modifying ¢&; for a given value of d;/dso, where y ranges from 0 to
1.25 (Buffington and Montgomery, 1997, 1998) and n = 1 for sediment
classes with the same density. Eq. (6) is used to adjust the critical
Shields parameter for the initiation of motion in the dimensionless
fractional bedload transport equation

qb,z* :f(ei’ggecr.l)- (2]

1.3. Predictive ability of currently used HE corrections

Several corrective equations use an approach similar to Eq. (6) (e.g.
Egiazaroff, 1965; Ashida and Michiue, 1971; Hayashi et al., 1980;
Parker et al., 1982; Wilcock and Crowe, 2003) (Table 1). Following Eq.
(6), the degree of variation in vy is a function of the variation of 7. ;/
Ter50- Shvidchenko et al. (2001) demonstrated that, for unimodal and
weakly bimodal sediments, y is dependent on ds, and to a lesser extent
on the geometric standard deviation, o,

¥ = 20,7019(0.04913 — 0.2612 + 0.33] + 1.20) — 1.4, ®

where | = log(dso) and dsp in is mm. In bimodal sediment, 7., ;/7c,50 has
been shown to be dependent on relative size effects with 0 < y < 1
(e.g. Wilcock, 1993; Kleinhans and van Rijn, 2002). Wilcock (1993)
proposed a bimodality index, B, to quantify the degree of bimodality in
sediment mixtures and Sambrook Smith et al. (1997) proposed a
modified bimodality index B* to account for the relative magnitude of
different modes:

Table 1
Hiding exposure formulae.
Author Formula
Egiazaroff (1965) log(19) 2
b= [IOE(lgdi/dSO):I

Ashida and Michiue (1973) 0.85(di/dsp)~) For di/dsy < 0.40

2
log(1
§ & For d;/dsy > 0.40
log(19d;/dso)
Hayashi et al. (1980) (di/dp)™! For d;/dsp < 1.0
- 2
b= & For d;/dsp > 1.0
log(8d;/dpm)

Parker et al. (1982)
Wilcock and Crowe (2003)

& = (dy/dsp) ~0%%

&= (dy/dsp)™Y y=1 067

T T+exp(1.5—d;/dso)

Where &= ecr, i/ecr, 50
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B = (de/dp)V*(f, + f;), B* = 10, — &1 /f), (9a,b)

where d. and dj, are the grain sizes of the coarse and fine modes re-
spectively, and f, and f;, are the fractions of the coarse and fine modes
respectively in Eq. (9a). In Eq. (9b), Sambrook Smith et al. (1997) de-
fine the grain size of the modes in @-units so that B* approaches zero as
the separation between the two modes vanishes, and define the two
modes according to their amplitude rather than grain size where: @,
and @, are the grain sizes, in phi units, of the primary and secondary
modes respectively; and f; and f, are the fractions of the primary and
secondary modes respectively. In both Egs. (9a,b), a mode is defined as
four continuous quarter-@ grain classes containing the mode. In Eq.
(9b), if both modes are of equal amplitude, the primary mode refers to
the coarser mode.

Wilcock (1993) and Sambrook Smith et al. (1997) defined vy in Eq.
(6) according to:

y=Q-17/B), y=Q1 - 1.5/B%, (10a,b)

where B > 1.7 and B* > 1.5. The correlation between y and B or B*
has not been found to be strong (e.g. Kuhnle, 1992, 1993a, 1993b;
Wilcock, 1993). Patel et al. (2013) was critical of these expressions
because they could only represent bimodal distributions and instead
prescribed vy in terms of o,

0.96, g, < 285,

r= {2.67 exp(=0.370,), o, > 2.85, an
such that when 0, < 2.85, the distribution is unimodal. However, there
is still no generally accepted method to predict y for bimodal sediments
(Bathurst, 2013). Better predictability requires the hiding-exposure ef-
fect to be quantified for a comprehensive range of bimodal sand-gravel
mixtures under controlled conditions.

1.4. Sediment transport modelling

The adaptation of a single-class approach to a multiple-class ap-
proach in sediment transport models has been fundamental for pre-
dicting bedload transport of heterogeneous sediments (Amoudry and
Souza, 2011). Although the use of this multi-class approach relaxes the
assumption that the surficial sediment layer is homogenous, it does not
take into account the hiding-exposure effect. Implementation of a
hiding-exposure effect in sediment transport models has been shown to
better describe the variation in the composition and sorting of sediment
across tidal bedforms and sandbanks, and as a result their growth and
migration (e.g. Roos et al., 2007a, 2007b; Blondeaux, 2012; Van Oyen
et al., 2013). The increased mobility of gravel in a mixture with sand
may also help explain the variation in size and preservation potential of
sediment waves (Van Landeghem et al., 2009a, 2009b). A better un-
derstanding of the hiding-exposure effect is required, including a
functional relationship to predict y against model variables describing
the sediment composition and modality, as the use of a constant value
of y was found to lead to a 40-60% error in 6,,.; estimates (Shvidchenko
et al.,, 2001) which would be amplified due to the nonlinearity of
bedload transport rates.

1.5. Aims

The aim of this work is to investigate the hiding-exposure effect for
a range of bimodal sand-gravel mixtures representative of coastal and
shelf seas. Although the variability of the HE effect has been studied in
unimodal and weakly bimodal sediment (e.g. Wilcock, 1993;
Shvidchenko et al., 2001; Patel et al., 2013), there is no generally ac-
cepted method to predict y, and therefore &;, for bimodal sediment
mixtures (Bathurst, 2013) whilst this is required to accurately represent
mixed sediment dynamics in sediment transport models.

Through a comprehensive series of flume experiments, fractional

24
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critical Shields parameters, O..; are determined for different bimodal
sand-gravel mixtures. A method is provided to predict y for bimodal
mixtures, which is suitable for implementation in multiple-class sedi-
ment transport models. In so doing, the aim is to improve our under-
standing of fundamental sediment transport processes and their pre-
dictability in the natural environment.

2. Methodology
2.1. Coastal and shelf-sea sediment properties

The design of the flume experiments is informed by the observed
natural variability of sediment properties in coastal and shelf seas.
Sand-gravel mixtures are common in coastal and shelf sea environments
globally (Holland and Elmore, 2008) and the Irish Sea is representative
of these environments from which a good coverage of sediment samples
is available from the British Geological Survey (BGS), Natural Re-
sources Wales (NRW), the Geological Survey of Ireland (GSI) and the
Marine Institute (MI) (Fig. 1). The results from particle size analysis of
3187 sediment samples from the Irish Sea were used to inform the sand-
gravel flume tank experiments. The non-cohesive sediment considered
for this work is characterised by its normalised dry weight fraction of
sand, f;, and gravel, f;, as shown in Fig. 1b. Pure sand and pure gravel
represent 35% of all samples and sand-gravel mixtures represent the
remaining 65%. Of the 1330 sediments samples where the modality was
available, 58.4% were unimodal, 34.1% were bimodal and the

100

1-99
Normalised % Gravel

Fig. 1. a) Locations of Irish Sea sediment samples provided by BGS, NRW, GSI
and MI, classified according to the Folk classification. The water depth is pre-
sented relative to mean sea level (m). b) Normalised percentage of gravel
present in the Irish Sea sediment samples.
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remaining 7.5% of samples were multimodal. The predominant modes
in these samples were medium sand (0.25-0.5mm) and fine gravel
(4-8 mm) with a grain size ratio of 10:1 which is in the same order of
magnitude as that seen on the northwest European shelf (Wilson et al.,
2018). The flume tank experiments were therefore completed on a
range of possible mixtures composed of medium sand and fine gravel.
Control experiments were conducted with pure sand and pure gravel.

2.2. Flume experiments

2.2.1. Flume tank setup

The critical shear stress required to entrain sand and gravel fractions
in mixtures typical of shelf and coastal seas was quantified through a
comprehensive series of laboratory experiments. Experiments were
conducted using the vertical recirculating flume in the Hydrodynamics
Laboratory at the School of Ocean Sciences, Bangor University. A
steady, uniform flow was generated in the flume by a chain-driven
propeller connected to an external 4 kW AC motor, capable of produ-
cing between 0 and 6000 RPM. The top of the flume includes a trans-
parent, Perspex test section 1.5m long, 0.20 m wide and 0.14 m deep
(Wright and Baas, 2013). Along the base of the test section is an
opening (0.14 m wide and 0.30 m long) into which a sample box can be
inserted flush with the base of the tank, 1.02 m downstream of where
the flow enters the test area (Fig. 2). The sample box was designed in 2
sections: a compartment for the sediment sample (99 mm wide, 150 mm
long and 90 mm deep), 75 mm downstream of which was a removable
sediment trap (10 mm long and 90 mm deep) with a bed width, w, of
99 mm to collect transported material (Fig. 2).

1.5m

Flow Direction
—

Fig. 2. Schematic diagram of the experimental setup in the test section of the
flume tank.

2.2.2. Preparation of sediment mixtures
Predefined sand and gravel mixtures, informed by the observations
from the Irish Sea, were prepared using dry weight fractions of sand, f;,

Table 2
Descriptive statistics of the sand-gravel mixtures and the exponent y for each
mixture.

fe Reps dy, (mm) dso (mm) gy B B* Y

0.00 4 0.36 0.37 1.38 0.78 0 0.71
0.05 2 0.36 0.36 1.80 2.61 0.25 0.65
0.10 2 0.36 0.37 1.87 2.65 0.41 0.67
0.15 4 0.68 0.40 2.93 2.67 0.90 0.71
0.20 2 0.75 0.47 2.90 2.21 1.05 0.68
0.25 3 0.78 0.43 3.14 2.57 1.68 0.73
0.30 2 0.77 0.42 3.23 2.72 1.67 0.68
0.35 2 0.78 0.43 3.23 2.71 2.07 0.74
0.40 2 0.82 0.46 3.26 2.66 2.53 0.73
0.45 2 1.40 2.15 3.23 2.58 3.04 0.72
0.50 3 1.65 3.00 3.24 2.98 2.37 0.72
1.00 2 4.05 4.16 1.28 0.91 0 0.86

For each mixture f, = fraction of gravel, Reps = number of replicates, d,, = mean
grain size, dso = median grain size, 0, = sorting, B = bimodality index (Wilcock,
1993), B* = modified bimodality index (Sambrook Smith et al., 1997) and y = the
measured exponent in Eq. (19), d,,, and o, have been calculated using the Folk and
Ward Method.
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Fig. 3. Grain size distributions of the sand-gravel mixtures.

and gravel, f,, at 5% intervals of f, from O to 50%. The rationale for
omitting mixtures containing > 50% gravel (representing 17.5% of the
Irish Sea sediment samples) is described in Section 2.2.4. Well-sorted
quartz sand with a dso of 0.37 mm and a geometric standard deviation,
0,, of 1.38 was used in the flume experiments. The gravel was fine and
well sorted, with dso = 4.16 mm and o, = 1.28. Both the sand and
gravel had a density, p;, of 2650 kgm™>. To aid mixing and ease of
preparation of the sample bed, freshwater equivalent to 20% of the
total dry weight of the sand and gravel was added. The sediment and
water were then mixed using an electric hand mixer for 10 mins. De-
scriptive statistics were generated for the pre-run samples of each
mixture via the programme GRADISTAT v.8 (Blott and Pye, 2001) using
the Folk and Ward method (Table 2) and their grain size distributions
are shown in Fig. 3. The bimodality index, B, and modified bimodality
index, B*, were also calculated for each mixture (Table 2).

2.2.3. Experimental procedure

For each mixture, a series of experimental runs were completed with
increasing pump frequency (corresponding to bed shear stress):
8 < F < 16Hz for pure sand and the sand-gravel mixtures, and
20Hz < F < 25Hz for pure gravel. A higher frequency range was
used for the pure gravel mixture because of the increased critical shear
stress required to mobilise the grains. During each run, a constant water
depth, h, of 0.13 m above the sediment bed was maintained. At the end
of each run, the time, t, taken for the sediment trap to fill to a pre-
defined level was recorded and the collection of > 10g of sediment
reduced the errors associated with particle size analysis (the difference
in mass before and after sieving) to below 5% loss or gain. This allowed
for accurate grain size distribution assessment (Folk and Ward, 1957)
via dry sieving at half-phi (&) intervals from -3® (8 mm) to 4@
(0.063 mm). The typical sample size was 25 g and the maximum sieving
error for all samples was 1.4%. Samples of the post-run bed material
were collected for particle size analysis using a core with a diameter of
26 mm to a depth of 15 mm at 3 points along the centre line of the bed.
The top layer of the bed was then removed to a depth of 30 mm and
replaced before starting the next run at an increased flow velocity to
avoid the effects of winnowing from previous runs. The duration of
each experimental run was also designed to ensure that transport was
not supply-limited. Each set of runs was repeated at least twice to im-
prove the statistical robustness of the results (Table 2).

2.2.4. Determining the shear stresses

Flow velocities were measured using a MET-FLOW ultrasonic
Doppler velocimetry profiler (UDVP) with an acoustic frequency of
4 MHz and a diameter of 5 mm. The UDVP was placed in the centre of
the flume, 1.4 m downstream of where the flow enters the test section,
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at a height, z, of 85 mm above the base of the tank, and orientated at an
angle, a, of 45° from vertical to minimise obstruction of the flow and to
ensure reflections from the tank walls did not obscure the velocity
profiles. The along-beam velocity, vg, was used to determine the mean
horizontal velocity, U, assuming the mean vertical velocity was negli-
gible (i.e. boundary layer assumption):

VR
sina’

(12)

where the overbar denotes a time average. The UDVP recorded 400
velocity profiles in 60s (sampling rate of 6.7 Hz) and used 178 bins
along the beam with a size of 0.74 mm after a blanking distance of
10 mm. This corresponded to a vertical resolution of 0.52 mm for U(2).
The bed roughness length, z,, and the friction velocity, u,, were cal-
culated using a curve fitting procedure based on the logarithmic law of
the wall:

Ux) = “?m(zi)

0 (13)

where « is von Karmén's constant taken as 0.41. Curve fitting was ap-
plied to the log layer, within the region of 2dgy < z < 0.2 h, where dgo
is the grain size corresponding to the 90th percentile of the grain size
distribution for each mixture. Assuming rough turbulent flow, 2z, = ky/
30 where k; is the Nikuradse roughness constrained to be in the range
2dsy < kg < 3dgp such that dso/12 < 2o < dgo/10 (Fig. 4). It was not
necessary to correct for form drag as no bedforms developed during the
experiments. The coefficient of determination (R?) was calculated to
assess the fit of the linear regressions. Fig. 4 shows an example of the
curve fitting procedure for F = 10 Hz and f, = 0. Stagnation of the flow
at the transducer is evident in the velocity profile above the maximum
velocity. R? values ranged between 0.83 and 0.99 for the majority of the
fits with one outlier at 0.76. The bed shear stress, 7, was then calculated
with Eq. (1), using u, and p = 998.71 kg m ™%, and was parameterised in

terms of the frequency according to
7= AF?, (14)

where A is a constant which is dependent on f; in N s>m~ 2 with values
given in Appendix A. Fig. 5 shows z versus F> for different gravel

100 [
10
£
e
0.1
0.01 4 . .
0 100 200 300
U(mms")

Fig. 4. Example of the logarithmic curve fitting procedure to the velocity
profile for f; = 0 and F = 10 Hz with z, constrained between 0.03 and 0.05 mm.
The red line is the fitted curve with R* = 0.99. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 5. Parameterisation of the bed shear stress, 7, with the square pump fre-
quency F2.

fractions and the resulting fits according to Eq. (14). For the frequency
range, 8 < F < 25Hz, the bed shear stress was in the range
0.22 < 7 < 8.69 Nm 2. Values of A for mixtures where f, = 0.05, 0.15,
0.25, 0.35 and 0.45 were obtained through linear interpolation.

The method requires both the gravel and sand fractions to be
transported as bedload rather than suspended load. The threshold of
suspension for sediment is given by w; ~ u,, where w; is the settling
velocity, such that the minimum stress, 7,,;,, required for suspension is

Tmin = pWs2~ (l 5)

According to  Soulsby  (1997), w,=0.056ms ' and
Tmin = 3.13Nm~2 for the sand fraction used herein. The suspension
criterion of the sand fraction would be met with F > 17 Hz and for all
sand-gravel mixtures with f, > 0.5. Thus, to limit sediment transport
to bedload only, F was constrained to 8 < F < 16 Hz for f; < 0.5, and
sand-gravel mixtures with f, > 0.5 were omitted. To mobilise the pure
gravel as bedload, F in the range 20 < F < 25 Hz was required.

2.2.5. Calculating the critical shear stress of size fractions

To determine the critical Shields parameter of the sand and gravel
fractions, the Parker et al. (1982) reference transport method adapted
by Shvidchenko et al. (2001) was used. This method relates 6,,; to gy ;*,
normalised by the proportion of the transported grain size fraction in
the bed surface material, f;:

. Ap,i
Qi = ,
fiN(Gs = 1gd?

where g ;, the volume transport rate of sediment (excluding voids), was
calculated using the formula of Gaweesh and Van Rijn (1994):

a1e)

M;
pwt’

q —

b a7
where M; is the mass of each i grain size fraction retained in sieves, w
is the bed width of the sediment trap (99 mm) and t is the time taken for
the trap to fill to the predefined level. The volumetric bedload transport
rate, gp, is then equivalent to:

n
a = z ;-
i=1

Least squares regression was used to extrapolate values of 0,,,;, taken
as the 6; value at a reference transport rate of qp;* = 10~* for each
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_ _ Fig. 6. Log-log plots of the fractional Shields para-
il £, =005 | £=05 meter, 6;, and dimensionless bedload transport rate,
qp,i*, for mixtures of f; = 0.05, 0.2 and 0.5. The re-
ference transport rate of g ;* = 10~ *is shown by the
—e—d;=9.66mm red line. (For interpretation of the references to
1072 3 —+—d,;=683mm colour in this figure legend, the reader is referred to
—%—d,=483 mm the web version of this article.)
—_— di =3.41 mm
R - —=—d;=241 mm
Sl —4—d;=1.71 mm
—— di =1.21 mm
10_4 +di=0.85mm
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—— d,. =0.43 mm
——+—d.=0.30 mm
10° i 42021 mm
;=0.
di =0.15 mm
10°¢ . - .
102 10° 10° 1072 10°
i i 01'
grain size fraction thus approximating the lower limit of bedload 10¢ a)

transport that can be accurately measured in laboratory experiments
(Shvidchenko et al., 2001).

3. Results

A total of 281 experiments were completed with a duration of 337 h.
For individual experiments, t ranged from 69s to 25h. Volumetric
bedload transport rates, g, ranged between 0.06 x 10~ °m?s~! and
0.18 x 10~ °m?2s~ L. To calculate 0., M; and f; were obtained through
particle size analysis of the transported material and the pre-run bed
material, respectively. M; was then used to calculate g,; with Eq. (17).
Values of , f;, and g, ; were used to calculate 6; and g5 ;* with Egs. (5a)
and (16) respectively. Log-log plots of 6; vs q; ;* were then produced for
each mixture, and least squares regression was used to extrapolate
values of 6; at g ;* = 10™*, taken as 6, (Fig. 6). Fig. 6 shows that 0,;
increases as f; was increased. This variation of 0.,; with f; between
mixtures for individual grain sizes is further explored in Fig. 7a. Within
mixtures, O..; decreases (Fig. 7a) and 7.; increases (Fig. 7b) with in-
creasing d;. Pure sand with d; = 0.15mm requires a shear stress of
0.20Nm ™2 to become mobile compared with 0.95Nm~2 for a sand-
gravel mixture with f; = 0.5, which is equivalent to a 75% increase in
7. Pure gravel with d; = 2.41 mm requires z,; = 6.59 Nm™2 to be-
come mobile whereas for a sand-gravel mixture with f, = 0.5,
Teri = 2.14Nm™2 which is equivalent to a 64% decrease in Terie

3.1. Calculating the hiding-exposure effect in the sand-gravel mixtures

In Fig. 8, Oci/Ocr,50 is plotted against di/dso, and the formula of
Egiazaroff (1965), Ashida and Michiue (1973), and Wilcock and Crowe
(2003) are included for comparison. The data show a dependency of
Ocri/ Ocr,50 ON fo, illustrated with an increase in 6,,,;/6.,50 for di/dsp < 1
and a decrease in 6..;/0..50 for di/dso > 1 with increasing f,. The
formula of Egiazaroff (1965) is shown to be representative only for
0.4 < di/dso < 1, and it overpredicts O,;;/6.50 by up to a factor of 13
for d;/dso = 0.07, below which the formula is not valid. The formula of
Ashida and Michiue (1973) is more accurate in that it overpredicts
values of 6,,;/0.50 by a factor of 2-4 for d;/dsy < 0.2 and it is valid
below d;/dso = 0.07. As this formula is an adaptation of Egiazaroff's
(1965) formula, it too overpredicts O,;/6. 50 for d;/dso > 1. The for-
mula of Wilcock and Crowe (2003) is the most accurate for di/dsp < 1,
closely matching the curve fitted to the pure gravel data. It too, how-
ever, overpredicts 6..;/0s0 for di/dsp > 1. For each mixture, the

27

——/f,=1
—Q—fg:l).so
—0—/520.45
—Q—j;,=0.40
—o—j;),= 0.35
+fg:0.30
—o—/é=0.25
+j;’,=0.20
—o- fj;,,,=0.15
fg=0.10
Jp=0.05

j;,,=0

0.001 =+ ,

(Nm?)

Tcr,i

d; (mm)

Fig. 7. a) Extrapolated 6,,; values plotted against d; for each mixture. b)
Equivalent z.; values, calculated using an average water density of
998.71 kg m~3, vs d;. Values of 7.r,; €quivalent to the Shields curve are shown
with the dashed black line.

relationship between 6.,;/0..50 and d;/ds, was investigated further by
fitting power curves to the data of the form:

_(d)”

' d50 ’
For all mixtures, the exponent y generally increased with increasing
fofrom 0.65 to 0.86 (Fig. 9d and Table 2). In Fig. 9a, b and c, y is plotted
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Fig. 8. 6..,i/0cr,50 Vs di/dso for each mixture using the same symbology as Fig. 7,
edged in black for clarity. The HE formulae of Egiazaroff (1965), Ashida and
Michiue (1973), and Wilcock and Crowe (2003) are shown as dashed black, red
and green lines, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Plots of y against a) g, b) B, c) B* and d) f,. The red lines show the values
of vy using the predictors of: a) Patel et al. (2013) with og; b) Wilcock (1993)
with B; and c) that modified for B* by Patel et al. (2013). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

against the geometric standard deviation, o,, the bimodality index, B,
and the modified bimodality index, B*, for the mixtures used herein.
The use of B better describes the bimodality of sediment mixtures than
B* (Fig. 9b and c, and Table 2). The B < 1.7 definition only includes
the pure sand and gravel cases, whereas the B* < 1.5 definition in-
cludes mixtures where 0.05 < f, < 0.2 (which are clearly bimodal,
Fig. 3) as well as the pure sand and gravel cases. Predicted values of y
using the formulae of Wilcock (1993) and Patel et al. (2013) for gy, B
and B*, respectively, are also shown in Fig. 9a, b, and c. The depen-
dence of y on f; is plotted in Fig. 9d. There is no relationship between y
and o, and it does not fit the relationship proposed by Patel et al.
(2013) (Eg. (11)). The exponent y remains constant with B and
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increases slightly, in a non-linear way, with B* except for the pure sand
and gravel (Fig. 9b and c). The formulae of Wilcock (1993) and Patel
et al. (2013) both underestimate vy for the sand-gravel mixtures (Fig. 9b
and c). There is, however, a statistically significant non-linear re-
lationship between vy and f, (Fig. 9d) for which the best fit is given by a
two-term power function with R* = 0.82 (p < 0.05):

Y=%+ 0 - W7 (20)

where the exponent for pure sand, y,, obtained from this correlation is
0.68, and that for pure gravel, v,, is 0.86. With the pure gravel case
excluded R? decreases to 0.38 (p < 0.05) and the f; coefficient and
power drop from 0.18 and 1.73 to 0.12 and 1.2, but the trend in the
data remains the same and is statistically significant.

4. Discussion
4.1. Interpretation of the results

The presence and strength of the HE effect is evident here initially
through the need for higher bed shear stresses to mobilise pure gravel
which, when mixed with sand, became mobile at much lower bed shear
stresses. The HE effect for the bimodal sand-gravel mixtures used herein
resulted in an increase in z.; by up to 75% for sand sized fractions
(d; = 0.15mm) and a decrease in 7..; by up to 64% for gravel sized
fractions (d; = 2.41 mm). This is equivalent to a variation in the
threshold of motion by up to a factor of 3 for grain sizes in the range of
0.03 < di/dsp < 1. The HE correction, &;, i.e. the relationship between
the 6.,i/0.50 and d;/dso, presented in Eq. (19), is similar to that pre-
sented in other studies (e.g. Parker et al., 1982; Wilcock and Crowe,
2003) in that it follows a power law relationship. Previously, there has
been some success in relating y to dso and o for unimodal and weakly
bimodal mixtures, and to B or B* for bimodal mixtures (e.g. Misri et al.,
1984; Wilcock, 1993; Shvidchenko et al., 2001; Patel et al., 2013).
Currently, however, only the formulae of Shvidchenko et al. (2001) and
Patel et al. (2013) which relate y to o, are applicable to both unimodal
and bimodal sediment. Although o, provides a description of the shape
of a grain size distribution for unimodal sediment, its applicability to
bimodal sediments is unclear. This study confirms that doubt, as no
clear relationship between y and o, was observed (Fig. 9a). The re-
lationship between y and o, proposed by Patel et al. (2013) overpredicts
y (Fig. 9a). When testing the relationship between y and the more ap-
propriate parameter B or B* for bimodal sediment mixtures (Wilcock,
1993; Patel et al., 2013), the existing relationships under predict y for
the sand-gravel mixtures in this study and y appears to remain constant
when plotted against B or B* (Fig. 9b and c). Although the use of a
constant y is advocated in other studies (e.g. Buffington and
Montgomery, 1997), the small variation in y identified in this study can
have a significant effect on the critical shear stress, z;, for individual
grain size classes in a mixture compared with uniform sediment of a
similar size (Fig. 7b). When using a constant value of v, the variability
in mobility of different fractions in mixed sediments will, therefore, be
lost. Here, a significant dependence of y, and therefore &;, on the pro-
portion of gravel, f;, to sand, f;, in a mixture has been identified
(Fig. 9d). This relationship is described by Eq. (20) which is constrained
by the exponent for the pure sand, y; = 0.68, and that for the pure
gravel, vy, = 0.86. The fact that vy, is larger than v, is consistent with the
strong dependence of y on the dso of a mixture primarily as identified
by Shvidchenko et al. (2001) (Eq. (8)). The values of vy, and vy, calcu-
lated using this relationship (0.55 and 1.17 respectively) are different
for potentially a number or reasons: 1) y controls the variation in HE
only for grains where d;/dsp < 1 whereas the y in our experiments
controls the variation for the complete grain size range; 2) Shvidchenko
et al.'s (2001) relationship is based not only on unimodal mixtures; and
3) in the case of y;, the grain size is outside Shvidchenko et al.'s (2001)
range of applicability.
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Fig. 10. Schematic diagram illustrating the variation in the hiding-exposure
effect, &;, and the exponent, v, for a fine grain (d; < dso) and a coarse grain
(d; > dso) in sediment mixtures with varying fractions of coarse material, f.

It is proposed that with an increased proportion of coarse to fine
material, the probability of coarse grains being exposed to the flow, and
therefore fine grains being hidden from the flow, increases, thus in-
creasing the strength of the HE effect and as a result y. This process is
represented schematically in Fig. 10. Coarse sediment, in a unimodal
mixture, requires a high critical shear stress to be mobilised, whilst the
fine unimodal sediment is readily mobile at a low critical shear stress.
When coarse sediment is mixed with fine sediment, the critical shear
stress to mobilise the coarse sediment decreases due to exposure effects,
whilst the hiding effect renders the fine fraction more difficult to mo-
bilise. For a certain mixture of fine and coarse sediments, the exposure
effect on the coarse fraction and the hiding effect on fine fraction is such
that both sediment fractions require the same critical shear stress to be
mobilised (y = 1).

4.2. Implications for sediment transport modelling

It is evident from the results that the presence of mixed sand-gravel,
common across glaciated shelf seas, coastal and riverine environments
(Holland and Elmore, 2008), can greatly affect the mobility of in-
dividual grain size fractions. Bedload transport rate predictions using
single-class models have been shown to lie within a factor of 5 of
measured values for simple cases (currents alone) and lie within a factor
of > 10 for complex cases (waves alone and combined waves and
currents) (Soulsby and Damgaard, 2005), and this uncertainty is
greatest in the presence of mixed sediments (Wilson et al., 2018). De-
spite a move from single-class to multiple-class sediment transport
models (Warner et al., 2008b; Amoudry and Souza, 2011), the use of
fixed 6,,; values does not account for intergranular effects and models
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which employ a HE correction typically use that of Egiazaroff (1965) or
its adapted form (Ashida and Michiue, 1972), which only seem valid for
0.4 < di/dsp < 1 (e.g. Komar, 1987). The HE formula presented here
applies to bimodal sediments and provides a relationship for vy, and
therefore &;, which can be estimated for a wide range of mixtures. Im-
portantly, using Eq. (20) does not relate y to quantities that are difficult
to implement in multiclass numerical models, such as o, Eq. (20) also
maintains the dependence of y on ds, in that it does not constrain y to
the same/similar value(s) for pure sand and pure gravel, as a re-
lationship to B or B* would. Instead, f, often is an easily available model
variable in multiclass numerical models (e.g., Warner et al., 2008b),
which is dynamically computed, thus enabling changes in surficial bed
properties to be accounted for after erosion and deposition cycles.

5. Conclusions

In this work, the effect that bimodal sediment mixtures have on the
threshold of motion of individual grain sizes due to the hiding-exposure
effect has been demonstrated. The Irish Sea is used here as a test bed,
but the results are thought to be extendable to larger shelf seas such as
the north-west European shelf. The mobility of fine sediment decreases
by up to 75% and the mobility of coarse sediment increases by up to
64%. This is dependent on the ratio of the coarsest mode to the finest
mode in a sediment mixture. The mobility of seabed sediments and
associated bed forms can have important implications for sediment
extraction and consumers of shelf sea resources as well as coastal zone
managers. Therefore, to fully understand bedload transport processes at
these small scales, there is a need to account for mixed sediment dy-
namics when modelling sediment transport pathways. A hiding-ex-
posure effect is presented here to account for the effects of mixed se-
diment dynamics which:

1. Includes for variations in the mobility of not only the fine fractions
(di/dsp < 1) but also for coarse fractions (di/dso > 1) in fully bi-
modal sediment mixtures.

2. Is dynamic, in that the strength of the HE effect changes with the
composition of the seabed sediment due to deposition/erosion by
varying y rather than using a fixed value.

3. Provides a less computationally expensive method of predicting y
for sediment mixtures by using f, to describe the mixture composi-
tion compared with previous methods where v is related to dso and
O,

4. Is applicable to coastal and shelf seas where the composition of
seabed sediments is a result of the reworking of glacial/fluvial de-
posits by contemporary hydrodynamic regimes.
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Notation
Symbol Description Units
B Bimodality Index -
B* Modified Bimodality Index -
d; Grain size of the i fraction m
d. Grain size of the coarse mode in Eq. (9a) m
ds Grain size of the fine mode in Eq. (9a) m
dso Median grain size m
doo 90™ Percentile Grain Size m
dp Mean grain size m
d, Representative grain size (d,, or dsp) m
di/dso Relative grain size -
fi Proportion of the i fraction in the bed material -
fe Fraction of the coarse mode in Eq. (9a)
fr Fraction of the fine mode in Eq. (9a) -
fi Fraction of the primary mode in Eq. (9b) -
fa Fraction of the secondary mode in Eq. (9b) -
fs Dry weight fraction of sand -
fe Dry weight fraction of gravel -
F Pump Frequency Hz
g Acceleration due to gravity m s2
h Depth of water column m
ks Nikuradse Roughness m
l log(dso) in Eq. (8) -
M; Mass of i fraction retained on sieves kg
n Constant in hiding-exposure formulae -
Q" Einstein bedload parameter -
b, Einstein bedload parameter for the i fraction -
3 Volumetric transport rate per unit bed width m?s?!

Appendix A. Values of A for each mixture
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Qi Volumetric transport rate of the i fraction m?s!
s =ps/p Specific density of sediment -

t Experiment Duration s

u, Friction velocity ms

U Temporal mean horizontal flow velocity ms

VR Temporal mean along-beam flow velocity ms

w Bed width m

W Settling velocity ms?
z Height above the bed m

Zo Roughness length m

a Transducer Angle °

v Exponent in equation Eq. (20) -

0 Shields parameter -

0; Shields parameter for the i™ fraction -

Ocr Critical Shields parameter -

O Critical Shields parameter for the i fraction -

01,50 Critical Shields parameter for the median grain size -

K von Kdrmén’s constant -

& = Ocri/Ocr50 Hiding-exposure correction for the i fraction -

p Density of water kg m™
Ds Density of sediment kg m™>
0, = (dga/d16)”  Grain size sorting (geometric standard deviation) -

T Bed shear stress Nm?
i Bed shear stress of the i fraction N m?
Ter Critical shear stress N m?
Teri Critical shear stress of the i fraction N m?
Ter,50 Critical shear stress of the median grain size N m?2
Tmin Minimum stress required for suspension N m?
@ Grain size of the primary mode in Eq. (9b) ®-units
Dy Grain size of the secondary mode in Eq. (9b) @-units

fe

A (Ns?’m™2)

0.00
0.10
0.20
0.30
0.40
0.50
1.00

0.0038
0.0045
0.0063
0.0076
0.0088
0.0108
0.0124
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