10

11

12

13

14

15

16

The influence of slipface angle on dune growth

S. Nagshband'?, D. Hurther?, S. Giri®, R.W. Bradley*, R.A. Kostaschuk®, J.G. Venditti*®, &

A.J.F. Hoitink*

! Department of Environmental Sciences, Wageningen University, Wageningen, Netherlands

% aboratory of Geophysical and Industrial Flows (LEGI), CNRS, University Grenoble Alpes
Department of River Dynamics, Morphology & Inland Shipping, Deltares, Delft, Netherlands
*Department of Geography, Simon Fraser University, Burnaby, Canada

*School of Environmental Science, Simon Fraser University, Burnaby, Canada

®Corresponding author: Suleyman Nagshband (Suleyman.Nagshband@wur.nl)

Key points

e Dune slipface angle adjusts to the imposed flow at time scales similar to the evolution of
dune height and length.

e The initiation of a flow separation zone intensifies trough scour, and results in acceleration
of dune growth.

e Sediment transport distributions reveal that bed material avalanche processes over dune

leesides depend on dune slipface angle.
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Abstract

Dunes dominate the bed of sandy rivers and they respond to flow by changing shape and
size, modifying flow and sediment transport dynamics of rivers. Our understanding and ability
to predict dune adaptation, particularly dune growth and decay, remains incomplete. Here we
investigate dune growth from an initial flatbed in a laboratory setting by continuously mapping
the 3D bed topography using a line laser scanner combined with a 3D camera. High-resolution
profiles of flow velocity and sediment concentration providing both bedload and suspended
sediment fluxes were obtained by deploying Acoustic Concentration and Velocity Profiler
technology. Our analysis reveals that the magnitude of the dune slipface angle, which determines
flow separation and controls turbulence production, adjusts to the imposed flow at time scales
similar to the evolution of dune height and length. The initiation of a flow separation zone
intensifies through scour, and results in acceleration of the dune growth. Gradients in sediment
transport and the rate of dune growth are inherently linked to spatial variations in slipface angles.
During dune growth, the slipface angle evolves differently than the ratio of dune height to length,

which immediately reaches its equilibrium value after dune initiation.
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1 Introduction

Interaction between a flow field and the underlying sandy bed gives rise to bedform
topography at a wide range of spatial and temporal scales. Dunes are the most common and
prominent bedforms observed in sandy alluvial systems. They are an important source of flow
resistance, generating macroturbulent coherent structures that lead to enhanced dissipation of
flow Kkinetic energy at viscous microscales (e.g., Venditti & Bennet, 2000). In addition, dune
development, migration and growth dominate sediment transport dynamics in sand-bedded rivers
(Gomez et al., 1990; Venditti et al., 2005a; Frings and Kleinhans, 2008; Ma et al., 2017). Dune
migration also leaves a characteristic signature in the rock record — cross stratification — a key
building block of alluvial deposits on Earth as well as on other planets (e.g., Ewing et al., 2015;
Galeazzi et al., 2018; Best & Fielding, 2019; Leary and Ganti, 2020). Hence, dunes have
attracted substantial attention from geomorphologists, sedimentologists, and hydraulic engineers

with a rich history of observations from Sorby (1859) and Gilbert (1914) until today.

Research on dunes have considered dune initiation from a flatbed and growth towards a
dynamic equilibrium state in steady uniform flows. Theories that explain dune initiation include
the generation of bed defects by coherent turbulent flow structures that grow by downstream
propagation (e.g., Grass, 1970; Williams and Kemp, 1971; Gyr and Schmidt, 1989; Best, 1992)
and instability interface theory that suggests instantaneous generation of bedforms due to an
instability formed at the water-sediment interface (Liu, 1957; Venditti et al., 2006). Defect
initiation occurs near the threshold of motion for a sand bed while instantaneous initiation occurs
when a general motion of a sand bed occurs (Venditti et al, 2005b). Once initiated, dune growth
has been explained by invoking hydrodynamic or kinematic processes (Venditti and Bradley,

2020). Gradual dune growth by hydrodynamic processes has been explained with linear stability
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analysis that involves imposing a spatial lag ¢ between sediment transport maximum and
topographic maximum, allowing growth or diminution of initial bed perturbation (e.g., Smith,
1970; Kennedy, 1963; Fredsge, 1981; Colombini & Stocchino, 2008). Rapid growth by
kinematic processes occurs by bedform coalescence to form larger features (Raudkivi and Witte,
1990; Coleman and Melville, 1994; Martin and Jerolmack, 2013; Myrow et al., 2018; Leary and
Ganti, 2020). Smaller bedforms merge or amalgamate of smaller, faster migrating bedforms to

form larger, slower migrating dunes.

While existing initiation and growth theories explain how bedforms initiate and grow,
they provide little insight into bedform morphology (shape and dimensions) and kinematics
(translation and deformation) during growth. Recently, Bradley and Venditti (2019a) used large-
scale flume experiments that covered a wide range of flow and sediment transport conditions to
show that the process of dune growth from an initial flatbed is more complex than previously
conceptualized, and that the functional form of dune growth curves — depicting spatially-
averaged time evolution of dune height and length — strongly depend on the transport stage
applied. In particular, a punctuated growth curve was found for mixed load dominated
conditions, with an initial slow linear growth of bedforms followed by a period of exponential
growth. The initial growth was attributed to organization of small 2D features which gradually
grew into 3D features. It was further suggested that the successive exponential growth phase may
be a result of increased trough scour due to enhanced turbulence at the bed caused by flow
separation behind dune leesides. Although growth curves are prevailing tools that allow
prediction of dune dimensions and their response to imposed flows, particularly of importance
through passage of a flood wave, their explanatory power of underlying dune growth

mechanisms remains limited.
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Understanding dune growth requires consideration of turbulent flow fields, dune
morphology, sediment transport, and the redistribution of sediment over and among dunes,
details of which are not captured by mean geometric parameters such as dune height and length
(Parsons and Best, 2013; Reesink et al., 2018). Significant progress has been made into
understanding the dynamics of flow separation and eddy generation over fixed and mobile, high-
angle dunes (HADs) (e.g. Omidyeganeh and Piomelli, 2013; Nagshband et al., 2014b, 2017;
Bourgoin et al., 2020; Dey et al., 2020) and low-angle dunes (LADs) (e.g., Best and Kostaschuk,
2002; Motamedi et al., 2012; 2014; Kwoll et al., 2017; Unsworth et al., 2018; Lefebvre et al.,
2016; 2019). Yet quantitative observations and simulations of sediment fluxes along migrating
and changing dune forms remain extremely rare (Nagshband et al. 2014b, 2014c, 2017).
Consequently, we lack insight into sediment erosional and depositional processes causing dune
adaptation (changes in dune morphology and kinematics) to imposed flows. More specifically,
there is no mechanistic explanation of how changes in a turbulent flow field associated with
changes in dune morphology — most notably dune slipface slope (steepest segment of dune
leeside) — result in sediment transport gradients along dune beds, and how this spatiotemporal

variation in sediment flux contributes to dune growth.

Here we investigate dune growth from an initial flatbed in a shallow laboratory flume by
continuously mapping 3D bed topography as it evolved towards a dynamic equilibrium. High-
resolution sediment flux profiles referenced to the exact measured position of the bed were
obtained by deploying an advanced hydroacoustic flow instrumentation known as the Acoustic
Concentration and Velocity Profiler (ACVP). Our analysis demonstrates how sediment transport
gradients and the rate of dune growth are associated with spatial variation in dune slipface

angles, paving the way for understanding and predicting of form-related components of shear
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stress and flow resistance, and ultimately river morphodynamics. We show that the dune slipface
angle progresses similarly to dune height during dune growth, as opposed to the dune steepness,

which reaches its equilibrium value immediately after initiation.

2 Methods and Experimental conditions

Experiments were carried out at the Kraijenhoff van de Leur laboratory for Water and
Sediment Dynamics, Wageningen University & Research. A 1.2 m wide and 14.4 m long flume
was used, focussing on an effective measuring section of 4 m. The slope of the flume can be
accurately adjusted up to 4% (Figure 1). Both water and sediment were recirculated, with a fine-
meshed filter mounted at the downstream end of the flume, guaranteeing full recirculation of the
mobile sediment load. Our experimental design, procedure, and instrumentation are briefly
outlined below. For more specific details of our methodology and experimental techniques see

Nagshband et al. (2017), and Nagshband and Hoitink (2020).

To investigate dune growth and adaptation, a 15-cm thick layer of uniformly distributed,
light-weight polystyrene particles was installed as a surrogate for sand after Nagshband and
Hoitink (2020). This allowed dynamic similarity of both flow characteristics (Froude number)
and sediment transport conditions (Shields number) between our shallow laboratory flows and
rivers that are an order of magnitude deeper. The bed was flattened and the flume was slowly
filled with water from both the upstream and downstream ends, preventing significant bed
disturbance. A predefined flow discharge, flume slope and water depth were chosen to represent
a mixed load dominated (MLD) transport condition (Table 1), with both bedload and suspended
load transport. The water surface slope adjusted to the imposed mean bed slope while reaching a

dynamic equilibrium in which dunes were not systematically growing or shrinking. Flow
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discharge was continuously measured with an electromagnetic flow meter, and water levels were
monitored at four positions using evenly spaced stilling wells along the centreline of the flume.
The effective measurement section of the flume bed (x = 4 m to x = 8 m) was continuously
scanned along a 0.51 m centre strip (y = 0.35 m to y = 0.86 m) with a streamwise resolution of 2
mm and a crosswise resolution of 3 mm, over a period of approximately 8 hours with an average
time interval of 12.5 min between consecutive scans. This continuous bed level monitoring was
carried out using a line laser scanner combined with a 3D camera using the methods in de
Ruijsscher et al. (2018). As the line laser scanner is not submerged in water, bed elevation is
measured without disturbing the flow field and underlying bed morphology. Each bed scan
consists of 167 evenly spaced parallel transects over the 0.51 m wide strip. Distribution of
bedform dimensions (dune height 4, length A, and slipface angle &) were obtained from these
transects using a frequently applied bedform tracking tool (van der Mark et al., 2008). The
outlined experimental procedure was repeated to investigate the reproducibility of these
experiments, and to quantify the spatiotemporal variation of dune dimensions during dune

growth from an initial flatbed.

In a successive experiment under the exact same flow and sediment condition, sediment
flux profiles were measured over the entire flow depth, over a period of 125 min (time needed to
reach a dynamic equilibrium starting from an initial flatbed, T, [min] in Table 1). Direct
sediment flux profiles in horizontal and vertical directions were obtained using the ACVP as
described by Hurther et al. (2011). It provides quasi-instantaneous, simultaneous, and colocated
vertical profiles of the two-component velocity field (streamwise u and vertical w) together with
the acoustic intensity profiles referenced to the exact location of the undisturbed bed level (using

the Acoustic Bed Interface Tracking method of Hurther and Thorne 2011), with a spatial and
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temporal resolution of 1.5 mm and 1/70 s, respectively. The acoustic intensity profiles are
transformed into sediment mass concentration profiles applying inversion methods and
incoherent scattering theory to polystyrene particles (Hurther et al., 2011; Thorne and Hurther,
2014). Measured sediment flux profiles are further decomposed into turbulent and mean
contributions for both bedload and suspended load (Nagshband at al., 2014c, 2017; Fromant et
al., 2019). The ACVP was mounted on a measurement carriage and positioned at a fixed location
along the flume (x = 6 m, see Figure 1d) with dunes migrating underneath. ACVP data presented
herein are time-averaged over a period of 10 s in which bed displacement was negligible
compared to dune length. An equivalent distance is also shown which is derived by transforming
ACVP measurement time series into streamwise distance along the flume, using mean bed

displacement.

The ACVP technology was previously used to investigate the contribution of both
bedload and suspended load to migrating sand dunes in equilibrium (Nagshband et al., 2014b), to
quantify sediment transport distribution during dune transition to upper stage plane bed
(Nagshband et al., 2017), and to study boundary layer flow and sediment transport dynamics
under gravity current- and wave-driven sheet flows (Revil-baudard et al. 2015; 2016, Fromant et
al. 2018; 2019). In the present study, we deploy the ACVP to investigate dynamics of flow
separation in the dune leeside and associated sediment transport gradients during dune growth
from an initial flatbed. This will provide quantitative knowledge of the mechanisms governing
dune adaptation and will facilitate more accurate predictions of form-related components of
shear stress and flow resistance, which are crucial components in modelling sediment transport

and river morphology.
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3 Results

3.1. Dune Growth from an Initial Flatbed

Measured bed topography illustrates successive stages of dune development and growth
towards a dynamic equilibrium (Figure 2). Small bedforms instantaneously appeared over the
entire bed as soon as water flow began (Figure 2a). The initial growth phase is characterised by
3D irregular features (Figure 2b) that grew and merged into larger 2D bedforms (Figure 2c).
Superimposed bedforms were also observed on dune stoss slopes, causing additional events of
dune splitting and merging, observed in previous research (Carling et al., 2000; Venditti et al.,
2005a; Venditti et al, 2016; Reesink et al., 2018; Leary and Ganti, 2020). Soon after, however,
bedform spurs (ridges parallel to the mean flow direction, Figure 2c) appeared, transforming
dune crestlines back to 3D (Swanson et al., 2017). During the second, more rapid dune growth
phase, dunes became higher and longer with deeper scours in their troughs (Figure 2d). Trough

scouring continued during the final growth stage reaching a dynamic equilibrium.

Dune growth curves show initial linear growth followed by a period of exponential
growth after t/T, = 0.35 (red circle in Figure 3). Topographic variability in dune height (mean +
standard deviation) increased during the growth stage but decreased and remained constant after
reaching a dynamic equilibrium (Figure 3a). Dune lengths had larger and fairly constant relative
variability over the entire duration of the experiment as in previous research (Nagshband et al.,
2014a; Venditti et al., 2016). Dune steepness varied through time, but showed no systematic
change as the dunes grew (Figure 3c).Time evolution of spatially-averaged dune slipface angles
had a rapid initial increase followed by a more gradual increase towards equilibrium (Figure 3d).
Variability in dune slipface angles remained large after reaching equilibrium. Ultimately, the

evolution of dune slipface angles revealed that as the onset angle for initiation of flow separation
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(predicted to equal 11° by Lefebvre and Winter, 2016) is exceeded (red circle in Figure 3d) and
trough scour is intensified, less sediment bypasses the flow reattachment point, consequently,
more sediment arriving at the dune crest is maintained within the dune, accelerating its growth.
Dune slipface angle distributions change during dune growth towards dynamic equilibrium
(Figure 4). During the initial stage of dune development, distributions are positively skewed
towards lower slipface angles with mean values deviating from the corresponding modes (Figure

4a and 4b). In the equilibrium phase distributions are near Gaussian (Figure 4c and 4d).

3.2. Flow Field, Sediment Concentration, and Sediment Flux

Measured flow fields over growing dunes reveal distinct flow patterns caused by
topographic forcing (Figure 5). During the initial growth stage with relatively small dunes and
low slipface angles, the flow pattern is characterised by a strong downslope near-bed current and
gentle vertical gradients, with a maximum flow velocity over the dune trough. Recent work by
Kostaschuk and Venditti (2019) showed that a strong downslope current over dune leeside is
associated with LADs, and that these currents transport large amounts of sediment ultimately
contributing to the generation of small-scale, migrating, superimposed bedforms on dune
leesides. As dunes grow in size and their slipface angles increase, the downslope current
decreases in strength and a zone of flow separation starts to develop with reversed near-bed flow,
vertical gradients become more distinct, and the location of maximum flow velocity shifts
upstream towards the dune crest. In the second stage of dune growth towards equilibrium, a
shear layer developed and the flow separation zone further expanded, with more pronounced

negative near-bed velocities (e.g., Nagshband et al., 2014b; Kwoll et al., 2016).

The evolution of the flow field results in a characteristic sediment concentration pattern

over the dune bed (Figure 6a), with sediment concentration just above the undisturbed bed level
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(detected with the ABIT method of Hurther and Thorne, 2011) equal to the granular bed density
ps(1—€) =633 [kgm™3] (ps = 1055 [kgm~3] is sediment density, and e = 0.4[-] is
granular bed porosity). The highest concentrations are observed close to the bed, with peaks in
suspended sediment over the dune stoss, at the dune crest, and over the dune leeside during the
initial growth phase. With initiation and expansion of flow separation in the second stage of dune
growth, peaks in suspended sediment concentration were observed over the dune trough due to
flow deceleration and the associated turbulence production, with smaller suspension peaks
caused by turbulent bursts that result from shear layer vortices impacting the dune bed at t/T, =

0.92.

The product of flow velocity and sediment concentration gives the sediment flux (i.e.
mean streamwise cu and mean vertical cw sediment fluxes in Figures 6b and 6c, respectively).
Gradients in those fluxes ultimately drive local changes in dune morphology and dune
interaction. During the initial growth stage, with relatively small dunes and low slipface angles,
the largest streamwise fluxes are encountered at the dune crest and over the dune leeside. As
dunes evolve and become larger towards equilibrium, with increased slipface angles, cu
decreases over the dune leesides and eventually becomes negative due to flow separation and the
upslope current. Larger slipface angles are associated with weaker downslope near-bed currents
(Best and Kostaschuk, 2002; Kwoll et al., 2016, 2017; Kostaschuk and Venditti, 2019), which
results in less pronounced (negative) downward vertical flux cw over dune leesides. The
observed pattern in cu further reveals a discontinuity over the dune trough at t/T, = 0.55, which

corresponds to the location of the flow reattachment point with zero net sediment flux.
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3.3. Sediment Transport Dynamics

Integration of mean streamwise flux profiles over the entire flow depth H gives the
distribution of total sediment transport per unit channel width along the migrating dune bed
(Figure 7a). Although sediment transport is usually considered as a steady flux calculated using
reach-averaged flow conditions, it is clear that sediment fluxes vary with topography. Bedload
(Figure 7b) varies with topography more than suspended load (Figure 7c). As such, bedload
variation controls the depth-integrated sediment flux. Consequently, dune morphology (shape
and dimensions) is set by bedload fluxes under the considered transport stage. The combination
of small dunes that possess low slipface angles associated with a strong downslope near-bed
current, and high sediment concentration over their crest and leeside, results in the largest
sediment transport rates observed during the initial stage of dune growth. As dunes grow in size
and their slipface angles increase, the contribution of form related flow resistance becomes
larger, reducing sediment transport capacity of the flow (e.g., Kwoll et al., 2017; Lefebvre et al.,
2016; Ma et al., 2017). This is reflected in a decrease of both dune-averaged as well as dune-

maximum sediment transport rates over the course of dune growth.

The sediment transport distribution further illustrates distinct avalanching processes of
bed material over dune leesides. In the presence of a flow separation zone associated with steep
slipface angles, avalanching is characterized by an immediate decay of bedload transport over
the dune leeside, reaching zero transport just ahead of the flow reattachment point. In absence of
a flow separation zone throughout the initial stage of dune growth, avalanching is more gradual,

with sediment being deposited over dune leesides and much further into dune troughs.
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4 Discussion

4.1. Dune Slipface Angle and Flow Separation

Existing dune growth curves exclusively consider time evolution of dune height and
length from an initial flatbed towards a fully developed equilibrium dune field (e.g., Nikora and
Hicks, 1997; Iseya, 1984; Baas, 1999; Colombini & Stocchino, 2008; Coleman et al., 2005;
Venditti et al., 2005a; Bradley and Venditti, 2019a). Dune slipface angles — determinative for
flow separation and turbulence production — are often assumed to instantaneously reach high
angles sloping at the angle-of-repose (~30°). Our experimental study with light-weight
polystyrene grains allow for dune morphodynamic similarity between shallow laboratory flow
conditions and rivers that are an order of magnitude deeper (Nagshband and Hoitink, 2020). We
show that dune slipface angles adjust to the imposed flow at time scales similar to the evolution
of dune height and length (Figure 3d). Although HADs with steep slipfaces at the angle-of-
repose that produce a permanent zone of flow separation are characteristic for shallow laboratory
flows, such steep slipface angles are an exception for our shallow flow dunes, analogous to
observed slipface angles of dunes in deeper rivers (e.g. McLean and Smith, 1979; Kostaschuk

and Villard, 1996; Galeazzi et al., 2018; Cisneros et al., 2020).

Using high-resolution numerical modelling, Lefebvre (2019) showed that the size of the
flow separation zone and magnitude of reversed flow, in addition to the magnitude of the slipface
angle, is controlled by slipface orientation relative to the mean flow direction. For a slipface
orientation > 25° compared to the flow, a strong cross-stream current develops, suppressing
turbulence and reversed flow. Previous work has also shown that sediment is dispersed in the
cross-stream direction in the presence of dunes, which become more pronounced when dunes

have a 3D character (Allen, 1982; Parsons et al., 2005; Reesink et al., 2018). By quantifying
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particle hop distance and travel time over equilibrium mobile dunes, Ashley et al. (2020) showed
that dunes significantly increase mean and standard deviation of cross-stream hop distances
relative to a flatbed. Although flow and sediment data in our study is limited to 2D slices through
dunes which possess a 3D character from time to time (Figure 2), the analysis and insights
presented herein provide a basis for our understanding of dune morphodynamics, with important
implications for the way we consider dune morphology and its adaptation to imposed flows, flow

resistance and sediment transport over dunes.
4.2. Mechanisms of Dune Growth

The evolution of a bedform field from a flatbed has been shown to display exponential
growth at lower transport stages (e.g., Baas et al., 1999; Bradley & Venditti, 2019a; Venditti et
al.,, 2005a) and punctuated growth, when a period of initially linear growth is abruptly
interrupted by exponential growth, at higher transport stages (Bradley & Venditti, 2019a).

Exponential growth is expressed as

A =a,(1—ebaty, (1a)

A = ap(1—e™0art) (1b)

where a, and a, are asymptotes that describe equilibrium height and length, respectively, and b,
and b, are growth constants. The dune height and length growth curves observed in these
experiments (Figures 8a and 8b) show punctuated growth. Growth curves are marked by a linear
phase of relatively slower growth as bedforms initially evolve from the flatbed until they reach a

height where exponential growth occurs. In our experiments, the linear growth phase is
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interrupted by exponential growth when t/T, = 0.35 (Figure 3). Exponential model fit results

(Table 2) show that dune height reaches equilibrium slightly faster than dune length.

Bradley and Venditti (2019a) argued that the linear phase of growth is punctuated
because there is a shift in the mode of sediment transport. During the linear phase, nascent
bedforms grow to exceed a critical height where they can no longer be contained in the near-bed
flow layer. Growth then shifts to exponential as intense scour in troughs leads to more rapid
bedform growth. These morphodynamics are likely responsible for the height and length growth
curves observed in Figure 8. The Bradley and Venditti (2019a) observation of punctuated growth
were limited to flow depths < 0.20 m and 6/6¢c conditions up to < 21.2. Beyond this transport
stage, growth appeared instantaneous because it happened too quickly so that it was difficult to
confirm the form of the growth curves. These observations at a flow depth of 0.25 m with lower
density material, suggests that punctuated growth occurs at a higher transport stage (6/6c = 47.8,

see Table 1) than observed by Bradley and Venditti (2019a).

The slipface angle growth curve shows purely exponential growth without an initial

linear phase expressed as
a = a,(1— e bart) (1c)

where a, describes the equilibrium slipface angle and b, is a growth constant. The slipface

angle evolution to equilibrium lags behind dune height and length (Table 2).

Explaining dune growth by hydrodynamic processes requires imposing a spatial lag
between sediment transport maximum and topographic maximum, yet, demonstration that the
physical lags are real has proven challenging (c.f. McLean, 1990; Venditti, 2013). Smith (1970)

argued that if maximum sediment transport is located upstream of dune crest, then sediment
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deposition will occur on the dune crest and dunes will grow larger. If the sediment transport
maximum is downstream of dune crest, then the dune crest will erode resulting in dune decay.
And, if sediment transport maximum is in-phase with the topographic maximum, dunes will
migrate downstream without changing shape and dimension. The measured sediment transport
distribution over dunes in the present study reveals — for the first time — an upstream spatial lag
between dune crest and maximum sediment transport which appears to vary significantly with
evolution phases (Figure 7a). This lag becomes more pronounced as the onset angle for initiation
of flow separation is exceeded during the second stage of dune growth, with sediment being
eroded from the dune stoss, and deposited on dune crest and leeside, resulting in dune growth.
Closer to equilibrium, as bedform dimensions start to stabilize, the lag disappears and the
sediment flux maximum coincides with the topographic maximum. Future research should
address the detailed causes of variability in the observed spatial lag, to provide a better basis for
its use in numerical bedform evolution models (e.g., Giri and Shimizu, 2006; Nelson et al., 2008;

Shimizu et al., 2009; Nagshband et al., 2016; Van Duin et al., 2017).

4.3. Low-angle Dune Formation

The rapid decay in bedload transport rates over the dune leesides necessarily leads to
oversteepening of the upper slope and avalanching on the slipface. Slipface angles in this study
can be compared to the two types of avalanching processes proposed by Kostaschuk and Venditti
(2019) to explain why deep (>2.5 m) rivers have low-angle dunes on their beds. Theoretical and
experimental analysis has indicated that granular avalanches composed of sand are unlikely to
flow on gradients <24° (Cassar et al., 2005). Kostaschuk and Venditti (2019) use this criterion to
separate small high-angle dunes found in flumes and shallow rivers from larger, low-angle dunes

in deeper flows. Low-angle slipfaces <24° are maintained by a combination of liquefied
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avalanches capable of transporting sediment over longer distances and at lower angles than
granular avalanches, and downslope currents that transport bedload over the leeside when flow
separation becomes intermittent or absent. Mean slipface angles for the dunes in this study
increase from around 2° to 18° during the initial stage of dune growth to around 19.8° for
equilibrium dunes (Fig. 3d, Table 1). Extremes above the mean reach 27° for equilibrium dune

slipfaces, but most are below 24°, making them low-angle dunes.

Application of the Wallis-Lowe liquefaction model (see Kostaschuk and Venditti, 2019
for details) allows us to determine if the low lee angles are maintained by liquefied avalanches.
The model assumes that, at the instant of liquefaction in a deposit, the particles are supported by
excess pore pressure and the fractional particle concentration (volume of sediment/total volume)
of the dispersion is constant with a concentration C,. As pore pressures decline, the particles
settle to the bed in a simple two-layer resedimentation process where the interface between the
dispersed grains at C, and the resedimentated grains, at a higher concentration C;, rises at a
uniform velocity. Resedimentation is complete when the interface between the overlying clear
water and the liquefied dispersion coincides with the surface of the resedimented grains.

Complete resedimentation of the dispersion occurs over a time t,.:

_ §(€1=Cop)
T ¢, wgcosa

t 3)

where ¢ is the initial thickness of the deposit, a is slipface angle, wq = w¢(1 — Cy)™ is the
aggregate fall velocity of the dispersion, ws is the fall velocity of a single particle, and n is an
empirically derived coefficient. For the simplest case of laminar flow and no interaction between

the liquefied grains, the maximum distance travelled by the flow is I' = t.uy,, where u;, =

0.7 \/ (6p1_s/p1)gY is the slope-parallel velocity of the head of the flow, p;_; is the density
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difference between the liquefied avalanche p;, and the overlying fluid ps, and Y is the thickness
of the head. We assume characteristic values (see Lowe, 1976: cgs units are used herein to
maintain consistency with empirical constants in the model) of C,= 0.54, C;=0.6,n=4.7and g
=981 cm s2. The settling velocity for the polystyrene particles is measured as w = 2.9 cm s™
(Table 1). Application of the model requires an estimate of the initial thickness of the triangular
wedge deposit. Flume experiments have shown that slipface avalanches result from the failure of
triangular-shaped wedges at the top of the slipface that are 10-20% of dune height (e.g., Venditti
et al., 2005b; Reesink and Bridge, 2007). Following Kostaschuk and Venditti (2019), we assume
a rectangular deposit thickness of 5-10% of dune height (1/2 the maximum triangular wedge

thickness).

Kostaschuk and Venditti (2019) calculated values of I'/S; = 0.29-0.83 (S; is slipface
length) for a small high-angle sand dune comparable in size to the equilibrium dunes in this
study, 0.59-1.51 for a large low-angle dune in the rock record (Rge, 1987) and 0.55-1.46 for a
large low-angle dune in the Fraser River. When T'/S; > 1, liquefied avalanches can travel the
whole length of the slipface and therefore exert a first order control on the slipface angle. When
I'/S; < 1, liquefied flows would be confined to the upper slipface and would then have to fail as
granular avalanches dominated by grain-to-grain contacts. Table 3 summarizes the values of
parameters in the Wallis-Lowe model as applied to the equilibrium dunes in this study.
Comparison of the predicted maximum liquefied avalanche travel distances I' with respect to the
measured length of the slipface S; shows that the putative liquefied avalanche would travel a
fractional distance along the slipface of I'/S;, = 0.12-0.34. This suggests that the dune slipface
angles in this study are not controlled by liquefied avalanches, and are instead controlled by

granular avalanches.
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This result suggest that low lee angles can be maintained without liquefied avalanches.
The specific reason low lee angle dunes form in the light-weight sediments is not immediately
obvious. A likely explanation for the low slipface gradients in this study are that polystyrene
granular avalanches are able to travel on lower gradients compared to granular avalanches of
quartz density sand particles. The static angle of repose in water of the polystyrene particles is
24° (Table 1). The dynamic angle of repose is generally 3-10 ° lower than the static angle (Al-
Hashemi and Al-Amoudi, 2018), which is consistent with the avalanche slipface angles of the
equilibrium polystyrene dunes herein (Table 2). In addition, angle of repose is affected by
particle shape, increasing with deviations from roundness and sphericity (Al-Hashemi and Al-
Amoudi, 2018). The measurements of roundness (R = 0.46) and sphericity (S = 0.81) of the
polystyrene particles show that the particles can be classified as subrounded (Hryciw et al.,
2016), which would result in steeper slipface angles compared to round and spherical particles of
the same density (Al-Hashemi and Al-Amoudi, 2018). Combined, the effects of relative
sediment density and roundness on the angle of repose produce low angle dunes in our
experiments without the liquefied avalanches described by Kostaschuk and Venditti (2019) over
dunes in deep rivers. We expect that experiments with rounder and more spherical polystyrene

particles would allow exploration of dunes with even lower slipface angles.

While the experiments suggest that light-weight sediments cannot be used to explore the
liquefied avalanches that dominate low lee angles in deep rivers, the particles do produce dunes
similar to those formed in deep rivers. This provides an opportunity to investigate flow
dynamics, roughness and form drag of actively migrating LADs at laboratory scale. The
experiments also point to other mechanisms that may control low lee angles for dunes close to

the threshold value estimated as 24°, such as dunes observed in the Rio Parana, Argentina (o ~
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15°-24°; Parsons et al., 2005). The relative density of sediment evidently plays an important role
in the emergence of low lee angles, a phenomenon not readily evident for dunes formed in water

flows on Earth because there is so little variation in the relative density of sediment.

4.4. Implications for Modelling Dune Morphodynamics and Flow Resistance

These experimental findings are useful to get insight into sediment transport processes
associated with bedform growth that, in turn, could be used to verify and improve the approach
and performance of numerical models. Physics-based morphological models are increasingly
used to simulate bedform morphodynamics. The models range from simple to complex in terms
of both hydrodynamics and sediment transport (Tjerry and Fredsge, 2005; Giri and Shimizu,
2006; Shimizu et al., 2009; Paarlberg et al, 2009; Niemann et al., 2010; Uchida and Fukuoka,
2013; Nabi et al., 2014; Khosronejad and Sotiropoulos, 2014; Nabi et al., 2015; van Duin et al.,
2017; Sun and Xiao, 2016; Lefebvre and Winter, 2016; Goll, 2017; Yamaguchi et al., 2020).
Most of these models include a parameterized spatial lag between sediment transport maximum
and topographic maximum, based either on bed slope effects, or a non-equilibrium sediment
transport relation using pick-up and deposition functions. One of the fundamental challenges is
to replicate the interaction between flow, sediment transport and morphology physically reliably.
The question regarding which approach replicates physically correct sediment transport and
morphological processes associated with bedform growth remains ambiguous. Given the fact that
the sediment transport formulations, used in most of the numerical models, are empirical or
semi-empirical, it is rather difficult to capture the physics of sediment transport associated with

bedform initiation and growth processes.
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Our experimental findings shed some light on these underlying processes, revealing
spatial lag between sediment transport and bed morphology at different stages of dune growth.
The observed variation in this spatial lag is similar to findings from a numerical dune evolution
model with non-equilibrium sediment transport formulation in Yamaguchi et al. (2020). The
experimental results also highlight the sediment transport processes over the leeside of the dunes,
which include both the distribution of bed and suspended sediment transport. Another important
outcome of the experiment is the lower slipface angle, which could be useful for verifying
numerical models, since they usually predict higher slipface angles close to the angle of repose.
Moreover, the model concept of a bed slope effect used to simulate dune evolution and growth
even requires an avalanche function of sediment load over dune leeside to restrict the leeside
angle to the angle of repose. This should be explored in a future study with the numerical model

including similar lightweight materials as used in current experiments.

The experimental findings presented herein can be employed for detailed exploration and
verification of different sediment transport approaches in numerical models. This will help to
further verify model performance, as well as to improve fundamental aspects of sediment
transport approaches in numerical models. Another important aspect is the accurate prediction of
form drag exerted by bedforms. The numerical model must be verified for the case when the
slipface angle is lower than angle of repose. Consequently, it is necessary to explore the
evolution of form drag and its effect on water surface, particularly for the case with a lower
slipface angle as found in these experiments and in the field. Physical experiments and numerical

modelling can be combined to develop a generic method for assessing flow resistance.
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5 Conclusions

Flume experiments were designed to study dune adaptation to an imposed flow, and in
particular the mechanics of dune growth. The 3D bed topography was continuously monitored
using a line laser scanner combined with a camera. High-resolution profiles of flow velocity and
sediment concentration, providing direct estimations of both the bedload and the suspended load
sediment flux, were obtained by deploying an Acoustic Concentration and Velocity Profiler. The
main findings of our study are summarized as follows:

1. Dune slipface angles — determinative for flow separation and turbulence production — adjust
to the imposed flow at time scales similar to the evolution of dune height and length.

2. The evolution of dune slipface angles reveals that as the onset angle for initiation of flow
separation is exceeded, and trough scour is intensified, less sediment bypasses the flow
reattachment point. This accelerates dune growth as more sediment arriving at the dune crest
is maintained within the dune.

3. The sediment transport distribution illustrates distinct avalanching processes of bed material
over dune leesides. Avalanching is characterized by an immediate decay of bedload
transport over the dune leeside in presence of a flow separation zone. In absence of a flow
separation zone, avalanching is more gradual, with sediment being deposited over dune

leesides and much further into dune troughs.
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747  Table 1. Overview of flow, sediment, and dune bed characteristics.

Parameter Value
Discharge, Q [m®s™] 0.050
Water depth, H [m] 0.25
Flume slope, S x 107 [-] 1.0
Mean bulk velocity, U [m 5] 0.17
Froude number, Fr [-] 0.11
Bed shear stress, z, [Pa] 1.73
Bed shear velocity, u [m s™] 0.04
Suspension number, us/ws [-] 1.43
Shields number, 6 [-] 1.53
Transport stage, 6/6; [-] 47.8
Mean particle diameter, Dso x 107 [m] 0.21
Sediment density, ps [kg m™] 1055
Settling velocity, w; [m s] 0.029
Critical Shields number, 6, [-] 0.032
#Static angle of repose, S [degrees] 24.0
®Particle Roundness, R [-] 0.46
“Particle Sphericity, S[-] 0.81
Dune height in equilibrium, 4, [m] 0.083
Dune length in equilibrium, 4, [m] 1.43
Dune steepness, Ae/4e [-] 0.058
Dune slipface angle in equilibrium, o, [degrees] 19.8
Time needed for equilibrium, T, [min] 125

748  °Static angle of repose of polystyrene particles is determined using the fixed funnel method
749  according to Al-Hashemi and Al-Amoudi (2018).

750  “Particle roundness quantifies the sharpness of particle corners calculated after the method
751 described by Zheng and Hryciw (2015), and Hryciw et al. (2016).

752 “Particle sphericity is the ratio of particle width to particle length.

753



754  Table 2. Model Fitting Results. Exponential phase results are from fits using Equation 1.
755  Equilibrium dimensions are the asymptotes in Equation 1 plus the dimensions at the end of the
756  linear growth phase. Following Baas (1994), Venditti et al. (2005), and Bradley & Venditti
757  (2019), Te.5i is the time required for the growth curve to reach 99% of the asymptote.

Growth Phase
Linear Exponential Equilibrium
Dune property Slope Intercept | Phase end a b Dimension Te:fit
[] [m] [hr] m=°] | [] [m. °] [hr]
Height 0.0394  0.00890 0.650 0.0404 3.86 0.0811 1.91
Length 0.669 0.181 0.650 0819 294 1.54 2.28
Slipface angle - - - 19.1 1.51 19.1 3.05

758

759



760

761

762

763

Table 3. Parameters for the Wallis-Lowe model.

Parameter Value
Initial deposit thickness, ¢ [cm] 0.42-0.84
Slipface angle, a [°] 19.8
Density of liquefied avalanche, p; [g cm™] 1.03
Density of water, py [g cm?] 1.00
Avalanche head velocity, u;, [cm s™] 2.40-3.41
Avalanche head thickness, ¥ [cm] 0.42-0.84
Resedimentation time, t [s] 0.56-1.12
Liquefied avalanche travel distance, I [cm] 1.34-3.88
Slipface length, S; [cm] 11.25
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Figure 1. Overview of the experimental set-up, (a) side view of the tilting flume with the
effective measurement section between x = 4 m to x = 8 m in streamwise direction, (b)
positioning of the line laser scanner on a semi-automatic carriage, (c) fully developed
equilibrium dunes, and (d) set-up of the Acoustic Concentration and Velocity Profiler (ACVP,
see Nagshband et al., 2014b for details).
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771 Figure 2. Different stages of bed morphology illustrating dune growth from an initial flatbed
772 towards a dynamic equilibrium with fully developed dunes, time evolves from top to bottom,
773 with T, the time needed to reach a dynamic equilibrium from an initial flatbed.
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Figure 3. Morphological growth curves showing the evolution of dune dimensions over time, (a)
relative dune height (A/A¢), (b) relative dune length (A/Ae), (c) dune steepness (A/A), and (d)
dune slipface angle. T, is the time needed to reach a dynamic equilibrium from an initial flatbed,
shaded green area is mean values + standard deviation. Red circles in (a) to (c) indicate the
moment of transition between a linear and an exponential growth, which coincides with the time
that the onset angle for initiation of flow separation is exceeded, indicated with red circle in (d).
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795  Figure 4. Distribution of dune slipface angle at four different stages of dune development as
796  shown in Figure 1. The solid green lines represent kernel density fits to dune slipface data with
797  circles indicating spatially averaged values.
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Figure 5. Flow field over mobile dunes, with (a) mean streamwise flow velocity and (b) mean
vertical flow velocity. Arrows represent the mean velocity vector field V (i, w). Flow direction is
from left to right with measured dune profile in solid black line. Open black circle indicates the
location of flow reattachment point. An equivalent distance is derived from transforming ACVP
measurement time series into streamwise distance along the flume, using mean bed displacement
(see section 2).
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808  Figure 6. Sediment concentration and fluxes over mobile dunes, with (a) mean sediment
809  concentration, (b) mean streamwise sediment flux, and (c) mean vertical sediment flux. Solid
810  black line is the measured dune profile.
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Figure 7. Sediment transport distribution over mobile dunes, with (a) showing total load, (b)
bedload, and (c) suspended load transport. Solid black line is the measured dune profile, with
black open circle the location of flow reattachment point. Orange circles in (a) indicate the
location of dune-maximum sediment transport, relative to dune topographic maximum (open
gray circle).
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819  Figure 8. Growth curve fits through time with (a) height, (b) length, and (c) slipface angle. (a)
820 and (b) display punctuated growth, where a period of linear growth is followed by exponential
821  growth, while (c) shows only exponential growth (see Table 2 for model fitting results).
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