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• The high resolution of the eddy-resolving Navier-Stokes solvers is incompatible with RANS-based bed-load transport
models.

• The discrepancies are limited to subcritical values of the Shields parameter, where transport is governed by bed-load
motion.

• The bed-load predictions of DNS-based models show qualitatively similar behaviour.
• Time averaging on a window of the order the large-eddy turnover time improves the predictions of bed-load transport

models.
• The same behaviour is observed in turbulent channel flow over smooth and rough walls, and over a two-dimensional

fixed dune.
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ABSTRACT
This work investigates the accuracy of commonly used bed-load transport models when applied in
combination with high-resolution Navier-Stokes solvers. Empirical bed-load models predict the trans-
port rate of sediments based on the average bottom shear-stress, while eddy-resolving approaches al-
low for a space- and time-dependent description of the bottom shear-stress distribution. We discuss
the effect that a fine-graining of the stress distribution provided by the flow solver has on the transport
model prediction, and we examine the space and time scales at which the averaged values of the trans-
port rate, obtained using the local stress distribution, converge to the transport rate predicted using the
average stress. To this aim, we performed Direct Numerical Simulation of a channel flow and used
the resulting database to mimicWall-Resolved andWall-Modelled Large-Eddy Simulations. We com-
pared the prediction of several bed-load transport models to experimental measurements in order to
identify and highlight the limitations that stem from the coupling of these models with eddy-resolving
techniques. We find that for small values of the Shields parameter (ratio of viscous and gravitational
forces) the fine spatial and temporal resolution of wall-resolved simulations can yield overestimation
of the bed-load transport rate; whereas more coarse-grained methods, such as wall-modelled Large
Eddy Simulation, result in improved predictions. We also show that a short-time averaging of the
force exerted by the fluid on the sediments, which we tested in three different configurations (channel
flow with smooth and rough walls and flow over an idealized two-dimensional river dune), improves
the accuracy of the bed-load transport predictions, thus providing indications about the flow scales
that control the transport process.

1. Introduction
Sediment-laden flows are of great practical importance,

as they occur in a wide variety of natural and industrial pro-
cesses, from soil erosion and sediment transport in streams
and rivers, to materials handling (Nielsen, 1992). A de-
tailed physical understanding and an accurate modelling of
sediment transport dynamics is crucial to predict the effect
that the resulting patterns, commonly termed bedforms, have
on the overall bed morphology and sediment transport rates
(Kidanemariam and Uhlmann, 2017). Sediment transport is
mainly determined by the action of the flow, which removes
sediment from the bed causing its erosion, by the effect of
gravity, which drives sediment settling, and by the mixing
induced by turbulence via the momentum exchange between
the sediments and the carrier fluid. Turbulence, in particular,
plays a crucial role in most natural flows, where the presence
of coherent structures associated with significant vorticity,
velocity and pressure fluctuations is known to affect the lo-
cal bottom shear-stress, the entrainment process and conse-
quently the bed morphology (Best, 2005; Livingstone et al.,
2007; Papadopoulos et al., 2020).

In an effort to gain fundamental knowledge of the bed-
form morphodynamic changes, a large number of investi-
gations have been carried out in the past. Experiments have
been extensively performed to examine aspects such as near-
bed transport (van Rijn, 1984c; Nielsen, 1992; Niño and
García, 1998; Cheng, 2002; Wong and Parker, 2006), de-
position or settling (Oliver, 1961; Batchelor, 1972; Davis,
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1985), suspended transport (van Rijn, 1984a, 1987; Celik
and Rodi, 1991; Garcia, 1991; Hay and Sheng, 1992), and
bedform evolution (Best, 1996, 2005; Venditti et al., 2005;
Parsons et al., 2005; Reesink and Bridge, 2007, 2009; Ko-
curek et al., 2010; Coleman and Nikora, 2011; Reesink et al.,
2018; Unsworth et al., 2018).

In spite of the progress made, however, achieving a com-
plete understanding of the mechanisms that drive the bed
morphodynamics has been and still remains a challenging
task from an experimental perspective. This is due to a num-
ber of factors, such as the need to consider idealized bound-
ary conditions, the difficulty of detecting the early stages of
pattern formation or the limited extent of the observation
time window (Scherer et al., 2020), which all stem from the
complex interaction between the sediment particles and the
driving turbulent flow. Additionally, field measurements of
the sediment flux during morphogenetic events are currently
difficult, if not impossible, to obtain (Vittori et al., 2020).

A useful complementary tool to overcome these diffi-
culties is represented by numerical simulations, which can
be used to analyze the interactions between sediment parti-
cles and the carrying flow, especially in the near-bed region.
In most of the previous numerical works, the background
turbulent flow has been typically obtained by coupling a
Reynolds-AveragedNavier-Stokes (RANS) equations solver,
with a sediment continuity equation to describe the sediment-
bed evolution (Paola and Voller, 2005). The hydrodynamic
and morphodynamic problems are then linked by an alge-
braic expression for the bed-load transport rate, which will
be indicated asΦ in its dimensionless form, hereinafter. These
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expressions allow to estimateΦ as a function of the sediment
properties (specific gravity, grain size, etc.) and flow prop-
erties, notably the space- and/or time-averaged bed shear-
stress, indicated as ⟨�w⟩ hereinafter (the angle brackets de-note time- and space-averaged quantities). Some attempts
have been made to improve the predictive capability of these
expressions by including the effect of turbulent burst phe-
nomena (Cao, 1999; Lee et al., 2012; Salim and Pattiaratchi,
2020). In one such attempt, Guan et al. (2021) have shown
that bed-load sediment transport is strongly influenced by the
near-wall coherent structures and by the inertia of the parti-
cles travelling near the bed; concluding that the bed-load
transport rate is not uniquely determined by the bottom-shear
stress.

The bed-load transport models often depend on a thresh-
old value of �w, referred to as the critical bed shear-stress
�w,cr. Above this thershold, sediment motion takes place.
Many definitions of �w,cr are available in the literature (Deb-nath andChaudhuri, 2010b), derived bymeasuring the amount
of sediment eroded over a certain time span as a function of
the average bed shear-stress (which, in most experiments,
is evaluated from the extrapolation of the Reynolds shear-
stresses). The specific definition adopted has a strong impact
on the model calibration and, hence, on the prediction of the
bed-load transport and suspended sediment transport. This
is the most sensitive aspect, as far as simulation of the mor-
phodynamics of alluvial and coastal environments is con-
cerned. In the past, RANS-based models have been applied
to the study of sediment transport over sand bedforms (Par-
sons et al., 2004; Lefebvre, 2019; Yamaguchi et al., 2019),
highlighting the influence of the bedform geometrical prop-
erties on the mean flow characteristics: Parsons et al. (2004)
focused on idealized two-dimensional transverse dunes, while
Lefebvre (2019) and Yamaguchi et al. (2019) studied natu-
ral three-dimensional bedforms. More recently, Chiodi et al.
(2014) and Ahadi et al. (2018) performed RANS of sediment
transport in open-channel flow using a two-fluid model to re-
late the bed-load sediment transport to the mean flow quan-
tities. This approach, however, fails to explain some of the
hydrodynamics and morphodynamics mechanisms (Weaver
and Wiggs, 2011; Wu et al., 2017).

The main issue with the empirical models just discussed
is that the actual bed-load transport rate depends on the in-
stantaneous spatial distribution of the bottom shear-stress,
which represents the footprint of turbulence, and not on its
space- or time-averaged value. An example of such distri-
bution is provided in Figure 1, where a typical evolution (in
time, labelled as t, or in space, along the horizontal flow
directions, labelled as x and z) of the bottom shear-stress,
�w(x, z, t), is shown. Although the time- and space-averaged
bottom shear-stress, ⟨�w⟩, is, in this example, smaller than
the critical value, the instantaneous/local bottom shear-stress
exceeds the critical value in some instances. This generates
instantaneous/local transport events that would not be cap-
tured by a model based on the average stress. Clearly, em-
pirical models cannot incorporate all the complexities of the
phenomenon (which include a wide range of temporal and

Figure 1: Typical evolution (in time or in space) of the in-
stantaneous/local bottom shear-stress, �w(x, z, t). The dotted
and dashed horizontal lines show the time- and space-averaged
value ⟨�w⟩, and the critical value �w,cr that is used by the em-
pirical bed-load transport models.

spatial scales, threshold effects, non-linearities and depen-
dence on flow conditions [Ancey 2020a]) and may lead to
inaccurate estimations, especially when used outside their
limit of applicability (Meiburg andKneller, 2010), as wewill
also show in this paper.

An alternative approach is represented by Direct Nu-
merical Simulation (DNS), which has benefited from the in-
creased computational resources of modern computers, and
has opened a new promising branch of research aimed at ex-
ploring the micro-mechanics of sediment transport, namely
the physical processes occurring at the scale of sediment
particles (Kidanemariam and Uhlmann, 2014, 2017; Biegert
et al., 2017; Vowinckel et al., 2019b; Mazzuoli et al., 2020;
Vittori et al., 2020; Akiki and Balachandar, 2020).

Within the DNS-based Euler-Lagrange framework, the
sediment transport processes occurring at the mesoscale can
be simulated by tracking a large number of particles that are
assumed to be smaller than the grid size of the fluid solver
and modelled as mass points that move under the action of
the flow hydrodynamic forces. An overview of the most re-
cent point-particle DNS studies is provided in Vowinckel
(2021) and shows that these types of simulations are able
to reproduce bed-form evolution of ripples and dunes in uni-
directional and oscillatory flows, especially when particle-
particle interactions of contact and collision are accounted
for.

The microscale of individual particle-particle interac-
tions, on the other hand, can be represented by particle-resolved
simulations in which the motion of each particle is computed
by resolving the flow field around it: this requires that the
grid size be significantly smaller than the particle diame-
ter. The increased spatial and temporal accuracy comes at
the expense of a much higher computational cost, compared
to the RANS-based approach, but allows the explicit calcu-
lation of the distributions of sediment concentration, shear
stress and sediment flow rate. The availability of this kind
of fully-resolved (in space and time) information is crucial
to shed light not only on the effect of the flow on the bed
evolution but also on the effect of the sediment patterns on
the flow properties and, in turn, on the sediment transport
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mechanics (Vowinckel, 2021).
In this context, Kidanemariam and Uhlmann (2014) per-

formedDNS simulation of flow over a bed ofmobile, spherically-
shaped particles. They accurately predicted the formation of
dunes from a flat bed under the action of laminar and tur-
bulent flow. Mazzuoli et al. (2020) examined the transport
of sediments in a turbulent oscillating boundary layer over
an initially flat bed of movable mono-sized spheres. They
found that the dynamics of sediments that are suspended is
strongly related to the properties of turbulence, which de-
pend on the distance from the bed surface and on the phase
of the wave cycle. Vittori et al. (2020) extended the study by
Mazzuoli et al. (2020) to focus on the bed-load layer. They
concluded that the empirical formulae present in literature
to predict bed-load transport are accurate only in a specific
range of application: above the condition of steady bed-load
transport and below the condition of suspended sediment
transport. In a series of papers (Vowinckel et al., 2017a,b;
Papadopoulos et al., 2020), Frohlich and co-workers used
DNS to investigate the momentum fluxes and hydrodynamic
stresses within and above a mobile granular bed in a turbu-
lent open-channel flow laden with mono-disperse spherical
sediment particles (either partially mobilized or all in mo-
tion). The momentum fluxes were computed as temporal
and spatial averages following a double-averaging method-
ology that allows the DNS data to be convoluted in a rigor-
ous way, thus providing detailed description and quantifica-
tion of the physical mechanisms involved in momentum ex-
changes. It was found that partially-mobilized particles cre-
ate streamwise bedforms that cause spanwise heterogeneities
and yield significant form-induced momentum fluxes. It was
also shown that particles always take up a substantial amount
of the momentum supplied, which ultimately increases the
channel hydraulic resistance, enhancing and stabilizing sec-
ondary flows.

Themain advantage of fully-resolved simulations is their
capability to provide in a deterministic manner the critical
amount of sediment flow rate that is required to trigger sed-
iment resuspension from the bed, this information being es-
sential for development of physics-based erosion and bed-
load transport models (Mazzuoli et al., 2020; Vittori et al.,
2020). On the other hand, these simulations are very ex-
pensive from a computational point of view and can only be
made affordable by reducing the number of sediment par-
ticles composing the bed or by limiting the flow Reynolds
number to valueswell below a real physical application (Vow-
inckel et al., 2019a).

In principle, a further possibility to reduce the compu-
tational cost consists in modelling the erosion/entrainment
process in a way similar to what is done in RANS-based ap-
proaches, i.e., using an Eulerian approach that solves a trans-
port equation for the sediment mass (Vowinckel, 2021). This
strategy was employed recently by Zgheib et al. (2018a,b),
who applied DNS to the study of ripple formation from a
flat bed at relatively low Reynolds number. The authors
focused on the flow regime where the only mode of sed-
iment migration is bed-load transport and did not solve the

sediment-concentration transport equation. Rather, the mor-
phodynamics equation, which involves a bed-load transport
model, erosion and deposition, was considered. They ob-
served various bed-form interactions during the formation
process, such as lateral linking and merging, as well as evo-
lution of ripples from a longitudinal to a transverse orienta-
tion. However, using the same empirical models developed
for RANS in combination with DNS goes well beyond the
applicability limits of the models. In addition, there are very
fewmodels that estimate (rather than compute explicitly) the
bed-load transport rate based on the local bottom shear-stress
distribution, e.g. Lee et al. (2012).

In this context, a crucial question that arises is related to
the space and time resolution of the bottom shear-stress dis-
tribution that is required to yield satisfactory estimates of the
bed-load sediment transport by a givenmodel. This question
is particularly relevant when eddy-resolving methods, like
Large-Eddy Simulation (LES), are used. Thesemethods rep-
resent an approach intermediate between RANS and DNS,
in that they combine more affordable computational costs
(compatiblewith practical applications) and reasonably-adequate
predictive capabilities.

In LES, in particular, the flow dynamics is resolved at a
much finer scale than RANS. The spatial resolution is de-
signed and tuned to capture the turbulent structures that are
expected to influence the flow dynamics the most, while
only the small scales of the flow are modelled. Due to the
lower discretization accuracy (compared to DNS) a full res-
olution of the flow around the particles is not possible in
this type of simulations (Marchioli, 2017). Therefore, an
Eulerian approach is taken to solve the sediment transport
problem, where the sediment phase is modelled as a con-
tinuum. This approach has considerably lower computa-
tional demands than its Lagrangian counterpart. Because
of its flexibility, LES has been widely used to study sed-
iment transport in a variety of configurations and geome-
tries. Zedler and Street (2001, 2006) simulated the transport
of sediments over ripples under the action of steady or os-
cillatory flows, observing the role of Görtler vortices in the
sediment entrainment mechanism. Chou and Fringer (2008)
used LES to study the characteristic time scales of sediment
transport in turbulent channel flow at high Reynolds number,
and, in a successive work, to investigate the bed formation
process for the case of sand ripples from a flat bed (Chou and
Fringer, 2010). Khosronejad and Sotiropoulos (2014) im-
plemented a hydro-morphodynamic model to simulate the
formation of sand waves in channel flow, which they later
used to study the formation of Barchan dunes (Khosrone-
jad and Sotiropoulos, 2017). In these studies the bed-load
transport uses local and instantaneous bed shear-stress val-
ues in the models, despite the fact that these models were
developed and calibrated with RANS solutions in mind, us-
ing average values only.

An important feature of LES, and of eddy-resolvingmeth-
ods in general, is that the computed bottom shear-stress fluc-
tuates in space and time. Therefore, even if the average
shear stress is below the critical value (⟨�w⟩ < �w,cr), the
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local values of the stress predicted by the flow solver can be
above the threshold (�w(x, z, t) > �w,cr), the opposite beingalso possible when ⟨�w⟩ > �w,cr. In other words, the aver-
age bed-load transport, ⟨Φ(�)⟩, will differ from the bed-load
transport based on averaged flow quantities, Φ (⟨�⟩), with �
representing the Shields parameter. This hints to the possi-
bility of applying successfully local models such as that of
Lee et al. (2012), but poses issues too. One issue is related
to the possibility of tuning the accuracy with which the bot-
tom shear-stress distribution is provided by the flow solver
to improve the estimate of the bed-load sediment transport
by using the available empirical models. The other issue
is related to the evaluation of the space and time scales at
which ⟨Φ(�)⟩ recovers Φ(⟨�⟩). Both issues are associated
to the type of LES that is performed: Wall-Resolved LES,
referred to as WRLES hereinafter, resolves the wall layer,
whereas Wall-Modelled LES, referred to as WMLES here-
inafter, models it.

In WRLES, since the grid extends to the wall, the first
grid point is in the linear region of the velocity profile, and
the wall stress is evaluated using a finite differences approx-
imation. With this approach, the fluctuations of �w are sig-
nificant, their root-mean-square being approximately 37% of
the mean value (Wu and Chou, 2003). In WMLES, on the
other hand, the wall stress is calculated based on the veloc-
ity at the inner/outer layer interface point, usually located at
y = 0.05−0.1� (where � is the water depth). An equilibrium
stress layer is typically assumed, but other approaches are
also possible (Piomelli, 2008; Larsson et al., 2016; Bose and
Park, 2018). In this case, the fluctuations of �w are signifi-
cantly lower than those of WRLES, since the velocity fluc-
tuations at the interface are much smaller than those nearer
to the wall. It is thus reasonable to expect that the predic-
tive capability of a given sediment transport model will be
different in WRMLES and in WMLES.

In this paper, we try to address these issues by perform-
ing a campaign of simulations characterized by different lev-
els of spatial and temporal resolution, and also considering
flow geometries that are relevant for sedimentation problems
and are characterized by non-equilibrium flow conditions.
Non-equilibrium conditions, which occur in the presence of
separation, flow three-dimensionality, and/or strong accel-
eration for instance, are considered here to assess the per-
formance of the selected transport models when these are
used outside of their limit of applicability, namely equilib-
rium turbulence conditions, typical of plane channels, pipes
or flat-plate boundary layers (Charru et al., 2013).

To this end, we will start by considering the DNS results
for the case of plane channel flow, which will be used as ref-
erence as well as input for the various models. DNS data
will be then filtered, a posteriori, to mimic typical WRLES,
WMLES and RANS solutions; each solution approach will
then be coupled with the selected transport models to com-
pare the performance of the different combinations. This
analysis will be repeated for a channel flow over rough walls,
and for the case of flow over a model river-dune geometry,
where flow separation, reattachment, adverse and favourable

pressure-gradients occur (Balachandar et al., 2007; Stoesser
et al., 2008; Omidyeganeh and Piomelli, 2011). The insights
gained with this study will improve the understanding of the
performances of morphodynamic models in eddy-resolving
calculations, and their limitations.

In the following, the numerical methodology is intro-
duced. Then, the bed-load transport models tested are re-
viewed, and the results of the present investigation are dis-
cussed. Finally, conclusions and recommendations for fu-
ture work are given.

2. Methodology
In this section we summarize the features of the models

considered in our study. First, the fluid flow solvers are pre-
sented. Then, the bed-load transport models are introduced.
2.1. Governing equations for the fluid phase

We study the dynamics of an incompressible Newtonian
fluid, which is governed by the equations of conservation of
mass and momentum:

∇ ⋅ u = 0 (1a)
) u
) t

+ ∇ ⋅ (uu) = −∇P + 1
Reb

∇2u (1b)

where all quantities are made dimensionless using the bulk
velocity, ub, the half channel height �, the fluid density �,
and the kinematic viscosity �; the Reynolds number isReb =
ub�∕�. The instantaneous velocity vector is u, with (u, v,w)the velocity components along the streamwise, wall-normal,
and spanwise coordinate directions (x, y, z), respectively. Fi-
nally, P is the dimensionless pressure.
2.2. Numerical methods

The data used for the evaluation of bed-load transport
models were obtained from DNS or LES of the flow in vari-
ous geometries, which are described in detail in section 3.2.
For the DNS calculations, Equations (1a) and (1b) are solved
on a staggered Cartesian grid. All derivatives are calcu-
lated by second-order, centered finite difference approxima-
tions, and a fractional step method (Kim and Moin, 1985) is
used. A third-order Runge-Kutta scheme is used for the time
advancement of the convective and diffusive terms in the
streamwise and spanwise directions, while the diffusive term
in the wall-normal direction is discretized using the second-
order implicit Crank-Nicolson scheme. Periodic boundary
conditions are applied in the streamwise and spanwise di-
rections and a no-slip condition is applied at the bottom and
top walls. The code has been extensively validated for tur-
bulent flows of this type (Keating et al., 2004; Scalo et al.,
2012; Yuan and Piomelli, 2014; Wu et al., 2019).

For the LES calculations, the filtered NS equations are
solved. A spatial filter, with width proportional to the grid
size, is applied to the flow field: All scales smaller than the
filter width are modelled. The filtered NS equations read as

∇ ⋅ ũ = 0 (2a)
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) ũ
) t

+ ∇ ⋅ (ũũ) = −∇P̃ + 1
Reb

∇2ũ − ∇ ⋅ �̃ (2b)

where ⋅̃ represents filtered quantities and �̃ = ũu − ũũ is
the sub-filter scale stress tensor, which is modelled using the
dynamic eddy-viscosity model (Germano et al., 1991; Lilly,
1992) with Lagrangian averaging (Meneveau et al., 1996).
These equations are solved on a curvilinear, non-staggered
grid with a Finite Volume approach that is second-order ac-
curate in space. The fractional step method (Kim and Moin,
1985) is used in this case as well. A second-order Adams-
Bashforth scheme is used for the time advancement of the
convective and diffusive terms in the streamwise and span-
wise directions, while the diffusive term in the wall-normal
direction is discretized using a second-order implicit Crank-
Nicolson scheme. Periodic boundary conditions are applied
in the streamwise and spanwise directions and a no-slip con-
dition is applied at the bottom wall, while the top boundary
is modelled as a fixed free surface:

)u
)y

= )w
)y

= 0 and v = 0 (3)

2.3. Bed-load transport models
The bed-load transport process is determined by the bal-

ance between the force exerted by the fluid on the particle
and the resisting force resulting from gravity, friction (due
to the contact with other particles), and cohesive forces. Co-
hesive forces are relevant when the bed is formed by clay or
sand particles containing significant amounts of water; this
type of particle-particle interaction is more prominent for
smaller particles (Warren, 2013). There is, however, lack of
understanding in cohesive-sediment erosion and suspension,
and uncertainty in the methodologies and definitions used to
estimate cohesive-sediment erosion thresholds. Therefore,
in this study we neglect these forces and limit the source of
uncertainty to the bed-load transport model (Debnath and
Chaudhuri, 2010a; Vowinckel et al., 2019b). Also, we as-
sume the bed to be formed of dry sand particles (quartz).

The uplifting force is related to the near-wall velocity
which, in turbulent flows, exhibits randomfluctuations. More-
over, in real configurations, the particles have different size
and shape: This aspect, combinedwith the randombehaviour
of the flow, canmake the particle erosion very hard to parametrize
and predict (van Rijn, 1993). The ratio of the sand-grain size
to the viscous sub-layer height is a sensitive parameter for
sediment transport models (van Rijn, 1993), as it determines
the fraction of particles that will be subjected to strong ve-
locity fluctuations. This dimensionless parameter, the par-
ticle Reynolds number, is defined as Rep = d∕�� , where
�� = �∕u� is the viscous length scale, u� = (�w∕�)1∕2 is thefriction velocity, � is the fluid density, and d is the grain size.
Shields (1936) determined the critical bottom shear-stress
for initiation of motion as a function of the particle Reynolds
number, and also measured the threshold shear-stress to ini-
tiate motion of particles of different size. This condition dif-
fers from that encountered by suspensions, which are char-
acterized by prolonged motion of the particle in the water
column (van Rijn, 1993; Niño et al., 2003).

Different definitions of the threshold bottom shear-stress
can be found in the literature (Shields, 1936; vanRijn, 1984a;
Niño et al., 2003). Many authors use a normalized grain
diameter, defined as

d∗ = d
[

(s − 1)g
�2

]
1
3 (4)

where s = �s∕� is the ratio between particle density �s andfluid density �, and g is the acceleration of gravity, and they
express the critical shear-stress as a function of this param-
eter (van Rijn, 1993).

The bottom shear-stress can also be normalized by the
sediment specific gravity and sediment grain diameter to
yield the “transport stage” or Shields parameter, �:

� =
|�w|

(s − 1)�gd
=

u2�
(s − 1)gd

. (5)

All bed-load transport models considered are expressed in
terms of either of these two non-dimensional parameters.

The non-dimensional bed-load transport is defined as:

Φ =
qbl

√

(s − 1)gd3
(6)

where qbl is the volume of sediment transported as bed load
per unit time and width. Most of the bed-load transport
models commonly used in the literature assume that parti-
cle transport starts as soon as the Shields parameter exceeds
the critical value:

�cr =
�w,cr

(s − 1)�gd
. (7)

We will consider the following models (in the figures,
they will be referred to using the abbreviations provided be-
low):

• EF76 (Engelund and Fredsoe, 1976):
Φ = 18.74�(

√

� − 0.7
√

�cr) (8)
where �cr = 0.05.

• FLvB76 (Fernandez Luque and van Beek, 1976):
Φ = 5.7(� − �cr)1.5 (9)

where �cr is determined from the Shields incipient-
motion curve (Shields, 1936), and is a function of the
particle Reynolds number.

• P79 (Parker, 1979):

Φ = 11.2
(� − �cr)4.5

�3
(10)

where �cr = 0.03.
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• vR84 (van Rijn, 1984c):

Φ = 0.053D−0.3∗

(

� − �cr
�cr

)2.1
(11)

Here and in (12)-(13) below, �cr is determined from
the re-adapted Shields diagram (van Rijn, 1993).

• N92 (Nielsen, 1992):
Φ = 12

√

�(� − �cr). (12)

• NG98 (Niño and García, 1998):
Φ = 42.9(� − �cr)(

√

� − 0.7
√

�cr). (13)

• C02 (Cheng, 2002):

Φ = 13�1.5 exp
(

−0.05
�1.5

)

(14)

with no dependency on a critical shear-stress.
• WP06 (Wong and Parker, 2006):

Φ = 3.97(� − �cr)1.5 (15)
where �cr = 0.0495.

Some of these models (Engelund and Fredsoe, 1976;
Parker, 1979; Cheng, 2002; Wong and Parker, 2006) are in-
dependent of the grain size (which means that either they
assume a constant �cr or they exclude the existence of a
threshold). The other models (Fernandez Luque and van
Beek, 1976; van Rijn, 1984b; Nielsen, 1992; Niño and Gar-
cía, 1998) depend on the grain size, and will be analyzed
separately.

The model by Lee et al. (2012) was also implemented
(indicated in the figures with the abbreviation L12). This
model relies on a work-based criterion for particle motion
and defines the bed-load transport instantaneously and lo-
cally based on the force exerted by the fluid on virtual sed-
iment particles. The procedure used for this model differs
from the empirical models in that the bed-load transport de-
pends on the instantaneous flow velocity at a certain distance
from the wall (equal to the radius of the sediment particles),
rather than on the bottom shear-stress. The force acting on
the sediment particles is then calculated using the instanta-
neous particle Reynolds number, Ref , based on the instan-
taneous flow velocity, uf , the particles diameter, d, and the
kinematic viscosity, �. Two conditions for transport are to
be satisfied: the transport process begins when the force ex-
ceeds a threshold value for motion; at this point the particle
starts moving on the channel bed but it is not re-entrained
yet; actual erosion/transport takes place when the work done
by the fluid force on the particle exceeds the work necessary
to move the particle from its location.
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Figure 2: Experimental data from Paintal (1971), Fernan-
dez Luque and van Beek (1976), Wong and Parker (2006),

and Cheng (2002); best fit piecewise power law;
90% confidence range.

3. Experimental and numerical data
The numerical datasets produced in this study have been

compared to experimental datasets available in the literature.
In the following we describe these datasets in detail.
3.1. Experimental datasets

The experimental datasets used for the validation of bed-
load transport models are listed in Table 1, together with the
range of parameters examined. The dimensionless sediment
diameters range between 18 and 729, and, the Shields pa-
rameter ranges between 0.01 and 10.

Combining equations (4) and (5), and the definition of
Rep we obtain:

Rep =
u�d
�

=

√

�
d3∗

(16)

which shows the relation between the particle Reynolds num-
ber, Rep, the Shields parameter, �, and the non-dimensional
diameter, d∗. If we assume that Rep is the main parame-
ter characterizing the particle dynamics, then we can derive
that:

• at low particle Reynolds numbers, when the viscous
forces are significant, the Shields parameter, �, and
the non-dimensional diameter, d∗, are both relevant
quantities to the physics of the problem;

• in highly turbulent flows, characterized by larger val-
ues ofRep, the particles dynamics is mainly governed
by the Shields parameter.

Notice that the dataset of Paintal (1971) focuses on very low
values of � but considers a wide range of values for d∗. Theexperimental dataset from Cheng (2002), on the other hand,
focuses on larger values of �, but a limited range of values
for d∗.Figure 2 gathers all the experimental data, and also shows
a correlation of the data, obtained as a least-squares-regression
power-law. Since the experimental data exhibit different power-
law exponents in different ranges of �, the least-square-regression
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Table 1
Experimental datasets for bed-load transport considered in this study.

Model d∗ �
Paintal (1971) 63 − 562 0.01 − 0.07

Fernandez Luque and van Beek (1976) 22 − 83 0.04 − 0.08
Cheng (2002) 18 − 20 0.06 − 8.47

Wong and Parker (2006)
80 − 729 0.06 − 0.29(revisited the data of

Meyer-Peter and Müller (1948))

was performed separately on five different intervals of ⟨�⟩.
The expression of the piecewise power-law (PPL) so ob-
tained is Φ = a ⟨�⟩n where:
⎧

⎪

⎪

⎨

⎪

⎪

⎩

a = 10, n = 5 ⟨�⟩ < 0.022
a = 6 × 1014, n = 13.4 0.022 < ⟨�⟩ < 0.055
a = 63.74, n = 3.022 0.055 < ⟨�⟩ < 0.2
a = 27.74, n = 2.532 0.2 < ⟨�⟩ < 0.5
a = 12.66, n = 1.496 ⟨�⟩ > 0.5

(17)

We also plot the 90% confidence range, which was evaluated
by discarding 5% of the points with the largest error above
and below the PPL. The error is defined as

"PPL =
|Φexp − ΦPPL|

ΦPPL
(18)

whereΦPPL represents the value of the piecewise power law
and Φexp refers the experimental measurements.
3.2. Numerical datasets

Three numerical datasets were used: two were obtained
from DNS of plane channel flow with smooth and rough
walls, the third from a WRLES of the flow over a 2D dune.
The numerical results were manipulated to mimic WRLES,
WMLES, andRANSusing a procedure that will be described
later, and coupled with the bed-load transport models pre-
sented in Section 2.3.

The DNS of channel flow with smooth walls was carried
out atReb = 21, 400 (based on the bulk velocity and the half-channel height) which corresponds to a friction Reynolds
number Re� ≃ 1, 000, based on the friction velocity and
the half-channel height. A computational domain of length
(streamwise) L = 6�, width (spanwise) W = 3∕�, and
height (wall-normal) H = 2� was discretized using 1024 ×
312 × 512 grid points in the streamwise, wall-normal, and
spanwise directions, respectively. A uniform grid was used
in the streamwise and spanwise directions, while a hyperbolic-
tangent distribution was used in the wall-normal direction.
This resulted in grid sizes Δx+ ≃ Δz+ ≃ 6, and 0.1 <
Δy+ < 39, in wall units. The results agree very well with
reference data, and are reported in detail by Hantsis and Pi-
omelli (2020). A total of 160 instantaneous snapshots were
collected, covering a time interval of 16t∗, where t∗ = �∕u�is the large-eddy turn-over time, which represents the char-
acteristic time of the large turbulent eddies.

TheDNS of channel flow over roughwalls was performed
using the same code. The bulk-flow simulation parame-
ters are similar to the smooth channel case. In particular,
Reb = 21, 400, which corresponds to Re� ≃ 1, 700. A com-
putational domain of length (streamwise) L = 4�, width
(spanwise)W = 2�, and height (wall-normal)H = 2� was
discretized with 640 × 530 × 320 grid points in the stream-
wise, wall-normal, and spanwise directions, respectively. It
was shown (Hantsis and Piomelli, 2020) that the smaller do-
main has no effect on the flow in the region near the rough-
ness. A uniform grid distribution was used in the stream-
wise and spanwise directions. In the wall-normal direction,
a uniform grid covers the volume occupied by the roughness
(128 grid points) and then a hyperbolic tangent distribution
is applied up to the middle of the channel. This results in
grid sizes Δx+ ≃ Δz+ ≃ 11, and 0.8 < Δy+ < 48, in wall
units. Following the approach of Scotti (2006), the rough-
ness is modelled by an Immersed-Boundary Method based
on the Volume-Of-Fluid (VOF) approach. The roughness
elements are randomly oriented ellipsoids with semi-axes
k, 1.4k, and 2k, respectively, where k is 4% of the effec-
tive channel half-height. The resulting equivalent sand-grain
roughness is ks ≃ 1.6k. A total of 160 instantaneous snap-
shots were collected, covering a time interval equal to 22t∗.

Finally, the LES of open channel flow over a 2D dune of
height ℎwas carried out atReb = 18, 900 (based on the localbulk velocity and the water depth). A computational domain
of length (streamwise) L = 20ℎ, width (spanwise) W =
10ℎ, and water depth � = 4ℎ was discretized with 256 ×
98 × 256 grid points in streamwise, wall-normal, and span-
wise directions respectively. We use the geometry studied by
Balachandar et al. (2007), Stoesser et al. (2008) andOmidye-
ganeh and Piomelli (2011), shown in Figure 3 together with
the computational grid. A uniform grid was used in the
streamwise and spanwise directions, while a hyperbolic-tangent
distribution was used in the wall-normal direction. This re-
sulted in grid sizes Δx+ < 25, Δz+ < 10 and 0.1 < Δy+ <
8, in wall units. A large number (500) of instantaneous
snapshots were collected, covering a time interval equal to
33t∗dune. The large-eddy turn-over time for the dune was
evaluated at the section of the dune corresponding to the av-
erage water depth,H∕ℎ = 3.5, as the ratio of average water
depth to local friction velocity: t∗dune = H

u� (H = H)
≃ 60.

Large-eddy simulations of this problem, using the same nu-
merical model and grid, were validated byOmidyeganeh and
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Figure 3: (a) Dune geometry and simulation mesh. Every eighth point of the mesh is shown for better visualization; (b) Dune
bottom topology; the slope angle (in degrees) is shown in each region of the dune. LS: Lee Side; RC: Re-Circulation zone; SS:
Stoss Side; C: Crest.

Piomelli (2011). Due to the dune geometry, the flow shows
different characteristics: slow reversed flow over the lee side
(LS), a strong re-circulation zone (RC) between x∕ℎ = 2.5
and x∕ℎ = 6, a re-attached boundary layer with increasing
shear-stress over the upward slope, namely on the stoss side
(SS), and finally a detached shear layer over the crest (C).
Of course, such complexity of the flow field is reflected on
the transport of sediment particles, with regions dominated
by deposition of sediment grains onto the bed (LS and RC)
and regions dominated by erosion (SS and C), as shown by
Marchioli et al. (2006).

In such a complex bottom topography, the slope of the
bed influences the transport rate also in terms of the thresh-
old for transport. A negative angle (backward facing slope)
decreases the critical shear-stress as the force exerted by the
fluid on the particles and gravity act in the same direction,
and vice-versa. The critical shear-stress is, therefore, modi-
fied to take into account the sloping bed as suggested by Lau
and Engel (1999):

�cr,�
�cr

=
sin (� + �)
sin (�)

(19)

where � is the bed slope angle, and � = �∕6 is the angle
of repose of the bed, which represents the maximum slope
that the sediment can withstand before collapsing under the
action of gravity only. The variable �cr,� is the critical shear-stress for the sloping bed, and �cr is the critical shear-stressfor a horizontal bed.

In the DNS, the bottom shear-stress can be calculated
directly from its definition, using finite differences. Then
�w, which varies in x, z and time, is normalized and used
as input to the bed-load transport models (8)-(15) to ob-
tain Φ [�(x, z, t)]. To mimic the WRLES, in which only the
scales of motion larger than some characteristic length-scale

(the filter width) are solved numerically, the DNS data were
filtered explicitly with a spatial filter of width typical of wall-
resolved calculations, i.e., 60 wall units in the streamwise
direction, and 20 wall units in the spanwise direction. The
velocity gradients (and hence the shear stress) were then cal-
culated by means of finite differences and used to calculate
Φ [�(x, z, t)] in all flow configurations.

For theWMLES, which typically uses coarser grids than
WRLES, a spatial filter (with filter width 120 wall units) was
applied to the streamwise velocity at an interface point lo-
cated at yIF∕� = 0.1 (typical of the distance from the wall
of the inner/outer layer interface [Balaras 2004; Kawai and
Larsson 2012]). The bottom shear-stress is then evaluated
assuming that the velocity satisfies the logarithmic law:

ũIF
u�

= 1
�
log

(yIFu�
�

)

+ B − ΔU+ (20)

Here, ũIF = ũIF(x, z, t) is the filtered velocity extrapolated
at the inner-outer-layer interface, yIF, � = 0.41 is the von
Kármán constant, and B = 5 is the logarithmic-law con-
stant. Knowing ũIF and yIF, a Newton-Raphson method is
used to solve for u� from Eq. (20). The bottom shear-stress
is then calculated as �w = �u2� ⋅ sign(�w). No filtering was
performed in the y direction because it would alter the mean
velocity at the interface, which would not satisfy the loga-
rithmic law any longer. The resulting wall stress returned
by (20) would then be incorrect. To avoid this error, which
would be artificially introduced by the filtering operation,
and would not be present in an actual calculation, filtering
was performed in the xz−plane only. The roughness func-
tion, ΔU+, quantifies the increased drag due to the rough-
ness. This function is equal to zero for the smooth wall,
while the value measured in the DNS (ΔU+ = 8.6) was used
in the rough-wall case. The resulting value of �(x, z, t) was

D’Alessandro et al.: Preprint submitted to Elsevier Page 8 of 20



Coupling of bedload transport models and CFD techniques.

substituted into the models to obtain againΦ [�(x, z, t)]. The
application of this method to channel flows is straightfor-
ward, as such method was designed for wall bounded flows
with a well defined and stable equilibrium layer between pro-
duction and dissipation of turbulent kinetic energy, i.e. the
logarithmic layer. However, in the flow over two-dimensional
dune the equilibrium layer is disrupted by the detached shear
layer over the dune crest and by the recirculation region, so
that it is present only over the stoss side, when the favorable
pressure gradient is weak (Spalart, 1986; Omidyeganeh and
Piomelli, 2011). Therefore, the accuracy of the model in
such regions is bound to be compromised.

RANS velocity fields, and specifically the average bot-
tom shear-stress, were obtained from the DNS simulation
by applying a spatial (in the xz-plane) and temporal aver-
age. The time- and space-averaged bed shear-stress ⟨�w⟩was then fed to the models (8)-(15), to yield a unique mean
value of Φ(⟨�⟩) (i.e., not dependent on position and time).
For the dune calculation, the WRLES fields were treated as
described above to yield WMLES and RANS bed-load pre-
dictions. Note that this approach separates the errors due to
the modelling of the bed-load transport models from those
due to uncertainties in the calculation of �w. In actual LES orRANS, the prediction of �w would be affected by numerical
errors, and by the accuracy of the sub-filter scale or turbu-
lence model. Only numerical errors are present in the DNS
data, and those can be estimated by performing a grid refine-
ment.

The main difference between the RANS approach and
the eddy-resolving techniques lies in the fact that in RANS
simulations the single value of ⟨�⟩ is used, and the result-
ing Φ(⟨�⟩) is analogous to what would be measured in an
experiment. In the eddy-resolving methods (DNS, WRLES
and WMLES), the models must be applied locally and in-
stantaneously, to compute Φ [�(x, z, t)]. To make a mean-
ingful comparison with the experiments, its plane- and time-
averaged value, ⟨Φ(�)⟩ = ⟨Φ [�(x, z, t)]⟩ must be used. The
difference betweenΦ(⟨�⟩) and ⟨Φ(�)⟩ is then expected to be
the cause of errors in the bed-load transport models.

This is illustrated in Figure 4. Panels a-d show contours
of the local and instantaneous value of �(x, z) obtained with
the various techniques. We use, for this example, ⟨�⟩ = 0.04
and �cr = 0.05; the latter is a commonly used threshold
value, while the former is chosen to illustrate the differences
among the solution methods when ⟨�⟩ is close to �cr. For theRANS calculations (panel a), the Shields parameter is uni-
form, and equal to its average value, �(x, z) = ⟨�⟩. The DNS
(panel b) andWRLES (panel c) results show significant fluc-
tuations of �w that result in regions where �(x, z) ≫ ⟨�⟩.
In the WMLES case (panel d) the solution is considerably
coarser-grained than in the DNS and WRLES cases, and the
regions where �(x, z) ≫ ⟨�⟩ are less frequent and less in-
tense.

Consider now, as an example, the model by Engelund
and Fredsoe (1976), introduced in section 2.3, as reference.
Since �cr = 0.05 > ⟨�⟩, the model predicts no sediment
lift-up. However, the eddy-resolving methods have regions

where �(x, z) > �cr (the red regions). In these regions,
the model predicts particle transport. This phenomenon was
also analyzed byVowinckel et al. (2016), who performed La-
grangian Particle Tracking in a channel flow at sub-critical
Shields parameter and observed local occurrences of par-
ticle bed-load transport related to the local turbulent flow
structures. The time scale of these events was of the order
of the flow-through time and therefore not included in the
mean flow characteristics. As a consequence of these lo-
cal and short-lived events, the instantaneous transport model
would yield localized regions of transport (Figures 4e and
4f), which would produce higher values of ⟨Φ(�)⟩. This
would be significant in the WRLES and DNS cases, less so
in the WMLES, since the coarse-graining of the solution at-
tenuates the fluctuations of the bottom shear-stress. All the
models introduced in Section 2.3 exhibit the same behav-
ior. This effect becomes more pronounced when ⟨�⟩ is close
to �cr. If ⟨�⟩ > �cr the fluctuating transport-stage may go
below the threshold while the average is above it, so that re-
gions of the flow are excluded from the calculation of the
sediment transport rate.

The difference among DNS, WRLES and, to a larger ex-
tent, WMLES is in the spatial and temporal scale of the fluc-
tuations of �w. With the grid used here for the WRLES, the
solution in the viscous region of the wall layer is very well
resolved, so that the difference between WRLES and DNS
is hardly visible with the level of contouring used in figure
4. In WMLES, however, the grid is significantly coarser (so
that only larger structures are resolved) and the bottom shear-
stress is calculated using information obtained from the log-
arithmic layer. Therefore, the resulting �w will be smoother
(i.e., less fluctuating) than inDNS. It must be pointed out that
discriminating between the different types of near-wall flow
structures is not necessarily relevant to the objective of this
work. What matters is the ability of eddy-resolving methods
to capture the effect of the turbulent structures on the wall
shear-stress distribution. We do not aim at quantifying the
discrepancy among bed-load transport predictions that result
from the action of specific structures but, rather, we call the
attention to the compatibility of bed-load transport models
and eddy-resolving techniques.

The presence of sediment grains on the channel bed al-
ters the geometry of the bed. Depending on their size and
shape, the sediment particles can be described as roughness
elements when d << �, or obstacles when d ≃ � (van
Rijn, 1984c). Wall roughness changes the flow dynamics
in the near wall region, resulting in an increase of drag and
more isotropic turbulent eddies. The sediment-grain diam-
eter determines the roughness height k (a common value in
sediment-laden flows is k = 2d) and different regimes can
be identified based on the ratio of roughness height to the
viscous length scale, �� : hydraulically smooth if k∕�� < 4,transitional if 4 < k∕�� < 80, and fully rough if k∕�� > 80(Jiménez, 2004). Since roughness increases the drag and al-
ters the characteristics of the turbulence (in particular, de-
creasing the anisotropy of the Reynolds stresses) it will also
change the spatial and temporal distribution of the Shields
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Figure 4: (a-d) Contours of the instantaneous Shields parameter �(x, z), for a case with ⟨�⟩ = 0.04. (a) RANS; (b) DNS; (c)
WRLES; (d) WMLES. The value �cr = 0.05 used in the model EF76 is shown as a solid contour. (e-f) Contours of the bed-load
transport model Φ [�(x, z)] given by (8) with (e) WRLES; (f) WMLES.

parameter, and hence of Φ [�(x, z, t)]. To estimate the ex-
tent of this effect, we examined the results of a plane chan-
nel flow simulation over a roughwall with relative roughness
k = 0.04� (at the lower end of the fully rough regime). The
same procedure as in the smooth case was used; the only
difference is the fact that, the wall stress for the DNS was
calculated by integrating the local and instantaneous VOF
force. Since roughness may lead to flow separation behind
the roughness elements, a pressure unbalance between the
front and the rear of the elements is generated. The VOF
force represents the total force exerted by the body on the
fluid locally and includes both the pressure-induced form
drag and the friction drag. For the WMLES the logarithmic
law of the wall was modified by adding the roughness func-
tion (ΔU+ = 8.6), as previously discussed. The WRLES,
WMLES, and RANS approaches were mimicked using the
methodology previously described.

4. Results
We now compare the bed-load transport predictions ob-

tained with the different approaches (DNS, WRLES, WM-
LES, and RANS) for smooth and rough walls. The bottom
shear-stress distribution depends only on the approach and
on the geometry. By varying the sediment characteristics,
i.e. grain diameter and density, we can then span the range of
⟨�⟩ covered by the experiments, which fall into the "gravita-
tional settling" regime defined by Finn and Li (2016), based
on the scaling relations determined by Balachandar (2009).
In this regime, the particle dynamics is mainly affected by
settling, and the fraction of sediment carried as bed load, at

a given ⟨�⟩, increases as d∗ increases.
4.1. Smooth channel

First, we consider the bed-load transport models that
are independent of d∗ (Engelund and Fredsoe, 1976; Parker,1979; Cheng, 2002;Wong and Parker, 2006), which are com-
pared in Figure 5. For values of the Shields parameter well
above the threshold (⟨�⟩ > 0.1), the curves generally col-
lapse, independently of the computational approach. The
model by Wong and Parker (2006) is consistently low, but
all the other model predictions are within the scatter of the
data. For small values of the Shields parameter, on the other
hand, the results depend significantly on the computational
approach used. These trends can be explained by the fact
that, for low ⟨�⟩, the shear-stress distribution in DNS and
WMLES is characterized by regions where �(x, z, t) exceeds
the threshold even if themean Shields parameter is below the
threshold, and vice-versa when �(x, z, t) is slightly above it.
For high ⟨�⟩, only the model non-linearity causes a differ-
ence among the various computational approaches, and this
difference decreases as ⟨�⟩ increases. A similar behaviour
was observed by Mazzuoli et al. (2020) in oscillatory flows,
where the instantaneous bed-load transport rate is dependent
on the flow characteristics as well as on the bottom shear-
stress.

As expected, the RANS approach is in very good agree-
ment with the experimental data for values of ⟨�⟩ larger than
the critical value: the model constants are calibrated on aver-
age experimental data, so feeding an average bottom shear-
stress to each model must, by construction, agree with the
experiment. If the RANS approach is used, none of the mod-
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Figure 5: Comparison of the bed-load transport models independent of d∗. Piecewise power law; 90% confidence range;
WP06; EF76; P79; C02; the vertical dashed lines represent the critical Shields parameter for each model

(color-coded as indicated above). The inset figure is a zoom on the higher transport-stage range: ⟨�⟩ ∈ [0.5 8].

els will predict any transport when ⟨�⟩ < �cr; experimental
measurements, however, show that some bed-load transport,
albeit limited, actually takes place. An exception to this be-
haviour is the model by Cheng (2002), which is independent
of a threshold Shields parameter, and, therefore, predicts ac-
curately bed-load transport rates for ⟨�⟩ < 0.022.

When the instantaneous bottom shear-stress calculated
from the DNS or WRLES is used, on the other hand, the
models consistently overpredict ⟨Φ(�)⟩ when ⟨�⟩ is close or
below the critical value, as discussed earlier. When ⟨�⟩ is
well above the critical value, all the models predict accu-
rately the bed-load transport rate, with the exception of the
model by Wong and Parker (2006), which underestimates it
roughly by a factor of 3. A possible cause of this discrepancy
will be discussed later.

Overall, the model by Cheng (2002) is the one that pro-
vides predictions that fall most often within the confidence
range. Themodel by Parker (1979) has a lower threshold and
is, therefore, more accurate at lower values of the Shields pa-
rameter when combined with a RANS approach. When the
model is combined with WMLES and WRLES, it predicts
larger bed-load transport at low ⟨�⟩. For small values of
the Shields parameter, in particular, WMLES provides more
accurate results than WRLES (which overestimates the bed
load) and RANS (which predicts no transport).

All the models perform poorly for very small values of
the Shields parameter (⟨�⟩ < 0.022). However, in this range
⟨Φ(�)⟩ is very small, O(10−8), and these errors may have
minor consequences. For 0.022 < ⟨�⟩ < 0.055 the compar-
ison must take account of the large scatter in the available

experimental data, which highlights the difference between
DNS, WRLES, WMLES, and RANS: all models show the
same trend, with DNS and WRLES predicting greater bed-
load transport rate, WMLES being closer to the experimen-
tal data, and RANS predicting no bed-load transport. Above
⟨�⟩ = 0.055 almost all curves fall well inside the confidence
range, with the exception of the curve obtained using the
model by Wong and Parker (2006). The reason for the poor
performance of this model at large ⟨�⟩, is the fact that the
relation for Φ (Equation 15) was calibrated against the data
by Meyer-Peter and Müller (1948), by including a suitable
correction (yellow markers in Figure 2). These experimen-
tal data lie exclusively in the range 0.055 < ⟨�⟩ < 0.2, and,
therefore, the model fails to predict the bed-load transport
outside of this range.

Next, we consider the transport models dependent on d∗.This dependency affects the models only in the definition
of the threshold Shields parameter, �cr. Only two reference
cases (d∗ = 20 and 560) will be discussed. Figure 6 shows
that, for small particle size (d∗ = 20, 0.055 < ⟨�⟩ < 10),
the difference between the four approaches is minimal, as
expected given that ⟨�⟩ > �cr.For large particle sizes (d∗ = 560, 0.02 < ⟨�⟩ < 0.055),
on the other hand, differences between the three approaches
are apparent, as shown in Figure 7. For values of ⟨�⟩ be-
low the critical value, the RANS-based transport prediction
is, of course, Φ(⟨�⟩) = 0; the DNS results show values
of ⟨Φ(�)⟩ considerably larger than the experimental mea-
surements, while both theWRLES andWMLES approaches
yield bed-load transport values within the confidence range
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Figure 6: Comparison of the bed-load transport models, estimated for d∗ = 20. Piecewise power law; 90% confidence
range; FLvB76; vR84; N92; NG98. The vertical dashed lines represent the critical Shields parameter for each
model (color-coded as indicated above).

of the experimental measurements.
An important result of our analysis is shown in Figure

8, where the bed-load predictions obtained using the work-
based model by Lee et al. (2012) are reported. A sediment
grain size d = 15�� was assumed, therefore the velocity was
extracted at y = 7.5�� . These predictions are compared to
those of the empirical models introduced in section 2.3. As
expected, the model work-based behaves extremely well in
the DNS case for a wide range of ⟨�⟩: the high spatial and
temporal resolution is the numerical setup the model was de-
signed for. On the other hand, when the velocity field is fil-
tered in space (WRLES and WMLES) the local description
of the flow is not fine enough to capture the microscopic ef-
fect of the fluid force on the particles, resulting in fewer oc-
currences of bed-load transport events: the peaks of the fluid
force are smoothed and the work done by the particles is not
calculated as accurately. The model performance is signif-
icantly affected by the simulated space and time scales, as
these determine the shear-stress distribution that is fed into
the model. A straightforward application of the work-based
model to filtered flow fields does not seem to grant an ac-
curate prediction, and hints to the necessity of recovering
the effect of the filtered scales (e.g. through suitable sub-
grid scale closures for the fluid velocity fluctuations) in or-
der to improve results. The transport rates predicted using
the RANS approach are also shown. In this case, however,
only the average fluid force can be used, and therefore the
condition on the work done by the fluid force is omitted, ne-
glecting the main physical mechanism on which this model
is based.

4.2. Rough channel
The complex geometry of the sandpaper roughness dis-

rupts the usual turbulence-generation cycle (MacDonald et al.,
2019). As a consequence, the near-wall velocity fluctuations
and the shear-stress fluctuations are higher compared with
the smooth-wall case (the root-mean-square fluctuation of
�w is almost three times larger). It is thus reasonable to ex-
pect a strong impact on the predicted bed-load transport.

Figure 9 shows the predictions of the bed-load transport
models obtained using the data from the rough wall simula-
tions: the DNS and WRLES approaches yield values of the
bed-load transport larger than in the smooth case. This is
due to the above-mentioned wider range of fluctuations of
the bed shear-stress. The difference is clear for large val-
ues of the Shields parameter, where DNS and WRLES pre-
dict a bed-load transport roughly one order of magnitude
larger than WMLES and RANS. Both the non-linearity of
the models and the larger fluctuations of the rough wall flow
field contribute to increase the differences among the var-
ious models. It must be noticed that the WMLES results
do not vary significantly between the smooth case and the
rough case. This happens because the near-wall region is
not resolved in the WMLES approach: the bottom shear-
stress is evaluated from the velocity extracted from the outer
layer, which is unaffected by the presence of the roughness
(MacDonald et al., 2019). The same qualitative behaviour is
observed for the models dependent on the non-dimensional
diameter d∗.
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Figure 7: Comparison of the bed-load transport models, estimated for d∗ = 560. Piecewise power law; 90% confidence
range; FLvB76; vR84; N92; NG98; the vertical dashed lines represent the critical Shields parameter for each
model (color-coded as indicated above).

Figure 8: Comparison of WP06, EF76, P79, C02, and L12; the vertical dashed lines represent the critical

Shields parameter for each model (color-coded as indicated above); Piecewise power law; 90% confidence range.

4.3. Short-time averaging
The results discussed in the previous sections indicate

that the discrepancies observed in the wall-resolved calcu-
lations are due to the spatial and temporal variation of �w.

Therefore, removing the fluctuations associated with these
variations should improve the model accuracy (Guan et al.,
2021). To further verify this assertion, we performed a short-
time averaging of the local bottom shear-stress. This is done
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Figure 9: Rough channel case. Comparison of the bed-load transport models independent of d∗. Piecewise power law;

90% confidence range; WP06; EF76; P79; C02; the vertical dashed lines represent the critical Shields
parameter for each model (color-coded as indicated above). The inset figure is a zoom on the higher Shields parameter range:
⟨�⟩ ∈ [0.5 8].

here as follows:
• first we calculate the moving average of the bottom

shear-stress over a short time window, ΔT :

�w ∣ΔT (x, z, t) = ∫

t+ΔT

t
�w(x, z, t̃)dt̃ (21)

• the local averaged Shields parameter is calculated: � ∣ΔT
(x, z, t) = ∣�w∣ΔT (x,z,t)∣

(s−1)�gd

• the bed-load transport rate is calculated from equa-
tions (8)-(15), Φ(� ∣ΔT ).

The averaging should be performed over an interval long
enough to decrease �w,rms but short enough to account for
macroscopic changes of the flow dynamics (due to the pres-
ence of coherent structures, for instance). One would expect
this interval to be proportional to the large-eddy turnover
time (�∕u� ). An “optimal” time-averaging window ΔToptcan be chosen by requiring the model prediction to match the
piecewise power-law given by Eq. (17). This time window,
however, depends both on the value of ⟨�⟩ and on the spe-
cific model considered, being longer for strongly nonlinear
models such as those by Parker (1979) and Cheng (2002).
However, it would be impractical to change the averaging
window depending on the value of ⟨�⟩, so we chose a pri-
ori three averaging windows (ΔT =1.5, 5, 10 �∕u� ) and we
compared the WRLES results to the experiments. Note that,
since the filter-width used to obtain the WRLES quantities

is very small, similar results would be obtained if the local
velocity and wall stress were filtered in time only.

Figure 10 shows the time- and space-averaged bed-load
transport,

⟨

Φ
(

� ∣ΔT
)⟩

predicted by each model, for vary-
ing averaging windows. The figure focuses on the range of
Shields parameter close to the critical value, where the dif-
ferences among the three averaging windows are most sig-
nificant. All models show that a window ΔT = 1.5�∕u� issufficient to lower the bed-load transport prediction so that it
falls inside the confidence range. The purpose of the short-
time averaging is to remove the small-scale fluctuations that
cause the incorrect predictions of the RANS-based models.
At the same time, it would be desirable to allow the model
to respond to larger-scale unsteadiness (due, for instance, to
the boundary conditions). From this perspective, the low-
est value of ΔT for which the results become insensitive to
the window size can be considered optimal. For the cases
examined in Fig. 10, ΔT = 1.5�∕u� appears to be the best
choice.

Figure 10 shows that time-averaging improves the per-
formance of the bed-load transport models for values of the
Shields parameter lower than the critical value. For values
well above the threshold, the averaging does not yield a con-
siderable improvement of the transport rate prediction since
� ∣ΔT (x, z, t) is always larger than the critical value. The
same analysis performed on the bed-load transport models
when DNS was used, shows that theΔTopt is up to two times
larger than for WRLES. Much longer averaging intervals are
probably needed in rough-wall cases to smooth out the much
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Figure 10: Comparison of the bed-load transport models with different size averaging windows. Piecewise power law; 90%
confidence range; WP06; EF76; P79; C02 FLvB76; vR84; N92; NG98; the vertical dashed
lines represent the critical Shields parameter for each model (color-coded as indicated above). (a) No averaging; � averaged over
(b) ΔT = 1.5�∕u� ; (c) ΔT = 5�∕u� ; (d) ΔT = 10�∕u� .

larger bottom shear-stress fluctuations.
4.4. Two-dimensional dune

In this section we analyze the performance of the trans-
port models in the two-dimensional dune described in sec-
tion 3.2. This geometry represents a simplified version of
an alluvial dune and therefore values of d∗ typical of allu-
vial streams were chosen. The size of river sand ranges from
60 µm to 2mm and has a typical density of �s = 2650 kgm−3.Assuming � = 1000 kgm−3, and � = 1 × 10−6m2 s−1 yields
d∗ = 1.5−50. The sediment-to-fluid-density ratio and grain
diameter were chosen to obtain an average Shields parame-
ter ⟨�⟩ ∼ (0.1), for which the influence of the flow-solving
methodology is more evident. Note that for this case no ex-
perimental reference data are available; thus, we highlight
the regions where significant differences occur among the
numerical techniques (WRLES, WMLES and RANS solu-
tions), in order to identify the flow phenomena that require
attention.

Figure 11 shows the streamwise distribution of the time-
and spanwise-averaged Shields parameter, ⟨�⟩zt (x). After
applying a time average over the entire simulation window,
the bottom shear-stress estimated usingWRLES, Time-averaged
WRLES, and RANS is the same, albeit characterized by dif-
ferent local and instantaneous distributions. The Shields pa-
rameter distribution in the WMLES case, on the other hand,
is noticeably different due to the inability of the wall-model
to capture the non-equilibrium behaviour of the flow, es-
pecially in the recirculation regions and near reattachment
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Figure 11: Streamwise distribution of the time and spanwise
averaged Shields parameter, ⟨�⟩zt (x), over the two-dimensional
dune, multiplied by the sign of ⟨�w⟩zt (x) for better understand-
ing of the flow regions. WRLES, Time-averaged WRLES,
and RANS; WMLES. LS: Lee Side; RC: Re-Circulation
zone; SS: Stoss Side; C: Crest.

(a mild, pressure-gradient-driven separation would also be
problematic). The shear stress (and hence the Shields pa-
rameter) varies significantly in the streamwise direction: the
Shields parameter is lowest on the lee side, where the flow
velocity is directed upwards due to the recirculation and the
bed-load transport rate is the lowest due to the prevailing
downward flux of sediments due to gravity. Only on the
stoss side, after re-attachment of the boundary layer, the
shear stress increases to reach a maximum at the crest. Ero-
sion prevails on deposition in this region: sediment is eroded
from the stoss side of the dune, transported by the turbulent
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Figure 12: Comparison of the bed-load transport models at d∗ = 10. WP06; EF76; P79; C02 FLvB76;
vR84; N92; NG98. (a) WRLES; (b) Time-averaged WRLES over 1.5�∕u� ; (c) WMLES; (d) RANS. LS: Lee Side;

RC: Re-Circulation zone; SS: Stoss Side; C: Crest.

flow and then eventually deposited on the lee side (Marchioli
et al., 2006).

Figure 12 shows the bed-load transport rate predicted by
each model using WRLES, Time-averaged WRLES, WM-
LES, and RANS. For the Time-averaged WRLES, the bot-
tom shear-stress calculated from the WRLES was then aver-
aged in time on a moving window of 1.5�∕u� . Despite thedifferences in magnitude, all the bed-load transport models
behave qualitatively in a similar manner, except for theWM-
LES case, for which the estimated value of ⟨Φ(�)⟩zt is sig-nificantly smaller. This reflects the inaccuracy of the wall
model in the recirculating region, as explained in section 3.2.
Note also that the RANS prediction is calculated by taking
the time-average of the wall stress obtained from the WR-
LES. Thus, it is not affected by modelling errors. In an ac-
tual calculation, one would expect decreased accuracy in the
non-equilibrium regions (e.g., reattachment, separation, or
acceleration), and significant qualitative and quantitative dif-
ferences between the RANS solution and the other methods.
Short-time averaging decreases the level of the bottom shear-
stress fluctuations, as observed in the plane channel. Thus,
the WRLES produces results similar to the RANS simula-
tion. We performed the same analysis also for the smaller
and larger particles characterized by d∗ = 1 and 50 (resultsnot shown), and similar trends were obtained.

5. Conclusions
In this work we have examined how the space and time

resolution used to compute the bottom shear-stress distribu-
tion affects the accuracy with which commonly-used bed-

load transport models can predict the sediment transport rate
in Euler-Euler simulations. To this aim, we have analyzed a
priori three datasets from DNS of channel flow with smooth
and rough walls, and from LES of the flow over a 2D dune.

We have shown that the high spatial and temporal reso-
lution of the eddy-resolving Navier-Stokes solvers is incom-
patible with the RANS-based bed-load transport models for
small values of the Shields parameter, ⟨�⟩. When ⟨�⟩ is be-
low the critical value for incipient motion, the RANS ap-
proach predicts no bed-load transport, contrary to what ex-
periments show; whereas the DNS and WRLES approaches
overestimate the bed-load transport rate, and the WMLES
approach yields the most accurate predictions. The discrep-
ancies we observe, are limited to the range of the Shields pa-
rameter in which sediment transport is governed by bed-load
transport (Chiodi et al., 2014). Within this range, therefore,
an accurate evaluation of the bed-load transport is crucial for
a correct prediction of bedforms formation and evolution.
The bed-load predictions of the local model by Lee et al.
(2012) show a qualitatively similar behaviour. However, the
model is very accurate in the DNS case which provides the
spatial and temporal resolution that the model was designed
for.

The presence of roughness changes the near-wall flow
characteristics, increasing the spatial and temporal variabil-
ity of the flow field. The bed-load transport rate predicted in
the rough-wall simulation follows the same trends, but shows
greater discrepancies among DNS, WRLES, WMLES, and
RANS for a wide range of ⟨�⟩, compared to the smooth-wall
flow.
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Short-time averaging of the local and instantaneous bot-
tom shear-stress results in a decrease of its fluctuations, and,
in turn, in a reduction of the occurrences in which it exceeds
the critical Shields parameter. Short-time averaging on a
window of the order the large-eddy turnover time, is found
to improve the agreement of the bed-load transport rate pre-
dictions of DNS andWRLES in the smooth case. The rough
channel flow case shows much larger near-wall velocity fluc-
tuations and, therefore, requires a wider averaging window.

The flow over a two-dimensional dune was also simu-
lated to investigate the effect of a change in the bed slope
on the sediment transport rate. The bottom shear-stress is
higher in the reattachment region and lower in the recircu-
lation region, where the bed-load transport rate is strongly
affected by the flow resolution (especially in WMLES and
RANS). Although comparison with experimental data is still
not possible, we found that short-time averaging leads to a
prediction of the bed-load transport in WRLES that is closer
to that predicted in RANS simulations. Errors in the cal-
culation of the bottom shear-stress, however, affect the bed-
load transport prediction significantly. Such errors would be
present in WMLES that use the equilibrium-stress assump-
tion, and perhaps in RANS solutions when the turbulence
model encounters non-equilibrium regions.

Until now, most eddy-resolving calculations of sediment
transport at Reynolds numbers representative of geophys-
ical applications have been performed using WMLES and
Eulerian sediment transport models. WMLES, for attached
flows, exhibits a behaviour very similar to that of RANS so-
lutions, and errors in the bed-load transport rates would be
mainly due to the particular model chosen. If wall-resolved
calculations were carried out, however, the wall-stress fluc-
tuations could result in significant errors when the Shields
parameter is close to its critical value. Only recently DNS-
based calculations of bed-load transport that resolve the par-
ticles have become computationally feasible. The compu-
tational cost associated with the resolution required to rep-
resent the particle, however, limits this technique to fairly
simple flow configurations at low Reynolds numbers (Vow-
inckel et al., 2019a), and cannot be extended, at present, to
the range of flow parameters typically studied in WMLES
calculations (Chou and Fringer, 2008; Khosronejad et al.,
2011; Liu et al., 2019).

As the available computer power increases and eddy-
resolving calculations become more popular, one should ex-
pect a transition from WMLES to WRLES. Our analysis
shows that models dependent on the local and instantaneous
flow field, such as the one designed by Lee et al. (2012) pro-
vide a suitably-accurate description of the bed-load trans-
port when coupled with eddy-resolving techniques. Ancey
(2020b) elegantly summarized the current situation on bed-
load transport knowledge, strengths and limitations. One
of the questions raised by this author was whether bed-load
transport is driven by flow fluctuations; the analysis per-
formed in this work suggests that, from a numerical per-
spective, the level of detail of the bed-load transport must
be suitably tuned in order to improve model predictions and

lead to better accordance with experimental measurements.
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