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Abstract

The dynamics of sediment grains picked-up from the seabed and dragged by the oscillatory 
ow induced by wind waves
close to the bottom is investigated for moderate values of the Shields parameter. The results of particle-resolved direct
numerical simulations are analysed, which consist of the 
o w �eld and the trajectories of spherical particles mimickin g
the dynamics of the sediment grains. The Reynolds number of the 
ow is large enough to observe the turbulent regime.
Moreover, the interaction between the turbulent eddies and the small vortex structures shed by the sediment particles i s
explicitly computed. The trajectories of the moving grains are determined by means of Newton's laws and the evaluation
of the force and torque that the 
uid exerts on the surface of e ach sediment grain.
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1 Introduction

The dynamics of the sediments transported by steady/unsteady
ows over river/sea beds is a relevant subject for applica-
tions in the �eld of river and coastal engineering. Even considering 
ow conditions such that the sediment transport takes
place only near the bottom (bedload) and no sediment particle is carried into suspension, the dynamics of the sediment
grains is quite complex. In the event that particles, resting or rolling and sliding on the resting ones, are lifted up from
the bottom by turbulent vortices, they perform jumps the characteristics of which depend on the turbulence properties,
such as the intensity and the size of turbulent eddies, and on the duration of the interaction. Due to the erratic nature of
turbulence, the particle kinematics continually spans the range between the resting and the suspended states. Therefore,
understanding the mechanics of sediment transport requires to distinguish between sliding, rolling and saltating (hop-
ping/bouncing) particles as well as particles which do not interact with the bottom and are carried into suspension. In
fact, for instance, the momentum exchange between the sediment bed and the saltating particles can be also signi�cant
(P•ahtz et al. , 2020).

Sliding and rolling grains can be easily identi�ed, whereas a de�nition is necessary to distinguish saltating grains from
the grains which are in suspension. Ni~no and Garc��a (1998a,b) de�ned the sediment transport produced by saltating
grains as \the unsuspended transport of particles over a granular bed by a 
uid 
ow, in the form of consecutive hops that
nonetheless keep the particles within the near-bed region,which is governed mainly by the action of hydrodynamic forces that
carry the particles through the 
ow, the downward pull of gravity, and the particles' collision with the bed, which transfers
their streamwise momentum into upward momentum, thus sustaining the saltation motion". Besides, the suspended load
is thought to be generated by the sediments which are uplifted fromthe bottom by the 
uid 
ow and kept far from it
by 
uid turbulence. In the suspended load, inter-particle contacts play a minor role and, just like in non-homogeneous
dilute suspensions, the volumetric sediment concentrationc can be evaluated from an advection-di�usion equation where
the eddy sediment di�usivity appears. Therefore, a turbulence model should be introduced.

On the other hand, the bed load is usually quanti�ed by means of empirical predictors that provide this contribution to
the sediment transport rate as a function of the Shields parameter � = � � =[(%�

s � %� ) g� d� ], where � � is the mean bottom
shear stress,%�

s and %� are the densities of the sediments and the 
uid respectively,g� is the gravitational acceleration
and d� is the size of the sediment grains. The asterisk indicates dimensionalquantities. When the Shields parameter
becomes signi�cantly larger than its critical value, the dynamics of the sediment particles becomes confused because all
the transport regimes (slinding/rolling particles, saltating particles and particles carried into suspension) coexist and it
becomes hard to identify the sediment particles according to the characteristics of their dynamics. In fact, the approaches
used so far to determine the trajectories of the grains do not provide any information on the amount of moving particles.
Hence, no quantitative information can be gained on the di�erent modes of sediment transport. As it is intuitive to infer
that the dynamics of rolling and sliding particles is correlated with the bottom shear stress, it is also evident that the
dynamics of saltating particles is also a�ected by the turbulent eddies that particles encounter above the bottom surface.

In fact, when a group of sediment grains moves in the saltation mode, it scatters both in the streamwise and spanwise
directions and its dynamics takes place on di�erent spatial and temporal scales: local, intermediate and global ranges
(Nikora et al., 2001, 2002; Habersack, 2001). The trajectories of the grains between successive collisions withthe bed
de�ne the local range. The trajectories of the sediment particlesbetween two consecutive periods of rest de�nes the
intermediate range. Finally, the global range is given by the aggregation of many intermediate ranges. The numerical
simulations of Bialik et al. (2012) suggest that the local, intermediate and global scales a�ect the di�usion process in
the 
ow direction, whereas only the local and intermediate scales a�ect sediment transport in the transverse direction.
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Independently, by numerical means,Moreno and Bombardelli (2012) observed that particle collisions mostly promote the
sediment di�usion in the spanwise direction, leaving the di�usion in the streamwise direction essentially una�ected.

Improvements of the models of sediment dynamics are required to predict the signi�cant scatter of the sediment
transport rate about the time/space-averaged value that was observed experimentally and numerically (e.g.Guan et al.,
2021). In particular, besides the Euler-Euler numerical approach, in which both the 
uid and the solid phases are treated
as continua, the Euler-Lagrange approach gets a foothold, the dynamics of individual sediment particles being modelled on
the basis of the local properties of the 
ow �eld (e.g. Zwick and Balachandar, 2020). Simulations at the scales of interest
in maritime and coastal engineering can be currently obtained only byusing Euler-Euler models. Euler-Lagrange models
require much larger computational demand to simulate the relevantscales of the sediment transport and were successfully
used to improve the sediment transport closures and the boundary conditions of Euler-Euler models (Balachandar, 2020;
Vittori et al. , 2020). Usually, the numerical results obtained by means of Euler-Lagrange simulations introduce heuristic
assumptions: particles are point-wise and their dynamics is modelled on the basis of the 
ow properties which are described
at a coarser resolution than the particle size (point-particle approach); turbulence e�ects are included using an empirical
\eddy interaction model" ( Shams et al., 2002; Tian and Ahmadi , 2007); the inter-particle collisions are taken into account
by means of a discrete element method (Crowe et al., 2011); the particle-bed collisions are considered to occur randomly
(Lukerchenko et al., 2009). Moreover, these models consider spherical particles to quantify the forces acting on them,
often under the assumption that the particle Reynolds numbers are small, strictly much smaller than one (Basset, 1888;
Boussinesq, 1903; Oseen, 1927; Maxey and Riley, 1983; Mei et al., 1991). Finally, the particle momentum equation should
include the equation for particle rotation. In order to contextually evaluate the trajectory of saltating sediment grains and
the sediment pick up, the Lagrangian models described so far must be equipped with a model of inter-particle contact.
Indeed, it can be formidably challenging to evaluate the 
uid-particle interaction in a dense suspension, namely when
both the particle contacts and the short-range e�ects of surrounding particles on the 
ow �eld strongly a�ect the particle
dynamics.

Particle-resolved direct numerical simulations (DNS) of sediment transport have been recently introduced to compute
the particle dynamics without the aid of heuristic models, which allow to correctly apply the no-slip boundary condition
at the particle surface (i.a. Kidanemariam and Uhlmann, 2014a; Mazzuoli et al., 2020). The huge amount of data obtained
by DNS can have many di�erent uses. For instance,Akiki et al. (2017) and Moore and Balachandar(2019) have recently
exploited the information obtained by means of particle-resolved DNS and machine learning techniques to predict the
particle dynamics and the pseudo-turbulence 
uctuations (i.e. thevelocity 
uctuations associated with the presence of the
particles). The transition from the laminar to the turbulent regime a nd the turbulence dynamics are complex phenomena
to be described when oscillatory 
ows are considered (see i.a.Blondeaux and Vittori , 1991; Vittori and Blondeaux , 1993;
Blondeaux et al., 2004, 2005; Tuzi and Blondeaux, 2008; Vittori and Blondeaux , 2011; Blondeaux et al., 2012). DNS
are capable of reproducing these phenomena, as it has been recently shown by Mazzuoli et al. (2011b,a); Mazzuoli and
Vittori (2016); Mazzuoli et al. (2018); Mazzuoli and Vittori (2019); Mazzuoli et al. (2020); Vittori et al. (2020). Even
though there are no accurate laboratory measurements of the sediment transport rate generated by an oscillatory 
ow to
be compared with, the results discussed inMazzuoli et al. (2020) and Vittori et al. (2020) support the reliability of the
predictions of the sediment transport rate. Indeed, inMazzuoli et al. (2020) and Vittori et al. (2020), the dimensionless

sediment transport rate � = q�
s =(v�

s d� ), where v�
s =

q
%�

s � %�

%� g� d� denotes the characteristic particle velocity, plotted versus
the Shields parameter� was found to agree with the empirical predictors commonly used to evaluate the bed load. The
total sediment transport rate was computed without consideringthe possibility to distinguish rolling/sliding particles from
saltating ones and from those put into suspension, which is actually the task addressed by the present investigation.

In the present contribution, a lot of information on the dynamics of sediments, in particular of saltating particles,
obtained by means of particle-resolved DNS is given, which is requested to improve the reliability of the Lagrangian
models. Moreover, as it will be shown in section3, DNS data of 
uid and particle dynamics can be interpolated at the
bottom surface to provide Eulerian models with adequate boundaryconditions expressed as functions of� . Saltation is a
frequent sediment transport mode in rivers (Bagnold, 1973; Van Rijn , 1984), whence the studies carried out so far consider
only steady 
ows. Nonetheless, it also characterises the bedload transport in the coastal region even though a little is know
about the trajectories of saltating grains under sea waves (Vittori et al. , 2020).

A key role in the modelling of the saltating grains is played by the initial conditions. The initial distance of the
particles from bed surface elevation is usually assumed to scale with the particle diameter. Moreover, some analyses use
the experimental observations byAbbott and Francis (1977) and �x the velocity components in the streamwise and vertical
directions equal to approximately twice the shear velocity. Other analyses consider the initial velocity as a free parameter
of the model and calibrate it against experimental values. In many cases, the �rst jumps predicted by the models are
discarded in the statistical analysis of the results (Ni~no and Garc��a, 1998b; Bialik , 2011). Beyond the research focused on
the dynamics of a single sediment particle, improvements were proposed to better describe the interaction of the moving
particle with the surrounding 
uid and moving particles and with the pa rticles resting on the bed (seeSekine and Kikkawa,
1992; Ni~no and Garc��a, 1994; Lee and Hsu, 1994; Schmeeckle et al., 2001; Bialik et al. , 2012, and references listed therein).

The di�usive nature of sediment dynamics has been unquestionably observed for decades (e.g.Sayre and Hubbell, 1965;
Drake et al., 1988). In a proper reference frame, sediment particles spread in all directions following random trajectories.
Hereafter, this is referred to asdi�usive motion . The motion of the sediment particles is di�usive not only when the
particles are carried into suspension but also when they move close to the bottom since particles interact with the irregular
protrusions of the bottom surface (associated with the resting sediment grains) as well as with the turbulent eddies and
the vortex structures shed by the bottom irregularities. The di�u sion of the particles which roll and slide over the bottom
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surface is di�cult to investigate without detailed information on the b ottom con�guration which, herein, is assumed to be
horizontal and made up of monosized spheres randomly packed. Similarly, investigating the di�usion of saltating particles
requires the knowledge of the instantaneous 
ow �eld since the particle trajectories are a�ected by the interaction with
turbulent vortices. The experimental data of Ni~no and Garc��a (1998a) and Lee and Hsu(1994) show that the average
length and height of the jumps of the saltating particles appear to depend on the ratio between the Shields parameter
� and its critical value � cr . In particular, both the length and the height of the jumps slightly in crease for supercritical
Shields numbers, the height of the jumps being of orderd� and the length being of order 10d� when �=� cr falls between 1
and 3.

Recent experimental studies (e.g.Habersack, 2001; Nikora et al., 2002; Campagnol et al., 2013) and numerical models of
saltation (e.g. Nikora et al., 2001; Lukerchenko et al., 2009; Bialik , 2011; Bialik et al. , 2012, 2015; Moreno and Bombardelli,
2012) have led to a signi�cant improvement of the theory of di�usion of sa ltating particles. On the basis of physical
considerations, Nikora et al. (2001, 2002) suggest that the local, intermediate and global ranges give rise todi�erent
di�usion regimes and that the local range is associated with a ballistic di�usion. The simulations of Bialik et al. (2015)
show that the random 
uctuations of the particle position in the hor izontal plane (x �

1; x �
3) grow in time with di�erent

power laws. Such 
uctuations can be contextually enhanced by theaction of turbulent eddies or inhibited if the bottom
surface exhibits a regular pattern. If the coordinates (x �

1(t � ); x �
3(t � )) of a certain particle trajectory are written as the sum

of the average trajectory, obtained by considering many trajectories, plus the deviation (x0�
1 ; x0�

3 ) from the average value,
it possible to write

x0�2
1 / t � 2
 x 1 ; x0�2

3 / t � 2
 x 3 (1)

where 
 x 1 and 
 x 3 are constant values which depend on the particular sediment and 
ow properties. Factors 
 x 1;3 can
be interpreted as friction parameters and indicators of non-Fickian di�usion e�ects ( Das, 1991). Let us remind that 
 x 1;3

is equal to 0:5 for di�usion processes where the di�usion 
ux is described by the Fick's law. Bialik et al. (2015) further
classi�ed the local range into \near-�eld" and \ballistic" subranges . In the \near-�eld" subrange, dominated by the e�ects
of particle acceleration at the beginning of entrainment, the valuesof both 
 x 1 and 
 x 3 are found to be about 2:0 (see
Bialik et al. , 2012; Ballio et al. , 2013). By means of PIV measurements,Witz (2015) found values of 
 x 1 for the local
range falling in the range (2:29; 2:38), which are larger than the values typical of the ballistic di�usion. In the \ballistic"
subrange, due to particle inertia, the values of
 x 1 and 
 x 3 are found to be about 1:0 (Nikora et al., 2001, 2002; Witz
et al., 2019). In both subranges, 
 x 1 and 
 x 3 are larger than 0:5 and this �nding reveals the \superdi�usive" behaviour
of saltating particles in the local range. It is reasonable that, in wall-bounded turbulent 
ows, turbulent eddies in the
inertial subrange a�ect the particle dynamics thereby enhancing the particle di�usion. Concerning this point, it is worth
to remind the \4 =3" Richardson's law and that, in the absence of particles, the (
uid) di�usion exponent 
 associated with
turbulent eddies in the inertial subrange was found to be equal to 1:5 (Monin and Yaglom, 2013). In the intermediate
range, Nikora et al. (2001, 2002) suggested that the di�usion might be either normal (both 
 x 1 and 
 x 3 being about 0:5)
or anomalous. In the global range, the observations indicate thatboth 
 x 1 and 
 x 3 are smaller than 0:5 (\subdi�usive
behavioir"). Presently, the particle trajectories in the local range are investigated (see section3). The values of 
 x 1 and

 x 3, computed at di�erent phases of the wave cycle, con�rm the superdi�usive behaviour of the saltating particles.

Hereinafter, attention is focused on the dynamics of sediment particles dragged by an oscillatory boundary layer which
approximates the 
ow induced close to the sea bottom by a monochromatic surface wave. The particle-resolved DNS
approach, successfully employed byMazzuoli et al. (2016, 2019, 2020) and Vittori et al. (2020) in previous investigations
of the sediment transport in an oscillatory boundary layer and brie
 y described in the following section, is adopted. Then,
the results of the data analysis are shown in section3 and conclusions are �nally drawn in the last section.

2 The model description

Presently, the 
ow generated close to the bottom by propagatingsurface waves is studied for values of the wave steepness,
i.e. the ratio between the wave amplitude and its length, small enoughto use the linear Stokes wave theory. Then, in the
near-bottom region, the orbital 
uid motion generated by the wav e is assumed to degenerate into an oscillatory 
ow. Hence,
the 
ow within the bottom boundary layer can be determined, in �rst approximation, by studying the 
ow generated close
to the bottom by an imposed pressure gradient described by

@P�

@x�1
= � %� U �

0 ! � sin(! � t � );
@P�

@x�2
= 0;

@P�

@x�3
= 0 : (2)

In equation (2), (x �
1; x �

2; x �
3) is a Cartesian coordinate system such that thex �

1-axis points in the direction of wave prop-
agation and the x �

2-axis is vertical, pointing in the upward direction and with its origin below the bottom. Moreover, %�

is the constant density of the sea water andU �
0 and T � = 2 �=! � are the amplitude and the period of the 
uid velocity

oscillations induced by the surface wave close to the bottom, but in the region where the 
ow is irrotational and the 
uid
behaves like an inviscid 
uid. The pressure gradient drives the motionof the 
uid and the motion of spherical particles of
density %�

s and diameter d� that mimic the sediment grains.
In the following, there are two subsections. In the former subsection, we formulate the problem that describes the 
uid

motion and we provide a brief description of the numerical approachemployed to determine the 
ow �eld. In the second
subsection, the equations that control sediment dynamics are given along with the numerical approach used to determine
particle trajectories.

3



2.1 The 
uid motion

To determine the 
uid motion, the following dimensionless variables areintroduced

t = t � ! � ; (x1; x2; x3) =
(x �

1; x �
2; x �

3)
� � ; (u1; u2; u3) =

(u�
1; u�

2; u�
3)

U �
0

; p =
p�

%� U � 2
0

: (3)

In equation (3), t � is time, (u�
1; u�

2; u�
3) are the velocity components of the 
uid along the x �

1-, x �
2- and x �

3-axes, respectively,
and � � =

p
2� � =! � is the order of magnitude of the thickness of the oscillatory boundary layer, � � being the kinematic

viscosity of the sea water. Hereinafter, the dimensional quantities are denoted with a star while the symbols without the
star denote their dimensionless counterpart.

Continuity and Navier-Stokes equations read
@uj
@xj

= 0 (4)

@ui
@t

+
Re�

2
uj

@ui
@xj

= �
Re�

2
@p
@xi

+ � i 1 sin(t) +
1
2

@2ui

@xk @xk
+ f i ; (5)

where the Reynolds numberRe� is de�ned by

Re� =
U �

0 � �

� � (6)

and � �
i 1 denotes the Kronecker delta.

The continuity and Navier-Stokes equations are solved throughout the whole computational domain including the space
occupied by the sediments, which are supposed to be immersed in the
uid and to move close to the bottom. Hence, the
force terms f i appear in the right hand side of equation (5) to force the no-slip condition at the 
uid-particle interface
(immersed boundary approach proposed byUhlmann, 2005).

At the lower boundary of the computational domain, where a rigid wall is located, the no-slip condition is enforced

(u1; u2; u3) = (0 ; 0; 0) at x2 = 0 (7)

while at the upper boundary, described byx2 = L x 2 , the free stream condition is enforced
�

@u1
@x2

;
@u3
@x2

�
= (0 ; 0); u2 = 0 at x2 = L x 2 ; (8)

which is equivalent to enforce the vanishing of the shear stresses.
The hydrodynamic problem is numerically solved by means of a �nite di�erence approach in a computational domain of

dimensionsL x 1; L x 2 and L x 3 in the streamwise, vertical and spanwise directions, respectively.Moreover, periodic boundary
conditions are enforced in thex1- and x3-directions, since the size of the computational box is assumed to be large enough
to include the largest vortex structures that characterize the oscillatory 
ow.

Standard centred, second-order �nite di�erence approximations of the spatial derivatives are used after the introduction
of a uniform, staggered Cartesian grid. Moreover, the time-advance of momentum equations is obtained by means of a
fractional-step method: the Crank-Nicolson method is used to approximate the viscous term and a three step Runge-Kutta
scheme is employed to approximate the nonlinear terms. The 
uid incompressibility is enforced by applying the divergence
operator to the momentum equation. A Poisson equation for the socalled \pseudo-pressure" (an intermediate variable
with the dimensions of pressure with no physical meaning) is obtainedwith Neumann condition in the vertical direction
and periodic conditions along the streamwise and spanwise directions.

The numerical procedure underwent an extensive validation and was used to perform the direct numerical simulation of

ows in which particles were either �xed or free to move (i.a. Uhlmann, 2008; Uhlmann and Doychev, 2014; Kidanemariam
and Uhlmann, 2014a,b; Mazzuoli et al., 2016; Uhlmann and Chouippe, 2017; Mazzuoli et al., 2017, 2018, 2020).

2.2 The particle motion

Since the present model computes the 
ow around each particle aswell as the force and torque that the 
uid exerts on it
and the model can describe particle collisions, it is possible to explicitly simulate the particle motion for any value of the
Shields parameter without the need to introduce any rough assumption. Moreover, the dynamics of sediment grains can
be investigated also close to the bed enabling us to estimate not only the di�usion of saltating grains and the dynamics of
the grains carried into suspension but also the di�usion of rolling and sliding sediment grains.

The dynamics of the spherical particles of diameterd� and centre coordinatesx (p) � = ( x(p) �
1 ; x(p) �

2 ; x(p) �
3 ), which mimic

the sediment grains, is determined by means of the Newton's laws of motion that in vectorial form read

m(p) � du (p) �

dt� =
Z

S �
T � � n dS� + W � + F (p) �

c (9)

I (p) � d
 (p) �

dt� =
Z

S �
r � � (T � � n ) dS� + T (p) �

c (10)

wherem(p) � is the mass of the generic particle,I (p) � is its moment of inertia, u (p) � = _x (p) � is the linear velocity and 
 (p) �

the angular velocity of the generic sediment particle with respect toits centre. Moreover, T � is the 
uid stress tensor,
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run Re� d� =� � 	 s kn � x � =� � Nx 1 Nx 2 Nx 3 � t � ! � T � =T�

R750D3 750 0:335 31 2:65 1:44 103 2:39 10� 2 1024 1536 512 2:09 10� 5 2:6
R1000D1 1000 0:168 121 2:65 2:07 104 2:09 10� 2 1024 1536 512 1:96 10� 5 1:8
R1000D3 1000 0:335 61 2:65 3:38 103 2:39 10� 2 1024 1536 512 1:96 10� 5 2:0
R1000D7 1000 0:670 30 2:65 4:23 102 2:39 10� 2 1024 1536 512 1:96 10� 5 2:0
R1500D3 1500 0:335 124 2:65 4:18 103 1:86 10� 2 1280 1536 768 7:85 10� 6 1:5

Table 1: Flow and sediment parameters of the numerical simulations.From left to right: Reynolds number Re� = U �
0 � � =� � ,

dimensionless grain sized� =� � , mobility number 	 = U � 2
0 =[(s� 1)g� d� ], speci�c gravity s = %�

s =%� , dimensionless sti�ness of
solid particles kn = (6 =� )k �

n � x � =(d� g� %�
s ), grid spacing � x � =� � , number of grid points N in the x1-, x2- and x3-direction,

�xed time step � t � ! � and number of periods that were simulatedT � =T� .

r � is a vector of moduled� =2 and directed from the centre of the particle to the generic point on its surface S� , n is the
outward normal unit vector on S� , W � is the net gravitational force acting on the particles and F (p) �

c , T (p) �
c are the force

and torque resulting from inter-particle contacts.
It is worthwhile to mention that the dimensionless parameters which determine the particle trajectory are the submerged

speci�c gravity of the sediment, the dimensionless diameter of the spheres and the mobility number 	

s =
%�

s

%� ; d =
d�

� � ; 	 =
U � 2

0

v� 2
s

: (11)

The evaluation of the force and torque acting on a spherical particle requires the introduction of a model which simulates
the forces arising from the contacts with the other particles. Themodel, which is used in the present numerical simulations,
is simple for the sake of the e�ciency of the numerical code and it consists in a linear mass-spring-damper system. The
interested reader is referred toKidanemariam and Uhlmann (2014b) for further details.

3 The results

Quantitative information on the di�erent contributions to the sedim ent transport rate (bed load, saltation, suspended
load) can be obtained by the analysis of the DNS results.

The focus of this study is on the sediment transport which takes place at the bottom of sea waves because, there, the
typical values of the Reynolds number allow the DNS of the 
ow with reasonable computational costs. On the other hand,
since the forcing 
ow oscillates, the dynamics of the sediment is expected to depend also on the phase of the cycle that
adds to the other parameters of the problem. The values of the parameters of the numerical simulations are reported in
table 1.

To give a qualitative idea of the motion of the sediments that are picked-up from the sea bed and transported by the
oscillatory 
ow, �gure 1 shows the position of the moving particles for the run R1000D3 at three di�erent phases of the wave
cycle along with a detail of the velocity �eld provided by the direct num erical simulation. The videos 1-3 available in the
supplementary material of Vittori et al. (2020) clearly show sediment particles that start to saltate when the 
ow becomes
turbulent during the late accelerating phases and small particles that are put into suspension by turbulent vortices.

The relevance of the present results for the problem of sediment transport in coastal environment can be understood
better in dimensional terms. For example, let us consider the valuesof the parameters of R1000D3,Re� = 1000, s = 2 :65,
d = 0 :335 and 	 = 61 and a sea wave characterized by the periodT � = 7 s. For this wave period and d = 0 :335, the
viscous length� � is approximately 1:5 mm and sediment grains are characterized by a mean sized� equal to about 0:5 mm,
falling within the range of medium sand. Then, the value ofRe� implies an amplitude U �

0 of the velocity oscillations close
to the bottom equal to about 0:67 m/s. This value of U �

0 can be generated by di�erent combinations of the water depth
h� and the wave height H � , e.g. h� = 5 m and H � falling between 1:1 m and 1:2 m. For such values of the parameters,
turbulence intensity becomes large when the velocity is maximum but the 
ow becomes transitional around 
ow reversal
and during the �rst part of the accelerating phases. Figure1c shows the 
ow �eld and the sediment position under a crest
of the sea waves, i.e. at the phase of the cycle characterized by the maximum value of the velocity. Hence, a large amount
of sediments is picked up from the bottom.

In the next section the fractions of sediment 
ow rate associatedwith the rolling-sliding, saltating or suspended particles
are shown and compared with the values obtained from an empirical model. Then, saltating particles are identi�ed and
their trajectories are studied. The results are interpreted either in the framework of di�usive processes or by adopting
a probabilistic approach. Finally, the saltation kinematics was related to the normalised Shields parameter and hints to
formulate Eulerian models with more reliable boundary conditions for the particle velocity are given.

3.1 Volumetric sediment transport rates for rolling-sliding, saltating and suspended particles

Before discussing the results provided by the model, it would be appropriate to show that the model reproduces faithfully
the 
ow and the sediment transport generated by an oscillating pressure gradient. Looking at �gure 2, which shows the
value of � (the bottom shear stress was computed following the procedure described byMazzuoli et al., 2020) versus the
phase of the cycle, it can be easily veri�ed that the Shields parameter � is signi�cantly larger than the threshold value
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Figure 1: Visualisation of the sediment transport (a) at the 
ow reversal ( ! � t � = 3 :5 � ), (b) at ! � t � = 3 :75� and (c) at
! � t � = 4 � when the mean velocity far from the bottom is equal to� U �

0 . Vertical planes show the values of the streamwise
velocity component, normalised byU �

0 , at x �
3 = L �

3 and x �
1 = 0. Moving particles are coloured by the magnitude of their

velocity (increasing from blue to red), while gray particles are resting. Panel (d) shows the streamwise velocity contour
lines, equispaced by �u�

1 = 0 :02 U �
0 , in a small part of at the vertical plane x �

3 = L �
3 in panel (c). In panel (d) the three

spatial coordinates are scaled by the grid spacing in the streamwiseand wall-normal directions. Run R1000D3.
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Figure 2: Values of the Shields parameter� plotted versus the dimensionless time! � t � for the �ve numerical simulations
carried out in the framework of this research project. The dashed curve qualitatively indicates the absolute value of the
undisturbed mean velocity far from the bottom.
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Figure 3: Time development of the total dimensionless sediment 
ow rate j� j (black lines) and of the part associated
with rolling and sliding particles (blue lines) for cases (a): R750D3, (b): R1000D7, (c): R1000D3, (d): R1500D3 and (e):
R1000D1. Magenta lines are obtained using the formula proposed byWong and Parker (2006). Red dashed lines indicate
the undisturbed mean velocity far from the bottom U �

e .

� cr;susp suggested byVan Rijn et al. (1993) for the presence of suspended sediments (ford� = 0 :5 mm the value of � cr;susp

is about 0:07). On the other hand, at t = 3 :75� , the value of � is relatively small and only a few sediments are saltating,
making jumps the height and length of which are of the order ofd� and 10d� , respectively. Finally, at t = 3 :5 � , � is close
to � cr and only a few sediment particles are moving. These moving particles simply roll and slide on the resting particles
that make up the bottom (the reader should be aware that there isa phase shift between the bottom shear stress and
the external 
uid velocity. Therefore, the bottom shear stress is di�erent from zero when the external velocity vanishes
and vice versa). Of course, when the value of the Shields parameter is smaller thanits critical value � cr , practically no
sediment moves. The rapid increase of the bottom shear stress, which takes place after! � t � = 5 and ! � t � = 8 in �gure 2,
is due to the sudden appearance of turbulence which grows at these phases of the cycle and is enhanced by the presence
of either wall imperfections (Blondeaux and Vittori , 1994) or wall roughness (Mazzuoli et al., 2018). Indeed, it was found
that, in the intermittently turbulent regime, the appearance of tu rbulence is characterised by the formation of coherent
vortex structures (Costamagna et al., 2003) which break generating small turbulent eddies and turbulent spots (Mazzuoli
et al., 2011b,a, 2014; Mazzuoli and Vittori , 2016, 2019).

The volumetric sediment transport rate is the product of the number of the moving grains per unit area times their
volume and their velocity, which is mostly proportional to the shear velocity (Vittori et al. , 2020). As already pointed
out, the results of the numerical simulations provide the number ofmoving particles which depends on the phase of the
oscillation cycle. Figure3 shows the time development of � obtained considering all moving particles, namely the particles
which are characterised by the magnitude of the instantaneous velocity exceeding the threshold value 10� 2v�

s (black lines),
or selecting among them only the particles which are instantaneouslyin contact with the others (blue lines). Rolling and
sliding particles can be detected as they develop non-zero contactforces resulting from the enduring contacts with other
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Figure 4: Trajectories of jumps (see the de�nition provided in the text) projected on the plane (x1; x2). The trajectories are
referred to the position of each particle at the time of its detachment from other particles. Only trajectories observed in the
interval ( a) 1:5� < t < 1:75� ; (b) 1:75� < t < 1:90� ; (c) 1:90� < t < 2:00� ; (d) 2:00� < t < 2:10� and (e) 2:10� < t < 2:25�
are shown. Moreover, the jumps were selected to have a durationfalling in the range 21< � t � =t�ref < 42 and a maximum

vertical velocity u� (p)
2 max =U�

0 > 0:05 (t �
ref = d� =v�

s ). The number of jumps observed with these characteristics was equal to
(a) 48; (b) 196; (c) 158; (d) 128 and (e) 27. No jumps were detected in the interval 2:25� < t < 2:50� . Run R1000D3.

surrounding particles. The fraction of the sediment transport rate associated with rolling and sliding particles results to
be approximately one �fth of the total sediment 
ow rate. The rem aining fraction of the sediment transport rate consists
of particles that lose the contact with the bed. Indeed, a signi�cant amount of particles are saltating or go into suspension.
The formula proposed by Wong and Parker (2006) to evaluate � in steady turbulent open-channel 
ow (magenta line s
in �gure 3) gives fair predictions as long as sediment particles are not put into suspension during the wave cycle, i.e.
for the cases R750D3 and R1000D7 where the mobility number 	' 30 (see �gures3a,b), whereas it underestimates the
dimensionless sediment transport for larger values of the mobility number.

3.2 Identi�cation of saltating particles and average trajectories

Figure 4 shows the trajectories of di�erent sediment grains in the plane (x1; x2), around di�erent phases of the wave-cycle
for run R1000D3. The trajectories of all particles are obtained with a time resolution of T � =2000 throughout a cycle
(i.e. 1:5� < t < 3:5� ). To highlight the wide range of the length of the trajectories made by the sediment particles, the
trajectories are referred to the position of each particle at the time of its detachment from the bed (x(p) �

1;init ; x(p) �
2;init ; x(p) �

3;init ).
Moreover, to make the picture clearer, we �ltered out the trajectories of the particles which roll, slide or make very short
jumps and we selected only the trajectories characterized by a duration � t � between 21t ref and 42t ref , with t �

ref = d� =v�
s .

The number of trajectories observed with these characteristicsis equal to (a) 48; (b) 196; (c) 158; (d) 128 and (e) 27. Similar
to Bagnold (2012), all the trajectories shown in �gure 4b-d, i.e. during the phases characterised by many saltating particles,
can be inscribed inside nearly-parabolic limiting curves which exhibit themaximum height max(x(p) �

2 � x(p) �
2;init ) ' 10� 12d�

and maximum streamwise range approximately equal to max(x(p) �
1 � x(p) �

1;init ) ' 200 d� .
The results shown in �gure 4 allow us to compute the average trajectories during di�erent time intervals. The average

trajectories are plotted in �gure 5 and are characterized by some di�erences from the typical trajectories observed and
computed for steady 
ows (Ni~no and Garc��a, 1998b; Bialik et al. , 2015). The average trajectory of jumps

D
x (p) � � x (p) �

init

E

j

is computed considering theN ( jumps ) jumps that started during a certain phase of the wave cycle and is de�ned as

D
x (p) � � x (p) �

init

E

j
=

1
N ( jumps )

N ( jumps )
X

i =1

�
x (p) �

i � x (p) �
i;init

�
(12)

where the index i indicates the i -th jump.
Bagnold (2012) observed that saltating grains, after rebounding on the ground, describe trajectories characterised by

the highest point lying on a nearly-parabolic limiting path. Indeed, the trajectories of saltating particles in steady 
ows are
similar to parabolic curves, even though they are not symmetrical with respect to their maximum. The average trajectories
we computed are characterized by a steep slope when the particlesmove away from the bottom and by a point of in
ec-
tion when the particles move towards the bottom which is approached very slowly. It should be noted that the particle
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Figure 5: Averaged trajectories of the sediment grainshx (p) � � x (p) �
init i j , de�ned by equation (12), projected on the plane

(x1; x2) for runs (a) R1000D7, (b) R750D3, (c) R1000D3, (d) R1500D3 and (e) R1000D1. The averages are evaluated over
the trajectories which start in the intervals [ ] 1:5� < t < 1:75� ; [ ] 1:75� < t < 1:90� ; [ ] 1:90� < t < 2:00� ;
[ ] 2:00� < t < 2:10� ; [ ] 2:10� < t < 2:25� and [ ] 2:25� < t < 2:50� . Jumps were selected such that the
duration of the jump was 21 < � t � =t�ref < 42 and the maximum vertical velocity u� (p)

2 max > 0:05U �
0 . No jumps with these

characteristics were detected in the interval 2:25� < t < 2:50� for runs R1000D7, R750D3 and R1000D3.

elevation

�
�
�
�

D
x(p) �

2 � x(p) �
2;init

E

j

�
�
�
� returned by equation (12) is equal to the average of the particle elevations observed at the

distance

�
�
�
�

D
x(p) �

1 � x(p) �
1;init

E

j

�
�
�
� weighted by the fraction of jumping particles at such distance. In fact, the jump trajectories

in �gure 4 do not exhibit the in
ection point, which is due to the fact that only a f ew particles reach large streamwise

distances. Moreover, the jump-average 
(p)

of the generic quantity  (p) associated with the saltating particles is de�ned
as the average computed over the time-span of a jump.

3.3 Particle spreading as a di�usion process

The di�usion of the sediment particles in the streamwise direction clearly emerges from the results plotted in �gure 4,
since the di�erent particles travel di�erent distances, even though they are dragged by the same average 
ow. Figure6
shows the same trajectories plotted in �gure 4 but projected on the horizontal plane (x1; x3). The results plotted in
�gure 6 highlight the di�usive dynamics of the sediment particles also in the spanwise direction. Indeed, even if all the
trajectories have the same origin because the �gure shows the particle coordinates (x(p) �

1 (t); x(p) �
3 (t)) minus their initial

values (x(p) �
1;init x(p) �

3;init ), the trajectories rapidly diverge. The di�usive dynamics of the sediment particles is due to (i ) their
interaction with the turbulent vortex structures which are present close to the bottom, (ii ) their interaction with the
turbulent wakes shed by the other grains, (iii ) the collisions with the resting particles which make up the bottom, (iv )
the occasional collisions with the other moving particles. To appreciate the di�usion of the sediment grains both in the
streamwise and spanwise directions, we looked at the dynamics of a patch of sediments (eventually coinciding with all
the moving particles) that move in the streamwise direction being dragged by the average 
ow �eld and simultaneously
di�uses. The average migration of the sediment patch can be quanti�ed by determining the coordinates (x(G) �

1 ; x(G) �
3 ) of

the centre of gravity of the moving sediments. Since the sediment particles have the same size and density, the center of
gravity of the particles patch coincides with its geometrical centroid, namely the average of the coordinates of the particle
centres, and the di�usion of the sediment concentration in the streamwise and spanwise directions can be quanti�ed by
evaluating the time development of the standard deviations� �

1 (t � ; t �
0) and � �

3 (t � ; t �
0) of the horizontal coordinates of the
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Figure 6: Trajectories of jumps (see the de�nition provided in the text) projected on the plane (x1; x3). Trajectories are
referred to the position of each particle at the time of its detachment from other particles. Only trajectories observed in the
interval ( a) 1:5� < t < 1:75� ; (b) 1:75� < t < 1:90� ; (c) 1:90� < t < 2:00� ; (d) 2:00� < t < 2:10� and (e) 2:10� < t < 2:25�
are shown. Moreover, jumps were selected in order the duration of the jump was 21< � t � =t�ref < 42 and the maximum

vertical velocity u� (p)
2 max =U�

0 > 0:05 (t ref = d� =v�
s ). The number of jumps observed with these characteristics was equal to

(a) 48; (b) 196; (c) 158; (d) 128 and (e) 27. No jumps were detected in the interval 2:25� < t < 2:50� . Run R1000D3.

moving particles, i.e.

� �
1 (t � ; t �

0) =

vu
u
t 1

N

NX

i =1

�
x(p) �

1;i � x(G) �
1

� 2
; � �

3 (t � ; t �
0) =

vu
u
t 1

N

NX

i =1

�
x(p) �

3;i � x(G) �
3

� 2
(13)

where N is the number of the moving particles. Figure7 shows the position of the particles � x (p) � = x (p) � (t � ) � x (p) � (t �
0)

in the plane (x1,x3), for di�erent values of bt � = t � � t �
0 and t �

0 = 3 �=! � in run R1000D1. In order to highlight the
di�usion process, which apparently recalls the solution of the two-dimensional di�usion equation with di�erent values of
the di�usivity coe�cient in the streamwise and spanwise directions, o nly the particles that performed jumps higher than
the plane x2 = h� � i L 1 ;L 3 =d� + 2 were considered in �gure 7, h� � i L 1 ;L 3 being the instantaneous value of the bed surface
elevation � � (x �

1; x �
3; t � ) averaged along thex1- and x3-axes (seeMazzuoli et al., 2019, 2020, for the description of the

procedure to evaluate� � ). In other words, the rolling/sliding particles and the particles that experienced small rebounds
were discarded. Figure8 shows the position � x (p) � of the particles discarded in �gure 7, i.e. those moving below the plane
x2 = h� � i L 1 ;L 3 =d� + 2. It clearly appears that, because of the strong vertical velocity gradient and of the frequent inter-
particle collisions and enduring contacts, particles exhibit very heterogeneous dynamics. In fact, the particles in �gure8
are advected with di�erent velocities and the resulting picture is the superimposition of slow and rapid advection/di�usion
processes: while several particles rapidly spread both in the streamwise and spanwise directions, a signi�cant amount of
sediments (rolling and sliding grains) remain close to the initial positionx (p) � (t �

0). The former spreading sediment particles
experience frequent collisions and exhibit a gas-like dynamics characterized by almost straight trajectories, between one
collision and another, of length smaller than the grain size. These particles cannot be classi�ed neither as rolling/sliding nor,
in principle, as saltating since their trajectory does not recall the features of saltation, whence the necessity to introduce
a horizontal plane to threshold the saltating particles. The values of � �

1 and � �
3 plotted versus time for di�erent values of

t � � t �
0 are shown in �gure 9a,b, while �gure 9c shows the values of� �

r =
p

� � 2
1 + � � 2

3 , namely the standard deviation of
the distance r � between the center of moving particles and the centroid (x(G) �

1 ; x(G) �
3 ). Because of the oscillatory character

of the forcing 
ow the values of � �
1 and � �

3 depend on both the phase of the cyclet �
0 and the time interval t � � t �

0 during
which the di�usion of sediment particles is observed. Figure9d shows the time development of the particle concentration
c(r � ; t � � t �

0) for r � ' 0. It is evident from �gure 9d that the di�usivity coe�cient is not constant, but it is instantaneo usly
a�ected by the e�ects of the 
ow acceleration/deceleration. In f act, if the particle concentration satis�ed the di�usion
equation, the value ofc(r � = 0 ; t � � t �

0) shown in �gure 9d would be proportional to 1=bt � instead of 1=bt � 2 for small values of
bt � = t � � t �

0. Plots analogous to those of �gure9 were obtained for the other runs and can be found in the Supplementary
material, which essentially show the same trends as that of run R1000D3. The root mean square of the random 
uctuations
of the particle position along the streamwise and spanwise directionsis proportional to bt � 
 x 1 and bt � 
 x 3 , respectively (see
the relationships (1) in the Introduction). The parameters 
 x 1 and 
 x 3 are equal to half the absolute value of the exponent
of the regression lines ofc(x �

1 = 0 ; bt � ) and c(x �
3 = 0 ; bt � ), respectively, similar to those shown in �gure 9d. The values of


 x 1 and 
 x 3 were computed for the present simulations at di�erent phases of the wave-cycle and are shown in �gure10.
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Figure 7: Position of saltating particles � x � (p) = x � (p) (t � ) � x � (p) (t �
0) at di�erent phases, for t �

0 = 3 �=! � . Panels (a � f )
refer to the phasest � � t �

0 = n � t � , n = 0 ; 1; 2; 3; 4; 5, with � t � = 1 :57� 10� 3=! � , respectively. Red solid line indicate the
circle of radius equal tod� , while the dashed circles have radius equal to 2d� and 4d� . Run R1000D1.

(a) (b) (c)

(d) (e) ( f )

Figure 8: Position of rolling/sliding particles � x � (p) = x � (p) (t � ) � x � (p) (t �
0) at di�erent phases, for t �

0 = 3 �=! � . Panels
(a � f ) refer to the phasest � � t �

0 = n � t � , n = 0 ; 1; 2; 5; 10; 20, respectively, with � t � = 1 :57 � 10� 3=! � . Red solid line
indicate the circle of radius equal tod� , while dashed circles have radius equal to 2d� and 4d� . Run R1000D1.
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0 = 2 � + m �= 8, m = 0 ; 1; 2; :::; 8. The dashed red lines are proportional to 1=bt � and 1=bt � 2. Run R1000D1.

During the phases characterise by a high turbulence level, such values tend to unity both in the streamwise and spanwise
directions, con�rming the superdi�usive behaviour of the saltating particles in the local range as observed byNikora et al.
(2001, 2002); Witz et al. (2019). Around 
ow reversal, turbulence decays, saltation stops and both 
 x 1 and 
 x 3 vanish.
For Re� = 1000 and d = 0 :168 (run R1000D1), a signi�cant number of particles are in suspension and, just before the

ow reversal, many of them deposit and collide with the resting ones.This leads to a peak of
 x 1, approximately reaching
2 and indicates that the di�usion 
ux is remarkably larger than that c haracterising Fickian di�usion processes. Finally,
also in case R1000D1, saltation cease and
 x 1 drops to small values at the 
ow reversal. It is worth to note that, in all
cases,
 x 3 is smaller than 
 x 1, while the response of the spanwise di�usion to the appearance of strong turbulence is slower
than that in the streamwise direction and proportional to the Reynolds number Re� . Interestingly, in �gure 10b, the curve
associated with case R1000D7, where the largest particles were employed, exhibits smaller values of
 x 3 than all other
cases, which are comparable with those characterising Fickian di�usion processes. On the other hands, in case R1000D7,
the value of 
 x 1 shown in �gure 10a when the 
ow is turbulent is about 1 :5, possibly because the presence of large bottom
irregularities enhance the streamwise 
uctuations of particle trajectories and, consequently, the superdi�usive behaviour
of saltation motion.

3.4 Saltation kinematics and its probabilistic representation

A further interesting information provided by our numerical result s is the velocity of the sediment particles. In steady

ows, the average velocity u(p) �

1 of the moving particles is constant and related to the constant value of the shear velocity
u�

� =
p

� � =%� =
p

�v �
s , where � � is the bottom shear stress. In the case under investigation, the values of j� j are shown

in �gure 2 where, because of the 
ow unsteadiness, there is a phase shift between the bottom shear stress and both the
velocity of the 
uid, which 
ows around the sediments, and the velocity of the moving grains. The velocity of the 
uid
that drags the bouncing and saltating grains depends on the distance from the wall and its maximum value during the
oscillatory cycle takes place at di�erent phases as thex2-coordinate varies.

Figure 11 shows the probability density functions (pdf s) of the mean and maximum streamwise velocity component
u(p) �

1 and the maximum wall-normal velocity component u(p) �
2 of the saltating grains along with the jump time-span for

run R1000D3. Only the grains above the planex2 = h� � i L 1 ;L 3 =d� + 0 :5 are considered, in order to select, as previously
explained, only the saltating and suspended particles. Moreover, we often restrict the analysis to jumps characterised by
durations 21 < � t � =t�ref < 42, with t �

ref = d� =v�
s , in order to exclude the particles that experience frequent collisions and

the particles in suspension. As expected, the results show that the streamwise component of the particle velocity falls in
a wide range, but the value which is most likely to be observed falls between 0:4 U �

0 and 0:5 U �
0 .

12



-1

-0.5

0

0.5

1

U
$ e
=

U
$ 0

6.5 7 7.5 8 8.5 9
0

0.5

1

1.5

2

2.5
. x

1

! $(t$)

 

 

R1000D1
R1000D7
R750D3
R1000D3
R1500D3
! cos(! $t$)

-1

-0.5

0

0.5

1

U
$ e
=

U
$ 0

6.5 7 7.5 8 8.5 9
0

0.5

1

1.5

2

2.5

. x
3

! $(t$)

 

 

R1000D1
R1000D7
R750D3
R1000D3
R1500D3
! cos(! $t$)

(a) (b)

Figure 10: Values of the parameters (a) 
 x 1 and (b) 
 x 3, characterising the local range of trajectories of saltating particles
(de�ned in the Introduction), obtained for the present simulation s at di�erent phases of the wave-cycle. The dashed curves
indicate the dimensionless 
uid velocity Ue far from the bottom.
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Figure 11: The probability density function of a) the time-span of jumps; b) the mean streamwise velocity component of
the moving grains; c) the maximum streamwise velocity component of the moving grains;d) the maximum wall-normal
velocity component of the moving grains. Only the grains above the plane x2 = h� � i L 1 ;L 3 =d� +0 :5 are considered. Di�erent
curves in panels (b� d) were obtained by considering [ ] all jumps or jumps with duration � t = � t � =t�ref (t �

ref = d� =v�
s )

larger than the values indicated by circles in the panel (a): [ ] � t = 6; [ ] � t = 15; [ ] � t = 30; [ ] � t = 48.
Run R1000D3.
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Figure 13: Probability density functions of (a; d) the duration of jumps; ( b; e) the maximum height and (c; f ) the maximum
length of the trajectories of the particles above the plane (a; b; c) h� � i L 1 ;L 3 + 0 :25 d� , for run R1000D7 and (d; e; f )
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14



j3j=3cr

0 1 2 3 4 5

ju
(p

)$
1

j=
u$ =

2

4

6

8

10

12

14

j3j=3cr

0 1 2 3 4

ju
(p

)$
1

j=
u$ =

2

4

6

8

10

12

14

16

j3j=3cr

0 2 4 6 8

ju
(p

)$
1

j=
u$ =

2

3

4

5

6

7

8

9

10

j3j=3cr

2 4 6 8 10

ju
(p

)$
1

j=
u$ =

3

4

5

6

7

8

9

10

j3j=3cr

0 2 4 6 8 10 12

ju
(p

)$
1

j=
u$ =

0

5

10

15

max j3j=3cr

0 2 4 6 8 10 12

ju
(p

)$
1

j=
u$ =

0

5

10

15

R750D3
R1000D3
R1000D7
R1500D3
R1000D1

(a) (b) (c)

(d) (e) ( f )

Figure 14: Streamwise saltation velocity as de�ned byNi~no and Garc��a (1998b) (namely the streamwise particle velocity
averaged during the jumps selected as in �gure5) plotted versus the normalised value of the Shields parameter for runs
(a) R750D3, (b) R1000D7, (c) R1000D3, (d) R1500D3 and (e) R1000D1. The values are averaged over the jumps starting
during intervals of span T � =64. Coloured markers indicate values obtained at: [] t = 2 :5� ; [ ] t = 2 :75� and [ ] t = 3 � .
Jumps were selected such that the duration of the jump was 21< � t � =t�ref < 42 and the maximum vertical velocity

u� (p)
2 max > 0:05U �

0 . Panel (f ) shows the value of the streamwise saltation velocity when it is maximum (full markers) and
when the normalised Shields parameter is maximum (empty markers).Other markers indicate the experimental data
obtained by [� ]: Francis (1973) and [+]: Ni~no and Garc��a (1998a) (

p
(s � 1)g� d� 3=� � = 60 � 90). The dashed line �ts the

values obtained for the present runs atRe� = 1000.

Looking at the pdf s of the saltation range (i.e. the length) and height of jumps, which are shown in �gure 12 for
run R1000D3, we can note that, without any threshold on the duration of the jumps, both the pdf s of the saltation range
and of the saltation height are linear in a semi-logarithmic plot (black lines). By thresholding the particle jumps on the
basis of their duration 21< � t � =t�ref < 42, the pdf s in �gure 12 exhibit maxima for values of the saltating range between
50 d� and 120d� and for values of the saltating height between 2d� and 4 d� . For larger values of the duration � t � =t�ref ,
the pdf s no longer show maxima because they refer to suspended particles(see green lines in �gure12).

Similarly, the pdf s plotted in �gure 13 are obtained for runs R1000D7 and R1000D1 by considering only theparticles
that cross a horizontal plane placed at a distance 0:25 d� and 2 d� from the mean bottom surface, respectively. Therefore,
the particles considered in �gure13 are either saltating or in suspension. The results of �gure13 show that, if the temporal
duration of the free trajectories of the sediment grains is smaller than 40 t �

ref , the maximum height and maximum length
of the particle trajectories are related each to the other and themaximum length grows as the height grows. Hence, these
particles can be assumed to saltate. However if temporal durations longer than 40t �

ref are considered, thepdf s are practi-
cally constant and any value of the height and the length is equally probable. It means that the length of the trajectories
is no longer correlated to the height and the sediments are carried into suspension. In other words, the sediment particles
reach the upper limit of the bottom boundary layer and they cannot go much further away because there is no turbulence
outside the boundary layer able to counteract the particle weight. These observations justify the choice of the range of
temporal duration of jumps 21 < � t � =t�ref < 42 for all the present runs.

3.5 Saltation kinematics vs�=� cr

How the mean values of the saltation velocity, length and height change during the wave cycle? Since, as already pointed
out, laboratory measurements in steady 
ows show that the meanparticle velocity depends on the bottom shear stress and
some data are available, it is interesting to compare the results of the present numerical simulations with the laboratory
measurements. The mean saltation velocity, i.e. the jump-averaged particle velocity further averaged over all jumps
occurring at di�erent phases of the wave cycle, was computed forthe present runs and the results are plotted in �gure 14a-
e against the values of�=� cr . The wave period was split into 64 equispaced intervals such that each dot in �gure 14a-e
corresponds to a phase of the wave cycle. Since the Keulegan-Carpenter number K c = U �

0 =(d� ! � ) of the 
ow around the
sediment grains is usually larger than one, the moving grains tend to adapt their velocity to the instantaneous 
ow around
them and the sediments are expected to experience a sequence ofsteady 
ows. However, turbulence intensity during the
decelerating phases is stronger than turbulence intensity during the accelerating phases. Hence, two di�erent values of
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Figure 15: Plane averaged 
uid velocity computed at x �
2 = x �

2;bottom (panel a)) and at x �
2 = x �

2;bottom + d� , at di�erent
phases of the wave cycle, plotted as a function of�=� cr . Red and blue dashed curves correspond to the expressions of the

mean velocity of moving particles,
D

u(p) �
1

E
=u�

� = A � B (�=� cr )� 1=2, formulated experimentally by Ashida and Michiue

(1972) (A = 8 :0, B = 8 :0) and Fernandez Luque and Van Beek(1976) (A = 11:5, B = 8 :0), respectively. The horizontal
dashed line indicates the value of the velocity equal to 2:3 u�

� .

the streamwise velocity of the sediment particles are expected to be observed for the same value of the Shields parameter
depending on the sign of the acceleration of the external forcing 
ow. The results of �gure 14c show that the maximum
value of the normalised Shields parameter�=� cr is about 6 for run R1000D3. Correspondingly, the value of the saltating
velocity u(p) �

1 is about 5 u�
� , while the maximum saltating velocity is equal to 10 u� and is observed for� around � cr , values

which fairly agree with the the laboratory measurements ofNi~no and Garc��a (1998b) and Francis (1973). The comparison
between the numerical results and the values measured byNi~no and Garc��a (1998b) and Francis (1973) in steady 
ows,
see �gure 14f, shows that: (i ) for the largest value of the Reynolds number (see panel (d)), the di�erence between the
accelerating phases and the decelerating phases is signi�cant but,for large values of� , it tends to become small while the
particle velocities provided by the numerical simulations tend to be similar to those found by Ni~no and Garc��a (1998b);
(ii ) for the smallest value of the grain size andRe� = 1000 (see panel (e)), large di�erences between the accelerating and
decelerating phases are observed; (iii ) of course, when the bottom shear stress is smaller than the critical value � �

cr for the
inception of sediment motion, no sediment moves in the steady case and the velocity of the sediment particles vanishes.
However, because of the oscillatory character of the external forcing 
ow, the inertia of the particles keep them moving
also when�=� cr is smaller than one.

Consequently, the mean velocity of bedload sediment particles is, in general, di�erent from the mean 
uid (ambient)
velocity. However, during the phases when the 
uid velocity far from the bottom is maximum, the di�erence between 
uid
and particle velocities is found to be small. This fact is clearly shown by �gure 15a, where the plane averaged 
uid velocity
at x �

2 = x �
2;bottom is plotted against the Shields parameter normalized by its critical value. Incidentally, it is found that the


uid velocity is well �tted by the curve that was obtained by Ashida and Michiue (1972) to estimate the average particle
velocity in steady conditions (red dashed curve). Two further simulations, R1000D3f and R1000D7f, were performed
starting from the same initial conditions as those of simulations R1000D3 and R1000D7, but keeping all particles �xed at
their initial positions. For runs R1000D3f and R1000D7f, �gure 15 shows that the 
uid velocity at x �

2 = x �
2;bottom never

exceeds the valuehu�
1 i L 1 ;L 3

= 2 :3 u�
� , u�

� =
p

� � =%� denoting the shear velocity. This is consistent with what indicated
in the introduction that the streamwise component of the particle velocity equals approximately twice the shear velocity.
Indeed, it is found that, at the bottom level, the particle velocity ap proaches the 
uid velocity, in particular during the
phases characterised by large values of�=� cr .

While Ashida and Michiue (1972) considered moderate Reynolds numbers so that particles were essentially rolling and
sliding, in the experiments ofFernandez Luque and Van Beek(1976) particles were also saltating. In fact,Fernandez Luque
and Van Beek(1976) measured larger values of the mean particle velocity which were �tted by a curve which is also shown in
�gures 15a,b. Interestingly, the 
uid velocity above the mean bottom elevation, precisely at x �

2 = x �
2;bottom + d� , approaches

the curve obtained by Fernandez Luque and Van Beek(1976) (see �gure 15b). These considerations can be used to evaluate
the velocity at the bottom surface or at the upper limit of the saltat ion layer and are required by hydrodynamic models
to impose appropriate boundary condition for the velocity at the bottom (e.g. RANS models).

Similarly to �gure 14, the mean saltation range and maximum elevation reached by saltating particles during each
phase were computed and are shown in �gures16 and 17, respectively. The gap between the values of the saltation range
observed during the acceleration and the deceleration phases is remarkably large for runs R1000D3 and R1000D1, whereas
it is less signi�cant in the other cases (see �gures16a-e). The saltation height is found to be mildly dependent on the Shields
parameter (see �gures17a-e). Interestingly, the values of both the saltation range and the height observed forRe� = 1000
when �=� cr is maximum, i.e. in the late accelerating phases, lay on a straight line which fairly �ts the measurement points
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Figure 16: Saltation range in the streamwise direction (namelyx(p) �
1;range = jx(p) �

1;f inal � x(p) �
1;init j) of the saltating particles

(selected as in �gure5) plotted versus the normalised value of the Shields parameter for runs (a) R750D3, (b) R1000D7, (c)
R1000D3, (d) R1500D3 and (e) R1000D1. Coloured markers indicate values obtained at: [] t = 2 :5� ; [ ] t = 2 :75� and [ ]
t = 3 � . Jumps were selected such that the duration of the jump was 21< � t � =t�ref < 42 and the maximum vertical velocity

u� (p)
2 max > 0:05U �

0 . Panel (f ) shows the value of the streamwise saltation range when the normalised Shields parameter is
maximum. Other markers indicate [+]: Ni~no and Garc��a (1998a).
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Figure 17: Maximum height reached by saltating particles (selected as in �gure 5) during a jump plotted against the
normalised value of the Shields parameter for runs (a) R750D3, (b) R1000D7, (c) R1000D3, (d) R1500D3 and (e) R1000D1.
Coloured markers indicate values obtained at: [] t = 2 :5� ; [ ] t = 2 :75� and [ ] t = 3 � . Jumps were selected such that
the duration of the jump was 21 < � t � =t�ref < 42 and the maximum vertical velocity u� (p)

2 max > 0:05U �
0 . Panel (f ) shows

the value of the maximum height when the normalised Shields parameter is maximum. Other markers indicate [+]: Ni~no
and Garc��a (1998a).
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Figure 18: Drag (black markers) and lift (red markers) forces acting on the saltating particles (selected as in �gure 5)
normalised by the submerged weight of one particle plotted versus the normalised value of the Shields parameter for runs
(a) R750D3, (b) R1000D7, (c) R1000D3, (d) R1500D3 and (e) R1000D1. Coloured markers indicate values obtained at:
[ ] t = 2 :5� ; [ ] t = 2 :75� and [ ] t = 3 � . Jumps were selected such that the duration of the jump was 21< � t � =t�ref < 42

and the maximum vertical velocity u� (p)
2 max > 0:05U �

0 . Panel (f ) shows the value of the drag (full markers) and lift (empty
markers) forces when the normalised Shields parameter is maximum.

of Ni~no and Garc��a (1998b) (see �gures 16f and 17f). Moreover, the value of the saltation range attained when�=� cr for
run R1000D1 is nearly four times larger than the corresponding value observed for run R1000D7, while, during the same
phases, the maximum elevation for run R1000D1 doubles with respect to that of run R1000D7. Therefore, we observe
that, during the late accelerating phases, the saltation range scales with (d� =� � )� 1, while the saltation height scales with
(d� =� � )� 1=2. The scatter of data in �gures 14 and 16 is to be associated with the number of jumps observed at di�erent
phases of the wave cycle. Such number is large for large values of�=� cr and relatively small when � � � cr . Certainly, the
support of further experimental and simulation data is required to con�rm these observationsand reduce the scatter.

In steady 
ow conditions, the direction of the average drag forceacting on sediment particles is parallel to the bottom
while the other non-zero component of the average hydrodynamicforce coincides with the lift, which is originated in the
shear layer and directed wall-normal, pointing upwards. On the other hand, in an oscillatory 
ow, at each phase of the
wave cycle, the direction of the average drag is, in general, not parallel to the bottom. This is evident, as the mobile bed
dilates and contracts during the acceleration and deceleration phases, respectively (seeVittori et al. , 2020). Such behaviour
is typical of shear-thickening dense granular suspensions. The plane-average cancels out the e�ect of the turbulent vortices
on the average hydrodynamic force. Therefore, the wall-normalcomponent of the plane-averaged hydrodynamic force is
equal to the sum of the lift and other contributions, like the wall-nor mal component of drag, which is originated by the
wall-normal 
ow, and the Magnus e�ect associated with particle rot ation. Since it is practically impossible to distinguish
lift from the other contributions, hereinafter, for the sake of simplicity, we will refer to the horizontal and vertical com-
ponents of the plane-averaged hydrodynamic force as drag and lift, respectively. Figure 18 shows the value of the ratio
of drag and lift forces to the particle weight, averaged over the duration of each jump of the saltating particles. Bagnold
(2012) de�ned the susceptibility of sediment particles as the ratio between the drag and weight forces acting on individual
particles and determined experimentally the value of the susceptibility of quartz spheres (in air). For present runs, the
susceptibility of the particles is evaluated between 0:8 and 1. For quartz spheres of diameter 0:5 mm and susceptibility 0:8,
Bagnold (2012) found that the mean ambient air velocity around the particles was equal to 4 m/s, which is approximately
6 times larger than the present values ofU �

0 considering a wave period of 7 s. It is worth to note that the (horizontal) drag
force experienced by saltating particles is signi�cantly smaller than the lift force and the di�erence increases for smaller
sediment particles and larger Reynolds numbers (see panel18f). In fact, for most of the time span of a jump, the particle
streamwise velocity component is close to that of the ambient 
ow (i.e. the relative particle velocity is small), while the
gravity force is almost balanced by the lift force associated with thevelocity 
uctuations directed upwards. Moreover, it is
to be noted from �gure 18a-e that the dimensionless lift (drag) force is almost independent ofthe Shields parameter and
slightly increases (decreases) for increasing values ofRe� and (d� =� � )� 1.
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4 Conclusions

The direct numerical simulations of the oscillatory 
ow induced by propagating surface waves over a horizontal bed of
cohesionless sediment particles show that the particles start to move as soon as the bottom shear stress becomes larger
than a critical value which can be determined by means of the empirical predictors proposed for steady 
ows. Since the

ow around the sediment grains is explicitly computed along with the force and torque that the 
uid exerts on the grains,
the numerical simulations allow to determine not only the trajectories of the sediment particles but also the number of
moving particles, i.e. the amount of the sediment transport rate, and the forces acting on the particles.

The results of the numerical simulations allow to quantify the value of the Shields parameter below which most of the
moving particles are characterized by an inter-particle contact with the resting particles. For such values of the Shields
parameter the sediments can be assumed to roll and slide above thebottom. As the bottom shear stress increases, the
particles start to saltate and large values of the bottom shear stress make the sediments to be carried into suspension. Of
course, the transition limit between saltation and sediment transport in suspension is somewhat arbitrary. However, we
think that it is reasonable to consider the particles in suspension when the height of their trajectory is no longer correlated
to the length of their trajectory.

The saltating particles exhibit di�usive dynamics in the streamwise and spanwise directions while they are advected by
the mean 
ow. The di�usivity is continuously a�ected by the 
ow acce leration/deceleration and is larger in the streamwise
direction than in the spanwise direction. In the vicinity of the bottom , it is di�cult to isolate a single di�usion process
since both rolling/sliding particles and particles that perform small ju mps coexist at the same phases and elevations.

The features of the trajectories of saltating particles were collected at di�erent phases of the wave cycle. The saltation
velocity, length and height, during the late accelerating phases, were found to be in fair agreement with laboratory
measurements made in steady conditions.

Therefore, the numerical simulations allows to quantify the contributions given by bed load, saltation and suspended
load to the sediment transport rate and this �nding might be useful from a practical point of view.
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Supplementary Figure: Panels (a � d) show the values of� �
r plotted versus t � for t � � t �

0 = n � t � , n = 1 ; 2; 3; 4; 5, with
� t � = 1 :80� 10� 3=! � , for runs (a) R750D3, (b) R1000D7, (c) R1000D3 and (d) R1500D3. Panels (e � h) show the time
development of the volumetric concentration of saltating particlesat r � ' 0 (actually r � < d � =4) for ! � t �

0 = 2 � + m �= 8,
m = 0 ; 1; 2; :::; 8, for runs (e) R750D3, (f ) R1000D7, (g) R1000D3 and (h) R1500D3. The dashed red lines are proportional
to 1=bt � and 1=bt � 2.
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