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Abstract

A sediment suspension model is established to predict the sediment movement beneath
asymmetric waves, in which the bottom boundary condition for the sediment concentration
equation is specified by means of pickup function parameterized by a modified model of
the bottom shear stress. The modified model of the bottom shear stress involves velocity
and acceleration processes as well as the phase difference between the near-bed orbital
velocity and bottom shear stress. Moreover, the phase difference is not a constant in one
wave cycle but different in the durations of positive and negative velocities. And the phase
differences are parameterized into a function that is dependent on the degree of wave
asymmetry based on plenty of numerical data of the boundary layer obtained by large
eddy simulation (LES) of oscillatory boundary layer flows. The bottom shear stress calcu-
lated by the modified model is compared with those obtained from both the experiments
and the LES model, demonstrating that the modified model can capture the unsteady
characteristics of the bottom shear stress beneath asymmetric waves accurately. Then, the
proposed sediment suspension model is coupled with a numerical wave flume so as to
obtain the progressive wave fields and the suspended sediment movement. The velocity
and sediment concentration of both reduced- and large-scale hydrodynamic conditions cal-
culated by the coupled model are compared with experimental data with a good agreement,
suggesting reliability of the proposed model to predict sediment transport induced by
asymmetric waves.

Keywords: sediment suspension model; asymmetric wave; phase difference; bottom
shear stress

1. Introduction
Wave-induced sediment transport is one of the most important problems in coastal

engineering, which has a significant influence on human activities [1]. In the ocean, as
waves are approaching the shore, the nonlinearity of waves becomes stronger, presenting
shorter and higher crests as well as shallower and longer troughs prior to breaking [2,3].
And the nonlinear characteristics of waves can be described by the asymmetry of orbital
velocity variations or acceleration variations [4], which play an important role in sediment
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transport in coastal areas [5]. Here, the wave with asymmetric velocity (namely the
magnitudes of the maximum and minimum velocities are unequal) is concerned and the
sediment transport under asymmetric waves is investigated.

So far, sediment movement beneath nonlinear waves has been simulated based on
various numerical models. The essential difference in these models is how to specify the
bottom boundary condition of the sediment transport equation, which is fundamentally
associated with the bottom shear stress. Therefore, it is of crucial significance to properly
describe the bottom shear stress beneath an asymmetric wave in order to formulate a
reliable sediment suspension model under asymmetric waves. In the previous literature,
researchers have developed a few parameterization methods to attain this purpose for
general cases of waves.

A common approach to specify the bottom shear stress is generally based on a rough
wall logarithmic law, which has been widely applied by many scholars. Hsu and Liu [6]
developed a two-dimensional depth- and phase-resolving suspended sediment model
based on single- and two-phase flow approaches, in which the bottom shear stress is
determined by logarithmic law. Amoudry et al. [7,8] implemented a two-dimensional
Reynolds-averaged Navier–Stokes model with sand ripple-averaged approach to reproduce
experiments of wave-induced sediment movement in a large-scale wave flume, where
the wall logarithmic law is also employed to calculate friction velocity. Kim et al. [9]
developed a multi-phase Eulerian model for wave-induced sediment transport, coupling
with Interform and waves2Foam. However, the wall logarithmic law used in these models
is obtained from steady flows, while the behavior of boundary layers under waves here is
far different from steady flow [10,11]. For steady flows, the bottom shear stress relies purely
on the velocity profile, which generally obeys the logarithmic low in practice. Nonetheless,
the wave-induced flow is unsteady, and the velocity profile is time-dependent or phase-
dependent. Most importantly, the velocity profile does not obey the logarithmic law,
especially near the phases of flow reversal. The unsteady characteristics of wave-induced
bottom shear stress are worthy of particular attention, such as the phase difference between
the bottom shear stress and the free stream velocity. As mentioned in Tanaka (1988) [12],
the acceleration effect has a significant impact on the bottom shear stress under nonlinear
waves. But the above-mentioned parameterization methods directly relate the bottom shear
stress to the near-bed horizontal velocity outside boundary layers via the logarithmic law,
while the phase difference between the near-bed velocity and the bottom shear stress as
well as the acceleration effect is not considered.

In addition to the wall logarithmic law, the near-bed turbulence quantities have been
proposed to model the bottom shear stress. Vittori [13] studied the relationship between the
bottom shear stress of first-order Stokes waves and turbulence characteristics obtained by
means of a direct numerical simulation and found that the turbulence production could bet-
ter describe the sediment pickup rate, which is the capacity of the flow to put the sediment
into suspension. But due to the cost of time and computing resources, he just modeled
oscillatory flows rather than progressive wave fields. Amoudry et al. [14] mentioned that
the near-bed turbulent kinetic energy can be employed to calculate the bottom shear stress
and argued that the turbulence quantities can better predict the distribution of sediment
concentration than wall logarithmic law by assessing all three bottom boundary conditions.
Nonetheless, this approach should rely on precise numerical computation of the turbulence
in the near-bottom boundary layer, which has a high cost that impedes its application.

Apart from the above two approaches, the third kind of alternative is to model the
bottom shear stress of a turbulent boundary layer of waves by means of extending the
analytical solution of the laminar boundary layer of waves. Nielsen [15] presented a bottom
shear stress model in laminar flows, which consists of velocity and acceleration terms with
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the phase difference of 45◦ between the near-bed orbital velocity and bottom shear stress.
Moreover, Tanaka and Thu [16] showed that the phase difference varies from 45◦ to 10◦

in the turbulent flow. Then, Nielsen [17], Nielsen and Callaghan [18] and Nielsen [19]
modified the model to estimate sediment transport rate and pointed out that the phase
difference is from 40◦ to 51◦ by comparing with experiment data. Here, the phase difference
is acquired from the experiment data of sediment transport rate rather than directly from
analyzing the variation in the bottom shear stress. Gonzalez-Rodriguez and Madsen [20]
proposed a simple model of bed shear stress under nonlinear waves, in which the time-
varying phase difference is considered through linear interpolation between the values of
the wave crest and wave trough. Nonetheless, the acceleration effect was not considered
in this model, leading to underestimated results compared with the experiment data of
Watanabe and Sato [4]. Suntoyo [21] also modified the model which is only suitable for
saw-tooth waves. It is reasonable to conclude that Nielsen’s model is a feasible choice for
simulating the bottom shear stress, but the phase difference used in the model needs to be
further researched.

In the present work, with the aim of establishing a suspended sediment transport
model of asymmetric waves, the phase difference between the near-bed orbital velocity
and the bottom shear stress beneath asymmetric waves is formulated as a function of the
degree of wave asymmetry (a ratio of crest velocity and velocity amplitude) based on the
data obtained by large eddy simulation of the boundary layer behavior of asymmetric
waves. The formulated phase difference is then used to modify the bottom shear stress,
which is well validated by comparing with experimental data and the numerical results
of asymmetric waves. The modified bottom shear stress is further applied to accurately
quantify the sediment pickup function by asymmetric waves and specify the bottom
boundary condition of sediment transport equation. In this way, a suspended sediment
transport model for asymmetric waves is developed. The numerical results of velocity and
sediment concentration obtained by this model for both reduced- and large-scale conditions
are compared with experiment data, demonstrating good performance of the proposed
suspended sediment transport model for asymmetric waves.

2. Description of Sediment Transport Model
A classical sediment transport model coupling with a numerical wave flume is estab-

lished to reproduce the sediment movement under asymmetric waves, called the suspended
sediment model. The hydrodynamic characteristics are obtained by the two-dimensional
Reynolds-averaged Navier–Stokes equations (RANS), and the VOF method is employed to
capture the free surface of waves. The suspended sediment concentration could be acquired
by solving a convection–diffusion equation and the turbulence model is applied to solve
the turbulence. Based on the model, the spatial and temporal distribution of sediment
concentration and hydrodynamic variables can be obtained. We first introduce the gov-
erning equations and the boundary conditions before showing the numerical solution and
analysis results.

2.1. Governing Equations

The numerical wave flume for unsteady, incompressible, viscous, Newtonian fluid is
governed by the RANS equations.

∂ui
∂xi

= 0 (1)

∂ρui
∂t

+
∂ρuiuj

∂xj
− ∂

∂xj

(
µe f f

∂ui
∂xj

)
− ∂ui

∂xj

∂µe f f

∂xj
= −∂pd

∂xi
−
(

gj · xj
) ∂ρ

∂xi
(2)
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where ui is velocity in the ith direction, xi is the ith direction coordinate, ρ is the fluid
density, gi is the ith component of the gravitational acceleration, pd = p − ρ(gi − xi) is the
fluid dynamic pressure, and µe f f = µ + ρνt is the dynamic viscous coefficient, composed
by the molecular dynamic viscosity of fluid µ and the turbulent viscosity νt.

The k − ε turbulence model, composed by the turbulence kinetic energy k equation
and the turbulence dissipation rate ε equation, is shown as follows:

∂k
∂t

+ uj
∂k
∂xj

= P − ε +
∂

∂xj

((
µ

ρ
+

νt

σk

)
∂k
∂xj

)
(3)

∂ε

∂t
+ uj

∂ε

∂xj
= C1ε

ε

k
P − C2ε

ε

k
ε +

∂

∂xj

((
µ

ρ
+

νt

σε

)
∂ε

∂xj

)
(4)

where P =
(
2ρνtSij − 2

3 ρkδij
) ∂ui

∂xj
is the turbulence production, in which Sij =

1
2

(
∂ui
∂xj

+
∂uj
∂xi

)
,

and the classical empirical values of the constant [22] in the model can be given by

σk = 1, σε = 1.3, C1ε = 1.44, C2ε = 1.92. (5)

Then, the turbulent eddy viscosity can be acquired as follows:

νt = Cµ
k2

ε
(6)

where Cµ = 0.09.
The VOF method is employed to track the free surface location of waves, which

is already proposed by Hirt and Nichols (1981) [23], and the volume fraction α is de-
fined to make the N–S equations of gas phase and liquid phase solve together, which is
expressed as

α =


0 gas

(0, 1) f ree sur f ace

1 water

(7)

ρ = αρw + (1 − α)ρg (8)

µ = αµw + (1 − α)µg (9)

where ρw is the water density, ρg is the gas density, µw is the water dynamic viscous
coefficient, and µg is the gas dynamic viscous coefficient. The volume fraction α satisfies
the transport equation

∂α

∂t
+ α

∂ui
∂xi

+ α(1 − α)
∂uRi
∂xi

= 0, (10)

where uRi is the interfacial compression velocity.
The suspended sediment concentration c is obtained from an advection–diffusion-

settling equation
∂c
∂t

+
∂(ui − wsδi3)c

∂xi
=

∂

∂xi

(
εs

∂c
∂xi

)
, (11)

where εs is sediment diffusivity coefficient and ws is the sediment settling velocity in the
vertical direction, which is provided in van Rijn (1993) [24].

2.2. Boundary Condition

At the free surface, the boundary condition of the turbulence quantities enforces zero
normal gradient, and the sediment concentration uses the no-flux condition. At the inlet,
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the stream function theory [25] is used to generate specified asymmetric waves required in
the numerical domain, which is expressed as

ψ(x, z) = c0z +
N

∑
n=1

X(n)sinh
[

2nπ

L
(z + h)

]
cos
(

2nπ

L
x
)

, (12)

where x is the horizontal coordinate with its origin at the far left of the numerical wave
flume, z is the vertical coordinate with its origin at the mean water line, h is the depth of
water, L is wave length, and c0 is wave velocity. X(n) is a set of coefficients that determines
all characteristics of the wave system, and N represents the order of the stream function.
According to Dean (1965) [25], higher accuracy of the theory can be achieved with larger N
and the result obtained based on the eleventh-order stream function is accurate enough for
non-breaking waves. In the present study, a twenty-fifth-order stream function is utilized
for all wave conditions. And it should be noted that the 2-D numerical wave flume can
simulate periodic waves, irregular waves, and the superposition of waves and currents.
The asymmetric waves are only focused on in our study.

At the outlet, a sponge layer is employed to minimize wave reflection and a zero-
gradient condition is adopted for the sediment concentration.

The no-slip condition is applied for the bottom boundary condition for the flow. For
the turbulence calculations, k and ε satisfy the following equations [8,26]:

∂k
∂z

= 0, ε =
Cµ

3/4k3/2

κzb
, νt = Cµ

k2

ε
, (13)

in which zb is the elevation above the bed and Cµ = 0.09.
In order to simulate the sediment pickup from the bed, the approach based on pickup

function is adopted as the bottom boundary condition of sediment concentration, which
is specified as the function of the bed shear stress. Due to the boundary condition of zero
concentration at the inlet, the bed is the only source of suspended sediment. Then, a set of
equations, following Garcia and Parker (1991) [27], are used to specify the bottom boundary
condition, which read as follows:

−εs
∂c
∂z

= Eu, (14)

where

Eu = wsC0

(
θu

θc
− 1
)3/2

θu > θc, (15)

and
θu =

τ

(ρs − ρw)gd
· 1

(1 − πηr/λr)
2 , (16)

where εs is the sediment diffusivity coefficient, ws is the sediment settling velocity in the
vertical direction, Eu is the bottom sediment flux, C0 is the reference concentration, θu is the
Shield number, ρw is the water density, ρs = 2650kg/m3 is the sediment density, g is the
acceleration of gravity in the vertical direction, d is the sediment diameter, ηr is the ripple
height, λr is the ripple length, and θc is the critical shield parameter for incipient motion,
the calculating methods for which can be found in van Rijn (1993) [24]. τ is the bottom
shear stress, the calculated method of which will be discussed in detail in Section 3.

The reference concentration C0 following van Rijn (2007) [28] can be described by

C0 = 0.015
d

Zre f

[
d
(
(s − 1)g

sν2

)1/3
]−0.3

, (17)
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where d is the sediment diameter, Zre f is the reference height, ν = µ/ρ is the kinematic
viscosity of water, and s is the density ratio of sediment to water, equal to 2.65 in the present
study.

2.3. Sediment Diffusivity

There are three classical models for sediment diffusivity coefficient profiles to describe
the diffusion process of sediment beneath waves, of which the first is constant [15], the
second is a three-layer structure [24] for the whole water column, and the third is the linear
increase with height [29,30]. In the present model, the expression of linear profiles [31] is
employed, shown as follows:

εs =

{ (
0.25βεκû∗ +

ws
αs,ω

)
(z + h) + ws

αs,ω
Lmix z < δ + 0.5ηr

0.25βεκû∗(δ + 0.5ηr) +
ws

αs,ω
(z + h) + ws

αs,ω
Lmix z ≥ δ + 0.5ηr

, (18)

where

Lmix =

{
0.075ûωηr/ws ûω/ws < 18

1.4ηr ûω/ws ≥ 18
, (19)

and

αs,ω =
4.808(ηr/λr)

1 − wsηr/ω
, (20)

in which βε = 0.18 is the ratio of the sediment diffusion coefficient to the turbulent diffusion
coefficient, κ = 0.41 is the Von karman constant, Lmix is the scale of sediment exchange,
ûω is the velocity amplitude near bed, û∗ is the maximum friction velocity, αs,ω is the
sediment distribution coefficient of the wave convective mechanism, and δ is the boundary
thickness beneath waves—see Li and Lu (2016) [31] for details.

2.4. Numerical Implementation

In the present study, a numerical wave flume is established to reproduce the asym-
metric wave fields with given wave parameters. The numerical domain is long enough
to acquire stable wave fields and sediment concentration fields, and the sections of gener-
ating waves and absorbing waves are located on the inlet boundary and outlet boundary,
respectively, with length equal to a wave length. The sediment motion under wave is a
quasi-steady process, so 60 periods for the same sediment concentration of adjacent cycle
are simulated. Note that the data of the last 10 periods are analyzed here.

The finite volume method is employed to discretize the series of equations in the
present model, and the difference scheme of the Gaussian method is adopted. The PIMPLE
method [32] is used to literately solve the RANS equations, and a non-staggered grid
system is employed. The Euler scheme is used to discretize time derivatives. The advection
terms are discretized by using upwind scheme and a central difference method is employed
in the viscous dissipation terms. Similar algorithms are also adopted to discretize the
turbulence equations and the sediment concentration equation.

3. Modeling Bottom Shear Stress
3.1. Previous Models

There are many methods to calculate bottom shear stress of nonlinear waves. And for
many sediment transport models, the rough wall logarithmic law is commonly employed
to calculate the friction velocity [8,33]:

u(t)
u∗(t)

=
1
κ

ln
(

30z
ks

)
, (21)
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where u∗ is the friction velocity, u is the near-bed velocity parallel to the bed, and ks is the
roughness.

In this numerical model, the velocity at the first grid is used to acquire the friction
velocity, and the location of the first grid in the vertical direction is set small enough in
order to satisfy the precision requirement of wall logarithmic law. As a result, the existing
model is time consuming and uneconomic as the simulation of many wave periods is
required. In addition, the phase difference between the near-bed velocity and bottom shear
stress as well as the acceleration effect is not taken into account in this existing model.

Nielsen [17] extended the theoretical solution of bottom shear stress in laminar flow
condition to the turbulent cases for nonlinear waves, which consists of the velocity and
acceleration terms. Here, u∗ can be expressed as

u∗(t) =

√
fw

2

cos φu(t) +
sin
(

φ

360◦ · 2π
)

ω

∂u(t)
∂t

. (22)

Then, the bottom shear stress τ could be reasonably derived through the definition

τ(t) = ρwu∗(t)|u∗(t)|, (23)

where fw is the wave friction factor and φ is the phase difference between the bottom shear
stress and free stream velocity. In laminar oscillatory, the phase difference is theoretically
45◦ [15]. However, for turbulent flows (the practical case), the phase difference is not well
established. Nielsen [17] suggested φ = 51◦ for turbulent flows by fitting experiment data
of sediment transport.

3.2. Modified Model

In order to acquire a more accurate value of the phase difference instead of just fitting
with experiment data to quantify the bottom shear stress of turbulent flow, the process of
the bottom shear stress in case of asymmetric waves is analyzed in detail by LES.

The boundary layer flow induced by an asymmetric wave can be modeled by os-
cillating an infinite horizontal plate with its asymmetric velocity, as was reported by Li
et al. [34] who adopted the LES approach to solve the boundary layer flow beneath the
cnoidal wave with the spatially filtered 3-D Navier–Stokes equations and Smagorinsky
subgrid model [35]. In Li’s LES model, the periodic span-wise and stream-wise boundary
conditions are utilized, and the near-bed orbital velocity beneath asymmetric waves is
employed as the bottom boundary condition. During the simulation, the finite volume
methods and the Gaussian difference scheme on a non-staggered grid system are applied.
The model has been verified for a fully developed turbulent regime, as was detailed by Li
et al. [34].

Hence, the phase difference between the near-bed velocity and bottom shear stress
is found to be different at the wave crest and wave trough, respectively. The numerical
values of the phase difference at the wave crest and wave trough are plotted in Figures 1
and 2, respectively, where As is the degree of asymmetry of the near-bed orbital velocity
that is used to characterize wave asymmetry in the phase difference model, defined as
As = Uc

Uc−Ut
, in which Uc and Ut are the maximum and minimum velocity, respectively, as

shown in Figure 3. It can be seen from Figures 1 and 2 that the phase differences at both the
wave crest and wave trough are dependent on the degree of asymmetry of the near-bed
orbital velocity.
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Figure 1. Phase difference of wave crest.

0.5 0.6 0.7 0.8
As

0

40

80

120

t(°
)

CFD
Eq. (25)

Figure 2. Phase difference of wave trough.

Figure 3. Schematic diagram of the phase difference of asymmetric wave velocity.

By means of curve fitting, the phase differences at the wave crest and wave trough can
be expressed as

φc = −47.44As + 29.5, (24)

φt = 1245As2 − 1327As + 360.1. (25)

where φc and φt are the phase difference at the wave crest and wave trough, respectively,
as shown in Figure 3.

In this way, a piecewise formula of friction velocity can be obtained

u∗ =


√

fw
2

[
cos φcu(t) +

sin
(

φc
360

◦ ·2π
)

ω
∂u(t)

∂t

]
u(t) > 0√

fw
2

[
cos φtu(t) +

sin
(

φt
360

◦ ·2π
)

ω
∂u(t)

∂t

]
u(t) ≤ 0

, (26)

where fw = exp
{
−7.53 + 8.07

(
Uc

ωz0

)}
is proposed by Nielsen (2002) [17], ω is the wave

frequency, and z0 = ks/30 is the roughness height.
In our study, the near-bed orbital velocity can be given by the RANS model, which

generally is the velocity at the first grid. The piecewise formula of friction velocity can
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simplify the calculation of the bottom shear stress in sediment transport model. Due
to the limitation of phase differences formula, the sediment model is only applicable to
asymmetric waves.

3.3. Comparison with Experimental and Numerical Data

To further validate the ability of the modified model to predict the bottom shear stress,
the comparisons of the modified model with experiment data and numerical results of
the oscillatory flows are conducted. The experiment conditions of the section are given in
Tables 1 and 2, where h is the wave depth, T is the wave period, H is the wave height, and
ks is the Nikuradse sand roughness. For the numerical conditions, As is set to 0.55, 0.6, 0.65
and 0.7, respectively, and the boundary layer Reynolds number (Reδ = Uc

√
T/(πν)) is set

to 4000.

Table 1. Parameters of the reduced-scale wave flume experiment [31].

Case h/m H/m T/s d/mm λr/m ηr/m

N1 0.5 0.12 2 0.125 0.069 0.014
N2 0.5 0.15 2 0.125 0.069 0.014
N3 0.5 0.18 2 0.125 0.069 0.014
N4 0.5 0.21 2 0.125 0.069 0.014

Table 2. Main experiment parameters of oscillating water tunnel.

T/s Uc/(m/s) ks/m Re As

Jonsson (1976) [10] Test 1 8.39 2.02 0.023 6.01 × 106 0.5
Jonsson (1976) [10] Test 2 7.2 1.58 0.063 2.74 × 106 0.5
Suntoyo (2008) [21] SK4 4 4 0.015 6.75 × 105 0.5

Figure 4 presents the comparison of the maximum friction velocity between the
modified model and experiment data, where the squares represent the data of wave flume
conditions and the diamonds and circles represent the data of oscillating tunnel conditions.
And it is evident that the modified model can well predict the shear stress in the magnitude.

0 0.1 0.2 0.3 0.4
u*max(m/s) Experiment

0

0.1

0.2

u *m
ax

(m
/s)

 E
q.

(2
6)

Jonsson(1976)
Suntoyo(2008)
Li and Lu(2016)

Figure 4. Comparison of the maximum friction velocity of the modified model with experiment
data [10,21,31].

In order to further test the modified model, two tests from Jonsson and Carlsen
(1976) [10] are chosen and simulated. In these cases, a sinusoidal oscillating flow with
little asymmetry due to the natural frequency is focused. As shown in Figure 5, the
bottom shear stress obtained via Equation (26), with the modified friction velocity, agrees
with experimental data very well. In the meantime, the bottom shear stress obtained via
Equation (22) with φ = 51◦, the unmodified friction velocity, is also plotted in Figure 5,
demonstrating that the modified model behaves much better than the unmodified one in
terms of not only the phase difference but also the extremums.
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Figure 5. Comparison of the bottom shear stress of the modified model with the results of the
unmodified models and the experimental data [10]. (a) Test 1; (b) Test 2.

Comparisons are also made between the bottom shear stress of the modified model
and the numerical ones of oscillatory flows with different As, shown in Figure 6. It can
be seen that the modified model can capture the characteristics of the bottom shear stress
of asymmetric waves and the agreement between the results of the modified model and
the oscillatory flows is very good except at the phases at which the bottom shear stress is
almost zero. Nonetheless, this discrepancy has little effect on sediment suspension because
the bottom shear stress at these phases is too small to pick sediment particles up into the
water. In the meantime, the bottom shear stress obtained via Equation (22) with φ = 51◦,
the unmodified friction velocity, is also plotted in Figure 6, which also demonstrates that
the modified model behaves much better than the unmodified one in terms of not only the
phase difference but also the extremums. The bottom shear stress directly determines the
timing of sediment pickup during the wave cycle. Therefore, the modified model can be
employed to parameterize the pickup function for the sediment suspension model.

  

  

Figure 6. Comparison of the bottom shear stress of the modified model with the results of the
unmodified models and LES model at different degrees of asymmetry. (a) As = 0.55; (b) As = 0.6;
(c) As = 0.65; (d) As = 0.7.

4. Results
Based on the modified model of the bottom shear stress stated in Section 3, the

sediment transport model described in Section 2 is reasonably closed. In this section,
two sets of experimental data of asymmetric waves are employed to test this sediment



J. Mar. Sci. Eng. 2025, 13, 2139 11 of 16

transport model in case of asymmetric waves, including wave fields and sediment concen-
tration. One is the reduced-scale experiment carried out by Li and Lu (2016) [31] and the
other is the large-scale one conducted by Lohmann et al. (2006) [35]. The parameters are
provided in Tables 1 and 3, respectively.

Table 3. Parameters of the large-scale wave flume experiment.

Case h/m H/m T/s d/mm ws/(m/s) λr/m ηr/m

F2 4.5 0.848 5 0.162 0.0066 0.68 0.03
C1 4.5 0.850 5 0.329 0.017 0.37 0.04
C2 4.5 1.111 5 0.329 0.017 0.43 0.05
C3 4.5 1.344 5 0.329 0.017 0.53 0.06

4.1. Hydrodynamic Characteristics

Firstly, the numerical wave field is validated. The velocity distribution and the free
surface displacement of asymmetric waves have been compared with the reduced- and
large-scale experiment data to test the numerical wave flume by using the parameters
of Case N3 and Case C2, respectively. As shown in Figures 7 and 8, the results of wave
free surface agree very well with theoretical results for both the reduced- and large-scale
experiments. Figures 9 and 10 present the comparison between the periodic distribution of
horizontal velocity of the theoretical and numerical results. It is evident that the numerical
wave flume can reproduce similar wave characteristics compared with experimental data.
Therefore, it can be concluded that the numerical wave flume is sufficient to predict the
hydrodynamic characteristics of asymmetric waves.

Figure 7. Comparison of the wave free surface of theoretical and numerical model results of Case N3.
The circles are the results of stream function theory, and the line is the numerical wave flume results.

Figure 8. Comparison of the wave free surface of theoretical and numerical model results of Case C2.
The circles are the results of stream function theory, and the line is the numerical wave flume results.
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Figure 9. Comparison of the horizontal velocity of the numerical model results with experimental
data of Case N3. The squares are the experimental data, and the line is the numerical wave flume
results [31].

Figure 10. Comparison of the horizontal velocity of the numerical model results with experimental
data of Case C2. The squares are the experimental data, and the line is the numerical wave flume
results [14].

4.2. Sediment Concentration

Secondly, the sediment transport model is tested by comparing the vertical distribution
of periodically averaged concentration based on the present numerical simulations and
experiment data, as shown in Figures 11 and 12. Figure 11 displays the comparison between
the numerical results and the experiment data obtained from Li and Lu (2016) [31] under
the reduced-scale experiment conditions. It can be found that the numerical results show
good agreement with the experimental data. Meanwhile, Figure 12 presents both the
numerical results and the experiment data obtained from Thorne et al. (2002) [36] under
the large-scale experiment conditions. And the agreement between the numerical results
and the experimental data is very good, except for a little discrepancy at the region far
away from the bed. These errors may come from the turbulent model, which ignores some
characteristic in turbulent boundary layer and sediment resuspension such as turbulent
bursts higher in the water column. It should be noted that the selected experimental data
covers the conditions of different wave height, wave period, and sediment diameter, which
allows reasonable validation of the prediction of the sediment transport model. Therefore,
the conclusion can be drawn that the sediment transport model is capable of accurately
reproducing the sediment transport process under asymmetric waves. Meanwhile, it is
indicated that the modified model of the bottom shear stress is feasible for the sediment
transport model.
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Figure 11. Comparison for the wave-averaged volumetric concentration profiles under reduced-scale
experiment conditions. The solid squares represent the pump sample concentration from Li and Lu
(2016) [31].

Figure 12. Comparison for the wave-averaged volumetric concentration profiles under large-scale
experiment conditions. The solid diamonds (Exp1) represent the pump sample concentration, and
the solid circle (Exp2) is the ABS data from Thorne et al. (2002) [36].
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5. Conclusions
A suspended sediment transport model is developed to reproduce the sediment

suspension beneath asymmetric waves, in which the numerical wave flume is employed
to simulate the wave fields and the sediment concentration is obtained by the sediment
transport model. In particular, a modified model of the bottom shear stress beneath
asymmetric waves is proposed to parameterize the pickup function of sediment, which is
in turn used to reasonably specify the bottom boundary condition of sediment transport
equation.

Sediment transport is fundamentally influenced by the bottom shear stress of flows.
For turbulent boundary layers of waves, the bottom shear stress is dependent not only on
the velocity but also on the acceleration process as well as the phase difference between the
near-bed orbital velocity and the bottom shear stress. For asymmetric waves, the phase
difference is not constant in a wave cycle and should be resolved in the durations of the
crest and the trough of the velocity process, respectively. Therefore, the phase differences
in the durations of positive and negative velocities are, respectively, parameterized into
the functions of the degree of wave asymmetry based on plenty of numerical data of the
boundary layer obtained by large eddy simulation (LES) of oscillatory boundary layer
flows. These parameterizations of the phase difference are used to modify the previous
model of the bottom shear stress. The modified model can well capture the unsteady
characteristics of the bottom shear stress beneath asymmetric waves.

For sediment transport induced by asymmetric waves, the bottom boundary condition
of sediment concentration equation can be specified by the pickup function of sediment,
but the bottom shear stress in the pickup function should be replaced by the modified
expression that considers the phase difference between the near-bed orbital velocity and
the bottom shear stress in different durations of wave cycles. The sediment transport
model proposed with this approach can well reproduce the experimental data of sediment
concentration of both reduced- and large-scale conditions in case of asymmetric waves.
Therefore, the proposed model is capable of accurately predicting the sediment transport
under asymmetric waves.
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