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Abstract The aquatic vegetation patch plays a significant role on sediment net deposition in the
vegetated channels. Particularly, the flow is decelerated at the leading edge of a patch that tends to

induce vertical updraft, that is, a diverging flow region, in which vegetation greatly affects the pattern

of sediment net deposition. This study focuses on the simulation of the sediment net deposition in the
whole vegetation patch region through an innovative random displacement model, a Lagrange method,
with probability-based boundary conditions, instead of the reflection or sorption boundary at the channel
bottom. The probability model of deposition and resuspension is proposed according to the flow field
characteristics in the different regions of the vegetation patch. The variation of the sediment deposition
and resuspension with the turbulent kinetic energy is analyzed to illustrate the effect of the turbulence
induced by vegetation, represented by the dimensionless turbulent kinetic energy (), on the sediment
deposition and resuspension. The sediment deposition predicted by the proposed model agrees well with
the experimental measurements. Results show that the effect of vegetation on the sediment deposition
and resuspension motions begins to prevail when the vegetation-induced ¥ is larger than its threshold, ..
The threshold of 1 is predicted to be within 6.8-10 according to the simulation results in this study. As the
turbulent kinetic energy increases, the deposition probability decreases continuously when 3 > ..

1. Introduction

The turbulent vortices in the vegetated open channel flow are mainly generated by the vegetation and are
remarkably larger than the vortices induced by the bed shear stress in the channel without vegetation (Ghis-
alberti & Nepf, 2004). Aquatic vegetation also plays an important role in the suspended sediment transport
(Huai et al., 2020), bed-load sediment transport (Yang & Nepf, 2018), and sediment deposition and bedform
(Yang & Nepf, 2019). Sediment deposition in the vegetated channel flows is receiving considerable attention
in recent decades (Beuselinck et al., 2000; Follett & Nepf, 2018; Kim et al., 2018; Mark et al., 1983). There are
two opposite effects of the aquatic vegetation on sedimentation. Aquatic vegetation usually enhances the
sediment deposition and produce a region of sediment retention; while they also generate additional drag
and obstruction which restrains flow velocity and reduces the sediment carrying capacity (Abt et al., 1994;
Gacia et al., 2003; Zhang et al., 2020; Zong & Nepf, 2010). However, some researchers also observed that the
reduction of deposition occurred in the vegetation region as many vortices were generated by the vegetation
stems comparing with the flow in the bare-bed channel (Follett & Nepf, 2012; Ganthy et al., 2015; Lawson
et al., 2012). Improvement of the sediment management in natural rivers, such as sediment retention and
erosion in the vegetation region, is important for river management. As such, understanding the impact
of the aquatic vegetation on the sediment deposition and resuspension is essential to predict retention or
erosion.

Extensive studies have been conducted using various methods to investigate the impact of the aquatic veg-
etation on the sediment deposition (Huai et al., 2021). Among these studies, laboratory experiment is the
most widely used method to investigate the sediment deposition in the vegetated channel flows. Follett and
Nepf (2018) conducted experiments to study the retention of the graded sediment particles in a submerged
meadow. They found that both the position of particles released and the particle size affected the pattern
of sediment retention. Zhang et al. (2020) and Zong and Nepf (2010) also studied the sediment deposi-
tion in the channel with vegetation through laboratory flume experiments. Zhang et al. (2020) focused on
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investigating the effect of the submerged vegetation density and flow velocity on the deposition pattern,
while Zong and Nepf (2010) described the effect of the emergent vegetation on the sediment deposition.
Though it is convenient and direct to obtain the pattern of the sediment deposition in the vegetation patch
using the laboratory flume experiment, its inefficiency and scale effect restrain the development of studies.
With the development of computing resources and computational fluid dynamics techniques, numerical
models have also been widely developed and applied to simulate various turbulent flows. However, to the
authors' best knowledge, numerical studies on the sediment deposition in the vegetation patch are still lim-
ited (Kim et al., 2018; Tsujimoto, 1999). These two studies developed a depth-averaging two-dimensional
(2-D) model to analyze the profile pattern of the sediment deposition in the vegetation region. However, the
depth-averaging model is only suitable for shallow water in a relatively wide channel, while many vegetated
channel flows are not shallow water flow. As such, the present study attempts to explore the application
of the random displacement model (RDM) to investigate the sediment deposition in the channel with the
vegetation patch, not just in the shallow water channels. The RDM, which is a Lagrange method, was devel-
oped to study the profile of the suspended sediment concentration in the channels with vegetation by the
authors (Huai, Yang, et al., 2019) who expanded the model to study the suspended sediment transport in the
vegetated channel flows; and Follett et al. (2019) studied the retention of pollen in the flow with different
released height of particles through RDM. This study will further explore the application of the RDM to the
sediment deposition pattern in the vegetated sediment-laden flows.

Two sediment movement processes, that is, the deposition and the resuspension, are introduced to ex-
plore the pattern of the sediment net deposition in the channel with vegetation. Resuspension will occur
if the instantaneous velocity near the channel bed is larger than the critical velocity of the sediment in-
cipient motion. Obviously, the net deposition is reduced with the increase of the sediment resuspension.
The models involved in the sediment incipient motion are usually based on the bed shear stress 7, such as
the most prevalent Shields number 6 (Beheshti & Ataie-Ashtiani, 2008; Guo, 2020; Tinoco & Coco, 2016),
which is the most representative achievement and is still widely used. However, the stress model has been
shown to be inaccurate in terms of the channel with bedforms and vegetation (Nelson et al., 1995; Yager
& Schmeeckle, 2013). Some recent studies show that it is the turbulence rather than the bed shear stress
which dominates the sediment transport (Houssais et al., 2015) and this situation is more evident in the
vegetated channel flows. In the bare-bed channel, the turbulent kinetic energy linearly relates to the bed
shear stress (Stapleton & Huntley, 1995), while the turbulent kinetic energy in the vegetated channel flows
is primarily generated by the aquatic vegetation (Tanino & Nepf, 2008) and causes 7 being no longer a sub-
stitute for turbulence. Thus, the turbulent kinetic energy model is widely used to simulate the onset motion
of the sediment in the vegetation channel flows in recent decades (Tang et al., 2019; Tinoco & Coco, 2018;
Yang & Nepf, 2019; Yang et al., 2016; Zhang et al., 2020). Yang et al. (2016) predicted the turbulent kinetic
energy k in the vegetated channels from a depth-averaged velocity U and vegetation density, that is, volume
fraction ¢. Their results demonstrated that the application of the turbulent kinetic energy provided a good
prediction of the bed-load transport rate. Tinoco and Coco (2018) focused on investigating the relationship
between the turbulent kinetic energy and resuspension using the laboratory experiments. They emphasized
that the turbulent kinetic energy induced by the flow-vegetation interactions, rather than bed shear stress
by mean velocity, was the main driver of the resuspension within the array. Previous studies have only fo-
cused on the expression of the turbulent kinetic energy and the relationship between the turbulent kinetic
energy and the resuspension or the bed-load transport rate. However, studies about the turbulent kinetic
energy and the deposition probability are still rare, which motivates the present study.

This study aims at improving the turbulent kinetic energy model to simulate the sediment deposition and
the resuspension in the vegetated channel flows through an innovative RDM. The main contributions of
this study include several aspects. First, this study applies the RDM to investigate the sediment deposition,
thereby extending the application of the model and providing a new research methodology for the sediment
deposition. Second, we propose a deposition and resuspension probability model based on the previous
turbulent kinetic energy models. The probability of the sediment deposition and resuspension varies from
the leading edge of the vegetation patch to the end of the patch according to the flow field features in the
different vegetation patch regions. Third, the results of the present study demonstrate that the aquatic veg-
etation dominates the sediment deposition when the value of the dimensionless turbulent kinetic energy
is larger than the proposed threshold ,. The model is validated with the net deposition measured in the
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laboratory flume, showing the accuracy of the proposed model in predicting the sediment net deposition in
the vegetated channels.

2. Methods
2.1. Numerical Model

Since Taylor's (1921) pioneered work on the turbulent dispersion of a passive tracer using the Lagrangian
approach, the RDM, which is a trajectory model, has been used in studying particles trajectory in the turbu-
lent atmospheric flows. Wilson (2000) provided the source and concept of the RDM. In this study, the RDM
is applied to trace the particles in the open channel flows with the aquatic vegetation. Recently, Huai, Yang,
et al. (2019) applied the RDM to simulate the suspended sediment concentration in the vegetated channel
flows. This study tracks the motion of sediment particles in the vegetated channels with the sediment depo-
sition being innovatively considered at the bottom of the channel. Though details of the RDM can be found
in Huali, Yang, et al. (2019), we provide a brief conception of the RDM for convenience and completeness.

For the vertical 2-D simulation, the displacement of sediment particles is modeled as follows:
Ax = u(z)- A, ¢))

Az = [dK(‘i—Z(Z) - a)J - At + wAt + R, IZKZ(Z)AI, @

where x and z [L] are the longitudinal and the vertical coordinates, respectively; Ax and Az [L] are the dis-
placements of the sediment particles in the longitudinal and the vertical directions, respectively; At [T] is
the time step; K [L°T~"] is the turbulent diffusion coefficient that expresses the strength of the turbulent
vortex; w and u [LT!] is the vertical and longitudinal flow velocity, respectively; R [-] is a normally distrib-
uted random number with mean 0 and standard derivation 1; and w [LT!] is the settling velocity of the
sediment particles, which is estimated from Equation 4 in Cheng (1997).

The option of the boundary condition is significant for the accuracy of the RDM. The water surface is set
as the reflection boundary (Huai, Yang, et al., 2019; Liu et al., 2018). However, to accurately simulate the
sediment deposition, the reflection boundary is unsuitable for the bottom bed of the channel. This is con-
siderably different from settings in previous studies.

In the present vertical 2-D model, the advection-diffusion equation of the sediment is:

6_6+M+M_3(Kx6_c]_z(&a_c]_@+s:0, )
ot Ox 0z ox ox oz\ " 0z 0z

where ¢ [T] is the time; K_is the longitudinal dispersion coefficient; C [ML™] is the time-spatial averaging
suspended sediment concentration and S [ML~2T~!] represents the source term. In Equation 3, the longitu-
dinal dispersion term could be ignored because the magnitudes of the term are considerably smaller than
the longitudinal advection term. The sixth term in the left-hand side of Equation 3 represents the settling
term, which highlights the difference between the sediment particles and pollutants (whose settling velocity
is usually ignored).

The initial and boundary conditions are as follows:

C(O,x,z) = Cy (z)&(x), 4
oC|(t,x,0
KZ% = —nC(5,x,0), (5)
dc(ext) o ©)
dz

where C, is the initial sediment concentration; ¢(z) is the initial distribution function of the sediment par-
ticles in the vertical direction (uniform distribution is used in this model); §(x) is the Dirac delta function,
which means that all sediment particles are released at x = 0; H [L] is the flow depth; and 5 [LT™!] is the
sediment deposition rate at the bottom of the channel. Equation 5 considers the deposition boundary con-
dition at the channel bed by introducing the parameter 7, which expresses the comprehensive influence,

YANG ET AL.

30f19



AF~
N\ Water Resources Research 10.1029/2021WR030380

ADVANCING EARTH
AND SPACE SCIENCE

(a)

. C(';{ X, &/2} dz2

.- deposition boundary 1

(b)

L@, x, dz/2)

“virtual depbsﬁion boundary

virtual deposition layer

-

Figure 1. Conception of the sediment particle deposition probability.

In (a), the sediment particles cannot pass through the boundary and
deposit at the boundary according to the deposition probability. In (b), the
particles can go through the virtual deposition boundary by controlling the
sediment concentration consistent with Equation 8, where the same effects
with (a) can be obtained.

including settling velocity and flow field, on the sediment deposition. In
terms of Equation 6, the reflection boundary condition is specified at the
water surface.

The bottom boundary condition can be rewritten as:
aC(1,x,0)

— - C(1.x.0). )

Z

To understand the conception of the boundary condition at the channel
bottom, the deposition boundary can be removed if the sediment concen-
tration near the river bed satisfies the following:

C(t,x,dz/2)~C(1,x,~dz/2) dC(1,x0) p .
C(1.x.dz 1 2) To(hx0) KT ®

z

Equation 8 is the finite-differential form of the concentration gradient at
Z = 0 when dz approximates to zero. The conception diagram for the depo-
sition probability is shown in Figure 1 with a virtual deposition layer. The
real channel bottom can be replaced by a virtual deposition boundary by
adjusting the sediment concentration to meet the requirement of Equa-
tion 8. From this assumption, the sediment particles can pass through the
virtual boundary and enter into the virtual deposition layer, where the sed-
iment particles are supposed to be deposited, that is, the bed load.

As the value of dz in Equation 8 is negative, the deposition probability of
a particle at the bottom of the channel can be expressed as:

C(t,x,dz/Z) —C(t,x,—dz/Z)
C(t,x,dz/Z)

-/l dz

z

£y

’ )

where P, [-] is the deposition probability of the sediment particles expressing the comprehensive effects of
vegetation on flow field and can be obtained from the numerical simulation.

2.2. Flow Field Domain

Aquatic vegetation patch, acting as a barrier, considerably alters the flow field structure, as shown in Fig-
ure 2. In submerged vegetated channel flows, the flow velocity is decelerated when water flow enters into
the submerged vegetation patch. Meanwhile, the flow deceleration triggers a vertical updraft where the
vertical velocity w sharply increases. This flow adjustment begins at the entrance edge of the vegetation
patch and develops along the permeating the vegetation region. This flow adjustment then completes at the

o

adjustment | transition region development region

region

Xp Xp

Figure 2. Sketch of the flow field structure in the vegetation patch. The flow field is divided into three regions
according to the flow features: adjustment, transition, and development regions.
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position x = x,,, where the updraft approximates to vanish. According to the study of Chen et al. (2013), the
adjustment length x, [L] is a function of the vegetation density, the flow depth, and the drag coefficient:
30+04
xp = (6.9 L1)(1-g)h + ———(1 - ¢), (10)
Cpa
where ¢ [-] is the solid volume fraction within the vegetation region, a [L™!] is the front area of vegetation
per volume, £ [L] is the height of vegetation, and C,, [-] is the drag coefficient induced by vegetation.

Velocity decreases suddenly near the top of the vegetation due to the barrier effect induced by the vegetation
on the velocity within the patch region. At the same time, overflow is accelerated. Therefore, a shear layer
with coherent vortex structure begins to develop within the adjustment region. The development of the
shear vortex is constrained within the adjustment region by the vertical updraft (Ghisalberti, 2002; Raupach
et al., 1996). For this reason, the shear vortex, that is, the mixing layer, begins to develop at the end of the
adjustment region x;, and reaches the highest scale of vortex at x = x,, as shown in Figure 2. Downstream the
position x , the flow structure reaches a developed state. The length of x depends on the scale of the vortex
structure and is determined by the vegetation density and the depth of submergence (Chen et al., 2013).
Details on determining the value of X, can be found in Chen et al. (2013).

The discussion above demonstrates the complexity of flow field structure in the channel with vegetation.
According to the governing equation of the RDM, that is, Equations 1 and 2, the flow field parameters,
namely the flow velocity and turbulent diffusion coefficient, are vital for the particles motion. To obtain
the complex flow field parameters, in present study, realizable k-¢ turbulence model and porous model are
used to simulate the flow field in vegetated channels. The vegetation region is simulated as a porous zone
by adding drag force terms to the momentum equations. The drag force term exerted by vegetation can be
modeled as:
1 Cpa_ ==

= Emul uji; . (11)
where f is the vegetation-induced drag in the x; direction; i, is the temporal averaged velocity component in
the x, direction. More information about the porous model and coefficient C;) can be found in Ai et al. (2020).

Ji

As for the turbulent diffusion coefficient, it is very complicated in the channel with submerged vegetation.
In the present study, to simplify the model, the turbulent diffusion coefficient is approximated as the same
as the profile of Huai, Yang, et al. (2019) in the transition and developed regions. They determined the tur-
bulent diffusion coefficient in several typical positions, that is, top of vegetation (Ghisalberti & Nepf, 2005)
and wake region in the vegetation zone (Nepf et al., 2007), according to the previous experimental research
outcomes; and then linearly connected several positions. This turbulent diffusion coefficient model has
been used and verified by many researchers (Follett et al., 2016; Huai, Yang, et al., 2019). In the adjustment
region, the vertical flow velocity dominates the vertical mass transport as the effect of updraft is larger than
diffusion. In the present model, it is reasonable to ignore the vertical turbulent diffusion term in this region,
which could also be verified from the agreement between simulated sediment deposition and experiment
measurements deposition.

It is important to note that the flow velocity u and w in the submerged vegetated channel flows are simu-
lated with the above porous and turbulence models; however, flow velocity and turbulence diffusivity in
the channel with emergent vegetation are not simulated with the model. Previous researchers showed that
the longitudinal velocity (Huai et al., 2009) and turbulent diffusion coefficient (Nepf, 2012) were nearly a
constant in the channel with emergent vegetation; and the vertical velocity was around zero even though in
the leading region of vegetation. Therefore, in the present study, the measured value is approximately used
in whole flow field domain in the channel with emergent vegetation.

2.3. Deposition and Resuspension Probabilities

Gacia et al. (2003) and Zhang et al. (2020) showed that the vegetation sometimes enhances the sediment
deposition in channel with submerged meadows. However, some studies illustrated that the vegetation
contributed to erosion and weakened the deposition in the leading of circular emergent patch comparing
with the bare bed flows (Follett & Nepf, 2012). The profile of sediment particles in the channel bed is closely
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associated with the amount of the deposition and resuspension. In the
Py present study, the effect of flow field on the deposition and the resuspen-

——  Equation (12)

sion is represented by the probability of the deposition and resuspension
in different regions of vegetation. Although the probability boundary has
Equation (1) been applied in the previous study (e.g., Bohrer et al., 2008), in this study,
u
Eguation (14) the authors propose the probability model of the sediment deposition and
the resuspension according to the flow field structure in the vegetation
patch.

0

X
2.3.1. Deposition Probability

Figure 3. Diagram of three hypothetic profiles of sediment deposition

probability.

The deposition of the sediment particles is affected by the flow field in the

vegetated channel flows. The characteristics of the flow field vary con-

siderably at different regions of vegetation. Because the effect of updraft

on the deposition decreases along the distance to the patch entrance, we
assume that the deposition probability increases gradually from zero at the leading edge of vegetation; and
the deposition probability is assumed as a constant beyond the adjustment region because the updraft dis-
appears gradually with the shear vortex development. Three different expressions of the deposition in the
adjustment region, that is, x < x,, are then assumed as follows:

P 2P
Pd - _ dl xz + dl X, (12)
XDZ Xp
Py 2
By = —x"”z X, (13)
D
P
Py =y, (14)
Xp

where P, [-] is the deposition probability outside the adjustment region. Figure 3 illustrates these hypothet-
ic probability profiles. In this model, P, is the only unknown parameter, which will be determined accord-
ing to the consistency between the simulated and measured net deposition. The best suitable expression
of the deposition probability in the adjustment region will be validated in the later section by comparing
observed sediment net deposition and simulated net deposition with Equations 12-14.

2.3.2. Resuspension Probability

Yang et al. (2016) derived the critical velocity of the incipient sediment motion from the turbulent kinetic
energy. In the bare bed flow, the incipient sediment motion mostly depends on the bed shear stress; there-
fore, the critical velocity is historically related to the bed shear stress (Houssais et al., 2015; Recking, 2009),
for example, critical Shields number 0, [-]. Stapleton and Huntley (1995) showed that the role of turbulence
was inherently represented in the Shields diagram because the turbulent kinetic energy and the shear stress
were linearly related in a bare-bed channel. In the vegetated channel flows, however, vegetation stems pre-
dominate the production of the turbulence (Tanino & Nepf, 2008); thus the shear stress is no longer alterna-
tive to the near-bed turbulence, that is, the turbulent kinetic energy. Recently, many studies have attempted
to prove the effect of turbulence on the incipient sediment motion (Diplas et al., 2008; Tang et al., 2019;
Yang et al., 2016). For example, according to the study of Yang et al. (2016), the depth-averaging critical
velocity in the vegetated channels was estimated as follows:

U. = UCO
€ R 23
5% 2Cp¢ 15)
Ch[ (1~¢)J

where U, [LT™'] and U, [LT~'] denote the depth-averaging critical velocity in the bare bed flow and the veg-
etated flow, respectively; coefficient C, = C/ 2[-] (Cf is the bed friction coefficient); and & [-] is a scale factor.

The sediment resuspension probability is derived from the critical velocity of the incipient sediment mo-
tion and the probability density function of the instantaneous flow velocity. As expressed in Equation 15,
the depth-averaging velocity is most commonly used as the criterion for the sediment incipient motion.
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Dou (1960) derived the following formula of the sediment incipient mo-
tion based on the balance of forces acting on the sediment particle:

172
&, + gHO
U, = 0.408[111(1?]][@ — 1) gdsy + 0.19%} . (16)

s 50

where g [LT~?] is the acceleration due to gravity; d,, [L] is the median
resuspension probability size of the sediment particles; k, = 1.437 is a constant parameter; s [-]
is the ratio of the bulk sediment density over water density; §, = 0.213 x

.

107¢[L] is the thickness of pellicular water; k_ [L] is the roughness height

0 y o u(/s) )
- of bed (k, = 0.0005 m if d,; < 0.5 mm); and ¢, [L’T~?] (usually taken as
Figure 4. Probability density function of u, and the diagram of the 2.56 X 107° m’s™?) is a comprehensive parameter of cohesive force.

resuspension probability.

Previous studies showed that the depth-averaged velocity was a valid cri-

terion for the majority of sediments onset motion. However, the present

model pays more attention to the motion of each single particles, especially
in the region near the bed. Therefore, it is more accurate to take the near-bed velocity, instead of the depth-av-
eraged velocity, as the criterion for the sediment onset motion. The different turbulent intensity leads to a var-
iation of the probability density function of the flow velocity at the vegetation and overflow regions (Nezu &
Nakagawa, 1993). As such, the velocity near the bottom of the channel, u,, is used as the criterion to determine
whether the sediment resuspension occurs or not (Marion & Tregnaghi, 2013). The sediment at the position of
two times sediment particle size above the channel bed is regarded as the suspended sediment. Therefore, the
flow velocity at z = 2d,, is assumed as the near-bed flow velocity u,. The critical depth-averaging flow velocity,
Equation 16, is then transformed to the critical near-bed velocity, u, ., according to the rate of the depth-aver-
aging velocity and the near-bed velocity on the exponential velocityi)rofile:

1/2
u, . = 0476(2ds,)"* H'0 (m[kﬂ]j[(s ~1)gdsy + 0.19M} : a7

s 50

The critical near-bed velocity, u, ., calculated by Equation 17 will be used to determine the inception of the
sediment resuspension. To clarifgz the relationship between the turbulent kinetic energy induced by the veg-
etation and the sediment resuspension, we analyze the simulated results and the variation of the turbulent
kinetic energy that actually affects the variation of the flow velocity.

The incipient motion criterion, that is, the critical velocity, is transformed into the resuspension probabil-
ity of the sediment particles according to the instantaneous velocity fluctuations, which approximates to
the Gaussian profile. The sweeps and ejections, which lead to highly non-Gaussian profile, usually occur
in the mixing layer and reach the maximum at the top of vegetation (Huai, Zhang, et al., 2019; Okamo-
to et al., 2012). In the present study, we adopt the flow velocity at z = 2d.;, where ejections and sweeps
are weak, as the near-bed velocity, u,. In this way, u, is approximate to the normal distribution (Choi &
Kwak, 2001), and the probability density function of u, can be derived as follows:

1 (“17 ’;)
2 2 (18)

e o s

fuy) =
( h) 2ro
where u, [LT™'] is the time-averaging near-bed flow velocity and o = (”b - u_,,)z is the standard deviation

in which o = 1 is usually used. When the instantaneous velocity is larger than the critical velocity of the
incipient motion, the resuspension of the sediment particles takes place, as shown in Figure 4. The resus-
pension probability P, therefore, can be simulated as follows:

-

ei 207 du,,. (19)

Up_¢ 1
Po=1-Pu, <u, )=1- |
- “« \2nmo
In the present model, sediment particles reaching the channel bed firstly deposit according to the deposition
probability model, and then some are re-suspended according to the resuspension probability model. From
the model and resuspension concept, the deposition motion is the foundation of resuspension motion.
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0.3

z(m)

0.2

0.1

0.0

= Experiment
v Simulation

We assume that the resuspension probability is a constant calculated by
Equation 19 in the whole domain and therefore, we emphasize the effect
of deposition probability to study the main factors that impact the net
o deposition, that is, deposition probability.

v . 3. Results

o The numerical modeling procedure mainly includes three steps: (a) the
Y flow field is modeled with the realizable k-¢ model and porous model; (b)
the RDM is performed using governing equations of sediment particles
motion, that is, Equations 1 and 2, associating with the calculated flow
field data in the first step and the simplified turbulent diffusion coeffi-
cient; and (c) the value of unknown deposition probability P, is fitted

0.00 0.05 0.10

Figure 5. Comparison of the simulated and measured longitudinal

velocity at position x = 5 m.

015 0_'20 0.'25 030 through the comparison of the simulated deposition and experimentally
measured deposition. The proposed model is then applied to simulate the
deposition of the sediment particles in the vegetated channel flows and
is validated by comparing the simulated results with the measurements
in several available laboratory experiments, which are briefly described
below.

u(m)

3.1. Validations
3.1.1. Flow Field

The experiments conducted by Zhang et al. (2020) are used to verify the flow field model. Zhang et al. (2020)
conducted experiments to study the sediment deposition profiles in the submerged long meadows for dif-
ferent flow and vegetation density conditions. The numerical domain is chosen as a 0.36 m high and 10 m
long 2-D region. The vegetation zone is 0.07 m high and 8.4 m long. In the model, the finest mesh size is 5x 5
mm? in the vegetation zone. Taking Case 3 as an example, mainly experimental parameters are: H = 0.36 m;
h=0.07m; U=0.16 m/s; U, = 0.04 m/s; ¢ = 0.048, C, = 1.3, x,, = 0.80 m, and x,=4.65m; where U [LT!]
is the depth-averaging flow velocity and U, represents the mean longitudinal velocity within vegetation
region.

Figure 5 shows the good agreement between the simulated and measured longitudinal velocity u at position
x = 5 m. In the vegetation region, the simulated longitudinal velocity is slightly larger than the experimen-
tal data. Although the porous model could simulate the effect of vegetation by adding extra drag force, the
absence of real structure of vegetation weakens the impact of vegetation, which is likely to account for the
overestimation of the modeled velocity in the vegetation zone. This means that the decrease of velocity
with the impact of the vegetation obstacle in the present model is weaker than experiments. Nevertheless,
the proposed model could accurately reproduce the main flow characteristics in channels with submerged
meadows.

Figure 6 demonstrates the modeled u and w, where the dash lines express the vegetation zone. It is seen that
u decreases within the region of vegetation, while the velocity of overflow is accelerated (Figure 6a). The
vertical diversion takes place near the head of vegetation patch, as shown in Figure 6b. Good agreement
between the simulation and measurement indicates that the porous and realizable k-¢ models perform well
on the simulation of the flow field in the channel with submerged vegetation.

3.1.2. Deposition Probability Model

Sediment transport (deposition and resuspension) is calculated using the RDM associating with the calcu-
lated flow field and simplified turbulent diffusion coefficient. In the simulation, 500,000 particles are mod-
eled with the time step of 0.05 s. In the RDM, the condition at the outlet is assigned as the inlet condition at
the next time-step in the computational domain to simulate the sediment transport in the cyclic flume. This
means that the sediment particles that pass through the outlet will return back into the inlet and transport
in the flume again. The present study models the sediment net deposition in the channel with both the
submerged and the emergent vegetation, respectively.
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Figure 6. Contour plot of the simulated longitudinal and vertical velocity.

To determine which deposition probability (Equations 12-14) provides better prediction, the sim-
ulated sediment net deposition is compared with the experimental measurements. Figure 7
shows the results of the simulated net deposition with three probability profiles (Equations 12-
14), taking Case 4 (see Table 2 in Section 3.2) as an example. The mean-root error, calculated as

4 A}
Iy
LA A Experiment
Aﬁé& Equation (12)
3 i - — — -Equation (13)
————— Equation (14)
B
= MRE=9.1%
E2T
_ A
1r v
Y1 MRE=28.5%
0 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1

-1 0 1 2 3 4 5 6 7 8 9

x(m)

Figure 7. Comparison of the experimentally measured net deposition in Zhang et al. (2020) and simulated deposition
with three assumed deposition probability profiles.
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Table 1

Experimental Parameters in the Study of Zong and Nepf (2010)

Conditions H(m) U(m/s) ¢(-) x,(m) x (m) (g

Z-Dense 0.14

Z-Sparse 0.14

MRE = LZ M x100% (where Dep, and Dep  [ML™] are
N Dep,
M, experimental and modeled net deposition respectively and N [-] is the
Pu(%0)  observation number of deposition) is also plotted in Figure 7. It is shown
2 7.5 36 1 that the MRE with Equation 12 is the smallest within the three profiles,
0.02 3 75 95 1 indicating that the sediment net deposition simulated with Equation 12

4.5

4.0

3.5

N
W

Dep(mg/cm?)
N
o

1.0

0.5

0.0
0

is more accurate. Therefore, the deposition probability is expressed as
P 2P
—lexz +=4y x<xp (20 - a)

Fa=9 % ks, (20-b).

3.2. Sediment Deposition

Zong and Nepf (2010) conducted experiments to study the effect of the dense and sparse emergent veg-
etation on the sediment deposition with vegetation covering half-wide channel. Their experimental pa-
rameters are listed in Table 1, where M, , [M] is the total deposition in the vegetation region. However, the
present study does not focus on the lateral profile of the sediment deposition. Instead, we mainly study the
deposition patterns along the streamwise direction. The deposition in the center line of vegetation region
is approximately thought as the deposition in channel with vegetation, as the main effect region of lateral
diversion, that is, outer region, excludes the center line of vegetation, see Figure 5 in Zong and Nepf (2010).
Figure 8 shows the comparison of the simulated and experimentally measured sediment deposition, where
Dep [ML~2] represents the deposition per unit area. It is seen from Figure 8 that the sediment deposition
profile predicted by the proposed model generally agrees with the experimental measurements, which vali-
dates the reliability and accuracy of the proposed model. This also means that the proposed deposition and
resuspension probability in this study can appropriately reflect the effect of the flow field on the sediment
net deposition in the channel with the aquatic vegetation.

Figure 9 shows the comparison of the simulated sediment deposition profile with the laboratory experi-
ments conducted by Zhang et al. (2020) (see Table 2 experimental parameters in each case) in the meadow
along the longitudinal direction. Zhang et al. (2020) focused on investigating the effect of the flow velocity
and the vegetation density on the sediment net deposition in the vegetation region. For the sake of conveni-
ence, the related conditions, such as the vegetation density and the depth-averaging velocity, are also shown
in Figure 9.

Z-Dense Z-Sparse
4.5
¢ Experimental a0l e Experimental
o Modeled ' 0" o Modeled

3.5¢ 0 ,%" STt

Q L) ]

o ° ° 8 ) L) . .
° . [°] ° 30F ° o °©
o . O o
° . E .
. %2.5 rLe° MRE=17.3% °
= [ © *
MRE=14.3% o %2'0 K
)
Q %o
1.5Fe ©
L

1.0+ o
0.5F°

e 0.0 e

3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9

x(m) x(m)
(a) (b)

Figure 8. Comparison between the experimentally measured and modeled sediment deposition profiles within the vegetation patch region in the open channel
flows. (a) Dense vegetation patch and (b) sparse vegetation patch.
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Figure 9. Predicted and experimentally measured sediment deposition profiles. The vertical solid lines show the
position of the maximum sediment deposition (x,) in the model; while the dot dash lines and dash lines are the end
of the adjustment (x;,) and transition regions (x,), respectively, and the two lines divide the vegetation patch into three
parts.

The results in Figure 9 show that the sediment net deposition is small in the leading edge of the meadow
due to the effect of updraft. This net sediment deposition then increases sharply with the increase of the
longitudinal distance within a small leading edge region. For Cases 1 and 2, the sediment resuspension
probability is slightly different from other conditions. Table 2 shows that the velocity for these two cases is
much smaller than those of others; therefore, the turbulence intensity is also small. As a result, the effect
of the vegetation on the resuspension is trivial. This leads to a zero resuspension probability, which is also
confirmed by Zhang et al. (2020). Figure 9 also shows that the simulated net deposition is smaller than ex-
perimental measurements in the upstream of vegetation. According to the analysis of Zhang et al. (2020),
for Cases 1 and 2, with the lowest velocity, net deposition profiles in vegetation region are the same as
the deposition outside vegetation, that is, spatially uniform pattern. This implies that the effect of vegeta-
tion updraft on the deposition patterns is trivial in these conditions. However, the deposition probability
model proposed in this study considers the impact of updraft through the gradually increased deposition
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Table 2
Experimental Parameters of Zhang et al. (2020)

Conditions H(m) h(m) U(m/s) U, (m/s) ¢(—) C, (=)  x,(m) x, (m) M, (g P, (%)

Case 1 0.36 0.07 0.06 0.02 0.018 1.4 1.33 4.65 106 2
Case 2 0.36 0.07 0.06 0.03 0.0084 1.3 2.30 3.32 96 2
Case 3 0.36 0.07 0.16 0.04 0.048 1.3 0.80 4.65 101 5
Case 4 0.36 0.07 0.16 0.07 0.018 1.2 1.30 4.65 79 40
Case 5 0.36 0.07 0.16 0.09 0.0084 1.1 2.30 4.65 61 50
Case 6 0.26 0.07 0.22 0.13 0.0084 1.1 2.30 3.32 25 20

probability for all conditions, which may account for the deposition difference between model and experi-
ment in the leading of vegetation.

Overall, the simulated net deposition is consistent with the measurements, especially in the region x > x,,.
The deviation is more likely to be found in the updraft region, where the vertical flow velocity is stronger
than that in the developed region. Although the complex flow structure in the adjustment region com-
plicates the modeling, the net deposition is still well simulated by the proposed model. Furthermore, the
simulated results illustrate that both the magnitude and position of the predicted maximum sediment dep-
osition are reasonably consistent with the experimental measurements, although some deviation exists in
the simulated and experimental positions where the deposition reaches the peak (e.g., Case 3 shown in
Figure 9c). Except for Case 3, the position x,,’, where the simulated sediment deposition reaches the peak
value, is always ahead of the adjustment region length x, derived by Chen et al. (2013). These results indi-
cate that the vertical updraft seems to disappear ahead of the calculated x,,, which was also confirmed by
the results shown in Figure 3b in the study of Follett and Nepf (2018). Therefore, it can be concluded that
the net deposition reaches the maximum value ahead of x,.

The total deposition in Cases 1, 2, and 3 is larger than that in Cases 4, 5, and 6, while the deposition prob-
ability of Cases 1, 2, and 3 is considerably smaller than that in Cases 4, 5, and 6. This phenomenon may
be ascribed to two facts. First, for Cases 1 and 2, although the sediment deposition probability is small due
to small flow velocity and weak turbulence intensity, the resuspension rarely exists under the effect of the
weak turbulence, leading to the large total deposition. In these conditions, the effect of the vegetation and
the shear stress on the sediment deposition is comparable. Second, on the one hand, with the bulk veloc-
ity of Case 3 increasing to the same magnitude of Cases 4, 5, and 6, the turbulent intensity is no longer
small than that in the other cases. In this situation, the aquatic vegetation plays an important role on the
deposition, which is dramatically different from the low current condition. This means that the deposition
probability is small because of the strong turbulence. On the other hand, dense vegetation, which means
more obstructions, generates small sand-carrying capacity of flow and large net deposition, as verified by
Cases 3, 4, and 5 (deposition increases with the increase of the vegetation density). These discussions have
well explained that net deposition of Cases 1, 2, and 3 is large while their deposition probability is small.

3.3. Relevance of the Turbulent Kinetic Energy to Sediment Motions

The turbulent kinetic energy is used as a characteristic parameter of the turbulence to explore the relation-
ship between the net sediment deposition/resuspension and the turbulent intensity. As discussed above, the
sediment incipient motion is closely related to the turbulent kinetic energy. This is because the turbulence
dominates the sediment transport in the vegetation region in the vegetated sediment-laden flow; while in
the bare-bed channel flow, it is the shear stress that determines the sediment transport. According to the
study of Tanino and Nepf (2008), the vegetation-induced turbulent kinetic energy, k [L?T~2], can be ex-
pressed as follows:

2/3
k=6 [L"’)] U2, @1)
T
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The scale factor § = 1.1 is used in this study when the ratio of the vegeta-
tion stem diameter and the mean interval between stems is smaller than
0.56 (Tanino & Nepf, 2008). The sediment motion in the flow is closely
related to the sediment intrinsic characteristic, such as sediment size or
relative density, and flow characteristics, such as flow velocity or turbu-
lent kinetic energy. To analyze the relationship between turbulent kinetic
energy and sediment motion, the turbulent kinetic energy can be nor-
malized by the characteristic parameter of the sediment particles, that

is, (s—1)gd,,, which is similar to the method of the Shields number. The
. dimensionless turbulent kinetic energy ¥ can then be written as follows:
casc! 2/3
2
w :( ‘15) y { ?ICD‘I;)] U>. (22)
S — /48 S
case3 8450
.

. L L ) 3.3.1. Relevance to Deposition

0

Figure 10. Variation of the sediment deposition probability (represented
by the deposition probability outside the adjustment region P, ) with the
dimensionless turbulent kinetic energy . The gray block indicates the

20 25 30 35 40
% Figure 10 shows the variation of the deposition probability P,, with the

dimensionless turbulent kinetic energy ¥, demonstrating the effect of the
turbulence induced by the vegetation on the sediment deposition. It is
seen from Figure 10 that the deposition probability decreases with the

scope of the critical turbulent kinetic energy. increase of the turbulent kinetic energy when 1 ranges from 10 to 37

according to the conditions of Cases 3, 4, 5, and 6. This situation can be

explained by the effect of the vegetation-induced turbulent kinetic en-

ergy on the sediment movement. The sediment deposition is inhibited
by the intense turbulence, as found in the study of Kim et al. (2018). This phenomenon can be explained
by the underlying mechanisms of sediment deposition and resuspension. The close relationship between
the sediment movement and the flow field features indicates that the strong turbulent vortex enhances the
sediment resuspension and weakens the sediment deposition. Furthermore, the sediment particles usually
move upward due to the vortices induced by the vegetation (Tinoco & Coco, 2016). Therefore, both the
sediment concentration near the channel bed and the virtual deposition layer decrease. Engelund and Fred-
soe (1976) showed that the incipient sediment motion did not complete at a moment; by contrast, the upper
sediment was easily suspended by the flow. From this aspect, the reduction in the upper layer, AC(t, x, dz/2),
is larger than that in the virtual deposition layer, AC(t, x,—dz/2), when turbulent intensity is enhanced, that
is, P increases. As a consequence, the sediment deposition probability is smaller compared with the deposi-
tion probability in the condition of the weak turbulent kinetic energy according to Equation 9.

For conditions “Cases 1 and 2, Z-dense and Z-sparse,” represented by “Small case” hereafter, the flow veloci-
ty and the stem Reynolds number are much smaller than that in Cases 3, 4, 5, and 6 (see Tables 1 and 2). The
deposition probability P, = 1%o or 2%o for the “Small cases” is quite similar to that in the channel without
vegetation, and the corresponding turbulent kinetic energy is in the range 0 < ¢ < 2.5. The weak turbulence
intensity induced by small velocity and the stem Reynolds number has a weak impact on the sediment
deposition and the resuspension comparing with the situation in the bare-bed channel flow. The deposition
probability is the same as that in the bare-bed channel, and the net sediment deposition profile is nearly a
flat level in the vegetation patch region. In the “Small cases,” the increased turbulent kinetic energy cannot
enhance the sediment deposition probability, indicating that there exists a critical value of ¥ before the
impact of the canopy-induced turbulent kinetic energy, which dominates the sediment motion. The result
shows that the critical value of 1, represented as ¥,, is from 2.5 to 10.

The above analysis shows that the flow velocity and the vegetation density are the main factors affecting the
turbulent kinetic energy (see also Equation 22). However, the present study shows that these two factors
probably affect the turbulent kinetic energy in different ways. The depth-averaging flow velocity represents
the state of the whole current movement and plays a more important role on the turbulent kinetic energy
than that played by the vegetation density, as indicated by the different indices of U and ¢ in Equation 22.
The results of the present study suggest that if the velocity is small (e.g., similar to the “Small cases”), the
effect of the vegetation on the deposition is then minimal no matter it is dense or sparse vegetation. When
the flow velocity is sufficiently large to generate the strong turbulence, the vegetation effect starts to become
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Figure 11. (a) Comparison of experimentally measured and simulated resuspension; (b) relationship between the resuspension and the dimensionless
turbulent kinetic energy. The gray square expresses the extent where the impact of the turbulent kinetic energy is insignificant.

significant. The deposition probability decreases continuously with the increase of the vegetation density as
illustrated by Cases 3, 4, and 5, as shown in Figure 10.

3.3.2. Relevance to Resuspension

The particles resuspension motion could be promoted by the turbulence. Zhang et al. (2020) took the depo-
sition in Cases 1 and 2 (3.24+0.16 mg/cm?) as the inferred deposition without resuspension, and calculated
the sediment resuspension according to the deviation between measured net deposition and this inferred
deposition. Adapting the same method as Zhang et al. (2020), Figure 11 shows the comparison of the sim-
ulated and measured resuspension, M_res [ML~2] (Figure 11a), and the relationship between the resuspen-
sion and dimensionless turbulent kinetic energy, i (Figure 11b. Good agreement between the simulated
and experimentally measured resuspension further verifies the present model. From Figure 11b, the re-
suspension is small for ¢ < 6.8 and then increases with the increase of the turbulent kinetic energy. This
implies that there exists a critical turbulent kinetic energy, that is, )* = 6.8 in this study, which is also within
the range of the threshold inferred from analysis about deposition and ¢ (see Figure 10). Considering the
relationship between both the deposition and resuspension with the turbulent kinetic energy, the critical
¥ can be further estimated as 6.8 < * < 10. This means that when the turbulent kinetic energy is above
the threshold, the turbulence induced by vegetation dominates the sediment particles motions, namely the
deposition and resuspension.

4. Discussion

A probability model of the sediment deposition and the resuspension is proposed in this study. The net
sediment deposition in the flow with the vegetation patch is simulated by integrating the probability model
with the RDM. The results show that the turbulent kinetic energy has a more remarkable effect on the sed-
iment deposition and the resuspension than the bed shear stress in the vegetated sediment-laden flow. The
results also indicate that the effect of the aquatic vegetation on the sediment deposition seems to be signif-
icant when the turbulent kinetic energy is larger than the threshold. The present study fills the knowledge
gap by integrating the sediment deposition probability and the turbulent kinetic energy. Furthermore, this
study also extends the application of the RDM to the study of the sediment deposition in the channel with
vegetation, though there are several inevitable limitations for the RDM.

4.1. Probability-Based Boundary Model

The deposition boundary used in this study refers to the sorption boundary of the pollutant (Wang &
Huai, 2019). The simulated net deposition agrees well with the experimental measurements because the
sediment particles in the present study are small, that is, d,, = 7 um in the study of Zhang et al. (2020) and
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Figure 12. Comparison of the experimentally measured deposition (black solid triangles) and the simulated deposition patterns with the pure sorption
boundary (green open squares) and the probability-based boundary (red open circles).

d,, = 12 um in the experiments of Zong and Nepf (2010). The approach as to whether settling velocity is
considered or not is the main difference between the sediment and the pollutant whose settling velocity is
usually ignored. Therefore, the transport of fine sediments may be similar to that of the pollutant because
the settling velocity is small. Figures 8 and 9 show that the deviation between the simulated and measured
deposition in the experiment of Zong and Nepf (2010) is larger than that in the experiments of Zhang
et al. (2020), which could be due to the difference in the sediment diameter in these two experiments.
Furthermore, the whole variation tendency of the observed deposition in the experiments of Zong and
Nepf (2010) along the streamwise direction in the downstream of the adjustment region is much flatter than
the simulated deposition. This result demonstrates that the particles diameter has an effect on the accuracy
of this model. Overall, the model proposed in this study is applicable to the fine sediment as the approach
of the deposition boundary is a progress in the theory of sorption boundary for pollutant.

To simulate the sediment motion characteristics, that is, deposition and resuspension, we adapt the pure
sorption boundary to probability-based boundary. Taking Cases 3, 4, and 5 as examples, Figure 12 shows the
comparison of the sediment deposition patterns with the pure sorption boundary and the probability-based
boundary, respectively. The pure sorption boundary ignores the fact that the sediment particles, which tem-
porarily reach the channel bed, could not stay there completely and the majority of the sediment particles
will be transported away from the channel bed by turbulence. Therefore, the pure sorption boundary poor-
ly models the sediment deposition in the channel with canopy. However, the probability-based boundary
model takes this instability of particles motion into account with the probability model adapting to the flow
field structure. In addition, there is large modeled deposition deviation between the probability-based and
the sorption boundary in the leading of vegetation, indicating that the impact of updraft in the adjustment
region plays an important role in the sediment motion. The comparison reveals the superiority of the pres-
ent model in simulating the sediment deposition in channels with vegetation.

The probability model proposed in this study can reveal the interaction between the vegetation and the
sediment deposition and resuspension. The resuspension probability is derived from the probability density
function of the near-bed averaging flow velocity, while the deposition probability must be calibrated by
experimental data. To better describe the deposition probability, sufficient experimental data are required.
Although the experimental data are limited, this study illustrates several findings through analyzing the
dimensionless turbulent kinetic energy and investigating the relationship between the sediment deposition
probability and the turbulent kinetic energy. The analysis shows that within the scope of 3 investigated in
this study, the deposition probability decreases with the increase of the turbulent kinetic energy when the
turbulence kinetic energy is larger than its threshold. The effect of the vegetation on the sediment deposi-
tion prevails when the turbulent kinetic energy is larger than the critical value. However, the problem has
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The calculated resuspension conducted in Zhang et al. (2020) is a rel-
ative value, which means that all calculated resuspension is relative to
the averaged deposition in Cases 1 and 2. They explained that the resus-
pension motion accounted for the lower deposition in other cases. The
method could, to some extent, show the effect of flow field characteristics

Figure 13. Deposition measured in the experimental Case 3, Dep, (gray
triangles); simulated deposition Dep,, (circles) with resuspension,; total
deposition Dep,, (purple forks) without resuspension; and the simulated
resuspension M_res (red crosses).

x (m)

6 8 10 on the deposition and resuspension within the experimental period (e.g.,
4 h in the experiment) through analyzing the relative value in different
conditions. However, it is difficult for the method to clarify the process of
sediment particles deposition and resuspension motions. In the present
study, the numerical model, that is, the RDM, tracks particles motion; the
deposition and resuspension could be clarified through accounting the
number of deposition and resuspension particles, respectively.

Taking Case 3 as an example, Figure 13 shows the total deposition with-

out resuspension, measured and modeled deposition with resuspension,
and the simulated resuspension. The validity of the model has been discussed above, therefore, we expect to
infer sediment particles motion from the model. According to the present model, the deposition probability
in the leading of head is small with the effect of updraft, while the resuspension probability, calculated from
the near-bed velocity, is a constant in the whole domain. Figure 13 shows that the pattern of resuspension
along the longitudinal direction is the same as the deposition without resuspension, although the pattern
of deposition and resuspension probability is different from each other in the adjustment region. It is also
found that the magnitude of deposition is larger than resuspension. The result indicates the effect of the
deposition motion on the pattern of final deposition is relatively more important than resuspension motion.
The experiments of the sediment deposition discussed in this study were conducted by feeding sediment
in the upstream of the flume. This means that particles deposition in the bed is the precondition of resus-
pension. Therefore, the finding is consistent with the concept of resuspension. For another experiment
method, i.e., paving sediment layer in the channel bed (Tinoco & Coco, 2016), it is obvious that resuspen-
sion dominates the sediment particles motion, and the deposition was ignored in the study. The different
experimental methods may interpret two completely different findings between the present study and Tino-
co and Coco (2016). From the results of the present model, it is important for the resuspension analysis to
clarify its definition.

4.3. Random Displacement Model

The RDM has been successfully applied to simulate the vertical profile of the suspended sediment concen-
tration in the fully developed state (Huai, Yang, et al., 2019). The boundary condition at the channel bottom
proposed in this study associates the deposition and resuspension probability model and further expands
the application of the model in the study of sediment deposition within the aquatic vegetation region,
which may considerably promote the development of the sediment deposition studies.

Though the RDM has been successfully applied to simulate the sediment transport in the vegetated channel
in this study, there are still some limitations in RDM, which have already been discussed by Wilson (2000).
In this study, we briefly discuss the limitations of RDM, mainly based on the present study objectives. First,
it is difficult for RDM to simulate the dispersion properties in the near field of the channel bed. In the chan-
nel with vegetation, the vortex induced by vegetation stems and the channel bed cannot be reproduced by
RDM. Comparing with the previous study, Duman et al. (2016) tracked heavy particles motion in the cano-
py sublayer with the generalized Lagrangian method to study the long-distance dispersal of heavy particles.
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This model could accommodate all the turbulent velocity components, which benefits to link the turbulent
kinetic energy to resuspension and deposition. Besides, the flow field used in the RDM is time-averaged,
which cannot simulate the velocity fluctuations. In contrast, the velocity evolves in time according to a
generalized Lagrangian equation. However, in this study, the flow field is much more complex, especially
in the leading of vegetation meadow. For such complex flow situation, application of the generalized La-
grangian approach is difficult as many parameters, for example, velocity fluctuations, need to be calibrated.
In the present study, we focus on examining the effect of the probability-based boundary model on the
deposition and attempt to find the relationship between the deposition and the turbulent kinetic energy. We
have to control the number of variables to ensure the reliable results. Therefore, although the model fails
to reproduce the dispersion properties in the near field of the channel bed, it has little effect on achieving
the objectives of this study. Furthermore, the application of the bottom boundary conditions in this study
has, to some extent, compensated the limitation of the RDM in the near field of the channel bed, which is
evidenced by the good agreement obtained between the simulated and measured net deposition. As such,
considering the simplicity and physical plausibility, the RDM is a good method for investigating the sedi-
ment transport in vegetated channels.

5. Conclusions

This study simulates the profile of the net sediment deposition in the vegetation patch and focuses on inves-
tigating the effect of the turbulent kinetic energy on the deposition probability through an innovative RDM.
The deposition probability increases from zero at the leading edge of the vegetation patch (x < x;) and
maintains a constant value at the region x > x,,. The resuspension probability is derived from the probabil-
ity density function of the flow velocity near the channel bed by assuming that the sediment resuspension
occurs when the instantaneous velocity is larger than the critical velocity of the incipient sediment motion.
The following conclusions can be drawn from this study:

(1) The sediment deposition probability is closely related to the turbulent kinetic energy . The effect of
the turbulent kinetic energy induced by the aquatic vegetation on the sediment deposition is similar to
the effect of the shear stress in the bare-bed channel when 1 is small. By contrast, the turbulent kinetic
energy dominates the sediment deposition when the value of ¥ is larger than the critical value ¥,, and
the deposition probability decreases with the increase of ¥ for 3 > ¥..

(2) The threshold of the turbulent kinetic energy 1, is an important parameter in the deposition studies be-
cause the effect of the vegetation on the sediment deposition and resuspension begins to prevail when
1) > 9.. In the present study, the threshold cannot be derived directly due to the limited experimental
data; however, the range of 6.8-10 is recommended as the critical value based on the analysis of the
simulation. Further experiments are needed to determine the specific threshold of the turbulent kinetic
energy.

(3) The innovative RDM proposed in this study extends the application of the model on the sediment dep-
osition with the improvement of the probability-based deposition and resuspension boundary rather
than the pure sorption boundary. The model is validated by the good agreement between the simulated
and measured net sediment deposition. From the comparison of the probability-based boundary and
pure the sorption boundary, the present model is much accurate for simulating the real particle motion
near the channel bed, which suggests an improvement in the RDM.

(4) In the present model, the deposition probability is used to illustrate the sediment motion at the leading
edge of the vegetation patch, while both the resuspension and the deposition are rationally considered
beyond the adjustment region. This study demonstrates that the main effect of the vegetation on the
sediment transport varies at the different regions of the vegetation patch, which helps to investigate the
underlying physical mechanism of the sediment transport near the channel bed.
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