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ABSTRACT
Baptist’s method, Drag Force and Single-Stem approaches are the commonly used tools imple-
mented in Delft3D to model water and sediment transport processes in vegetated channels.
Despite their wide application, themodel reliability has seldom been tested against data of con-
trolled flume experiments with solid suspension. Here, we investigate the ability to reproduce
suspended sediment transport through emergent vegetation by comparing the results of 2D
simulations to existing experimental data. The results show that in low vegetation density, the
Baptist and Drag Force approaches are not sensitive enough to density variations. The Single-
Stem approach reproduces detailed flow structure and sediment deposition around stems, but
its highcomputational time is a limitation for long-termsimulationsordensevegetation. Further-
more,weobserved that the simplificationof 2Ddepth-averagedmodels and thenon-equilibrium
of sediment transport in both experiments and numerical simulationsmay also affect the overall
performance of the vegetated modelling approaches.
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Introduction

Vegetation plays an important role in aquatic ecosys-
tems, and for this, it is often included in nature-
based solutions, considering the morphological devel-
opments of alluvial systems and sediment processes.
Most studies about the complex interactions between
sediment, water flow and vegetation consider sediment
transport as bed load (e.g. Yang andNepf 2018; Bonilla-
Porras et al. 2021; Calvani et al. 2023). Although sed-
iment in suspension is common in low-land rivers
and is relevant for the transport of pollutants, sus-
pended solids received less attention (Mendez et al.
1999; Fassman 2012; Zhao et al. 2016). To reduce
the concentration of pollutants and the turbidity of
flowing water, vegetation could be used to filter sus-
pended solids (Srivastava et al. 1996; Monden 2010;
Hu et al. 2015; Pierik et al. 2017; Pinho et al. 2018).
Emerging vegetation, such as reed, is rather common
along lowland river banks and is already used in fil-
tering schemes (Elliott 2000; Deletic 2005; Zong and
Nepf 2009; Aiona 2013; Stefanakis 2016; Tseng and
Tinoco 2021; Masoud et al. 2022). Flume experiments
have been conducted to study suspended sediment
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deposition and to formulate and validate theoretical
models of sediment transport with vegetation (Abt et al.
1994; Sharpe 2003; Zong and Nepf 2011; Borx et al.
2019; Yagci and Strom 2022). The theoretical outcomes
have been implemented in numerical tools (Lopez and
Garcia 2001;Uittenbogaard 2003; Baptist 2005; Stoesser
et al. 2010; Caponi et al. 2022; J. Li et al. 2022). Often,
plant stems are represented by rigid cylinders, whereas
only a few models account for the characteristics of
foliage and stem flexibility (Järvelä 2004; Nepf 2012;
Vargas-Luna et al. 2016; Västilä and Järvelä 2017; Li,
Xie, et al. 2018; Li, Yang, et al. 2018). Specifically, two
approaches are implemented in the open-source Delft
3D suite (Deltares 2018), named Baptist andDrag Force
approaches. The presence of vegetation is accounted for
as a higher roughness in the momentum equation in
the Baptist approach, and an extra drag force of vege-
tation in the Drag Force approach. However, these two
approaches were originally designed for bedload pro-
cesses, and their reliability has never been tested for
suspended sediment transport.

In this work, we investigate the approaches imple-
mented in Delft 3D and their ability to reproduce
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the effects of emerging plants on suspended sediment
deposition in two-dimensional models. Besides the two
most common approaches, the Single-Stem approach,
in which each vegetation stem is considered in the
numerical grid, is adopted for the sake of comparison.

Two hypotheses are proposed: (1) themost common
2D vegetated flow approaches developed for bedload
perform well also with suspended sediment transport
under correct calibration;(2) a 2D model consider-
ing every single plant stem reproduces the interaction
vegetation-sediment-water better than the approaches
representing vegetation as uniform extra resistance to
the flow.

To test these hypotheses, several numerical sim-
ulations are carried out to reproduce flume experi-
ments available in the literature. The performance of
the selected approaches is then analysed by comparing
both the flow field and sediment deposition results.

Materials andmethods

Selectedmodelling approaches

Baptist’s approach (BP)
Baptist’s (2005) method, also described in Baptist et al.
(2007), allows predicting the effects of vegetation on
water flow and sediment transport in one- (1D) and
two-dimensional (2D) models through adapted Chézy
coefficients.

The approach is based on the subdivision of the total
bed shear stress, τ , into bed shear stress, τ b, and vegeta-
tion shear stress, τ v, assuming dense vegetation, which
implies that the flow among the plants can be con-
sidered uniform. Plant stems are schematized as rigid
cylinders, with diameter D, height hv and spatial den-
sity m. The model can be applied to both submerged
and emergent vegetation. With emergent vegetation,
the water flows entirely between the plant stems, with
flow velocity uv equal to the depth-averaged flow veloc-
ity ū. In this case, the total bed shear stress is calculated
as follows:

τ = τb + τv = ρg
C2
b
u2 + 1

2
ρCDmDhu2 (1)

where g is the gravity acceleration, ρ is the water den-
sity, h is the water depth, CD is the drag coefficient of
plants and Cb is the un-vegetated bed roughness coeffi-
cient. As a result, the Chézy coefficient,Cr, representing
the total hydraulic resistance in the emergent vegetation
conditions, is

Cr =
√√√√ 1

1
C2
b

+ CDmDh
2g

(2)

According to Equation (2), the value of Cr is smaller
than Cb, which reflects the higher energy dissipation
due to the presence of plants. De facto, the approach
corresponds to introducing an additional force in the
momentum equations. We remark that in the case of
modelling bedload transport, the Chézy coefficient that
should be used in the bedload sediment transport for-
mula would be equal to Cb,which contains the critical
Shields parameter to determine the initiation of move-
ment of sediment.

Drag Force approach (DF)
In this approach, the effects of vegetation are solely
reproduced by adding an extra drag force in the
momentum equations. In Delft3D, this is obtained by
applying the method of Uittenbogaard (2003), origi-
nally designed and implemented for 3D simulations.
In 2D depth-averaged (2D) models, the drag force of
vegetation per unit area is calculated as

F = 1
2
ρCDmDh|u|u (3)

It is worth observing that, while the Baptist approach
regards vegetation as a uniform area with higher flow
resistance, the Drag Force approach represents vegeta-
tion as an extra drag force in the NavierStokes momen-
tum equation.

Single-Stem approach (SS)
The Single-Stem approach allows reproducing the flow
field structure around each stem. This level of detail
might be needed to reproduce suspended solids pro-
cesses, and in particular, sediment deposition, within
vegetation.

In this study, the position and size of each stem are
obtained by inserting dry points in the computational
mesh with computational grid cells that are equal to or
smaller than the plant diameter. This means that the
marked cells are assumed by the model to be always
dry, which is valid only for emergent vegetation. This
approach is mainly suitable for sparse vegetation. In
Delft3D, this approach does not explicitly account for
the drag force exerted by the stems in the momen-
tum equations and, for this reason, the extra energy
loss is here obtained by adjusting the eddy viscosity
coefficient.

Selected experiments

For testing and comparing the selected numerical
approaches, we chose Sharpe’s (2003) laboratory exper-
iments based on the study of James et al. (2002). The
experiments were conducted in a straight 20m-long
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Table 1. Set-up of the experimental runs carried out by Sharpe (2003) that are used in this study.

Bed slope Stem density Discharge Water depth Sediment input duration
Test number (–) (stemm−2) (m3 s−1) (m) (minutes)

A1.1C 0.001873 0 0.00859 0.0617 35
A1.2V 0.001873 104 0.00856 0.1303 35
A1.3 V 0.001873 194 0.00851 0.1798 35
A1.4 V 0.001873 312 0.00859 0.2342 35
A2.1C 0.001994 0 0.04431 0.1795 37
A2.2C 0.001994 104 0.01295 0.1796 40
A2.3C 0.001994 194 0.01092 0.2241 37
A2.4 C 0.001994 312 0.0072 0.1918 30
A3.1C 0.001994 0 0.02567 0.1244 -

Note: Superscript C: used for calibration; Superscript V: used for validation.

and 0.38m-wide laboratory flumemade of three differ-
ent sectors. The first two sectors are 5m long each and
have a horizontal bed. The first sector is made of con-
crete (Manning coefficient, n = 0.012 s m−1/3 (Chow
1959)) and the second one is made of smooth wood
(n = 0.017 s m−1/3 (Chow 1959)). The third sector is
10m long and has an adjustable slope and a bed cov-
ered by 3MTM NomadTM Matting to trap deposited
sediment and avoid resuspension. This section is also
named the test section since all of the measurements
are conducted in this part of the flume.

In each test, the flow discharge was kept constant.
Steady flow conditions were obtained in the test section
by adjusting the weir height at the downstream outlet,
then the water depth was measured, and the surface
water slope was checked to verify the uniform flow con-
dition. The sediment (with median diameter,D50 equal
to 0.17mm) was then fed with a constant rate of 1.73 g
s−1 via a conveyor belt 0.38m wide, as a line source
at the water surface, 10m downstream of the flume
inlet. The sediment particle Rouse number always fell
in the range 0.66–0.96, which ensured particle suspen-
sion. Wooden rigid cylinders were used to represent
plant stems. The cylinders, with a diameter of 10mm,
were positioned in a staggered pattern with three dif-
ferent densities (104 stem m−2, 194 stem m−2 and 312
stemm−2). The sediment feeding duration ranged from
30 to 40min. After each test, the matting strips covered
on the test sections were picked up, then the sediment
deposited inside the section of the mat, as well as the
flume, was washed out into the separate pans, dried and
weighed. For the sake of comparison, unvegetated tests
were performed as well. For our investigation, we used
9 of the 12 tests after the analysis of measurement data
(Table 1).

Model setup

In this study, both two-dimensional horizontal (2DH)
and three-dimensional (3D) hydrodynamic models

are employed to investigate flow characteristics. The
2DH models simulate flow by solving the depth-
averaged shallow water equations in the horizontal
plane, whereas the 3Dmodel accounts for vertical mix-
ing processes through the Reynolds-averaged Navier-
Stokes (RANS) equations. Numerical solutions for
both modelling approaches are implemented using the
Delft3D software suite, which applies a finite difference
scheme for spatial and temporal discretization. Com-
monly, several turbulence closure equations options are
available in Delft 3D, i.e. the k-ε model, the k-l model
or the constant eddy viscosity setting. In this study, we
applied the default constant eddy viscosity setting. In
both 3D and 2DH models, suspended sediment pro-
cesses are calculated by applying advection–diffusion
equations, with sediment deposition and entrainment
formulations as source terms, following the modelling
assumption and solution methods approach proposed
by Galappatti and Vreugdenhil (1985), then revised by
Wang and Ribberink (1986). In Galappatti and Vreug-
denhil (1985), the solution of local sediment deposition
depends on suspended solids concentration and set-
tling velocity; inWang and Ribberink (1986) it depends
on the difference between bed shear stress and critical
bed shear stress for sediment entrainment, as well as
on bed erosion speed. The detailed description of the
sediment model is reported in the Appendix. For sus-
pended solids, the velocity andwater depth of vegetated
flow – simulated using the shallow water equations and
vegetation-related models – significantly influence sed-
iment movement by determining advection, diffusion
and subsequently, erosion and deposition processes.
Conversely, sediment transport can also impact the flow
by altering the bottom elevation through bed erosion
or deposition. These interactions create a coupled sys-
tem in which water flow and sediment transport con-
tinuously influence each other, ultimately shaping the
simulation results.

Based on the scale of the model, on the grid size
and also on the calibration work of the Single-Stem
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Figure 1. Top view of the flume structure and zoom in on the computational mesh implemented in Delft3D for the Single-Stem
approach, indicating the sediment input points (purple diamonds) and the single stems (green squares) with density equal to 194
stems m−2.

approach, the defined constant viscosity and diffusivity
value is set to 10−4 m2s−1.

The domain of the models covers the entire exper-
imental flume. It is important to note that the 3MTM

NomadTM Matting used in the experiments by Sharpe
(2003) hindered the entrainment of deposited sedi-
ment. In the numerical simulations, we simulated the
same conditions by imposing an extremely high crit-
ical bed shear stress for erosion. For all of the cases,
the grid size was set as 0.01m in both the longitu-
dinal and transversal directions, which is consistent
with the vegetation stem diameter of 1 cm, shown in
Figure 1. The time step was determined as 0.06 s based
on stability criteria, with a maximum Courant num-
ber equal to 10 for all the cases, as recommended for
the Alternating Direction Implicit (ADI) method used
in Delft 3D (Deltares 2018). The three densities in the
experiments correspond to stem spacings of 12.7, 9.5
and 7.6 cm, which in the model for the Single-Stem
approach become 12, 9 and 7 cm, respectively, corre-
sponding to 109,184 and 296 stems/m2, respectively.
This led to differences of about 5% with respect to the
experimental setting, resulting in slightly asymmetric
stem distributions in the transverse direction.

The upstream boundary conditions for the flowwere
discharges, and the downstream boundary conditions
were water levels. For sediment, 38 discharge cells were
set along the corresponding cross-section to mimic the
line sediment source in the experiments (Figure 1). In
the numerical simulations, we considered uniform sed-
iment characterized by a single value of settling velocity.
The total constant sediment input rate of 1.73 g s−1

was equally subdivided among the 38 input cells rep-
resenting the 0.38m wide conveyor belt. The resulting

sediment concentration was 0.0455 g s−1 in each of the
38 input cells. In Delft 3D, continuous suspended sed-
iment input can be realized as a specific concentration
in a particular water flow input. So, we set a flow dis-
charge carrying suspended sediment equal to 1 cm3 s−1

with a sediment concentration of 45.53 kg m−3 in each
discharge cell. This value corresponds to an added flow
discharge of 38 cm3 s−1, which is less than 1% of the
total flow discharge.

Model calibration and validation

In this study, the experimental tests A1.1, A2.1 and
A3.1, without vegetation, were used to calibrate the
roughness coefficient of the bare flume bottom. For the
vegetated part, calibration was conducted on tests A2.2,
A2.3 and A2.4, with a drag coefficient CD equal to 1
(as suggested by Vargas-Luna et al. 2016, among oth-
ers). Manning’s coefficient was derived by comparing
the computed longitudinal water levels with the exper-
imental ones. This means that its value was derived
based on total energy loss, including the loss of energy
caused by vegetation. In this case, we cannot refer to
‘roughness coefficient’ but rather to ‘energy loss coef-
ficient’. Baptist’s approach required deriving Chézy’s
coefficient C from Manning’s coefficient n by means
of the relation C = n−1R1/6, where R is the hydraulic
radius. The Single-Stem approach required calibrating
the horizontal eddy viscosity coefficient.

Validation was based on tests A1.2, A1.3 and A1.4
(Table 1) using the calibrated values of the rough-
ness/energy loss coefficients.

For the transport of suspended solids, we calibrated
the value of settling velocity for each approach based
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on the experimental tests A2.2, A2.3 and A2.4. The
value was obtained by comparing the computed sedi-
ment deposition weight against the measured deposi-
tion weight along the 6m length (12m to 18m) of the
flume.

To evaluate model performance and determine the
optimal values of the calibration coefficients, we mini-
mized the Relative Root Mean Square Error (RRMSE)
between the experimental and model results of longi-
tudinal velocity and sediment deposition. The RRMSE
was calculated as

RRMSE =
√

1
N

∑N
i=1 (Vi

m − Vi
c)
2

1
N

∑N
i=1 Vi

m
(4)

where N is the number of values available and Vm and
Vc are the modelled and measured values of variableV,
respectively. For each calibration test, we selected the
value of the coefficient resulting in the lowest RRMSE.
More detailed information about calibration and vali-
dation is given in the SupplementaryMaterial in Figure
S1 and Table S1.

Results of model calibration

As a simplification of the calibration scheme, the Man-
ning coefficient of the unvegetated first half of the flume
was set equal to 0.0145 s m−1/3, which is the average
value of the concrete and wooden bottommentioned in
the experimental setup, corresponding to a Chézy coef-
ficient of 44.43m1/2 s−1. The best performingManning
coefficients for the Nomad covering the test section
mat were 0.019, 0.0225 and 0.021 s m−1/3 for the tests
A1.1, A2.1 and A3.1, respectively, resulting in constant
flow depth as in the experiments, with RRMSE smaller
than 0.5%. The calibrated value of Manning coefficient
was then determined as the averaged value of 0.021 s
m−1/3, corresponding to the averagedChézy coefficient
of 30.83 m1/2 s−1.

For the vegetated area and the Drag Force approach,
the optimal Manning coefficient was 0.025 (RRMSE =
0.02%), 0.055 (RRMSE = 0.03%) and 0.08 s m−1/3

(RRMSE = 0.02%) for the tests A2.2, A2.3 and A2.4,
respectively. For the Baptist approach, the optimal
Chézy coefficients were 50 m1/2 s−1 (RRMSE =
0.01%), 14 m1/2 s−1 (RRMSE = 0.02%) and 11 m1/2

s−1 (RRMSE = 0.08%), respectively. These results
show that for each vegetation density, both the Baptist
and the Drag Force approaches need a different value
of roughness coefficient to represent the total energy
loss, with higher values for higher vegetation density.
For the Drag Force approach, the calibrated Manning
coefficient reaches 0.08 sm−1/3 in the densest situation.

According to the guidelines proposed by Arcement and
Schneider (1989), the value of n could reach 0.1 sm−1/3

for vegetation, so n = 0.08 s m−1/3 appears reasonable,
corresponding to a low Chézy coefficient in the Baptist
approach.

For the Single-Stem approach, the horizontal eddy
viscosity was calibrated by comparing the longitu-
dinal water level profiles. The optimal values were
9.5∗10−5 m2 s−1 (RRMSE = 0.24%), 1.0∗10−4 m2 s−1

(RRMSE = 0.29%) and 7.0∗10−5 m2 s−1 (RRMSE =
0.16%) for tests A2.2, A2.3 and A2.4, respectively.

The settling velocity was imposed to fall within
the range of 5.69mm/s (corresponding to the still
water settling velocity of a particle having diame-
ter D10 = 0.081mm estimated by the Rubey’s for-
mula (1933)) and 33.2mm/s (corresponding to the
still water settling velocity of a particle having diame-
ter D90 = 0.25mm estimated by the Rubey’s formula),
with D10and D90 being the particle diameters below
which 10% and 90% of the material’s total weight were
contained in Sharpe’s (2003) experiments, respectively
(Table 2). The best performing values of settling veloc-
ity increase with vegetation density: for the Baptist and
theDrag Force approaches from 7 to 13mm s−1, for the
Single Stem approach from 6 to 12mm s−1.

Figure 2 shows an example of the measured and
computed longitudinal profiles of cumulative deposi-
tion weight along the central part of the flume. Sed-
iment accumulates at the upstream section, and the
longitudinal profile of sediment deposition becomes
steeper with higher settling velocity.

Results of model validation

Hydrodynamicmodel

Model performance was assessed for the experimen-
tal runs A1.2, A1.3 and A1.4 by using the calibrated
bed roughness and horizontal eddy viscosity given in
Table 2. The RRMSE values between measured and
modelled results are overall smaller than 0.1%.

Figure 3 shows the horizontal water level dis-
tributions and velocity distribution in the 12–13m
section for test A1.3 obtained with the three different
approaches. The Baptist approach and the Drag Force
approach result in uniformly distributed flow, whereas
the Single-Stem approach results in a flow that passes
around the rigid stems, with local differences in water
level, higher at the front of the stem and lower down-
stream of the stems, and also the local difference of
velocity distribution between the stems. Similar results
were found by Conde-Frias et al. (2022). Seeing plants
as distinct obstacles, the Single-Stem approach provides
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Table 2. Summary of calibrated coefficients per experimental run and the vegetated modelling
approach.

Vegetated modelling
approach Case

Calibrated flow
coefficients RRMSE

Calibrated settling
velocityωs (mm/s) RRMSE

Baptist A2.2 Cb = 50 m1/2s−1 0.01% 7 10.87%
Baptist A2.3 Cb = 14 m1/2s−1 0.02% 10 4.52%
Baptist A2.4 Cb = 11 m1/2s−1 0.08% 13 14.76%
Drag Force A2.2 n = 0.025 s m−1/3 0.02% 7 10.83%
Drag Force A2.3 n = 0.055 s m−1/3 0.03% 10 4.52%
Drag Force A2.4 n = 0.08 s m−1/3 0.02% 13 15.35%
Single Stem A2.2 νH = 9.50·10−5 m2s−1 0.24% 6 7.15%
Single Stem A2.3 νH = 1.00·10−4 m2s−1 0.29% 9 3.50%
Single Stem A2.4 νH = 7.50·10−5 m2s−1 0.16% 12 15.23%

Figure 2. Longitudinal sediment deposition measurements and model output for different values of settling velocity ωs for the
experiment A2.3 using (a) the Baptist approach and (b) the Single-Stem approach.

a more detailed representation of the flow field in a 2D
model.

Sediment transport andmorphodynamicmodel

Model results for the tests A1.2, A1.3 and A1.4 are
shown in Figure 4. The poorest performance appears
in the sparse density case A1.2, where the simulated
longitudinal distribution of deposited sediment over-
estimates the measurements, and the RRMES value is
higher than 30%. With the increase in vegetation den-
sity, the difference between simulated and measured
sediment deposition decreases. The test A1.4 shows
the best agreement between measured and simulated
deposition, with RRMSE around 10% in three vegetated
approaches.

The computed distribution of sediment deposition
is shown in Figure 5 for the A1.3 test with 10mm s−1

settling velocity. Both the Baptist and the Drag Force
approaches result in uniform sediment deposition in
the transversal direction (Figure 5(a)). Instead, sedi-
ment deposition is not uniform with the Single-Stem

model, with uneven transversal deposition and specif-
ically higher at the left-hand side (Figure 5(b)). This is
due to the asymmetric distribution of the stems in the
numerical model.

Discussion

Sensitivity of the Baptist and Drag Force approach
on vegetation density

The Baptist approach regards vegetation as a uniform
area having higher flow resistance, while theDrag Force
approach represents vegetation as an extra drag force
in the NavierStokes momentum equation. In the 2D
model, the two approaches turn out to be very simi-
lar. However, the two approaches differ in 3D models
because the drag force can vary vertically, whereas Bap-
tist’s approach is based on depth-averaged variables.
Baptist computes the resistance to the flow exerted
by vegetation based on plant characteristics and bed
roughness, while the Drag Force approach treats the
bottom independently from the plants.
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Figure 3. Flow field results in the 12–13m section for test A1.3: water level distribution of Baptist’s and Drag Force approaches (a)
and of the Single-Stem approach (b); velocity distribution of the Baptist’s and Drag Force approaches (c) and of the Single-Stem
approach (d).

Figure 4. Final longitudinal profile of sediment deposition weight along the channel centre line computed for the validation runs:
(a) A1.2, (b) A1.3, (c) A1.4.
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Figure 5. Final sediment deposition distribution for test A1.2 obtained with (a) the Baptist and the Drag Force approaches and (b)
the Single-Stem approach.

Some extra computational tests were performed to
analyse the sensitivity of the adopted approaches to
changes in vegetation density. For this, we reproduced
the tests A1.2, A1.3 andA1.4 that have the same bound-
ary conditions, but different vegetation density. The
results of the Baptist and Drag Force approaches in 2D
are quite similar. Contrary to the experiments, the sim-
ulated longitudinal profiles of sediment deposition are
the same for all three cases (Figure 6). This indicates
that the approaches are not sensitive enough to changes
in vegetation density. Baptist’s (Figure 6(a)) assumes
that the velocity of water flow through vegetation is uni-
form,which is valid only for dense vegetation. TheDrag
Force approach (Figure 6(b)) represents the energy dis-
sipation due to the presence of plants only through an
added vegetated drag force term. In this way, both the
Baptist and the Drag Force approaches need a different
roughness coefficient value to represent the total energy
loss, with higher values for higher vegetation density.
These two approaches do not represent variations of
energy dissipations as a function of plant density and
would work well only if this is high.

We imposed CD = 1 for both the Baptist and Drag
Force approaches. The value of 1 is fairly reasonable
when the cylinder Reynolds number (Rd) is larger than
200 and the solid volume fraction ϕ is smaller than
0.02 (Sonnenwald et al. 2019). This is the case of the
simulated experiments, for which Rd = 1898, 1282 and
988 and ϕ = 0.0097, 0.0174 and 0.0272, for the three
vegetation densities, which justifies our choice.

To better represent energy dissipation as a function
of vegetation density, we calibrated the roughness coef-
ficient with constant CD = 1. By adopting the different
calibrated roughness coefficients in the simulations, we
obtained better results, as the RRMSE value is less than
0.2%, shown in Table 2.

The calibrated values increase with vegetation den-
sity. Considering that turbulence and energy dissipation

normally present a maximum at a certain value of veg-
etation density and then decrease (e.g. Deitrick et al.
2023; Conde-Frias et al. 2023), the results indicate that
the vegetation densities adopted in the experiments are
relatively low, i.e. lower than the value corresponding to
maximum energy dissipation.

The implication is that for practical applications
of the Baptist and Drag Force approaches, to better
account for energy dissipation to include also the effects
of plants, it is necessary to derive the value of the rough-
ness coefficient as a function of vegetation density.

Effect of physical existence of rigid stem on the
flow eddy viscosity and the evaluation of a
Single-Stem approach

The Single-Stem approach has the advantage of com-
puting the spatial distribution of flow and sediment
deposition around each stem. However, setting up a
model representing every single stem is a laborious and
time-consuming process, not suitable for large-scale
models, since the mesh size should be smaller than or
equal to the stem diameter. Moreover, to properly sim-
ulate suspended solid processes, the grid size should
be about 2–3 times smaller than the sediment depo-
sition length (Facchini 2009). Finally, the Single-Stem
approach is very sensitive to the value of eddy viscosity
imposed on the model, so this value should be care-
fully chosen. In this work, the calibrated values of eddy
viscosity fell in the range 7.0 · 10−5 to 1 · 10−4 m2 s−1.

Theoretically, in vegetated flows, the eddy viscosity
can be calculated as follows:

νt = 1
8
C−2
t CDDu (5)

where CD is the vegetation drag coefficient (CD = 1);
Ct is a constant of proportionality, usually considered
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Figure 6. Computed andmeasured longitudinal profiles of sediment deposition for cases A1.2, A1.3 and A1.4 adopting (a) Baptist’s
approach and (b) Drag Force approach.

equal to 1, but its value may depend on the shape of the
streamwise velocity profile (Kean and Smith 2004).

The theoretical eddy viscosity computed using
Equation (5) for the considered tests falls in the range
4.0 · 10−3 to 2.2 · 10−4 m2 s−1, resulting in ratios
between calibrated and theoretical values between 0.40
and 0.62 and to values of Ct in the range of 1.55 to
2.27, higher than the theoretical one, but having the
same order of magnitude. Based on this, we conclude
that the calibrated value of eddy viscosity reasonably
falls into the range of applicability. Besides, the horizon-
tal eddy viscosity values obtained for the SS approach
differ just a little from the molecular viscosity value;
this value may not be high enough to contain the dis-
sipative effects due to the presence of vegetation. This
could also be due to the limitation of grid size to make
a balance between an enough discretization to get the
correct re-attachment length, and a high computational
effectiveness. However, the smaller grid size lowers the
computational efficiency. To check the model sensitiv-
ity to the mesh size, we conducted an extra test on the
experimental run A1.3 with a finer mesh of 5× 5mm.
The spatial distribution of water depth and sediment is
shown as Figures S4 and S5 in Supplementary Informa-
tion. The mean absolute difference and mean absolute
relative difference of resulting water depths between
the 10× 10mm and the 5× 5mm mesh size mod-
els are reported in Table S2 of Supplementary Infor-
mation. The test ensures that there are no significant
changes in the flow field results, as the mean relative
differences relative to the finer mesh are less than 1%.
For the morphology, the mean absolute relative dif-
ference of deposition weight and the RRMSE value

compared with measurement results are also listed in
Table S2. The results show that there are also no signif-
icant changes in the sediment deposition results as the
relative difference is less than 5%. A smaller mesh size
means a smaller time step, leading tomuch longer com-
putational time. In this study, the time required to run
the 5× 5mmmesh size model is five times that of run-
ning the 10× 10mm mesh size model when other fac-
tors remain constant, not to mention the time spent on
the Dry points definition process. Considering the bal-
ance between simulated results and computation time,
the Single-Stem approach has a big limitation on the
scale of the model.

Simplification of the 2DHmodel in simulating 3D
sediment deposition processes

Besides the vegetated modelling approaches, some
other important issues canmake a significant impact on
the simulated results, and one of them is the simplifica-
tion of the 3D sediment transport process in the 2DH
model.

In the experiments, sediment was added to the
flume from above, evenly distributed in the transverse
direction at a specific cross-section, and the sediment
particles reached the bed surface only after a certain
travel distance downstream. In 2D models, deposi-
tion is calculated as a function of sediment settling
velocity times depth-averaged concentration. So, in
our 2D computations, sediment is deposited immedi-
ately after its release location. At the same time, sedi-
ment concentration decreases faster than in the exper-
iments, due to higher loss of sediment in the water
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column just after release. Our 2D models predict high
deposition upstream of the vegetation patch, where the
sediment transport capacity decreases. The reduction
of suspended solids concentration in the water column
also implies less availability of sediment for deposition
within the vegetated patch. Therefore, the results first
show an overestimation and then an underestimation
of deposition.

To demonstrate this process, a 3D model is estab-
lished based on the A2.3 Baptist case. The σ -model type
is set with 4 vertical layers. The calibrated roughness
coefficient and 8mm/s settling velocity are used, and
all of the other settings are kept the same as the 2DH
model. However, since the parameters in the 3D model
are not recalibrated, the results of the 3D model can
only be qualitatively analysed and compared with the
2DH results.

Compared with the 2DH model, the 3D results also
show a uniform flow distribution along the test section
(Figure S3, Supplemental material). As for the sus-
pended sediment transport, the longitudinal deposi-
tion height profile from the 9.5m to 20m section of
the model in 2DH and 3D models is compared in
Figure S3b. At the 10m cross-section (sediment input
section), the deposition in the 3D model is lower than
the 2D, and the two deposition profiles cross at about
10.5m. Then, the 3D deposition profile continues to
increase until around 11m and decreases with a steeper
slope than the 2DH model. The increasing deposition
from 10m to 11m in the 3D model shows the impact
of the vertical sediment transport process on sediment
deposition. The simplification of the vertical sediment
transport process in the 2DHmodel leads to deviations
in the sediment deposition results.

It should be emphasized that the problem of not well
reproducing deposition profiles in our 2DH models is
related to the way sediment is added to the flume in
the experiments, i.e. from above. Most real fluvial sys-
tems have turbulent flow and well-mixed suspended
solids, which would justify the depth-averaging of sus-
pended solids concentration. In general, this problem
would appear in the presence of a vertical gradient
of sediment concentration. This means that the pros
and cons of adopting 2DH models have to be weighed
by considering the characteristics of the system to be
simulated.

The non-equilibrium sediment transport in both
experiments and simulations

Another important issue outside of the vegetated mod-
elling approaches is the non-equilibrium sediment
transport process in both experimental work and the

Figure 7. Measurements of sediment deposition weight along
the vegetated part of the flume for different vegetation densi-
tiesm (adapted from Sharpe (2003)).

simulated study. The presence of aquatic plants is
widely regarded as it can reduce the local flow velocity,
increase the water depth and promote sediment depo-
sition (Lopez and Garcia 1998) and these quantities
are expected to increase with vegetation density (Gran
and Paola 2001; Nepf 2012). However, in the exper-
iments, the highest deposition was obtained in the
setup without vegetation, the lowest in the sparse den-
sity situation (Figure 7). It is difficult to explain the
higher deposition in the test without vegetation. We
suggest that this was caused by the fact that all sys-
tems were still in a morphodynamical transient state
at the end of the tests, when measurements occurred,
and that those with vegetation were late in their devel-
opment towards morphodynamical equilibrium com-
pared to the test without vegetation. This is because
vegetation lowers the dynamics of the aquatic sys-
tem, as well as turbulence. In the specific case of the
experiment, where sediment input was from above
the water surface, it lowered the mixing of sedi-
ment, therefore also the near-bed concentration and
deposition.

Morphodynamic equilibrium is the morphological
state of an aquatic system in which sediment input
equals sediment output and bed slope equals water
surface slope. The slope develops during the transient
phase of the morphological development, through the
deposition of sediment upstream (and erosion down-
stream, if the downstream boundary condition allows).
Armanini and Cavedon (2019) and Bonilla-Porras et al.
(2021) have shown that higher vegetation density even-
tually leads to steeper channels, i.e. the equilibrium
slope increases with vegetation density. This explains
why in the experiments, the lowest deposition occurred
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with the sparsest density (see Figure 7). For the case
without vegetation, even if the final slope would be
smaller than with vegetation, the faster morphological
development, due to higher dynamics, results in higher
deposition in the upstream part of the test channel, and
thus a steeper bed slope, during the transient phase.
We can expect this also in Sharp’s experiments, but
the authors did not provide any considerations on hav-
ing reached morphodynamic equilibrium or not at
the end of their tests (Sharpe 2003). Previous flume
experiments dealing with long-term morphodynamics
and suspended sediment transport (e.g. Capape et al.
2016) indicate that the final states of Sharpe’s tests were
most probably at the initial stage of their morpholog-
ical development, far from equilibrium. To verify this
hypothesis, we performed an extended numerical sim-
ulation of the A2.4 test with the Single-Stem approach
covering over 10 h, a durationmuch longer than Sharp’s
experiments. At the end of this long run, the model
still shows an ongoing sediment deposition process
and zero sediment output, indicating non-equilibrium
conditions (Figure S2).

Evaluation of three vegetatedmodelling
approaches in the simulation of suspended
sediment transport

The Baptist approach and Drag Force approach, which
is generated based on the bed load transport, and in
which the vegetation is considered as a uniform block
with higher resistance, shows their ability to reproduce
the flow field and suspended sediment transport pro-
cesses with a proper calibration scheme, which verified
the first hypothesis in this study. However, it can also
be found that, only changing the vegetation param-
eters and keeping the bottom roughness constant is
not enough to get the expected simulated results. The
bottom roughness still needs to be calibrated. This
leads to a shortcoming of the Baptist and Drag Force
approaches: they are not sensitive enough to low vege-
tation densities.

The Single-Stem approach, which considers the
physical presence of rigid stems, can reproduce more
detailed local flow field and sediment deposition distri-
bution inside the rigid stems patch than the other two
drag force-based modelling approaches, and the sec-
ond hypothesis in this study is verified. However, the
Single-Stem approach has a big limitation in keeping
the balance between results accuracy and computa-
tional efficiency, especially in dealing with large-scale
models. In summary, the advantages and disadvantages
of three vegetated modelling approaches are summa-
rized in Table 3.

Table 3. Advantages and disadvantages of the three vegetated
modelling approaches in dealing with suspended sediment
transport.

Vegetated modelling
approaches Advantages Disadvantages

Baptist and Drag
Force

Wider application scale
model; Flexible
calibration scheme

Lack of sensitivity to
deal with the low
vegetation density

Single Stem The ability to
reproduce a more
detailed flow field
and deposition
distribution between
vegetation stems

Complex stems setting
process; higher
requirement on the
grid size; higher
computational time

Conclusions

The performances of the three widely-used modelling
approaches, Baptist, Drag Force and Single Stem, in
reproducing the physical processes of suspended sed-
iment in vegetated flows are tested, evaluated and com-
pared at the flume scale. To this effect, we set up 2D
models in Delft3D to reproduce measured longitudi-
nal profiles of sediment deposition among vegetation.
The results show that the selected 2D vegetated mod-
elling approach developed for the bedload sediment
transport can perform well in dealing with the sus-
pended transport under correct calibration. However,
both Baptist and Drag Force do not well reproduce
the effects of vegetation density on sediment processes,
since they show low sensitivity to vegetation density.
The Single-Stem approach, which considers the physi-
cal existence of vegetation, can reproducemore physical
processes between the vegetation-sediment-water sys-
tem than the approaches that represent vegetation as
a uniform extra resistance. However, this advantage is
limited by the grid size necessary to get accurate results,
and also by the longer time needed to set up and run
the model, which is important especially for large-scale
applications. Besides the vegetatedmodelling approach,
other issues in the model set-up, such as the simplifica-
tion of 3D processes in 2Dmodels, also make a relevant
impact on the simulated results.

Notation

Cb bed Chézy coefficient (m1/2 s−1)
CD vegetation drag coefficient (-)
Cr total Chézy coefficient (m1/2 s−1)
Cs sediment concentration (kg m−3)
D stem diameter (m)
g acceleration due to gravity (m s−⊃2)
h water depth (m)
hv vegetation height (m)
m cylinder density per unit area (m−2)
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N number of the value (-)
n Manning coefficient (s m−1/3)
uv vegetated flow velocity (m s−1)
ū depth-averaged velocity (m s−1)
Vm and Vc modelled and measured values of the

variable V (-)
x longitudinal direction (m)
y lateral direction (m)
z vertical direction (m)
ρ water density (kg m−3)
τ bed shear stress (Pa)
ωs settling velocity (m s−1)
νt eddy viscosity (m2 s−1)
νH horizontal eddy viscosity (m2 s−1)
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Appendix

Sediment transport model

In Delft 3D, the suspended sediment can be calculated by
the advection-diffusion (AD) equation. In this study, the
2D version AD equation is applied, in which the sediment
concentration represents the depth-averaged value:

∂Cs

∂t
+ ux

∂Cs

∂x
+ uy

∂Cs

∂y

= ∂

∂x

(
εx

∂Cs

∂x

)
+ ∂

∂y

(
εy

∂Cs

∂y

)
+ D − E

where x is the longitudinal coordinate; y is the transverse
coordinate. Cs is the concentration; ux, uy are flow velocity
in the x–y direction; εx, εy are eddy diffusivities of sediment
in the x–y–z direction.

For finer sediment particles, the erosion E and deposi-
tion D of particles is calculated as the Partheniades-Krone
formulations in Delft 3D, which are

E = MS(τcw, τcr,e)

D = ωscS(τcw, τcr,d)

where M is the erosion parameter, which is set as 1 in
the model; c is the average sediment concentration in the
near-bottom computational layer, which is equal to the
depth-averaged concentration in 2Dmodels. S(τcw, τcr,e) and
S(τcw, τcr,d) are the erosion and the deposition step functions,
respectively, which depend on the maximum bed shear stress
due to waves and current τ cw, as well as on the critical bed
shear stress for erosion and deposition τ cr,e and τ cr,d (to be

defined), respectively:

S(τcw, τcr,e) =
⎧⎨
⎩

(
τcw

τcr,e
− 1

)
,

0, τcw ≤ τcr,e

τcw ≥ τcr,e

S(τcw, τcr,d) =
⎧⎨
⎩

(
τcw

τcr,d
− 1

)
,

0, τcw ≥ τcr,d

τcw ≤ τcr,d

Since a Nomad mat covers the test section to trap the
deposited sediment and avoid resuspension, both the critical
deposition and erosion shear stress are set to the maximum
value inDelft 3D,which are 1000 and 100Nm−2, respectively,
tomake sure particles are allowed by themodel to deposit but
cannot be resuspended.

The settling velocity is firstly calculated with Rubey’s for-
mula and then calibrated:

ωs =
√
2�gD
3

+ 36ν2

D2 − 6ν
D

where � is the relative sediment density (ρs – ρ) / ρ, where
ρsis the sediment density and ρ is the water density; D is
the sediment diameter; v is the kinematic viscosity of water
and g is the acceleration due to gravity. However, the set-
tling velocity is considered a calibrated parameter. In Delft
3D, both horizontal eddy viscosity and eddy diffusivity could
be set as calibrated parameters. The horizontal eddy diffusiv-
ity is set as the same value as horizontal eddy viscosity so that
the turbulent Schmidt number, which is the ratio of these two
parameters, becomes equal to 1.
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