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Abstract: This work proposes the use of an array of yawed porous vanes to control the lateral bedload transport by locally steering bedform
migration and maximize the amount of sediments redirected toward a potential sediment extraction system or bypass channel. A laboratory
experiment was conducted in a quasifield-scale channel with an array of permeable vanes installed on one side, in live-bed conditions under
bedload dominant regime, i.e., negligible suspended load. A baseline experiment without vanes was also performed for comparison.
The evolution of migrating bedforms of different scales was tracked in space and time using a high-resolution, state-of-the-art laser scanning
device. The bedload transport rate in the streamwise direction was first calculated using bedforms’ geometry and migration velocity, and then
spatially distributed over the entire monitored area using a new Eulerian-averaged grid-mapping method. This allowed us to introduce a new
methodology to estimate the lateral bedload transport using control volume theory and applying mass conservation. Quantitative assessments
of lateral bedload transport along the channel yield consistent results, suggesting that the vanes effectively move sediments laterally as
intended. Under the investigated setup, the maximum lateral sediment transport rate ranges from 9% to 18% of the whole domain-averaged
streamwise transport rate. The developed methodology also allowed to identify the location where sediment capture could be maximized for
the given vane spatial distribution. DOI: 10.1061/JHEND8.HYENG-14076. This work is made available under the terms of the Creative
Commons Attribution 4.0 International license, https://creativecommons.org/licenses/by/4.0/.

Practical Applications: In river engineering, in-stream structures are used to control flow and sediment movement to prevent erosion,
intake clogging, and habitat disruption. Submerged vanes are small, angled structures that are installed to redirect sediments toward a
preferred direction by creating secondary flow circulations. This study tests experimentally an array of porous vanes in an open channel
to measure and quantify the lateral displacement of sediment. Porous plates were selected to minimize local scour and anchoring requirements
while directing flow, bedforms, and sediment laterally. The amount of sand moved laterally is measured by comparing the streamwise
bedform transport within and outside of the vane array. The proposed vane array is part of a modular hydrosuction sediment bypass system
being developed for low-head dams, which features inlets to collect coarse sediments and siphon them over the dam via a slurry conduit. The
vane array is meant to be installed upstream of the collector to increase the lateral transport of coarse sediment toward the intake structures.
Porous elements can potentially be replaced by vegetation and log structures for nature-based alternatives.

Introduction

Numerous solutions have been studied and developed over the
years to control rivers to ensure flood protection, channel stabili-
zation, and navigation. The management of sediment transport is

one of these forms of control. Multiple designs have been proposed
in the past to steer sediments toward a preferred direction and
dictate the local river morphology. Among these designs, in-stream
submerged vanes were first proposed by IIHR-Hydroscience
and Engineering at the University of Iowa (Odgaard and Wang
1991a, b), offering engineering solutions to stream bank erosion
(Odgaard and Kennedy 1983; Dey et al. 2017), channel intake sed-
imentation (Barkdoll et al. 1999; Neary et al. 1999; Gumgum and
Cardoso 2023), and scouring at hydraulic structures foundations
(Ghorbani and Kells 2008). These structures are short, vertical, sub-
merged objects installed with specific orientations with respect to
the approaching flow to generate a pressure imbalance between the
two sides of the vane. This, in turn, imposes a lift force on the flow,
which generates a secondary circulation that alters the direction and
magnitude of the bed shear stress, sweeping sediments laterally.
Other more traditional strategies include the use of groynes (or spur
dykes) which are hydraulic structures made of rocks, wood, or
concrete, extending from the side bank into the main channel to
divert the main flow and protect banks, improve navigability, and
create stream corridor restoration projects (Uijttewaal 2005; Duan
et al. 2009; Khosronejad et al. 2014, 2015, 2018; Han et al. 2022,
among others).

In previous work by Lee et al. (2022a), the authors proposed
the use of permeable vanes as a proof of concept to maximize the
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steering effect on the sediments while limiting the local scour and
the anchoring requirements. Intuitively, the scour occurring around
submerged porous structures is typically lower than the one in-
duced by solid obstacles, which, conversely, induces intense vor-
tical structures shedding at the edges. Local scour reduction for
porous structures was also observed by Ismail et al. (2021) while
studying engineered log jams as a river restoration measure. Porous
objects can thus properly model submerged vegetation elements in
case a more nature-based solution is sought for sediment control, as
demonstrated by Ismail et al. (2021), or simply to study the impact
of vegetation on river morphodynamics (Bennett et al. 2002; Follett
and Nepf 2012; Van Dijk et al. 2013; Schalko et al. 2019; Redolfi
et al. 2021). The adoption of permeable vanes instead of solid ones
in Lee et al. (2022a) was also motivated by experimental observa-
tions of sediment erosion and deposition patterns downstream of
submerged marine hydrokinetic turbines (MHK), which are often
modeled as porous actuator disks (Göçmen et al. 2016; Kang et al.
2014; Musa et al. 2018a; Sandoval et al. 2021). A small yaw angle
imposed on the rotor, representing a slight misalignment of the tur-
bine axis with respect to the flow direction, was found to induce a
cross-stream component of the drag force able to steer the turbine
wake (Bastankhah and Porté-Agel 2014; Musa et al. 2020; Dou
et al. 2019; Modali et al. 2021). Preliminary experiments discussed
in Lee et al. (2022a) provided basic guidelines for the yaw angle,
vane aspect ratio, streamwise and spanwise spacing, porosity effect,
and local scour estimates, all devoted to optimizing the sediment
spanwise flux while limiting the local scour.

Because of the vast parameter space to explore and the need
to achieve rapidly converging results, experiments in Lee et al.
(2022a) were performed using vanes in critical mobility conditions.
The limitation is particularly stringent because the performances
of the vanes were not assessed in the occurrence of migrating
bedforms and active bedload transport, which better represent
the morphodynamics of natural rivers. Critical mobility also limits
the spatial extent of scour and deposition processes, preventing the
study of nonlocal effects, as those observed by Musa et al. (2018b,
2019) and Redolfi et al. (2021). In particular, the potential dis-
tortion of the mean bed and spanwise modulation of migrating
bedforms’ velocities had to be investigated at the scale of the vane
array, under live-bed conditions, and in a larger channel beyond the
small laboratory flume used by Lee et al. (2022a). In this new study
proposed herein we then conducted a series of experiments in a
larger laboratory flume under migrating bedforms, using an array
of vanes similar to those employed by Lee et al. (2022a). In par-
ticular, we conserved the porosity and adapted their size, aspect
ratio, and submergence to the flume geometry and hydraulics.
These experiments are critical to verify scalability with respect to
both the channel, the vane, and the array sizes. During the experi-
ments, high-resolution bed surface elevation data, acquired by a
state-of-the-art laser scanning device (Hill et al. 2014), was used
to quantify individual bedform geometries and the corresponding
migration velocity through a specialized tracking method (Lee
et al. 2021).

This set of experiments was conceived as part of a broader
ongoing project that aims at evaluating new alternative sediment
capture and bypass strategies to mitigate reservoir sedimentation
issues (Fan and Morris 1992a, b; Morris and Fan 1998). Numerous
studies have in fact highlighted that since 1990, the global reservoir
storage depletion has outpaced its creation, posing a significant
challenge to water reliability for human population (Annandale
et al. 2016; Randle et al. 2021; Schmitt et al. 2019). In addition,
the progressive reduction of the available impounded volume caused
by sediment buildup has major consequences for hydropower de-
velopment and sustainability, and water resources management in

general (Annandale 1987; Podolak and Doyle 2015). With the in-
creasing deployment of available, although intermittent, renewable
resources on the grid, like solar and wind, there is a need for energy
storage, which can be addressed by hydropower reservoirs and
pumped storage technology (Hauer et al. 2018; Kougias et al.
2019; Hansen et al. 2022; DOE 2022). Nevertheless, the preclusion
of the natural continuity of sediment transport in rivers introduces
also serious environmental issues upstream, around, and down-
stream of the reservoir (Brandt 2000; Magilligan and Nislow 2005;
Hazel et al. 2006; Grams et al. 2007; Schmidt and Wilcock 2008;
Best 2019; Winton et al. 2019; Wild et al. 2019). Given these chal-
lenges, it is imperative to adopt sustainable sediment management
strategies at reservoirs, addressing both water management and
environmental concerns (Schleiss et al. 2016; Randle et al. 2021;
Li et al. 2022). Several remedies exist to remove sediments that
have already accumulated in the reservoir, either through complex
and costly mechanical excavation (e.g., dredging or dry excavation;
Herbich 2000; Kantoush et al. 2021; Randall 2022) or via hydraulic
evacuation using low-level gates (e.g., drawdown flushing, pressure
flushing, and turbidity current venting; Lai and Shen 1996; Sumi
2008; De Cesare et al. 2001; Jenzer Althaus et al. 2015; Chamoun
et al. 2016; Xu et al. 2023; Lai et al. 2024). Alternatively, one pro-
spective solution involves the continuous extraction of sediment
from upstream the reservoirs and its redirection downstream of
dams through designated sediment passages, often referred to as
“bypasses” (Sumi et al. 2004; Auel and Boes 2011; Auel 2014;
Ohori et al. 2018; Boes et al. 2019; Facchini et al. 2024). These
solutions prevent the sediment from entering the reservoir and
would ideally follow the natural pattern of the sediment flow
through the river, perhaps representing a better solution from an
environmental perspective.

To optimize the bypass strategy and enhance sediment collec-
tion efficiency, we propose the implementation of a strategically
positioned yawed porous submerged vane array. These structures
would guide bedload transport alongside the stream and concen-
trate it near a specific collection area [see the conceptual schematic
in Fig. 1(b)]. To maximize the extraction, the collector must be
placed where the lateral movement of sediments is maximized.
However, there are no standardized methods to quantify the lateral
mass flux of sediments from bathymetric data, to the knowledge
of the authors. Therefore, in order to identify the area of maximum
lateral displacement and quantify the spatial variability of the
streamwise mass flux, we developed a methodology to estimate the
percentage of lateral sediment transport, based on the quantification
of streamwise transport. We first identify each individual bedform
on the streamwise transects at consecutive times and estimate its
travel distance, thus operating in a Lagrangian framework (Zomer
et al. 2021; Lee et al. 2021). Then we switch to a Eulerian obser-
vational approach, leveraging on the long time (36 h) monitoring
of bed surface evolution and conditionally average all bedform
characteristics and associated transport on a regular grid. The
Eulerian-average grid mapping algorithm allowed us to calculate
the time-averaged, streamwise bedload transport rate on a two-
dimensional X–Y plane (i.e., longitudinal–lateral directions). Sub-
sequently, the lateral bedload sediment transport was quantified
based on the control volume theory in accordance with mass
conservation principles. The result provides a quantification of
sediment lateral redirection in a Eulerian reference frame, which
assesses the efficiency of the installation of yawed submerged
vanes. In order to validate our methods and results, a baseline
experiment without vanes was performed using the same hydraulic
and sediment transport conditions as a reference case.

The article is structured as follows. First, the experimental
setup is presented. Second, the detailed methodology of bedform
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identification, Eulerian-average mapping algorithm, and lateral
bedload transport quantification are described. Third, the quanti-
fication of vane array effects on streamwise and lateral bedload
transport rates are presented and discussed. Finally, key points and
implications are summarized.

Experimental Setup

The experiments were carried out in the Main Channel at the
Saint Anthony Falls Laboratory (SAFL), University of Minnesota

[Fig. 1(a)]. The flume is 85 m long, 2.75 m wide (B), and 1.8 m
deep, filled with a 0.4 m thick sediment layer consisting of nearly
uniform quartz sand with median grain size (d50) of 0.42 mm,
in which sediment grain size ranges from d10 ¼ 0.19 mm to d90 ¼
0.58 mm [see Fig. S1 in Musa et al. (2018b) for more details on the
grain size distribution]. The water used in the experiments was di-
rectly withdrawn from the adjacent Mississippi River, controlled by
a calibrated sluice gate at the upstream end of the facility. The water
depth was adjusted by a tailgate at the channel exit.

Two experiments were conducted with and without a vane array
to quantify how much hydraulic structures can effectively redirect

(a)

(b)

(c)

Fig. 1. (Color) (a) A schematic of the experimental setup of the main channel at the Saint Anthony Falls Laboratory (SAFL), University of Minnesota,
where η and qm represent the bed surface elevation and the bedload transport rate measured by the weighing pans, respectively; and (b) a plane-view
field showing the configuration of the submerged vane array and the three laser-scanning domains [the blue-red color regions, see Fig. 2(a) hereafter],
where the row distance (sx ¼ 1.08 m) and the lateral spacing (sy ¼ 0.36 m) are marked. The inset shows a conceptual schematic of the flow
(blue arrows) and the direction of the sediment transport (red arrows) around a yawed vane. (c) An image of the submerged vane array set up.
The blue solid line and red dashed line depict the flow direction and the vane’s orientation at a 45-degree angle (ϕ) between them. The inset shows
a zoomed-in porous vane with 0.18 m width (Bv) and 0.06 m height above the bed (Hv).

© ASCE 04024045-3 J. Hydraul. Eng.
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sediment in the lateral direction [Figs. 1(b and c)]. We used
a porous vane that is 0.18 m wide (Bv), 0.06 m tall above the
bed (Hv), and oriented at a 45° angle (ϕ), resulting in the projected
vane width perpendicular to the flow direction corresponding to
Bv cosϕ ¼ 0.13 m [see details from the inset in Fig. 1(c)]. The
porosity of the vane was 40%, defined as the ratio of opening to
total area (BvHv). The opening area consists of staggered circular
holes with a diameter of 6.4 mm, which is 3.5% of Bv and 11%
of Hv. Lee et al. (2022a) conducted a series of wind tunnel tests
using plates with different porosity to investigate the effects on the
exerted drag, observing that the drag coefficient was linearly pro-
portional to the porosity. The width-to-height ratio (Bv=Hv) is 3.
Sixteen vanes were used to configure an array, spaced sx ¼ 1.08 m
(6Bv) and sy ¼ 0.36 m (2Bv) in the stream- and span-wise direc-
tions, respectively. The first row was located at 44 m downstream
from the inlet. The vane array was installed on the right-hand side
of the channel when facing downstream and designed to transport
sediment to the left-hand side of the channel. The dimensions of the
individual vane and the array configuration were based on a series
of experiments in an earlier study by Lee et al. (2022a). In Lee et al.
(2022a), parameter spaces associated with effective lateral sediment
flux directionality were extensively investigated under the critical
mobility condition, including vane width, height, orientation angle,
porosity, and vane spacing in an array.

We continuously measured two-dimensional (2D) spatiotempo-
ral bed surface evolution data using a computer-controlled laser
scanning device for 36 h for each experiment. The bed surface
elevation was reconstructed by capturing 1 mm thick projected
line laser on the bed surface, while the entire measuring system
travels downstream. Three regions of the channel bed evolution
were sequentially measured within a scanning domain that was
12 m long (3.7 times the vane array length La) and 0.5 m wide.
The streamwise extent started 1 m upstream of the first vane row.
The spanwise center of each scan region corresponded to B=4,

B=2, and 3B=4, and the total spanwise extent covered 55% of
the entire channel width. The temporal resolution of the scans Δt
was 376 s, defined as the elapsed time between two consecutive
scans at the same location. To resolve and capture the geometry
and kinematics of migrating bedforms, the displacement of bed-
forms between consecutive scans had to be limited. We operated
at moderate bedload transport conditions with negligible sus-
pended load (uτ=ws ≤ 0.67). Here, uτ and ws are the bed shear
velocity and the settling velocity, respectively. The settling veloc-

ity is estimated as ws ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4=3Rgd50=Cd

p
(Engelund and Hansen

1967), and the drag coefficient Cd is computed by a method sug-
gested by Cheng (2009). In this hydraulic condition, bedforms
migrate approximately 9 cm (ubΔt) between consecutive scans,
where ub is the bedform migrating velocity introduced hereafter.

Five identical weighing pans spanning the entire channel width,
each with an opening 0.54 m, were located 4 m downstream of
the test section and approximately 25 m upstream of the tailgate to
measure bedload transport. All bedforms completed their migration
and fell into the weighing pans at the end of the test section. The
temporal changes in the accumulated submerged sediment weight
were measured by load cells at each pan [Fig. 1(a)]. When the
accumulated submerged sediment weight reached the prescribed
threshold of 196.2 N (20 kgf), all sediments were automatically
dumped into a recirculation system and transported back to the
upstream end of the channel, allowing continuous bedload trans-
port measurement and steady boundary conditions. The temporal
resolution of the weighing pan measurement was 1.2 s. The mea-
sured sediment weight Ws was converted into volume Vs ¼ Ws=
ðρs − ρwÞ · ð1 − pÞ, where p is the channel porosity, assumed to
be 0.3; and ρs and ρw are the sediment and water densities, respec-
tively. Experimental conditions, including morpho-hydrodynamic
parameters and vane configurations, are summarized in Table 1.

Table 1. Summary of hydraulic conditions, sediment properties, bedform characteristics, and vane configurations

Variable Parameters Value Unit

Hydraulics Flow discharge (Q) 1.038 m3=s
Channel width (B) 2.75 m

Water depth above the bed (D) 0.66 m
Hydraulic radius (Rh) 0.45 m

Cross-sectional velocity (V) 0.57 m=s
Water surface slope (Sw) 0.041 %
Froude number (Fr) 0.22 —

Reynolds number (Re ¼ VD=ν) 3.78 × 105 —
Shear velocity (uτ ) 0.042 m=s

Sediment Median grain size (d50) 0.42 × 10−3 m
Settling velocity (ws) 0.063 m=s

Particle Reynolds number
�
Rep ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
Rgd350

q .
ν
�

34.63 —
Shields number (τ�) 0.26 —

Suspension number (uτ=ws) 0.67 —

Bedform Averaged height (hb) 1.3 × 10−2 m
Averaged length (λb) 0.35 m

Averaged migration velocity (ub) 2.5 × 10−4 m=s
Pan-measured averaged bedload transport (qm) 1.60 × 10−6 m2=s

Laser-measured streamwise bedload transport (qs;x) 1.14 × 10−6 m2=s

Vane Width (Bv) 0.18 m
Height (Hv) 0.06 m

Orientation angle (ϕ) 45 degrees
Projected width (Bv cosϕ) 0.13 m

Row spacing (sx) 1.08 m
Lateral spacing (sy) 0.36 m

© ASCE 04024045-4 J. Hydraul. Eng.
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The experiment procedures are described as follows. We started
the experiments with a flatbed and allowed the bed surface to
evolve for approximately 54 h to ensure the dynamical equilibrium
and uniform flow conditions. The data acquisition for the baseline
case (without the vane array) started after insignificant changes
were observed in bedload transport and water surface slope mea-
surements. After measuring the bed surface evolution and bed load
transport for 36 h in the baseline case, we locally flattened the chan-
nel bed in a region where the vane array was installed. We carried
out another experiment under the same hydraulic condition with the
vane array for 36 h to quantify the lateral sediment dynamics.

Analysis Methods

Bedform Tracking

Bedform kinematics and morphology are identified using a bed-
form tracking algorithm developed by Lee et al. (2021) with high-
resolution laser scanning bathymetry data. The algorithm first
detects every concave downward shape from the time series of
bathymetry data and finds the locations of the bedform crest and
trough based on sign changes of the spatial gradient in longitudinal

bed elevation profiles. Next, the corresponding bedform character-
istics, such as bedform migration velocity, ub, and bedform area, A,
can be estimated by tracking the locations of the identified bed-
form crests and troughs in time series. More details on the bedform
geometry extraction and tracking procedure are reported in Lee
et al. (2021).

Streamwise Bedload Transport Calculation and
Eulerian-Averaging Method

Fig. 2(a) shows an instantaneous two-dimensional field of bed
elevations, and the transect-view elevation profile along the red
dashed line is presented in Fig. 2(b), which clearly shows a wide
range of coexisting migrating bedforms of different scales. To en-
sure capturing all small-scale bedform information, the represen-
tative bedform height, hb, was estimated by dividing the bedform
area, A, to the bedform length, λ, which is defined as the distance
between the upstream and downstream troughs [Fig. 2(c)]. The in-
formation of the individual bedform migration velocity, ub, and the
bedform height, hb, are set to be stored at the crest points of each
individual bedform to represent the bedform migration [Fig. 2(d)].
The streamwise bedload transport rate, qb;x, was calculated accord-
ing to the equation (Simons et al. 1965):

(a)

(b)

(c) (d)

Fig. 2. (Color) (a) A snapshot of the instantaneous 2D field of the detrended bed surface elevation, Δη. The black dashed box shows the zoom-in
region presented in Fig. 5; (b) the streamwise transect view of the detrended bed elevation profile along the red dashed line in (a); (c) a schematic
illustrating the representative bedform height, hb, length λb, and migration velocity, ub; and (d) a visual description of the Eulerian-average mapping
algorithm.

© ASCE 04024045-5 J. Hydraul. Eng.
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qb;x
1

2
ð1 − pÞubhb ð1Þ

where p = porosity of the sediment substrate. Note that we use a
consistent porosity value to convert directly measured sediment
weight by the weighing pans into volumetric flux. All the findings
and validation discussed later are independent of p. In this study,
we proposed a new Eulerian-average grid mapping algorithm to
convert the discrete bedform characteristic data into regular grids.
Following the Lagrangian approach that was applied to investigate
individual bedform migrations [the bedform tracking method pro-
posed by Lee et al. (2021, 2022a)], the Eulerian-average method
allowed the calculation of time-averaged bedform transport charac-
teristics on the 2D (X–Y) plane by monitoring bed surface evolu-
tion for a substantially long period (36 h), in which statistical
convergence was achieved. In the Eulerian-average mapped grids,
we calculated the Eulerian-averaged migration velocity, Ub, bed-
form height, Hb, and streamwise bedload transport rate, qs;x,
among all the bedforms inside each grid at each specific time
instant (t):

fUb;Hb; qs;xgt ¼ Efub; hb; qb;xgt ð2Þ

where Efg = Eulerian-averaging operator. Note that bedforms
that cover any part of the grid must be included when performing
the Eulerian-average. We can simply follow the bedform length, λ,
as the reference region to identify how many grids were occupied
by each bedform and how many incoming or outgoing bedforms
would need to be included in the calculation for each grid. As an
example shown in Fig. 2(d), the center bedform (jþ 1) extends
to both the left (i) and the right (iþ 1) grid. Therefore, both
the left and the right grid should account for the contribution
from the center bedform in the Eulerian-average. The quantities,
Q ¼ fUb;Hb; qs;xgt, obtained here are instantaneous, QðX;Y; tÞ,
which can be used to calculate the time-averaged quantities,

Q̄ðX;YÞ ¼ hQðX;Y; tÞi, where hi represents the time-averaging
operator. This operation accounts for bedform variability and scale-
dependent migration velocity in the estimate of bedform transport
(Lee et al. 2022b, 2023).

To design the Eulerian-average window size, we need to en-
sure a sufficient number of bedforms were captured in each grid
to reach convergence in the quantities, such as qs;x, while at the
same time optimizing the window size to obtain the best resolution
of the Eulerian-average values. Following this discussion, we set
the Eulerian-average window to be 0.5 m long and 0.04 m wide and
check the numbers of bedforms in each grid with and without the
submerged vanes. Fig. 3(a) shows that in the baseline case, since no
in-stream structure exists to interfere with the flow and redirect bed-
forms, bedform numbers are generally uniform across the whole
domain, ranging from 10 to 15 in each grid. In Fig. 3(b), the pres-
ence of submerged vanes reduces the flow within the array and ex-
erts additional spatial variability on both the flow field and the bed,
leading to relatively fewer bedforms captured within the array.
However, the selected size of the grid window from baseline data,
still allowed to capture at least eight bedforms per grid, per time
instant, within the array. A convergence analysis [Fig. 3(c)] indi-
cates that qs;x, locally averaged within the center grid in the base-
line case (blue line) and the vane array case (red line), quickly
converged when the grid included more than three bedforms at each
time instant over 21 h because the substantially long period of
the measurement time ensures convergence of the time-averaged
values. In Fig. 3(d), lines representing one, four, and eight bed-
forms included in the Eulerian-average under the baseline case
(solid lines) and the vane array case (dash lines) both converged
when averaging over 20 h, which proves that the designed Eulerian-
average window size is acceptable to ensure a converging average
of local bedform transport rate. Note that this Eulerian-averaging
provides a fairly robust measure of bedform transport in a specific
location at a specific time.

Fig. 3. (Color) Time-averaged number of bedforms included in each Eulerian-average grid: (a) baseline case; and (b) vane array case. The
convergence analysis for the time-averaged streamwise bedload transport rate, qs;x, locally averaged within the center grid in the baseline case
and the vane array case, with changing (c) number of bedforms included in the grid; and (d) averaging time for one, four, and eight bedforms
included in the grid.
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Lateral Bedload Transport Quantification

A control volume (CV) theory in accordance with the mass con-
servation principle is applied to quantify the lateral bedload sedi-
ment transport so as to test the redirection efficiency by the vane
array installment. In Fig. 4, two control volumes, CV1 and CV2,
were set to evenly separate the channel into the upper (unobstructed
side) and lower (vane array) regions. The time-averaged streamwise
bedload transport rate at the beginning of the two control volumes
(X ¼ −0.5 m) is shown to be uniform across the channel in the left
panel of Fig. 4, suggesting that the volumetric sediment influx at
CV1 (qinðs;x1Þ) and CV2 (qinðs;x1Þ) are nearly the same (≈qinðs;xÞ),
and the value is equal to the whole domain-averaged streamwise
bedload transport rate, qavgðs;xÞ, which can be used as a reference
volumetric sediment flux per unit width:

qinðs;xÞ ≈ qavgðs;xÞ ð3Þ

We verified that the system reached a dynamic equilibrium
in which statistical convergence was achieved by monitoring
the time-averaged bed elevation to ensure that it remained con-
stant within the two control volumes (not shown here). Therefore,
the mass conservation of sediment in CV1 and CV2 can be ex-
pressed as

CV1∶ B
2
× qavgðs;xÞ þ L × qs;y ¼

B
2
× qs;x1 ð4Þ

CV2∶ B
2
× qavgðs;xÞ ¼

B
2
× qs;x2 þ L × qs;y ð5Þ

where qs;x1 and qs;x2 are the width-averaged streamwise bedload
transport rate at the end of CV1 and CV2, respectively. B and L
are the width of the flume and the length of the control volume
side. qs;y is the average lateral bedload transport rate, which can
be obtained by subtracting the two equations [Eqs. (4) and (5)]:

Lqs;y ¼
B
2
ðqs;x1 − qs;x2Þ − Lqs;y ð6Þ

→qs;y ¼
B
4L

ðqs;x1 − qs;x2Þ ð7Þ

However, because of the missing information within the blank
gaps between the three laser scanning regions, the measured sedi-
ment outflow could deviate from the sediment inflow across
the control volumes. Such unbalanced sediment mass could cause

errors in calculating qs;y according to the mass conservation prin-
ciple. To solve this potential issue, a mass balance correction
coefficient, CM, was introduced as a ratio between the reference
domain-averaged volumetric sediment flux, qavgðs;xÞ, and the mean
of the computed outflow transport rate in the two CVs, qs;x1 and
qs;x2, to account for the unresolved streamwise sediment flux and
ensure sediment mass balance:

CM ¼
�

qavgðs;xÞ
1
2
ðqs;x1 þ qs;x2Þ

�
ð8Þ

The value of CM varies in space and time, ranging from 0.85 to
1.18 for the baseline case and from 0.84 to 1.19 for the vane array
case. Finally, Eq. (7) can be rewritten as

qs;y ¼
B
4L

ðqs;x1 − qs;x2ÞCM ð9Þ

and the total lateral bedload transport flux in the varying sizes of the
control volumes can be obtained by multiplying the total lateral
length of the control volume:

→Qs;y ¼ qs;y × L ¼ B
4
ðqs;x1 − qs;x2ÞCM ð10Þ

The approach provides an estimation of the lateral bedload
transport while ensuring the streamwise sediment mass balance.

Results and Discussions

Temporal Bedform Evolution around the Vane Array

The physical mechanism governing the directionality of bedload
transport is based on the cross-flow component of the drag force
exerted by the vane on the incoming flow. This force steers the vane
wake in the cross-stream direction and thus directly affects the flow
near the sediment bed downstream of the vane and the local shear
stress. In critical mobility experiments (Lee et al. 2022a), the sedi-
ments were locally mobilized near the base of the vane structure,
leading to the formation of a scour region and then entrained in the
wake. The performance of the vane(s) was evaluated by measuring
how far the emerging sediment deposit was steered laterally with
respect to the vane(s) center. In the design optimization, we focused
on the lateral displacement of the deposit, compensating for the
amount of sediment displaced from the scour region (not a desired
feature). In live-bed conditions, bedforms migrate through the vane
array, making boundaries of the scour and deposit regions less

Fig. 4. (Color) A schematic of the control volume approach to quantify the lateral bedload sediment transport rate. The left panel shows a uniform
volumetric sediment influx profile, qinðs;xÞ, at the beginning of CV1 and CV2 (X ¼ −0.5 m), whose value is nearly the same as the whole domain-
averaged streamwise bedload transport rate qavgðs;xÞ.
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distinctive and unsteady, forcing us to change our methodology.
The cross-flow components of the drag, the wake, and the shear
stress persist in transitioning from critical to live-bed conditions.
However, the overall effect on sediment transport is different. The
shear stress spatial distribution and direction induced by the vane
array primarily act on the incoming bedform field, not exclusively
on the sediment in the scour hole. The macroscopic effect is a
deflection and break up of incoming bedforms, resulting in the
generation of sequences of yawed bedforms spatially evolving
along the steered wake. This can be observed in Video S1 resulting
from the laser scan measurements and in Fig. 5. These laterally
redirected bedforms are, in fact, moving sediments in the cross-
flow direction. Fig. 5 demonstrates the working principle of
the vanes in live-bed conditions, showing instantaneous bedform
fields at four selected times (9.01 h, 14.61 h, 27.20 h, and 30.35 h).
Preferential lateral redirection of bedform fields is clearly shown
by the chevron-shaped scour patterns highlighted by the magenta
lines in the black solid boxes. The patterns are shifted in the cross-
flow direction that aligns with the vane orientation and resembles
those observed in the wake of MHK turbines (Hill et al. 2014; Musa
et al. 2020) and vegetation patches (Rominger et al. 2010; Follett
and Nepf 2012; Kim et al. 2015).

Spatial Distribution of Bedform Characteristics and
Transport

Fig. 6 presents comparisons of the Eulerian-averaged bedload
transport rate, qs;x, bedform migration velocity, Ub, and bedform
height, Hb, between the baseline case and the vane array case.
When there were no submerged vanes installed, the flow generated
a uniform downstream bedform migration pattern, as Figs. 6(a, c,
and e) present relatively uniform fields of qs;x, Ub, and Hb, respec-
tively. However, after installing the array, the additional drag ex-
erted by the vanes slowed down the flow, thereby reducing both
Ub and Hb within the array [Figs. 6(d and f)]. The reduced Ub and
Hb, in turn, decreased qs;x inside the array as indicated by the blue-
colored region in Fig. 6(b). Nevertheless, all results suggest that the

bedform field recovers back to normal flow conditions when leav-
ing the vane array, as two cases show similar results of qs;x,Ub, and
Hb downstream of the vanes when X > 5 m.

The five weighing pans at the end of the channel provide a di-
rect measurement of the streamwise bedload transport rate, qm, far
downstream from the vane array, whose time-averaged values are
shown in Fig. 7(b) as a comparison to the estimated qs;x by the laser
scanning bedform tracking method. The measured qm shows the
expected bedload transport profile in open channel flows with
higher transport at the center and lower transport near the two sides
of the wall because of boundary effects similar to the baseline case
result [Fig. 7(a)]. This confirms that bedform characteristics and
transport have recovered back to normal flow conditions almost
12 m downstream (location of the weighing pans from the array),
namely 3.7 times the array length (La). The time-averaged qm
ranges roughly from 1 to 3 × 10−6 m2/s and the overall mean
qm is 1.7 × 10−6 m2=s in the baseline case and 1.6 × 10−6 m2=s
in the vane array case, which has the same order of magnitude as
the measured domain-averaged qs;x (qavgðs;xÞ ¼1.14×10−6m2=s).
The two measured values validate the Eulerian-average method ap-
plied to laser-scanning bedform tracking data.

To further investigate the local spanwise variations of bedload
transport rates along the channel, cross-stream profiles at five X
locations (X ¼ 1 m, 3 m, 5 m, 7 m, and 9 m) were plotted in Fig. 8,
showing the comparison between the baseline case (black dashed
line) and the vane array case (red solid line). The result shows a
clear reduction of qs within the vane array region (Y < 1.5 m) and
a slight increase on the unobstructed side (Y > 1.5 m) at X ¼ 3 m
for the case with submerged vanes. However, the bedload transport
system tends to adjust itself back to the baseline flow condition
downstream of the vanes, as two cases show nearly the same pro-
files at X > 5 m. A first quantitative estimate of the vane array
effect on the sediment transport can be based on the spanwise dis-
tribution of the bedform mass flux (see the red line in Fig. 8).
Downstream of the center of the array (X ¼ 3 m), in the unob-
structed flow region, at y1 ∼ 2 m, the mass flux qs;x peaks at 1.34×
10−6 m2=s, while the corresponding mass flux within the array,

Fig. 5. (Color) Instantaneous bedform fields acquired at four different time instants to demonstrate the upward-tilted direction of the migrating
bedforms in the wake of vanes: (a) 9.01 h; (b) 14.61 h; (c) 27.20 h; and (d) 30.35 h after starting the data acquisition. The zoom-in region selected
for the panels is shown by the black dashed box in Fig. 2. The magenta lines indicate the upward-tilted crest of the chevron-shaped scour pattern that
forms behind the vanes.
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at 0.5 m < y2 < 1 m, is in the range of qs;x ¼ 0.58 to 0.82×
10−6 m2=s. The percentage difference quantifiable as ½qs;xðy1Þ −
qs;xðy2Þ�=qavgðs;xÞ ranges from 32% to 66%. Conversely, note
that the spanwise distribution of qs;x for the baseline in the same
location (black dashed line) is homogeneous, as expected. This
maximum observable change in the spanwise distribution of the
streamwise mass flux reflects all the physical mechanisms occur-
ring at the array scale, including (1) bedform and bedload lateral

steering by single vanes (Fig. 5), along with (2) the distortion of the
mean flow because of the asymmetric distribution of the vanes in
the channel inducing an accelerated flow in the unobstructed side,
as opposed to a velocity deficit zone within the array. This inferred
flow distortion has been observed along with the formation of
forced bars induced by a relatively wide porous wall perpendicular
to the flow Redolfi et al. (2021) and by a spanwise array of hydro-
kinetic turbines Musa et al. (2019). In both cases, the obstructions
(i.e., the wall and the turbines) were installed on half-side of the
channel, creating an accelerated flow on the unobstructed side
and a velocity deficit, i.e., a wake, downstream of the obstruction.
The flow distortion affected bedload sediment transport, generating
faster bedforms–higher transport on the unobstructed side (where
erosion was observed) and slower bedforms–lower transport in
the wake (where deposition was observed), overall resulting in
a streamwise mass flux imbalance. Therefore, we expect that
strongly asymmetric roughness distributions play a significant role
in the spanwise modulation of the mass flux, even when single
roughness elements are not designed to induce a lateral component
of the bed shear stress, sustaining lateral transport or bedform steer-
ing, as the vane tested here.

Lateral Bedload Transport Induced by a Yawed
Submerged Vane Array

Following the control volume approach discussed in the section
“Lateral Bedload Transport Quantification,” we set the upstream
boundary of the two CVs right upstream of the submerged vane

Fig. 6. (Color) Spatial evolution of Eulerian-averaged fields: (a and b) the streamwise bedload transport rate, qs;x; (c and d) bedform migration
velocity, Ub; and (e and f) bedform height, Hb, in baseline cases (a, c, and e) and vane array cases (b, d, and f).

Fig. 7. (Color) The direct measurement of time-averaged streamwise
bedload transport rates, qm, by the five weighing pans set up at the end
of the flume in (a) baseline case; and (b) vane array case. Pan 1 and
Pan 5 are the leftmost and the rightmost pans when looking at the
downstream side. The overall mean qm is 1.7 × 10−6 m2=s in the
baseline case and 1.6 × 10−6 m2=s in the vane array case.
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array at X ¼ −0.5 m and varied the CVs’ length by moving the
downstream boundary from X ¼ 0 m to X ¼ 10 m with a 0.5 m
increment as shown in Fig. 9(a). This is set to obtain a different,
robust discretization of qs;x in control volume subsets. The cor-
responding x-dependent averages of the lateral bedload transport
rate, qs;y, according to Eq. (9), are hereinafter, defined as the evo-
lutionary means within the control volumes.

As indicated by Eq. (9), the final form of qs;y depends on the
difference of volumetric sediment outflux from CV1 and CV2

(qs;x1 − qs;x2). Fig. 9(b) shows the varying qs;x1 (solid black line)
and qs;x2 (dashed grey line) with the changing size of CV1 and CV2

in the vane array case, in fact showing the longitudinal profile of
the averaged streamwise sediment flux of the two-channel regions.
As discussed, when comparing spanwise heterogeneity in the
streamwise mass flux distribution, within the region of 0 < X <
5 m, the submerged vanes hinder the streamwise bedload transport,
resulting in a lower qs;x2 that infers an upward lateral bedload trans-
port. Then, qs;x2 starts to increase near the downstream edge of the
array (indicated by the right boundary of the shaded area) and sur-
passes qs;x1 further downstream (X > 5 m) as the system tends to
readjust itself back to the uniform condition with no in-stream
obstacles.

Fig. 8. (Color) The cross-stream profiles of streamwise bedload transport rate, qs;x, at five different locations along the red dashed lines shown in
Fig. 6 under baseline case (black dashed line) and vane array case (red solid line).

Fig. 9. (Color) (a) A demonstrative schematic explaining the changing size control volume approach; and (b) the volumetric sediment outfluxes, qs;x1
and qs;x2, at the interface of CV1 and CV2 with changing control volume sizes in the vane array case. The blue shaded area marks the longitudinal
region occupied by the vane array, while the red dotted line indicates the location of the maximum difference between qs;x1 and qs;x2.
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The difference between qs;x1 and qs;x2 results in an evolution-
ary lateral bedload transport as presented in Fig. 10(a). The grey
bars show nearly zero lateral transport in the baseline case.
However, the black bars display a net positive qs;y from X ¼ 0 m
to X ¼ 5 m, with the maximum value ≈2 × 10−7 m2=s at X ¼
1 m, followed by a gradual decrease, eventually reaching a net
value qs;y ≈ 0 when X > 5 m. The positive values along the chan-
nel highlight the extent of the desired sediment redirection by
deploying a yawed submerged vane array. Compared to the base-
line case where qs;y is nearly zero, the value of qs;y within the vane
array ranges from 1 × 10−7 to 2 × 10−7 m2=s, which is between
9% to 18% of the averaged streamwise transport rate, (qavgðs;xÞ ¼
1.14 × 10−6 m2=s). Note that the qs;y represents the average lat-
eral transport per unit width. To identify the region within the
array, most affected by lateral transport under the current setup,
we can look at the cumulative, or total, lateral transport Qs;y,
integrated over the ½0 − X� range. Following Eq. (10), the total
lateral bedload transport flux in the varying size of the control
volumes Qs;y is shown in Fig. 10(b). The location of the total lat-
eral transport flux peak is at about X ¼ 2.5 m, corresponding to
2.3 times the row distance sx, or 0.77 the total length of the array
La (La ¼ 3sx). The peak location is consistent with the observed
maximum difference between qs;x1 and qs;x2, as shown by the dot-
ted red line in Fig. 9(b). This occurs near the third row of the vane
array, suggesting that perhaps the last set of vanes is too sheltered
by upstream wakes to perform optimally. Although the bedform
characteristics seem to recover downstream of the array, the vanes’
net effect on the lateral transport, driven primarily by contributions
from the upstream vanes of the array, remains until X ¼ 5 m,

which corresponds to the switch point of the evolutionary qs;y
shown in Fig. 10(a).

We acknowledge that the correct scaling parameters for the
peak location of Qs;y and the overall streamwise extent of the vane
ðsx;LaÞ are not unambiguously defined, and more experiments will
be needed. We also note a weak dampened oscillation of the lateral
transport X > 5, which could be a signature of channel bathymetric
distortion and thus deserve further analysis.

To obtain a more local description of lateral transport, we now
applied mass conservation of sediments in progressive channel
bed areas with a pair of moving control volumes [Fig. 11(a)]. The
control volumes are designed under a fixed length, L ¼ 1.5 m, and
a 50% (0.75 m) overlapped area between each moving window. In
this case, the volumetric sediment influx is no longer the domain-
averaged streamwise bedload transport rate as we applied previ-
ously [Eq. (3)]. Instead, the sediment influxes at CV1 (qinðs;x1Þ)
and CV2 (qinðs;x2Þ) might be different (at least within the array
region), and they can vary depending on the locations of the two
control volumes. Therefore, Eqs. (4) and (5) will need to be revised
for the moving control volume approach:

CV1∶ B
2
× qinðs;x1Þ þ L × qs;y ¼

B
2
× qs;x1 ð11Þ

CV2∶ B
2
× qinðs;x2Þ ¼

B
2
× qs;x2 þ L × qs;y ð12Þ

Following the same procedure for obtaining Eq. (6), the mean
lateral bedload transport rate in the moving control volumes will be
updated as [Eqs. (11) and (12)]:

Fig. 10. (Color) The computed lateral bedload transport within the changing size of the control volumes under baseline and vane array scenarios.
The color contour represents the streamwise bedload transport rate, qs;x½m2=s�. The red vertical axis on the right refers to the overlaid vertical bar
graph which shows: (a) averaged lateral bedload transport rate per unit length, qs;y½m2=s�; and (b) total volumetric lateral bedload transport flux,
Qs;y½m3=s�, for both the vane array (black bars) and baseline (gray bars) case.
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qs;y ¼
B
4L

ððqs;x1 − qs;x2Þ − ðqinðs;x1Þ − qinðs;x2ÞÞÞ ð13Þ

According to mass conservation, the lateral averaged stream-
wise bedload transport rate should be constant across the whole
channel. That is to say, no matter where the moving control vol-
umes move to, the average streamwise bedload transport rates
entering or exiting the control volumes should be the same, which
has proven to be qavgðs;xÞ. Therefore, another mass balance factor,
CMðinÞ, would be required for the measured sediment influx to cor-
rect the potential errors because of the blank gaps between the three
laser scanning regions, like introducing CM to correct the measured
sediment outflux:

CMðinÞ ¼
"

qavgðs;xÞ
1
2
ðqinðs;x1Þ þ qinðs;x2ÞÞ

#
ð14Þ

Finally, Eq. (13) can be rewritten as

qs;y ¼
B
4L

ððqs;x1 − qs;x2ÞCM − ðqinðs;x1Þ − qinðs;x2ÞÞCMðinÞÞ ð15Þ

Fig. 11(b) presents the local (as opposed to the evolutionary)
qs;y along the channel. The gray bars once again illustrate a rela-
tively low lateral transport in the baseline scenario, whereas the
black bars depict elevated positive local values of qs;y at the begin-
ning of the upstream vane array region from X ¼ 0 m to X ¼ 1 m.
This shift is attributed to transitioning from a uniform downstream-
migrating bedform field to an upward-redirected field induced by
the yawed submerged vanes. As the vanes’ wakes merge, the cen-
tral portion of the array experiences a likely reduced flow velocity
(Lee et al. 2022a), and the distortion of the bedforms contributing
to lateral transport is diminished. At approximately midlength of
the array (X ∼ 2.5 m), the local effect is negligible, and the lateral
flux starts to switch, bringing sediment back toward the array side.

The switch point (X ∼ 2–2.5 m) marks the extension of the local
vanes-induced lateral mobility, and it corresponds to the maximum
total lateral transport flux Qs;y [Fig. 10(b)]. Therefore, it is inferred
that this would be the recommended location on the unobstructed
channel side where an ideal sediment-capturing system or the up-
take for a sediment bypass tunnel can be placed.

Note that this negative qs;y at the exit of the vane array revealed
by the lateral flux estimation methods is not reflected by a clear yaw
in the bedforms movement in the same direction (see Video S1).
We speculate that, in this specific location, bedforms migration
might not be the dominant transport mechanism for the lateral flux
of sediments, which might be locally mobilized via sliding because
of a local increase and distortion of the mean flow and the shear
stress. This is supported by the lower order of magnitude of qs;y
compared to qs;x. This argument reinforces the CV approach. It al-
lows us to capture the lateral flux, which may result from different,
weaker transport mechanisms, as opposed to the streamwise flux,
which is dominated by bedform dynamics and is, in fact, measured
by tracking their kinematics and morphology. This variation in
lateral transport directionality is likely an array-scale effect that
redistributes sediments in the cross-flow direction to reestablish
the baseline bedform transport downstream. The transition is fairly
gradual, as we observe here. Then, after the lateral flux reverts
toward the array side within the last row, small dampening oscil-
lations are observed along the channel. This behavior can be
observed in both the integrated and local fluxes in Figs. 10(b)
and 11(b), respectively. This oscillating sediment flux resembles
the steady, spatially decaying bed distortion effects observed by
Musa et al. (2018b) and Redolfi et al. (2021). Based on the latter
work and predictive modeling, we speculate that under specific
hydraulic conditions—defined by the channel B=H ratio and de-
fined as resonant in Redolfi et al. (2021)—the spatial oscillations
of lateral bedform transport may extend farther downstream. How-
ever, it is worth mentioning that our experiments were performed

Fig. 11. (Color) (a) A demonstrative schematic of the moving control volumes approach for calculating the local mean lateral bedload transport rate;
and (b) the local mean lateral bedload transport rate within the moving control volumes under baseline and vane array scenarios. The color contour
represents the streamwise bedload transport rate, qs;x½m2=s�. The red vertical axis on the right labels the computed averaged lateral bedload transport
rate, qs;y½m2=s�.

© ASCE 04024045-12 J. Hydraul. Eng.

 J. Hydraul. Eng., 2024, 150(6): 04024045 

 T
hi

s 
w

or
k 

is
 m

ad
e 

av
ai

la
bl

e 
un

de
r 

th
e 

te
rm

s 
of

 th
e 

C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

4.
0 

In
te

rn
at

io
na

l l
ic

en
se

. 

http://ascelibrary.org/doi/10.1061/JHEND8.HYENG-14076#supplMaterial


without the envisioned sediment collector system. Effectively re-
moving sediments precisely where the lateral transport initiates and
peaks may potentially prevent the observed directional shift in the
first place or, at the least, dampen the ensuing oscillations of the
lateral flux.

Conclusion

A series of experiments in a large-scale channel in live-bed con-
ditions were conducted to monitor and quantify the lateral sedi-
ment transport steered by an array of yawed submerged vanes.
The methodology was based on the estimate of local streamwise
transport by bedform migration and on the conservation of mass
in control volumes of different sizes and locations for lateral
transport estimation. The vanes in the array were observed to in-
duce a spanwise modulation in the streamwise mass flux, with
peak differences between the array side and the unobstructed side
estimated to be between 32% and 66%. This is partly because of
an array-scale flow distortion, reducing transport in the vane re-
gion where resistances are increased, and partly to the lateral
mass flux component induced by each vane. The latter, underly-
ing physical mechanism is the redirection of bedforms toward the
unobstructed side of the channel, where sediment transport is
maximized. The result shows that the vanes were able to effec-
tively redirect 9% to 18% of the streamwise-transport sediment
laterally toward the side of the channel. The effect was local,
within the scale of the array, with the lateral mass flux peaking
at approximately the third row of vanes (for this specific configu-
ration). Starting at the downstream end of the array, the steering
effect of the vanes is inferred to be counteracted by a mean flow
and shear stress distortion that contributes to restoring a nearly
uniform spanwise distribution of the sediment flux. The spatial
transition to uniform conditions seems to extend up to one array
length downstream of the vanes. The main takeaway messages
are (1) permeable vanes can steer the sediment, as previously ob-
served in Lee et al. (2022a), even when they are significantly
submerged and in live-bed conditions; (2) the spacing of the
vanes within the array, based on the wake induced by the single
component and thus scaling with the vane width, works as
previously observed in critical mobility conditions (Lee et al.
2022a); (3) the overall sediment steering induced by the array is
maximized at the end of third row of vanes, before the down-
stream end of the array; and (4) the methodology developed for
the quantification of lateral sediment flux, from bedform tracking
(Lee et al. 2021) to a regular grid remapping, can be extended to
study alternative engineering methods for controlling downstream
sediment transport.

The proposed implementation of the strategically positioned ar-
ray of yawed porous vanes is envisioned to improve the efficiency
of sediment collection upstream of reservoirs and redirect it down-
stream of dams via sediment bypass channels. This design would
mitigate reservoir sedimentation and allow sediments to follow a
more natural path through the river. This pilot study successfully
developed the methodology and metrics to identify optimal sedi-
ment capture locations. However, it should be noted that the study
was conducted without side channels (or any type of sediment
collectors) to isolate the effects of the vane array. As discussed,
adding a side channel or sediment collectors to simulate a bypass
tunnel will likely alter local hydrodynamics and sediment transport
patterns. Therefore, future studies should focus on investigating the
combined effects of sediment redirection by submerged vanes and
sediment extraction by bypass channels. Testing the combination of
the vane array with a sediment capture system may also reveal

whether the array-scale effect would still lead to sediment flux
restoration or, instead, be characterized by amplified large-scale
oscillations, such as those observed by Redolfi et al. (2021).

Future work should also be devoted to investigating how the
submergence ratio and the vane drag area, relative to the cross-
section, would affect the lateral transport efficiency and the stream-
wise location of maximum lateral transport. In general, even if the
array configuration design, based on the critical mobility study by
Lee et al. (2022a), produced the same steering mechanism in the
current experiments, further tests should be performed to verify
that the adopted design parameters remain optimal in live bed as
well. It is crucial to ensure that the effectiveness of the array in
steering sediment is maximized across different flow regimes
and bed material compositions, in particular under the various hy-
draulic, bedform, and sediment transport conditions encountered in
natural settings.

Another important mechanism to be studied in the future is the
role of suspended loads on the lateral sediment flux redirectionality
by vanes. More complex intertwined interactions among turbulent
flows, suspended loads, and migrating bedforms are expected when
suspended load contributions become significant. Simultaneous
measurements of flow velocity, bed load transport, suspended sedi-
ment concentration, and characteristics of migrating bedforms
are experimentally challenging. Fully coupled hydromorphody-
namic computational fluid dynamic simulations (Khosronejad and
Sotiropoulos 2014; Sotiropoulos and Khosronejad 2016) can be
valuable tools to investigate the effect of different transport regimes
in such complicated sediment–structure interactions. We, however,
expect that the lateral drag component will still act on the flow and
on the suspended sediment but that the lateral mass flux will likely
be dependent on the vane height to flow depth ratio.
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