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Abstract: A few decades ago, river erosion protective approaches were widely implemented, such as
straightening the river course, enhancing riverbed/bank stability with layers of concrete or riprap, and
increasing channel conveyance capacity (i.e., overwidening). However, recent research has established
that such practices can be tremendously costly and adversely affect the rivers’ ecological health. To
alleviate these effects, green river restoration has emerged as a sustainable and environmentally
friendly approach that can reduce the negative impact of the riverbed and bank destabilization and
flooding. One of the typical green restoration measures, especially for instream habitat improvement,
is the establishment of instream vegetation, which leads to a more diversified flow regime, increasing
habitat availability and serving as refugia for aquatic species. Within the perspective presented
above, flow–vegetation interaction problems for several decades received significant attention. In
these studies, rigid rods have commonly been used to simulate these vegetative roughness elements
without directly assessing the riverbed destabilization potential. Here, an experimental study is
carried out to investigate the effect of different instream vegetation porosity on the near-bed flow
hydrodynamics and riverbed destabilization potential for a range of simulated vegetation species.
Specifically, the flow field downstream, four distinct simulated vegetation elements is recorded using
an acoustic Doppler velocimetry (ADV), assuming about the same solid volume fraction for the
different vegetation elements. In addition, bed destabilization potential is assessed by recording with
optical means (a He-Ne laser with a camera system) the entrainment rate of a 15 mm particle resting
on the uniform bed surface and the number of impulses above a critical value. Results revealed
that the number of impulses above a critical value at the normalized distance equal to two is a good
indicator for cylinder and five for other vegetation to assess the riverbed destabilization potential.
The experimental findings from this study have interesting geomorphological implications regarding
the destabilization of the riverbed surface (removal of coarse particles induced by high magnitude
turbulent impulses) and the successful establishment of seedlings downstream of instream vegetation.

Keywords: instream vegetation; entrainment rate; coarse sediment; flow turbulence; impulse;
sensors; instrumentation

1. Introduction
1.1. Parameters for Sediment Movement

Instream vegetation is significant for preserving rivers’ ecological health (providing
safe refuge for fish habitats) but also protecting riverbed stability, which is considered the
main challenge for critical infrastructure systems [1–3]. Recent climate change projections
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also highlight that extreme weather events are expected to increase in number [2]. This
will add significant stress to riverine systems due to incidents associated with extreme
flooding events leading to evolving erosive processes [4]. For instream vegetation in the
riverbed channel, obstacle-induced turbulence in the vicinity of vegetation could initiate
particle movement that could potentially affect the fluvial geomorphology and the bank sta-
bility [5,6]. In fluvial hydraulics, modeling flow fields and sediment entrainment rate in the
presence of vegetation remains one of the most complex problems [7,8]. Therefore, deeply
understanding the role of vegetation on sediment movement is highly critical in terms of
its effect on streambank stability and riverbed morphology. In recent years, submerged
vegetation in open channels has been extensively researched regarding its effect on flow
resistance [9–12], which is one of the main reasons for resisting sediment entrainment.

The complex processes of flow field modification downstream vegetation elements,
and whether different vegetation characteristics promote or demote the potential of bed
surface destabilization have been explored by a plethora of research studies also using
data-driven methods [13–15], in the last two decades. For flows through rigid vegetation
patches, transport of bed surface material increases with generally increasing boundary
shear stresses due to higher instream vegetation density [16–21]. Scour/deposition patterns
on the riverbed, which is the responsible process for the expansion of instream patches,
are mainly controlled by secondary flow and turbulence events generated around the
plants [22,23]. For flows through instream vegetation, shear stresses near the riverbed have
generally been considered as a key factor affecting riverbed surface stability. However,
using boundary shear stresses to quantify sediment entrainment, is highly uncertain for
open channel flows and practically fails for more complex flows such as around aquatic or
riparian vegetation [21,24,25]. The shear flow velocity has been historically related to the
boundary shear stress [26] in studying the effect of near-bed surface flow hydrodynamics
on sediment entrainment. Many studies have been conducted by researchers to investigate
the interaction between the particle movement and flow structures, such as mean flow
velocity [27], and turbulence intensity [28] downstream vegetation elements. The density
of vegetation (for both emergent and submerged vegetation) has been researched regarding
removing its effect on the riverbed stability [29]. More recent research supports that
turbulent kinetic energy is another relevant metric for studying sediment motions starting
around instream vegetation [30,31].

Destabilization of the bed surface is a particle scale process that happens due to the
combined strength of the mean and turbulent flow field downstream an obstacle to the
flow, such as instream vegetation. The interaction of instream vegetation with the flow
field including the generation of vortices shed downstream of it, and the complex ways
this may lead to enhancing the risk of bed surface destabilization, are of strong interest to
study. The possibility of particle movement varies with the magnitude of coherent flow
structures and vortices acting on particles resting on the bed surface (filled black circle), as
shown in Figure 1. Following the advection of a high magnitude flow structure, an exposed
bed surface particle may get fully dislodged (dotted circle, Figure 1).

The criterion of critical bed shear stress gradually came into the researchers’ sight as
a predictor of particle incipient motion in the vicinity of instream vegetation [32]. Some
empirical equations based on near-bed velocity have been developed for bed shear stress cal-
culation carried out in laboratory and field conditions [33]. Ref. [34] suggested an equation
for shear stress estimation based on mean bed material diameter (d50) and grain size distri-
bution. The estimation criterion called Shields diagram for initiation of sediment motion
indication was first made by [26] by building a relationship between the non-dimensional
shear stress and the boundary Reynolds number. Many researchers have widely employed
the Shields diagram as the primary method for incipient motion assessment.
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Figure 1. Sketch of the physical processes leading to the destabilization of the riverbed surface
downstream of the instream vegetation, in an open channel flow (with mean flow velocity U and
depth Y); the exposed particle (black closed circle) resting on the riverbed surface, is swept away
(dashed open circle) by a coherent flow structure.

Nevertheless, subsequent researchers [35–37] suggested reconsidering the threshold
value of shear stress since the collected experimental data resulted in a high degree of
scattering on the Shields diagram. As a result, more criteria such as the critical stream
power [38] and the critical discharge [39–41] are employed by researchers for incipient
motion in experimental flow conditions. However, these researchers did not consider
the influence of solid/flexible vegetation-induced turbulence and coherent structures
on sediment movement. Therefore, how to best assess riverbed destabilization is not
fully explored, and a research gap remains, especially when considering the complex
interplay of coherent flow structures and resulting sediment entrainment downstream
instream vegetation.

Previous studies of the particle’s initial movement from the riverbed, which discussed
the time-averaged bed shear stress without the plants present, were demonstrated to be
inaccurate with vegetation [21,42]. In addition, previous works have also studied the effec-
tiveness of such indicators, such as: velocity fluctuations [43]; turbulence structures [42];
and vortices [44,45]. Ref. [46] elaborates that the force is another criterion for sediment
movement study when the acting force on a particle is larger than the resisting force.
However, recent research proved that in regions with vegetation, the turbulent kinetic
energy (TKE) performs better than previously discussed indicators in the prediction of the
incipient motion of [21,31,43,47–49]. Furthermore, recent studies in the literature [50,51]
have shed more light on the crucial role of fluctuating hydrodynamic forces for sediment
particle movement, while a new sediment entrainment criterion based on the impulse
theory, has been presented as a more robust and reliable predictor [47] and thus warrants
further investigation herein.

1.2. Sediment Motion around Porous Vegetation

Vegetation morphology potentially influences the riverbed and riverine stabilization
systems in the river. Many researchers show that aquatic and instream vegetation protect
the riverbed surface from destabilization via reinforcement through its root system [52–54].
Refs. [55,56] elaborated that the different density of vegetation affects flow structure. [57]
concluded that a high density of submerged vegetation could markedly prevent sediment
movement and can retain up to 80% of the number of particles downstream of the vegeta-
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tion. In addition to the vegetation density, Refs. [58–60] studied the influence of different
vegetation sizes, shapes, and heights on sediment entrainment. Ref. [56] stated that the
working mechanism of vegetation on sediment entrainment comes from the induced drag
forces in terms of the restrain of momentum exchange by the frontal surface area when river
flow passes through the vegetation. Conversely, Ref. [61] demonstrated that the vegetation
patch could cause a higher particle entrainment rate due to increasing turbulence intensi-
ties under the same velocity condition. Instream vegetation generates higher turbulence
intensity compared with no vegetation conditions [61]. Furthermore, the increase in the
solid volume fraction of the plant leads to stronger turbulence downstream of vegetation,
thus increasing the particle entrainment rates [62]. In addition, a submerged patch of simu-
lated vegetation has been studied regarding its relative impact on the extent of suspended
sediment deposition with the aspects of vegetation element height and diameter [63] and
channel velocity and stem-generated turbulence [64].

Previous methods for destabilization assessment based on the above-discussed param-
eters involve significant uncertainties emerging from the limitations of the phenomenologi-
cal or empirical approaches they are based on, using surrogate flow parameters such as the
mean flow or Shield’s shear stresses. In contrast, this research aims to study the riverbed
destabilization downstream instream vegetation patches by considering the actual dynamic
process of particle-scale entrainment due to coherent flow structures shed downstream
of them, having sufficient energy to result in full coarse particle entrainment. The main
objective herein is to employ a modern dynamical criterion for particle entrainment, such
as the impulse criterion [47,65], which is hypothesized to be appropriate for parameteriz-
ing the strength of coherent flow structures in removing riverbed material past instream
vegetation patches, as shown in Figure 1. Here, in addition to the above criterion, the
robustness of an optical system based on a helium–neon (He-Ne) laser with a camera, is
also explored for directly assessing the riverbed destabilization downstream of instream
vegetation patches. This research presents a physically sound data driven approach based
on the impulse criterion which is considering the conservation of momentum at a particle
scale, where coherent flow structures downstream vegetation patches are sporadically (flow
near threshold flow conditions) able to transfer enough momentum (via the flow impulses)
towards the removal of coarse sediment particles.

2. Experimental Setup and Protocol
2.1. Experiment Setup

All experiments are carried out under uniform and steady flow conditions, at the
main research flume of the hydraulic laboratory at the University of Glasgow, UK. The
physical experiments are conducted in the water recirculating flume sized 90 cm wide and
12 m long, utilizing a 1.1 kW powered pump, which is capable of driving the water from
the storage tank up to a flow rate of 3.6 m3/s. The flume has transparent glass on both
sidewalls to facilitate visual observations and a steel frame to stabilize the entire flume.
The experimental working section was located 525 cm downstream of the head tank and
175 cm upstream of the tailgate with a bed slope of 1/1000, where the flume bottom has a
hydraulically smooth steel floor bed. The flume’s bottom was paved with vertically graded
gravels (size increasing from bottom to top about 5 cm high) to achieve hydraulically rough
flow conditions, and the flow depth was 13 cm at the test section. The platform trailer on
the iron rail is designed to accommodate and position the acoustic Doppler velocimetry
(ADV), as shown in Figure 2. The velocity profiles were taken utilizing the ADV when the
steady flow conditions were achieved. Here, the He-Ne laser system with camera is also
explored for assessing the riverbed destabilization downstream vegetation.



Water 2022, 14, 2880 5 of 23

Figure 2. Schematic diagram of the side and top views of the experimental flume. Vertical green
dashed lines denote the corresponding components between the two views.

2.2. Vegetation Elements

This experiment included two groups of model vegetation elements arranged inside
circular areas with the same mean outer diameter of 110 mm. The criterion for selection of
this diameter of vegetation was eliminating boundary effects with flume sidewalls. The
first group included simulated vegetation patches comprising different numbers of rigid
rods of 6 mm diameter achieving different densities, as shown in Figures 3b,c and 4. The
distinct porosity rigid vegetation elements are characterized by the number of rods within
the patch—C5, C13, C25, C45, C69, and C—with corresponding densities of 1.25%, 3.15%,
6.25%, 11.25%, 17.25%, and 100%, respectively, as listed in Table 1. The volumetric ratio
refers specifically to the solid volume ratio to the total volume. This group explores the
particle entrainment downstream vegetation with rigid and high porosity characteristics.
The second group includes four distinct vegetation types such as cylindrical elements, an
array of small cylinders, plastic simulated shrubs, and patches of flexible live vegetation,
as shown in Figure 3. It mainly focuses on the exploration of flexible and rigid porous
vegetation. First, the flow measurements were taken by positioning the ADV along a
grid of locations (seven distinct locations, each being one vegetation patch diameter apart
downstream from the simulated vegetation patches) along the central line of the flume
(Figure 2). Then, the particle measurements were completed, placing the particle at each
distinct pocket downstream of the vegetation elements (corresponding to the distances
about one diameter downstream from the element).

Figure 3. The first experimental group of vegetation analogs with a diagrammatic sketch and picture;
the circle under each sketch represents the maximum diameter of the corresponding vegetation element.
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Figure 4. Demonstration of the simulated vegetation elements comprising the second experimental
group design for different porosity (ρd) of vegetation; smaller circles (of diameter d) represent the
rod diameter used to simulate the individual element within the vegetation patch, identified with Ci

(where i the number of rods within the patch).

Table 1. Instream vegetation characteristics with different number of rigid dowels and density.

C5 C13 C25 C45 C69 C

N 5 13 25 45 69 NA
ρd (%) 1.25 3.25 6.25 11.25 17.25 100

In Figure 3a, the solid cylinder represents the non-porous and rigid vegetation, such
as tree trunks. The rigid hexagonal array of circular cylinders, may represent an array of
tree trunks, reeds, or tree roots, as shown in Figure 3b. Shrub in Figure 3c represents the
instream shrub without any bending during the tried flows. Finally, Figure 3d shows the
live instream vegetation with flexible fronds representing the bending plant. The outer
diameter for all the simulated vegetation elements was assumed to equal 10 cm. It is
important to establish a clear porosity variation among these vegetation elements according
to these vegetation characteristics (PC < PA < PS < PL, where PC, PA, PS, and PL
represent the vegetation element porosity of cylinder, array, shrub, and live, respectively).

The number part in C5, C13, C25, C45, and C69 in Figure 4 denotes the number of rods
installed in each patch. The C represents the full cylindrical pier model and d′ (=6 mm)
indicates the distance from the edge of the patch to the nearest rod. Figure 5a is a picture of
the test section with pier model, ADV and 3D printed layer. Figure 5b shows the vertical
view of patches and the 3D printed spherical layer, and Figure 5c illustrates the side view
of patches with different numbers of rods. The different porosity of instream vegetation is
simulated by combining an artificially made patch (D = 120 mm) with a different number
of solid rods (d = 6 mm), as shown in Figures 4 and 5b,c.

The range of vegetation types and porosity is chosen to match the typical ranges
assessed in the literature. For example, the types of vegetation shown in Figure 3 have
been assessed by ([66]; see Table 1 therein) referred to as the solid cylinder (Figure 3a),
hexagonal cylinder (Figure 3b), emergent vegetation (Figure 3c) and submerged vegetation
(Figure 3d). For the case of simulated vegetation elements of distinct porosity, the choice of
a range of the vegetation densities formed by the individual plastic rods (d = 0.006 m) is
characteristic of very sparse to dense arrangements, similar to what is found in meadows
or mangrove systems and natural marshes (including spartina species) [67].



Water 2022, 14, 2880 7 of 23

Figure 5. (a) Perspective view of the test section involving the 3D printed layer of spherical uniformly
sized particles (with diameter 2.5 cm) downstream of the flow obstacle. Particle entrainments are
validated with the top view camera (see holder above the water surface) and flow measurements are
obtained with the Vectrino I® ADV (Nortek, 1351 Rud, Norway); (b) top view of the 3D printed bed
surface along with the different patch densities; and (c) side view of the different patch densities used.

2.3. Velocity Measurements

In high and low flow conditions, the matrix three-dimensional velocity profiles were
recorded in seven longitudinal measurement points downstream vegetation elements using
acoustic Doppler velocimetry (ADV) [68]. The ADV is vertically mounted on a moving
platform capable of parallelly moving along the flume for recording the flow velocity for
four minutes period at 25 Hz at an optimized configuration to minimize flow measurement
uncertainties [69,70] sampling rate downstream of the vegetation with seven normalized
distances. As the water flows through the ADV (Vectrino I©, Nortek, 1351 Rud, Norway)
side-looking probe, the velocity will be instantaneously recorded at the measurement
volume 5 cm upstream of it with a negligible effect on the flow field. The velocimetry
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recording duration is sufficiently long to allow reconstruction of the mean and turbulent
flow velocity profiles.

As shown in Figure 6, the test section is designed so that in all the experiments ADV
measurements were performed in fixed positions, just upstream of each instrumented
particle position: 3 mm, 6 mm, 12 mm, 20 mm, 30 mm, 55 mm, 80 mm, and 105 mm
above the bed. The hydraulic conditions were kept the same between tests. The black
cylinder represents the planted submerged vegetation elements with a designed diameter
of D. As shown in Figure 3, the cylinder and array have a diameter of 110 mm while the
shrub and live vegetation have an average diameter of 110 mm. To adequately characterize
the variation of particle entrainment rate, an instrumented particle is adopted here and
accurately positioned along the centerline of the seven longitudinal distances to visually
read the number of movement times.

Figure 6. Sketch of the experimental test section showing the flow measurement grid comprising
of point locations of ADV velocity measurements (red points) downstream the vegetation element
(represented with a black rectangle on the upstream), and the bed surface locations for placing the
instrumented particle (black circles).

2.4. Instrumented Particle and Experimental Arrangement

This section tests two groups of particles to monitor the riverbed destabilization
potential downstream of the vegetation elements mentioned above. The first group includes
three different sizes of instrumented particles with diameters of 30 mm, 40 mm, and
70 mm, and the second group is normal particles with a size of 15 mm and 20 mm,
as shown in Figure 7. Particles with different particle sizes are used because there is
no entrainment event when the particle diameter is tested from large to small until the
particle with a diameter size of 15 mm is tested. Ref. [69] demonstrated the ability of
instrumented particles to assess riverbed destabilization potential through the recorded
particle entrainment. The entrainment rate of the novel instrumented particle is read
through embedded microelectromechanical sensors (MEMS), which enable the recording of
the particle’s three-dimensional displacement. Compared to past versions developed at our
lab, this instrumented particle features miniaturized size and deployment improvements
(including deployment time, waterproofing, and rugged shell). However, changes in
any riverbed condition may potentially influence the entrainment of particles. Therefore,
controlling the properties of this test section becomes extremely important. For this reason,
a 3D printed riverbed layer was made by a diagonal array of hemispheres of the same
diameter as the instrumented particle, as shown in Figure 7a,e. In addition, the pin
behind the instrumented particle restricts its downstream entrainment by only allowing a
1.25 mm movement.
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Figure 7. Photos of various developed instrumented particle designs with different external diameters
of: (a) 70 mm, (b) 40 mm, (c) 30 mm, and (d) 20 mm; and (e) a spherical particle with 15 mm
diameter, resting on a 3D printed bed of unisize bed material, also showing the pin restricting the full
downstream entrainment of the spherical particle.
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However, after several experimental test attempts for the particle entrainment with
different sizes of instrumented particles, it was found that when these were placed down-
stream of the porous vegetation they did not move, for a wide range of combinations of
sizes and densities allowed by the different instrumented particle designs, and for the range
of flow conditions established. Therefore, the riverbed destabilization was then analyzed
by direct observation of the entrainment of smaller (15 mm in diameter) and lighter test
particles (Figure 7). Analysis was enhanced by the camera system capable of visually
recording particle entrainment rates. Therefore, the first group of vegetation elements and
the 15 mm test particle were used for the next analysis phase.

A digital video camera and a He-Ne laser system is employed here as an electric
eye configuration to monitor the entrainment of the instrumented particles, as shown in
Figures 8 and 9. The He-Ne laser beam is set to partially target the exposed instrumented
particle when resting on the test section of the bed surface, and the remainder of the beam
is aimed at the camera. During full particle entrainments, the He-Ne laser beam is fully
blocked, which is well captured by the digital camera, allowing to visually identify particle
entrainment events and validate the entrainment rates recorded by the instrumented
particle as shown in Figure 8a. Figure 8b illustrates the particle resting on its pocket of
the 3D printed layer without any motion. The entrainment rate was calculated through
blockage times of lights recorded through a camera with a recording rate of 29 frames/s.
The occurrence of particle entrainment was manually reviewed through the video recorded
by the camera within a 3 min duration. Each displacement event can be described as the
particle blocking the light from the He-Ne laser once the particle leaves its original pocket,
as illustrated in Figure 8. However, an obvious shortcoming of optical methods such as
the He-Ne laser system is that it cannot accurately or with high resolution distinguish
fine particle motions such as twitching and full entrainment. In contrast, the temporal
resolution of the instrumented particles can be more substantial [69].

Figure 8. Photographs taken from the camera demonstrate the two main stage characteristics of
the particle entrainment process; (a) the exposed particle in the fully displaced position (the pin
restraining its downstream motion), partially covering the He-Ne laser beam which is detected by
the camera; (b) the exposed particle remains in its resting pocket and the He-Ne laser beam is not
partially targeting the particle (state of no entrainment).
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Figure 9. Side-view of the flume with the He-Ne laser and camera partially targeting the exposed
particle downstream of the live vegetation element.

3. Results

Entrainments were observed only for the first group of vegetation analogs, referring to
distinct instream vegetation categories of different porosity. The same group of vegetation
elements (e.g., cylinder and array) is directly compared for the porosity at the same size.
The data from these experiments were taken to analyze bed destabilization. Based on the
experimental observations, no entrainment was observed for the second group of vegetation
analogs, for all tried combinations of particle sizes and densities. Specifically, analysis of
the sensor’s data showed that the instrumented particle recorded no entrainment events
for all flume experiments under different porous elements of the second group due to the
relatively low density of vegetation (the highest density of the patch was 17.25%, Table 1).

Thus, only the vegetation analogs from the first group of experiments, as shown in
Figure 3, were used for the following analysis. Specifically, the flow properties downstream,
distinct locations of each of the four vegetation elements of the first group are also linked
to the test particle entrainment rates. The different porous characteristics for vegetation
elements are therefore compared according to the measured entrainment rate, which
potentially dictates the probability of riverbed destabilization.

These test results imply another possible reason for no entrainment of the larger
particles: the rapidly fluctuating hydrodynamic forces acting around them (as tested here
for the case of instrumented particles) are too short-lived, and to fully entrain them would
require stronger fluctuations. So, the impulse criterion is also employed here as a theoretical
model to assess the probability of entrainment events (parameterized using ADV recorded
data). Meanwhile, to validate the reliability of this result, a smaller, non-instrumented
particle with a diameter of 15 mm is employed here, accompanied by the He-Ne laser and
camera system to observe the entrainment events.

3.1. Flow Structure in the Wake Region of Representative Vegetative Elements

This section offers flow analysis results for the first group of vegetation patches. It can
be seen that the mean flow velocities are dramatically varied with the distance downstream
of the vegetation. In general, the velocity increases gradually along with the downstream of
vegetation for all vegetation elements, as shown in Figure 10. However, near the riverbed,
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the velocity variation does not increase gradually but irregularly varies, especially for the
array of cylinders, shrubs, and live vegetation. In this region near the bed, the presence of
pronounced sub-canopy flow, which was demonstrated by [71,72] in a detailed manner,
dominates the whole flow domain in the wake region. In addition, the shrub’s apparent
variation tendency of velocity is displayed compared to other cases, where velocity sharply
decreases when the flow depth is approximately higher than 20 mm, as shown in Figure 10c.

Figure 10. Stream-wise velocity profiles for the characteristic types of vegetation elements used in
the experiments.

For most vegetation elements, the mean velocity deficit is more pronounced in the
vicinity of the elements, with the mean flow gradually restoring to the mean ambient flow
(assumed to be the “no vegetation” case) velocity profiles (see Figure 10a) from x/D = 1 to
x/D = 7. Under the “no vegetation” case, velocities are higher than for all the cases with
vegetation for flow depth higher than 20 mm. Specifically, for the shrub, the element’s
geometry results in local flow accelerations below the canopy, which is persistent for a
significant distance downstream of the vegetation elements (Figure 10c). The opposite
happens to the submerged live vegetation, where local flow accelerations are relatively
restricted near the bed surface, but more pronounced above the canopy and closer to the
water surface (Figure 10d).

The existence of instream vegetation may increase the near-bed velocity and turbu-
lence, according to the research studies by [19,66]. Figure 11 displays the variation of
depth-averaged mean flow velocity and turbulence intensity at seven normalized isometric
positions downstream for four vegetation elements. Compared to the depth-averaged mean
flow velocity with no vegetation, all cases of vegetation have lower depth-averaged mean
flow velocity, especially with decreasing distance from the vegetation. As expected, the
value of depth-averaged mean flow velocity increases as the distance increases. It is worth
mentioning that the lower porosity element (array) caused a higher velocity reduction due
to weaker flow [72] and the higher resistance to the flow as shown in Figure 11a. Com-
paratively, the depth-averaged mean velocity for the array and live vegetation increases
slowly as the flow progresses. Especially, the depth-averaged mean velocity downstream
of the cylinder is markedly raised until the normalized distance reaches x/D = 5. As
seen in Figure 11a, the depth-averaged mean flow velocity deficit is greater for the denser
vegetation patches (cylinders and array of cylinders). While the depth-averaged mean flow
velocity deficit is more pronounced in the vicinity of the rigid cylinder (Figure 11a), the
mean velocity seems to restore faster for the cylinder compared to the other vegetation
elements since the cylinder generates stronger later momentum transfer as previously
demonstrated by [22].
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Figure 11. Variation of (a) depth-averaged mean flow velocity, and (b) turbulence intensity under
different vegetation analogs.

As shown in Figure 11b, turbulence intensity increases with the introduction of any
simulated vegetation element, relative to the case of no vegetation, but it sharply reduces
with the downstream distances from them. Specifically, when the two rigid vegetation
elements (cylinder and array) were compared, a higher volumetric ratio has lower velocity
but much higher turbulence intensity in the nearest assessed location downstream of the
obstacle. This was explained by [62] considering that lower permeability generates a more
distinct shear layer and enhances the stronger lateral momentum exchange. Nevertheless,
shrub and live vegetation elements have higher velocity than rigid cylinders just rear the
body. As documented by [66], the highest turbulence intensity occurs just downstream of
the vegetation element, and a gradually decreasing trend exists along the flow direction.
Ref. [22] showed that the origin of the TKE is mainly due to lateral turbulence intensity
and this effect mitigates with the decreasing solid volume fraction. Two things should be
noticed here: the shrub’s highest turbulence intensity appears at x/D = 2, and the turbulence
intensity suddenly sharp increases from the distance x/D = 6 to 7 of live vegetation. As
discussed above, the turbulence intensity is controlled by the strength of bleed flow and
adverse pressure gradient near the body, which depends on the porosity of vegetation. The
turbulence intensity for live vegetation is higher than the array and shrub elements but
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with the highest porosity. Therefore, it can be elucidated that a more complex variable
reaction to flow was displayed for shrub and live vegetation compared to other cylindrical
vegetation elements.

3.2. Particle Entrainment Rate

As demonstrated in the previous chapter, the porosity and the vertical distribution of
volumetric features of the representative vegetation elements influence the particle entrain-
ment rate by altering the flow properties. From this motivation, the entrainment rate was
quantified for the elements of the examined representative vegetation elements at seven
consecutive vertical sections (x/D = 1, 2, 3, 4, 5, 6, 7, respectively), as given in Figure 12.
A three-minute recording duration was set for particle entrainment tracking by taking
advantage of the electric-eye setup (He-Ne laser and the camera). The particle entrainment
rate recording duration is deemed to be sufficiently long because for the flow conditions
assessed, there were enough repeats to render the recorded mean entrainment rate repre-
sentative of the experimentally assessed observed rate, which according to the literature
can vary from one to a few entrainments per minute [47]. The particle entrainment rate
was calculated based on the total number of entrainments read by the optical system and
normalized with the total observation duration, (i.e., here three minutes per experimental
run). The entrainment occurrences can be manually observed from the video recordings
or digitally processed with scientific software via image thresholding and converted into
entrainment rate as displayed in Table 2.

Figure 12. Entrainment rate variation downstream the vegetation elements measured by the He-Ne
laser system with the averaged entrainment rate without vegetation.

Table 2. Entrainment rate along the normalized distance for different vegetation elements.

Elements x/D = 1 x/D = 2 x/D = 3 x/D = 4 x/D = 5 x/D = 6 x/D = 7

Emergent

Cylinder - 0.976 0.667 0.500 0.561 0.367 0.450

Array 0.011 0.022 0.072 0.167 0.350 0.089 0.094

Shrub 0.000 0.000 0.022 0.022 0.200 0.100 0.056

Submerge Live 0.000 0.044 0.217 0.428 0.722 0.383 0.394

No vegetation 0.328 0.328 0.328 0.328 0.328 0.328 0.328

As can be seen from Figure 12, the entrainment rate for the cylinder presents a big
different trend compared with the other three vegetation elements. It is quite clear that
the cylinder has the highest entrainment rate at the x/D = 2 and it decreases gradually
along the flow direction. This is in line with the finding by [69,71,73] who state that solid
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cylinders generate more scouring than the group of cylinders and other vegetation elements.
The average entrainment rate of the particle without vegetation is also measured in this
case for all seven normalized distances. The particle entrainment rate for the remaining
three vegetation elements displays a similar increasing trend until the normalized distance
approaches x/D = 5, and then rapidly decreases. This result may reflect the limitations of
the He-Ne laser system which cannot completely make a distinction between the motion
between full entrainment and twitching. On the other hand, the adjacent fast particle
entrainment events are difficult to distinguish by the visual observation method.

To a certain extent, the flow property of turbulence intensity dictates the frequency
of particle movement. Comparing the extreme values in Figures 11b and 12, turbulence
intensity has the highest value occurring at x/D =1 (for all elements except the shrub), while
entrainment rate has the highest value at the normalized distance (x/D) of 5. Turbulence
intensity at the nearest distance (TC > TL > TA > TS, Tx represents turbulence intensity)
heavily agrees with the particle entrainment rate (RL > RC > RA > RN > RS, Rx
represents entrainment rate). In other words, just downstream of the obstacle, higher
turbulence intensity correlates positively with a higher entrainment rate.

As can be inferred from Figure 12, higher porosity of vegetation elements has a
relatively lower entrainment rate except for the specific sample live vegetation, which
can be roughly expressed as: RL > RC > RA > RN > RS. The porosity variation for
vegetation elements is listed as: PC < PA < PS < PL. This result indicates that the shrub
vegetation has a certain ability to protect the riverbed destabilization since the lower particle
entrainment compared to the entrainment rate measured without vegetation, taking into
account spacing between the vegetation within the patch. The porosity of live vegetation
shows an unrelated variation to entrainment rate (RL). This observation is consistent with
results reported in [74], concluding that the bending vegetation could decrease the porosity
and increase the submerged volume, potentially contributing to higher entrainment rates
compared to the array and shrub analogs (Figure 12). Meanwhile, the swaying motion of
flexible vegetation is also one of the reasons for increasing the downstream turbulence,
promoting velocity fluctuations and rendering them potentially large enough for entraining
sediment particles.

Moreover, the values of the entrainment rate displayed in Figure 12 numerically indi-
cate the probability of riverbed destabilization. According to the results, the entrainment
rate for the non-porous vegetation element is significantly higher than for other vegetation
elements. What comes with this result is that the non-porous vegetation element reflects
a higher probability of destabilization. However, this conclusion was not supported here
for live vegetation, since the irregular variation of entrainment rate. It is therefore inappro-
priate to judge the probability of riverbed destabilization only by considering the porosity
of vegetation elements under the same flow conditions, without considering the different
vegetation categories, which affect turbulence intensity.

The potential particle entrainment events are indicated by the number of impulses
exceeding the critical impulse level. The frequency of occurrence for such events indicates
the potential particle entrainment rate that is displayed above in Table 3.

Table 3. The number of impulses that exceeds critical level during one-second duration ( f ) at the
seven measurement positions for different vegetation elements.

Elements x/D = 1 x/D = 2 x/D = 3 x/D = 4 x/D = 5 x/D = 6 x/D = 7

Emergent

Cylinder 0.514 1.282 1.091 0.544 0.719 0.366 0.070

Array 1.693 1.537 0.627 1.055 2.73 0.394 0.882

Shrub 0.542 0.044 0.182 0.464 0.931 0.732 0.704

Submerge Live 2.414 1.806 1.106 0.076 1.234 3.7 1.613
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The number of impulses calculated in Table 3 were estimated for distinct locations
downstream of the vegetation analogs, considering the points from the velocimetry grid
(shown with red dots, as illustrated in Figure 6), closest to the upstream face of the exposed
test particle (shown with black circles, Figure 6). Figure 13 shows the number of impulses
that exceed the critical impulse level (Icr) per duration of four-minute measurement down-
stream of different vegetation elements (defined according to the theory presented in [65]).
The following section aims to offer theoretical predictions of the particle entrainment rate
through the estimation of the number of flow impulses that are eligible to cause partial or
full particle entrainment, at the seven normalized distances downstream each of the four
vegetation elements examined herein.

Figure 13. The variation of frequency is calculated by the number of impulses (Ii > Icri) above a critical
level over a four-minute period at different normalized distance (x/D) for the four vegetations elements.

It can be seen clearly from Figure 13 that both elements of array and shrub have the
highest number of impulses at the normalized distance equal to five compared to that
of other locations. For the case of cylinder, it has the highest number of impulses at the
x/D = 2. These results generally agree with the particle entrainment rate measured by the
camera and He-Ne laser. For the live vegetation, the highest impulse occurrence rate occurs
at the x/D = 6, that is close to the highest particle entrainment rate at the normalized
distance at x/D = 5.

The number of the occurrence rate of flow impulses is generally higher to the par-
ticle entrainment rate, which is expected given that only a portion of the theoretically
estimated impulses are capable of fully entraining the test particle (assuming rolling mode
of entrainment [65]), as shown in Figure 14. Compared with the particle entrainment rate,
an obvious variation difference for array, shrub, and live vegetation has been observed
near the vegetation that they decrease generally with the normalized distance increase
until the normalized distance approaching to 3 or 4. The number of impulses variation
for cylinder case perfectly matches the trend of particle entrainment rate, with the highest
value occurring at the normalized distance x/D = 2, and decreases all the way downstream
the vegetation and even has the same local peak at x/D = 5. The comparatively large
value near the vegetation element can better explain the practical situation rather than a
near-zero value since the sediment entrainment rate determines the riverbed destabilization
probability. It can also be clearly seen from the result that each single vegetation element
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case generally satisfies the variation trend of particle entrainment rate with the normalized
distance increasing except for the large value near the element.

Figure 14. Comparison of entrainment rates estimated using the theoretical impulse method and
experimental observations (using the He-Ne laser system) for the characteristic types of vegetation
elements used in the experiments.

A reasonable relationship for the number of impulses at the normalized distance
x/D = 3 can be distinguished as: IL > IC > IA > IS. This point is not the best location and
way to show the relationship, because they say nothing about the magnitude over which
these inequalities span. This result is consistent with the porosity variation of: PC < PA <
PS < PL except for the live vegetation and this difference has been discussed above by [71].
The flexibility of live vegetation corresponds to higher number of impulses and particle
entrainment, which is consistent with [71]. It is shown there that flexible vegetation
comparatively fostered sediment movement, whereas rigid vegetation prevented riverbed
erosion through promoting sediment aggradation.

There exists an interesting trend of increased covariance of the experimentally ob-
served particle entrainment frequency (assessed with the He-Ne laser optical system [75])
and the impulse criterion: at or further downstream of the location x/D = 2, for each
vegetation analog, as shown in Figure 14. Another interesting point is that except for
the cylinder, the other three vegetation elements have a significant magnitude difference
in entrainment rate. Traditionally employed time-averaged flow parameters such as the
mean flow velocity and turbulence intensity would be a relatively poor predictor of the
probability of particle entrainment and bed surface destabilization for the different types
of simulated vegetation assessed herein. However, the impulse criterion presented here
is shown to be a more robust and intuitive method to predict the probability of riverbed
surface destabilization downstream of the simulated vegetation, as it better correlates with
the particle’s entrainment rate (Figure 14). This method can be potentially generalized
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and applied to a wider range of obstacles to the flow (including both bending and rigid
vegetation) to assess riverbed surface destabilization under complex flow environments.

4. Discussion

The obtained results demonstrate that the number of impulse occurrences and camera
systems with particles are the potential indicators for riverbed destabilization under differ-
ent porosity of vegetation elements. To complement the study, our research employed the
camera and He-Ne laser system to supplement the findings from the particle entrainment
rate and the impulse criterion to account for the entrainment rate downstream emergent
and submerge vegetation analogs with different porosity, so as to further link the porosity
of instream vegetation to riverbed destabilization.

The porosity variation of vegetation can be expressed as PC < PA < PS < PL, which
is consistent with both of the velocity deficit variation (UC > UA > UL > US) and the
turbulence intensity variation (TC > TL > TA > TS), at the normalized distance x/D = 1,
except for the live, bending vegetation. The observed variation of mean flow velocity and
turbulence intensity is consistent with the trends reported in [76] according to which the
mean flow velocity is sharply reduced, and the turbulence intensity peaks just downstream
various types of instream vegetation. The analysis result based on the different porosity
of rigid vegetation could indicate that the variation of the probability of riverbed destabi-
lization is dependent to flow structures such as the flow velocity and the turbulent kinetic
energy. Parameters such as the flow velocity and turbulence intensity and derivatives of
these have been demonstrated to have a stronger potential in predicting particle entrain-
ment compared to mean shear stresses acting on particles [77]. However, the velocity and
the turbulent kinetic energy are still not a robust way for riverbed destabilization estimation
since they are flow velocity-based parameters without consideration of other influencing
factors such as characteristics of vegetation and riverbed material features defining the
resistance to destabilization. In addition, the probability of riverbed destabilization could
not be reflected by the porosity when the flexible vegetation was involved since the flow
structures of bending vegetation do not vary with the porosity accordingly as the rigid
vegetation. Therefore, for different vegetation categories, porosity may need to be used as
a variable instead of a constant to assess the riverbed destabilization potential. By using
the impulse criterion and the proposed optical system, novel practical ways of assessing
riverbed destabilization potential downstream different kinds of vegetation are offered
herein. The practicality of the conducted research suggests that the impulse method has the
potential to become a suitable criterion that can outperform the traditional methods (such as
mean flow velocity, turbulence intensity, TKE, and shear stress) to assess the destabilization
of riverbed surface downstream vegetation elements.

The conventional flow structures vary with porosity accordingly and regularly, es-
pecially for rigid vegetation under a variety range of flow conditions. When comparing
flexible (bending) and solid (no-bending) vegetation, judgment based on porosity may
loss its ability to assess the riverbed destabilization. This study overcomes the irregular
variation of bending vegetation by shedding more light on the impulse criterion and the
camera system with particles. Both the impulse criterion and camera system methods have
been experimentally verified to offer better performance compared to other time-averaged
flow parameters (such as the depth-averaged mean flow velocity and turbulence intensity,
shown in Figure 11) to accurately estimate the particle entrainment rate. The He-Ne laser
system may not be very sensitive for detecting all instantaneous particle entrainment events
and it may find limited application in the presence of flows carrying suspended sediment
blocking visual observations. In such cases, the velocimetry obtained flow impulses offer
a better predictor for riverbed destabilization assessment compared to the He-Ne laser
system. Another possibility for this result of magnitude difference has been discussed
by [15,78,79] that not all the exceedances (ξi > Icr) of impulse are associated with the parti-
cle dislodgement. That means the number of calculated impulses above the critical level
is slightly larger than it should be. In summary, there are two reasons for the magnitude
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difference between particle entrainment occurrence rate calculated by impulse theory and
measured by the He-Ne laser system: the overestimation of impulse statistics and the un-
derestimation of the number of particle entrainment with the He-Ne laser system in terms
of lower sensitivity for instantaneous movement. This implies that the impulse is much
better for predicting the entrainment of particles compared with previous parameters.

On the other hand, Ref. [69] introduced an instrumented particle with a miniaturized
size of 3 cm that was also employed by [80] for the riverbed destabilization potential
assessment through the embedded sensors to directly record the entrainment event, even
for slight movements. An instrumented particle (7 cm in diameter) employed by [81,82]
could help investigate sediment particle entrainment and transport in complex environ-
mental flows (such as severe flooding events or high turbidity or flow mixing and transport
of sediment). All these aforementioned instrumented particles have been tested down-
stream of the second group of vegetation (with porosity of 1.25%, 3.25%, 6.25%, 11.25%,
and 17.25%) but without any entrainment of instrumented particles being recorded dur-
ing the 3 min testing period. Consequently, for the riverbed sediment size smaller than
3 cm or a complex flow environment (e.g., flooding), the instrumented particle may not
have the ability to record entrainments and assess riverbed destabilization. Finally, this
method is of exploratory significance because it enables assessing and characterizing the
riverbed destabilization potential for a wider range of river environments including various
vegetation types.

5. Conclusions

Riverbed assessments are still far from robust and accurate, and no standard devices
or formulas are available to measure them. The dynamic interaction among parameters of
vegetation elements, flow properties, and particle entrainment may help engineers design
better instream vegetation to sustainably stabilize the riverbed. In this report, the effect of
different vegetation, categorized by porosity, on the entrainment rate and the corresponding
destabilization probability have been investigated utilizing a 15 mm diameter particle with
the help of an ADV, He-Ne laser, and camera. It is shown that using instrumented particles
for assessing the risk of riverbed destabilization downstream of vegetation elements is a
robust, relatively cost-effective, and practical tool. Furthermore, the impulse criterion is for the
first time demonstrated to be a good predictor of the riverbed destabilization risk, assessed
experimentally via the particle entrainment rates (observed using an optical setup).

According to the results of this investigation, lower porous vegetation elements caused
higher velocity reduction in the flow. Near vegetation elements, turbulence intensity highly
agreed with the overall averaged entrainment rate. However, the porosity is a potential
parameter for riverbed destabilization only downstream rigid vegetation instead of for
live vegetation with bending in flow. The submerged depth, bending extent, vegetation
categories, and environmental conditions are all considered the reasons why the highest
porosity of live vegetation has the second-highest entrainment rate. It can be concluded that
the lower density of instream vegetation results in a lower frequency of particle entrainment,
which means a lower probability of riverbed destabilization. From the perspective of
geomorphological implications, live vegetation is not suggested as the soft-engineering
approach to prevent riverbed destabilization compared with the other rigid vegetation
elements under the same porosity condition.

The utility of an optical (He-Ne laser and camera) system in directly assessing the
risk of riverbed destabilization downstream instream vegetation has been experimentally
demonstrated herein, for the first time. In addition, the presented hydrodynamic analysis
also demonstrates that the number of impulses is the best predictor of particle entrainment
downstream of the different types of simulated instream vegetation elements. This can be
achieved by recording flow turbulence near the riverbed surface to derive the flow impulses
carrying enough momentum towards sediment entrainment. Flow impulses embed within
them both the influence of mean and turbulent flow fields as well as the duration of flow
events above the critical level for particle entrainment downstream vegetation elements.
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This is the first experimental demonstration of the robust application of the impulse criterion
in predicting bed surface destabilization downstream instream vegetation, beyond what
would be possible if the mean or turbulent flow fields were to be considered alone.

The above work outlines the potential research direction for the future: the optimal po-
sitioning of the impulse method and instrumented particle towards obtaining the maximum
amount of information for the potential of riverbed destabilization is going to be explored.
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Notation

A = The approaching area of particle to the flow.
Bf = Buoyancy force.
CD = Drag coefficient.
Cm = Added mass coefficient.
d = Diameter of the solid rod.
D = Bridge pier diameter.
f = Frequency of particle entrainment.
fh = Hydrodynamic mass coefficient.
FD = Drag force.
FL = Lift force.
I = Impulse.
Icr = Critical impulse.
Ithr = Threshold impulse level.
k = Turbulence kinetic energy.
Larm = Length of lever arm.
P = Vegetation porosity.
R = Entrainment rate of particle.
T = Time.
U = Flow velocity.
Ucr = Critical velocity.
V = Volume of particle.
Ws = Weight of particle.
x = Distance downstream pier model.
α = Angle between scour slope and riverbed.
ρ = Density of water.
ρs = Riverbed material density.
ρθ = Coefficient.
θ0 = Pivoting angle.
ξi = Impulse exceedance.
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