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Abstract

The complex multi-directional interactions between hydrological, biological and fluvial pro-
cesses govern the formation and evolution of river landscapes. In this context, as key geomor-
phological agents, riparian trees are particularly important in trapping sediment and constructing
distinct landforms, which subsequently evolve to larger ones. The primary objective of this paper
is to experimentally investigate the scour/deposition patterns around different forms of individual
vegetation elements. Flume experiments were conducted in which the scour patterns around dif-
ferent representative forms of individual in-stream obstructions (solid cylinder, hexagonal array
of circular cylinders, several forms of emergent and submerged vegetation) were monitored by
means of a high-resolution laser scanner. The three dimensional scour geometry around the sim-
ulated vegetation elements was quantified and discussed based on the introduced dimensionless
morphometric characteristics. The findings reveal that the intact vegetation forms generated two
elongated scour holes at the downstream with a pronounced ridge. For the impermeable form of
the plant, the scour got localized, more deposition was detected within the monitoring zone, and
the distance between the obstruction and deposition zone became shorter. It is also shown that
with the effect of bending and the subsequent decrease of the projected area of the plant and the
increase of bulk volume, the characteristic scour values decrease compared to the intact version,
and the scour zone obtains a more elongated form and expands in the downstream direction.
Keywords:

Flow-vegetation interaction, individual vegetation elements, local scour, pioneer islands,
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1. Introduction

Knowledge about the intertwined interactions among water-biota-sediment in natural rivers
is one of the central issues in todays sustainable river management. The problem framework has
been classified at different scales, namely the planform, reach and individual scale [1-3].

At planform scale, the multi-directional relations among hydrological, biological and fluvial
processes in natural waterways dictate the formation and evolution of river landscapes [4-7]. Ri-
parian plants are key geomorphological agents, ubiquitous at the interface between terrestrial and
aquatic zone, and regulate the fluxes of water, nutrient, sediment and organic matter along river
corridors [8—14]. Moreover, it is a well-documented fact that riparian vegetation is capable of
accelerating the recovery of poorly managed river channels [15-17]. The experimental study by
Tal and Paola [18] clearly demonstrated how the pattern of a river system evolves from braided
to single thread under the impact of a repeated cycle of discharge fluctuations and its influence
on vegetation. Once the individual/patch of vegetation gets established, it triggers the initiation
of morphological changes through the development of pioneer landforms. According to Gurnell
et al. [19], riparian vegetation is particularly effective in trapping transported sediment, which
could lead to the development of vegetated islands, and/or the expansion of river banks and flood-
plains. Riparian vegetation has also considerable influence on the hydraulic geometry of natural
rivers [20, 21]. With all the other factors being equal, rivers with dense vegetation communi-
ties tend to generate deeper and narrower (according to Ikeda and Izumi [22], 30% narrower)
channel geometries compared to their sparsely vegetated counterparts [23, 24]. Tsujimoto [25]
suggested a rotational degradation concept, which denotes a stress and velocity reduction around
the vegetation strip, encouraging vegetation to spread through lateral expansion. This brings
about increase in velocities and shear stresses in the main channel and consequently narrowing
of the channel width.

A significant emphasis is given to the problem also at the reach scale. In the past, hydraulic

engineers traditionally regarded the riparian and aquatic vegetation as a source of additional re-
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sistance to flow and tended to remove them from the waterways. However, since the beneficial
impact of vegetation on the riverine ecosystem is now widely acknowledged, there is an apparent
need to properly estimate the consequent flow alteration. Especially for the flood mapping stud-
ies, it is required to estimate vegetation induced resistance with an acceptable accuracy for high-
intensity-low-frequency floods. Brierly and Fryirs [26] argued that the proportion of vegetation
occupying a channel cross-section decreases downstream as the channel becomes wider. Also
its existence alters not only the hydraulic resistance but also the velocity distribution [27-31],
turbulence patterns [32, 33], momentum exchange between the main channel and the floodplain
[34-38], sediment yield [39—41], and concentration time and groundwater recharge in the basin
[42].

At the finer scale (i.e. individual scale) the attention is focused on the flow around/through
an individual plant or a patch of vegetation [6, 43—45]. Contrary to the aforementioned reach
scale, the flow around an individual plant or a short patch of vegetation is not fully developed.
Instead, flow through an individual plant exhibits similarities to the typical flow-body interaction
problem, where secondary flow along with some coherent structures are generated in the vicin-
ity of the obstacle. The increase in local shear stress around the vegetation element triggers the
formation of the scour/deposition zones around the plant. These individual or patch elements
usually expand in the downstream direction. This fact suggests that the generated flow pattern
in the vicinity of the vegetation element creates appropriate conditions for deposition behind the
vegetation element, which aids patch expansion [46] and consequently plays a role in the gen-
eration of streamlined vegetated mid-channel islands. According to Schnauder and Moggridge
[47] the intertwined interaction between the deposition, the establishment of plant propagules
and the hydraulic characteristics plays a crucial role in initial vegetation establishment. This
local fine-scale complex process may lead to the formation of large-scale river planforms in
long time scales [48]. Hence, delineation of the interaction between individual plants and the
scour/deposition characteristics provides the foundation for the development of successful river
rehabilitation strategies. Within the frame of this perspective, the primary objective of this study

is to better understand the scour patterns around different forms of vegetal elements and to quan-
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tify their morphometric characteristics. As a secondary objective, it is also aimed to provide an
interpretation of the coherent flow structures, which are generated around each obstacle, by es-
tablishing links between the observed scour patterns and the existing knowledge in the pertinent
literature.

Scour and plant characteristics were quantified by means of laser scanner and their interrela-
tion was interpreted. It should be noted that in nature, each vegetation species is unique in terms
of their morphometric [49, 50], biomechanical [51] and even seasonal [52] properties. Hence,
even the same plant species, when they are exposed to flow, may cause different distinctive co-
herent structures in their vicinity, depending on age and season, and consequently scour patterns.
In the past, a vast amount of research has been conducted to understand the problem of flow-
cylindrical structure interaction ranging from the single circular cylinder (which has a relatively
well-defined and simple geometry compared to natural vegetation) to more complicated forms of
obstacles. Herein, each examined obstacle generates a unique flow pattern around itself. Since it
is not practically possible to tackle all the generated flow patterns around each obstacle by flow
measurements within a single study, it was aimed to understand/interpret these patterns based
on commonly adopted findings in the pertinent literature. Hence, resolving the flow structure

around the tested vegetal elements is kept beyond the aim of the present paper.

2. Scope of the study

In a series of 14 experiments conducted within the scope of this study, the scour patterns
around different forms of three major types of obstacles were examined: (1) A solid emergent
cylinder, (2) a hexagonal array of circular cylinders with an overall diameter equivalent to that of
solid cylinder, and (3) different forms of individual natural vegetation elements. Only vegetation
with distinct trunks were examined and for the sake of simplicity, hereafter the term “vegetation”
denotes the plant with distinct trunk unless otherwise stated. The geometrical properties of the

obstacles and hydraulic conditions of the 14 conducted experiments are summarized in Table 1.
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First three experiments were conducted for a solid emergent cylinder. The experimental runs
with this well-known obstacle serve as benchmark for the other runs that utilize more complicated
obstacles, since the scour around an emergent rigid cylinder has been extensively studied so far
[53-57], hence considerable knowledge exists in the pertinent literature.

A hexagonal array of circular cylinders (HACC) was utilized to simulate a permeable version
of the rigid cylinder as previously done by Valyrakis et al. [58]. This form can be considered
as a transition case from rigid emergent cylinder to emergent vegetation, but closer to cylinder
due to the absence of subcanopy flow. The employed HACC consisted of seven equally distant
identical cylinders located at the corners and the center of a regular hexagon.

Flow energy reaches its maximum level during the passage of formative floods (i.e. dis-
charges with high returning period), which is adequately high to affect the river morphology.
The definition of the formative flood changes depending on the flow features observed in a river
[21]. While the channel dimensions are heavily dictated by floods where the annual discharge
patterns are characterized by sharp flood peaks, in rivers with more regular annual discharge pat-
terns the dimensions of the channel are highly controlled by mean annual flows [59]. However, it
is demonstrated that the channel dimensions are dictated not only by the discharge characteristics
(by the peak values and the temporal distribution of the discharge) but also the existing vegetation
cover and the sediment features [60]. Usually bank/floodplain and mid-channel vegetation with
distinct trunk is in emergent form when they are exposed to flow during these formative floods.
The scour process around the emergent vegetation has certain indirect effects on biogeomorphol-
ogy [48], among others as detailed below, and this constituted the main underlying motivation in
conducting emergent vegetation experiments in the present campaign (experiment no. 6 and 7 in
Table 1).

As firstly pointed out by Schnauder et al. [61], permeability of a plant canopy is one of the
most influential features of the plant morphology since it heavily influences the flow field around
a single vegetal element (contraction, downflow, bleed-flow, subcanopy flow, horse-shoe vortex,
and stem scale lee-wake vortices). Therefore, the role of plant permeability on scour patterns

arises as an important question. From this motivation, the scour pattern was investigated for two
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distinct configurations of the same plant (Cupressus Macrocarpa); namely its intact form and
with its canopy wrapped with impermeable stretch-film, as firstly done in [61] (experiment no. 8,
13, and 14 in Table 1).

In nature, especially when formative floods take place, water level rises such that the natural
plants on distinct pioneer islands and the ones located at the higher elevations of the bank/floodplain
are exposed to significant hydrodynamic forcing. As a result of this, they are bended, com-
pressed, and attain a shape that is streamlined with the flow [44, 61-63]. In order to achieve a
better understanding of the influence of bending/compressing of vegetation on the scour pattern,
the previously tested emergent vegetation was artificially bended by an external force (as con-
ceptually firstly done in [64]) and exposed to similar flow conditions (experiment no. 9 and 10 in
Table 1).

The term submerged vegetation is an umbrella term and it denotes a wide range of species.
The flow-submerged vegetation interaction at the reach scale (i.e. fully developed flow condi-
tions) has been studied relatively more extensively [27, 31, 62, 65-67] compared to the emergent
case. Nevertheless, the knowledge gained regarding the scour around submerged individual tree-
like plants with high flexural rigidity is inadequate. In the light of this argument, the submerged
vegetation case was included into the scope of the present experimental program (experiment
no. 11 and 12 in Table 1). In addition to the intact submerged form, due to the points noted
in the preceding paragraph, the impermeable version of the submerged plant was also studied

experimentally (i.e. by wrapping it by stretch-film, experiment no. 13 and 14 in Table 1).

3. Experimental setup and procedure

3.1. Flume

All the experiments were conducted in the flow flume located in the Hydraulics Laboratory
of Istanbul Technical University, which is 26 m long, 0.98 m wide, and 0.85 m deep. The
sidewalls of the flume are made of Plexiglas and the bed is smooth concrete. A 12.2 m long
false bottom was constructed along the flume that contained a sediment pit, which had a depth

of 0.26 m and length of 2.2 m, as shown in Fig. 1. So as to maintain smooth inlet conditions and
7
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Figure 1: (a) The utilized flume and (b) the installed false bed with the sand pit. All dimensions are in mm and not to
scale.

to prevent unevenness of the water surface elevation across the width, a honeycomb type of flow
straightener was placed over the entire width and depth of the flume at its entrance.

The flume is able to provide internal as well as external flow circulation, as can be seen from
Fig. 1. Both external and internal circulation systems were utilized simultaneously throughout
the experiments to achieve the required flow velocity. At the end of the flume, a tailgate weir
controlled the flow depth. The external circulation provided flow such that the flow passing over
the tailgate weir was discharged into a steel stilling basin. The water from the stilling basin
was discharged into an internal canal system of the hydraulics laboratory. The canal system
transmitted the water into a large sump tank. With the utilization of a pump, which has power of
25 kW, the water in the sump tank was elevated to a tower reservoir located 7 m above the flume
level. Subsequently, the water that was released from the tower reservoir was routed via gravity
to the flume through a pipe. For the internal circulation system, a pump with 5 kW power located

at the downstream end of the flume was operated.
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3.2. Instrumentation

Throughout the undisturbed velocity measurements a Nortek acoustic Doppler velocimeter
(ADV) was employed, namely a Vectrino+ that allows 3D data collection at a single point with
sampling frequency up to 200 Hz. Vectrino’s frequency was set to 50 Hz considering the criterion
proposed in [68]. Based on earlier velocity measurement experiences in the same flume [43,
44] a particle rich water environment was provided to obtain better signal-to-noise ratio (SNR)
and correlation values. The measured velocity records were post-processed by the despiking
methodology suggested in [69] and later on modified in [70].

The utilized laser scanner used in the present study, Leica ScanStation C10, is a motorized
total station with a pulse based laser, which measures automatically all the points in the horizontal
and vertical field. It is capable of scanning in 360 degrees in horizontal and 270 degrees in
vertical. Medium resolution was applied in the present study, which means that the instrument

scans the surface with 1 mm grid from 1 m distance.

3.3. Hydraulic conditions

The hydraulic conditions and the obstacle characteristics are summarized in Table 1. All
the experiments were conducted for clear water flow conditions (i.e. the bed material was not
in motion by the undisturbed flow). Medium sand with median diameter of dsop = 0.7 mm and
standard geometric deviation of o, = Vdsa/d16 = 2 was used in the experiments. In Table 1, in
order to make the obstacles comparable with each other in terms of their volume, the submerged
volumes of the different obstacles are expressed in terms of the diameter of a volumetrically
equivalent rigid cylinder dyggc. In this study, the Reynolds number is described based on the
characteristic value of dyggc in order to make the values of Reynolds number for different obsta-
cles comparable. Uy is the depth averaged velocity where the flow is undisturbed. Throughout
the experiments the water depth was set to 23 + 0.7 cm. The shear velocity, Uy, was calculated

using the Colebrook-White equation. The values of Shields parameter, which were calculated



186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

according to Eq. (1), are also presented in Table 1.

pU;
T v

where 6 is the Shields parameter, Uy is the shear velocity, p and p is the water and sediment
density, respectively, g is the gravitational acceleration, and d is a characteristic grain diameter
(median diameter dso was used).

In the solid cylinder experiments, the diameter of the cylinder was 16 cm. The solid cylinder
was exposed to different flow discharges resulting in cylinder Reynolds numbers in the range of
subcritical regime, Re = VD/v, where V is the mean flow velocity, D is the cylinder diameter,
and v is the kinematic viscosity. In this regime, for 300 < Re < 3 x 10°, the wake is completely
turbulent; however, the cylinder surface boundary layer remains laminar [71].

The primary objective of the study was not to obtain the maximum expected scour depth
for equilibrium conditions for the different obstacles. Instead, it was aimed to compare the
morphometric properties of the scour patterns that occur under same conditions (i.e. flow strength
and test duration) for various obstacles. Thus, the experiments duration was limited to three

hours.

3.4. Obstacle characteristics

As stated above, scour around a solid cylinder was studied to provide a reference case for the
other examined obstacles. The diameter of the solid emergent cylinder was 16 cm. A hexagonal
array of circular cylinders (HACC) was examined as the permeable version of the solid cylinder
and was placed in a staggered formation. The overall outer diameter of the cylinder array struc-
ture is equal to the solid cylinder, while each of the small cylinders has a 3.4 cm diameter. Fig. 2
shows all the examined obstacles.

Both architectural (i.e. projected area, porosity, submerged volume), and mechanical (i.e.
flexural rigidity) characteristics of riparian plants play a significant role on the flow field in the
vicinity of the plant. It is important to establish a link between these obstacle characteristics and

the flow hydrodynamics. From this motivation, submerged vegetation volume values belonging
10
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Figure 2: Scaled projection of the obstacles, obtained by laser scanner. Flow is towards the page.

to examined vegetation elements were measured by cutting trees into parts and measuring their
volumes by dipping them into a measuring cylinder as firstly done by Schnauder and Moggridge
[61]. The variation of cumulative volume of the obstacles with respect to water depth is given
in Fig. 3. As can be seen from Fig. 3, differing from the cylinder-like obstacles the variation of
the submerged volume with respect to the height for natural vegetation is not linear. There is
a change of the slope of the curves both for emergent and submerged vegetation. This can be
explained by the fact that the utilized vegetation has two distinct parts, i.e. trunk and canopy.
Bulk (i.e. porosity included) projected area was quantified by means of laser scanner and
tabulated in Table 2. In this study, bulk projected area is defined as the area bounded by the outer
edge of the vegetation form (identified as point cloud by the laser scanner), which is perpendic-
ular to flow direction (Fig. 2). Moreover, considering its aid in the interpretation of the results,
the variation of bulk volume (porosity included) with respect to height was also measured by

means of laser scanner. During the calculation of the submerged bulk volume (BV), Eq. 2 was
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employed based on the reference sketch given in Fig. 4(a).
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In Fig. 4(b), the variation of bulk volume of the plants is presented. As can be seen from Fig. 4(b),
the bulk volume of the selected emergent vegetation is higher than the submerged one. Also it
is obvious that the process of wrapping the plant decreases the bulk volume of both emergent
and submerged vegetation. Furthermore, according to Fig. 4(b), when the plant was artificially
bended, the bulk volume slightly increases along the depth except in the region closer to the
water surface.

The crown ratio (the ratio of tree length supporting live foliage to total tree length [72]) is a
useful parameter, which describes the tree-like plant anatomy. The trunk to canopy ratio for the
submerged part of the tree is another descriptive parameter, which embodies the plant crown ratio
as well as the species age, size, and water level in the open channel. Typical tree-like species in
the river active zones are Salix, Populus, and Alnus [73-75], as well as tree vegetation in the rest
of the floodplain, e.g., Ulmus species [73, 75]. The crown ratio can be over 95% for Alnus Rubra
[76], Salix Negra [77], and several Populus [72, 78] species. In this study, the crown ratio value
for the submerged portion of the plant was 0.83-0.86 for all the experiments.

The width of the wrapped plant was intentionally reduced, as can be seen from Fig. 2, where

12
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the obstacles are given in scaled form. The width of the intact vegetation was significantly
larger compared to the other obstacles but due to its high permeability a large portion of the
flow was penetrating the plant. If the width of the permeable plant was kept constant during
the wrapping process, the sidewall effect would become pronounced, which would prevent the
natural development of the scour process. In line with this thought, the width of the plant was
intentionally reduced; however, it allowed subcanopy flow to occur, exhibiting a distinguishing

feature of tree-like vegetation.

3.5. Procedure

The following experimental procedure was carried out throughout the experimental cam-
paign:

e Mount the vegetative element.

e Level the sediment in the pit to maintain a completely flat bottom.

o Conduct pre-test laser scanning.

e Fill up the flume very slowly (i.e. approximately 3 hours) to prevent initial scouring and

maintain full saturation of the sediment.
e Switch on the flow and run the flume for 3 hours.

e Switch off the flow and drain the flume very slowly (i.e. approximately 3 hours) to prevent

additional scouring.
o Conduct post-test laser scanning.

e Replace the vegetative element and follow the above steps for the next test.

4. Results and discussion

4.1. Morphometric analysis of the scour/deposition patterns
The contour plots of the scour area for the solid cylinders and the three dimensional scour

patterns for the HACC, emergent and submerged vegetative elements are presented in Fig. 5 and
14
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Figs. 6 - 8, respectively. The morphometric quantifications of the scour/deposition patterns were
carried out based on the laser scanner measurements and tabulated in Table 2. The examined
characteristics observed within the monitoring region are scour depth S 4, scour area in planview
S 4, longitudinal scour area along the centerline S ., longitudinal scour extent at the centerline
S e, scour volume S, spanwise width of scour hole §,,, deposition height Dy, deposition area in
planview D,, deposition volume D,, upstream-slope of scour hole J,,,,, and side-slope of scour
hole J;4., which are presented respectively in Table 2. The visual representations of some of the

parameters are given on a definition sketch in Fig. 9.
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Figure 5: Contour plots of the scour pattern for flow over solid cylinder for the three discharges shown in Table 1 (a)
47 1/s/m, (b) 59 1/s/m, and (c) 85 1/s/m. All dimensions are in mm.

Since the examined obstacles are different both in terms of size and anatomy, the aforemen-
tioned dimensional values are not directly comparable. Thus, the aim of this paper is not to make
a direct comparison between the dimensional values belonging to different category of obstacles
(e.g. cylinder-like, emergent vegetation, and submerged vegetation). Otherwise, the obtained
results could be misleading due to scale and size effects. Instead, only the dimensional values
belonging to same group of obstacles were directly compared with each other. So as to compare
the observed scour patterns with each other, in addition to these dimensional parameters, ratios
between the geometrical characteristics of scour, i.e. P;, Py, P, Vg, and Py, are introduced in
Table 3 and quantified in Table 2.

When §,, and S ; values in Table 2 and Figs. 5 - 8 are considered it can be stated that relatively
wider and deeper scour holes occurred for the solid cylinder compared to HACC and vegetation
cases under identical flow conditions. Also it can be seen from Fig. 6 that HACCs generated more
elongated (i.e. less localized) scour holes compared to solid cylinder cases. The higher S, values
for the HACC in Table 2 confirm this assertion. A distinguishing feature of the HACC scour
pattern is the formation of a sharp ridge at the downstream. Since the formations of sharp ridges
were also detected in all the examined vegetative elements it can be stated that HACC represents

trunky isolated vegetative elements more realistically compared to a rigid cylinder in terms of
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Table 3: Definition of the morphometric parameters

Remarks

P, is the ratio of scour volume to scour area and it has length dimensions. In other
words, P; gives the equivalent prismatic scour depth over the scoured area. This
parameter quantifies the distribution of the erosive impact of the obstacle over the
scoured area.

P, describes the scour depth that occurs for the unit diameter of the VERC. Thus P;
corresponds to the conventional S /D parameter which is commonly used for the scour
around rigid cylinder studies [55].

The form factor Py is the scour volume over cube of scour width and characterizes
the form of the scour volume. Its value increases with the increasing value of scour
volume for a given scour width. Alternatively, the value of P, increases with the
decreasing value of scour width for a given scour volume. From this perspective it can
be stated that the form factor P, quantifies the locality of the scour volume. Lower
values of P, in a way indicate that the scour is distributed over a narrow area rather
than a wide region.

The examination of the deposition pattern behind the obstacle can provide valuable
information about the deposition structure [46]. From this motivation it was assumed
that it has a certain significance to quantify how much scoured volume is deposited
within the monitoring zone. To clarify this question, dimensionless volumetric depo-
sition ratio V was introduced.

Morphometric
Parameter
Sy
P - —
t Sa
S
J
dyErc
Sy
P,= —
f s3
Vo= 2
Sac
P —
tc Slc

P,. quantifies the prismatic equivalent scour depth over the centerline and its meaning
resembles P,. Fig. 9 is the definition sketch which explains the relevant variables.
However, differing from the P;, P,. presents two-dimensional analysis of the scour
hole along the centerline. With the increasing value of P,. the scour area increases
over the length where the scour is monitored along the centerline.
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Figure 6: Scour patterns for (a) emergent cylinder for 59 1/s/m, (b) emergent cylinder for 85 1/s/m, (¢) HACC for 59 1/s/m,
and (d) HACC for 85 1/s/m. All dimensions are in mm and the obstacles are scaled.

scouring process. For emergent vegetation (Fig. 7), the scour area expands at the downstream
and this becomes more notable when the plant is bended. This is owed to the subcanopy flow,
which creates a highly erosive jet in the plant vicinity. Similar findings were reported by Hill et
al. [79], who investigated the scour pattern around an axial-flow hydrokinetic turbine model. The
presence of the turbine leads to flow contraction between the bottom tip and the movable bed,
and as a result the flow accelerates and local shear stress increases. Finally, they showed that the
induced subcanopy jet is the main scouring mechanism by comparing the obtained scour pattern
with the one generated from the turbine support tower only.

According to Table 2 the values of S, are at the same order of magnitude for solid cylin-
der and emergent vegetation, despite the fact that dyggc of the plant is approximately five times
lower than that of the solid cylinder. This implies that the form of emergent vegetation is consid-
erably more erosive. On the other hand, the deposition height is significantly lower for emergent
vegetation. Moreover, with the effect of bending, while the projected area decreases (Table 2)
the bulk volume slightly increases (Fig. 4b) in general. Consequently, S4, S, and §,, values
markedly decrease compared to that of intact emergent case of the same plant. The artificially
impermeable cases for both emergent and submerged vegetation cases generated deeper scour
holes compared to their natural counterparts, despite the fact that the projected area (Table 2) and

bulk submerged volume (Fig. 4b) decreased considerably. The scour patterns in Figs. 7 and 8
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Figure 7: Scour patterns for (a) intact emergent vegetation for 59 1/s/m, (b) intact emergent vegetation for 85 1/s/m, (c)
bended emergent vegetation for 59 1/s/m, (d) bended emergent vegetation for 85 1/s/m, and (e) impermeable emergent
vegetation for 59 1/s/m. All dimensions are in mm and the obstacles are scaled.
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Figure 8: Scour patterns for (a) intact submerged vegetation for 59 1/s/m, (b) intact submerged vegetation for 85 l/s/m, (c)
impermeable submerged vegetation for 59 1/s/m, and (d) impermeable submerged vegetation for 85 1/s/m. All dimensions
are in mm and the obstacles are scaled.
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Figure 9: Depiction of the variables denoting the scour pattern characteristics for (a) the actual scour pattern and (b) the
equivalent uniform scour hole.

also demonstrated that scour becomes localized for the impermeable cases for both emergent and
submerged plants. S, values in Table 2 indicate that while the scour depth is less for emergent
vegetation compared to that of the impermeable version, scour area and scour volume is more
for intact emergent vegetation compared to impermeable case. This implies that when vegetation
is rendered impermeable, scouring becomes localized, in a narrower region, with a higher scour
depth similar to the solid cylinder case.

As can be concluded from Table 2, emergent vegetation and its impermeable version generate
close P; values to each other, pointing out the similarity of their erosive effects within the scoured
area. The values in Table 2, also reveal that when emergent vegetation is bended, the value of
P, decreases. Under the influence of bending, the plant takes a more streamlined form (in spite
of the fact that its bulk submerged volume increases, albeit slightly, according to Fig. 4b), which
leads to a decreased prismatic scour depth within the scoured area. Not only the decreased value
of P; but also the decreased values of S 4, S, and S ,, further confirm this idea. P; values in Table 2
also showed that HACC has considerably less erosive impact compared to the solid cylinder due

to its permeable nature.
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Observed higher values of P for vegetative elements compared to other obstacles in Fig. 10(a)
confirm that all the permeable forms of vegetative elements bring about similar scouring patterns,
which are distributed over a larger area compared to the impermeable versions of the vegetative
elements, solid cylinder, and HACC cases. In Fig. 10(b), the variation of P, versus Reynolds
number is presented. As can be inferred from Fig. 10(b), the permeable forms of vegetative el-
ements have higher P, values compared to impermeable forms of the obstacles. The variation
of 6/6., versus Py, which is given in Fig. 11(a), also showed in a similar way that permeable
forms of the plants generate at least 2-4 times higher values of P, under the same flow con-
ditions, which emphasizes the erosive influence of the vegetative elements compared to other
impermeable forms. Another common interesting point in Figs. 10(a), 10(b), and 11(a) is that
the permeable forms of the plants react in a much more variable way compared to other types of
obstacles. This implies that there is a higher sensitivity to flow conditions (either described by
Reynolds or Shields number). More specifically natural vegetation reacts to flow in a more vari-
able way compared to the other examined obstacles. This can be explained by the streamlining
and compression behavior of the plant. According to Yagci et al. [44] vegetation with distinct
trunk exhibits three different forms (i.e. erect, compressed, and bended) under the impact of the
flow induced drag force. In the compression, the branches and foliages follow the streamlines,
and the permeability of the vegetation decreases.

The variation of 8/6,, with respect to Vg (Fig. 11b) clearly demonstrated that, for the higher
discharges, the deposited volume ratio within the monitoring zone decreases for all the obsta-
cles without any exception. Also the Vg values given in Table 2 showed that the vegetative
elements yield less deposition ratio compared to cylinder-like obstacles within the monitoring
zone under the same flow conditions. Moreover, impermeable forms of the obstacles are prone
to generate more deposition within the monitoring zone compared to permeable forms of the
obstacles. As can be seen from Fig. 10(c), even for small Reynolds number, the permeable form
of both submerged and emergent vegetation generates highly elevated values of P,.. The HACC,
which generated similar scour pattern to vegetation type obstacles, constitutes a transition case

between permeable vegetation type of obstacles and impermeable form of the obstacles. Im-

23



350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

A Em. Veg. A Imper. Em. Veg.

O Submerged Veg. ® |mper. Submerged Veg.
> HACC ® Solid Cylinder
0.6 5.0 8.0 °
05 1 O | Permeable Veg. Permeable Veg.
' 2 4.0
60 1 2 L
0.4 1
- 33.0 E 5 o .
‘:\0'3 | HAC Impermeable; “ =40 1 <
a Q 8 "
Obstacles 2.0 a
0.2 1 Impermeable o
- Obstacles 20 - 8
01 | o .
0.0 T T T 0.0 T ¥ T 0.0 T T T
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Re (x103) Re (x103) Re (x103)
(@) (b) (©

Figure 10: Variation of the parameters (a) Py, (b) P, and (c) P, with Reynolds number

permeable form of the obstacles (both vegetation-type and cylinder-like) requires significantly
higher (according to Fig. 10c, approximately 3-4 times) Reynolds number for the generation of
same magnitude of P, within the scoured zone along the centerline.

Fig. 12 shows the longitudinal centerline profiles of the scoured bed under seven different
types of obstructions for the low and high discharge (i.e. 13 of the 14 tests given in Table 2).
According to Fig. 12, the upstream slopes of the scour holes are practically parallel to each
other for all the obstacles. The values of J,,; and J4. presented in Table 2 also numerically
confirm that scour angles at the upstream and at the side are around the same magnitude for all
the forms of the obstacles but the submerged vegetation types. The slopes of the scour holes are
significantly less compared to other cases for the submerged plants. As can be seen from Fig. 12,
the downstream slope of both the emergent and submerged vegetation is milder compared to
cylinder-like cases. Fig. 12 also shows that the maximum scour depth for all the obstacles is
located at the upstream of the obstacle as expected [54]. The patterns of the scour for the cylinder
cases look similar to the description given in [55], with relatively steeper scour angle upstream

and milder downstream. Same patterns were also monitored for all the vegetative elements.
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Figure 12: Longitudinal scour profiles along the flume centerline for (a) 59 1/s/m and (b) 85 1/s/m.
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4.2. Hydrodynamic analysis of the scour/deposition patterns

4.2.1. Solid cylinder and hexagonal array of circular cylinders

Sumer [57] summarized the consequences of placing a structure in a hydraulic environment
and the alterations of the flow pattern around it: contraction of the flow, downflow occurrence
at the upstream of the structure, formation of a horseshoe vortex, formation of lee-wake vortices
(with or without vortex shedding), and increased turbulence in the vicinity of the structure. The
scouring is more pronounced with increasing flow velocity since the sediment mobility increases
(see Shields parameter values in Table 1). Fig. 5 shows the generated scour patterns around the
solid cylinders, which is similar to those of [53-55, 71]. For the higher discharge, the peak point
of the depositional zone is not observed within the monitoring zone.

Fig. 6 shows the scanned bed for the cylinder array (HACC) cases. The structure has the same
outer diameter with the previous solid cylinder case; however, its permeability apparently plays a
role in the generation of different scour patterns. It is a well-documented fact [46, 80] that since
the array has a specific porosity, certain amount of flow penetrates through the array as bleed-
flow. Zong and Nepf [80] visualized the wake behind the porous obstruction and concluded that
the presence of the bleed-flow delays the onset of the von Karman vortex street compared to the
solid cylinder case.

Recently, Kitsikoudis et al. [81] experimentally investigated the flow characteristics around
different forms of HACC cylinders, which have equal encircling diameter with this study. In
their study Kitsikoudis et al. [81] mounted the obstacles on rigid bottom and performed velocity
measurements along the centerline and around the porous obstruction. Their data clearly showed
the existence of the downflow at the upstream of the HACC, in spite of the presence of bleed-
flow. They also found that with decreasing permeability, the downflow strength increased due
to decreasing bleed-flow. This finding, as well as the appearance of the upstream part of the
scour hole seen in Fig. 6, suggests that the downflow still plays a significant role in the scouring
process, similarly to the solid cylinder in Fig. 5. Nevertheless, it should be noted that the extent of
the upstream scour hole is significantly lower for HACC compared to solid cylinder (Fig. 6), as a

result of the fact that the magnitude of the downflow is lessened for the HACC compared to solid
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Figure 13: Non-dimensional scour depth (S /D) with the Shields parameter (6) for the individual cylinder and the HACC
cases

cylinder as proved by Kitsikoudis et al. [81]. According to Graf and Istiarto [54] the strength of
the horseshoe vortex heavily depends on the downflow strength. Based on this knowledge it can
be claimed that with the reduced downflow, the upstream separation distance near the bottom is
diminished, which is the natural outcome of the downflow. Consequently, the magnitude of the
horseshoe vortex is lessened as a result of decreased downflow. Therefore, the spanwise extents
of the scour holes §,, for HACCs are smaller than the solid cylinders.

The aforementioned differences in the extent of scour hole between single cylinder and
HACC cases can also be seen in the depth at the upstream part of the scour holes. Fig. 13 shows
the variation of the non-dimensional scour depth (S ;/D) with the Shields parameter (6) for the
individual cylinder and the HACC cases (note that S ;/D # P, for HACC). D represents the outer
diameter of the solid cylinder and HACC. On this figure, the critical value of Shields parameter
for initiation of motion (with respect to modified Shields diagram of [82]) is also shown. Similar
exercises were followed previously by Mao [83] and Melville and Coleman [84]. It can be seen
that the non-dimensional scour depth values for the two cases are quite close for the smaller
value of Shields parameter provided that the overall diameter of the HACC is taken as the repre-
sentative diameter. However, as the Shields parameter increases towards the live-bed regime, the
scour depths of HACC deviate from the solid cylinder case, albeit slightly. According to criteria
given in [85, 86], the array of HACC employed here is considered to have a dense configuration,

thus its behavior is closer to a rigid cylinder of equal total volume.
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4.2.2. Emergent vegetation case (intact, bended, and impermeable cases)

4.2.2.1 Intact emergent vegetation

The flow field around emergent vegetation with distinct trunk can conceptually be classified into
two specific regions; the canopy and subcanopy regions. Yagci et al. [44] obtained the mean flow
and turbulence patterns at the centerline where flow passes through an emergent plant (Cupressus
Macrocarpa, same species with the one used in this study), based on their spatially dense mea-
surements for rigid bed case. Since those findings may considerably aid the explanation of the
obtained scour patterns around the plants, their results are reproduced here, in Fig. 14. In [44],
as can be seen from the streamwise component in Fig. 14, a strong subcanopy jet was observed
just below the plant, which makes the flow around/through emergent tree-like vegetation unique
in terms of flow-body interaction. The strength of the subcanopy flow heavily depends on the
porosity and the ratio of plant submergence, i.e. trunk to canopy ratio. The experimental data
by Kitsikoudis et al. [87] clearly demonstrated that the strength of the subcanopy flow decreases
with the increasing porosity. Nevertheless, in the pertinent literature there is no systematic study
which investigates the influence of trunk to canopy ratio on the characteristics of the subcanopy
flow. In this study, these two parameters (i.e. porosity and trunk to canopy ratio) were kept con-
stant for the plants. However, it should be noted that different scour patterns may be obtained for
the different values of these parameters.

Recently, the experimental data by Kitsikoudis et al. [81] showed that flow recovery behind a
tree-like element occurred in a shorter distance compared to the respective uniform element, due
to the vertical shear induced turbulent mixing between subcanopy and canopy region. Moreover,
it was seen that for the tree-like element configuration, the von Karman vortex street was distorted
to a great extent, which was attributed to the interaction of the subcanopy jet with the lee-wake
vortices that occur behind the canopy. These findings highlight that subcanopy dictates the flow
field behind tree-like vegetation. The conical scour pattern occurs around the solid cylinder as
a result of the horseshoe vortex, as can be seen in Fig. 5. However, differing from the solid
cylinder case, horseshoe vortex is not the major coherent flow which is responsible for the scour

around the tree-like element. Instead, subcanopy flow dictates the scouring mechanism around
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Figure 14: Time-averaged velocity contour plots at the downstream of an emergent vegetal element (Cupressus Macro-
carpa species). The plant is located at x=82 cm. (a) The contours of the dimensionless streamwise time-averaged mean
velocity (U/U,,qx) and (b) the vertical time-averaged mean velocity contours. Obtained from Yagci et al. [44].

the vegetation. The subcanopy jet seems to be the probable reason that creates the relative milder
downstream scour slope, which was described in previous section. Moreover, Fig. 14 proves the
existence of a downflow for emergent vegetation, similar to the case of solid cylinder. The scour
patterns in Fig. 7 suggest that the downflow affects the scouring process for the plants, similarly
to solid cylinder and HACC cases, given that noticeable scour was observed at the upstream of

the trunk.

4.2.2.2 Impermeable emergent vegetation

Impermeable emergent vegetation generated significantly higher volumetric deposition ratio Vg
values compared to intact emergent vegetation within the monitoring zone. This means that with

decreasing permeability the deposition occurs closer to the obstacle.
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4.2.2.3 Bended emergent vegetation

According to Lightbody and Nepf [88], when salt marsh vegetation bends under the effect of
drag force for a given depth the vertical variation in the projected area of the element is negli-
gible. However, the projected area values in Table 2 clearly demonstrated that despite the plant
is artificially bended, the projected area decreases for bended trunky vegetation. On the other
hand, with the effect of bending the submerged bulk volume of the plant increases (Fig. 4a).
Jarvela [89] documented that leaves on willows can double or triple the friction factor compared
to the leafless case. This was later on further confirmed by Wilson et al. [90] who reported that
plant foliage induces larger drag forces. This implies that when vegetal obstruction bends and
compresses under the effect of flow, its submerged volume increases, hence one would expect
the total drag also to increase. However, with the increasing bending, according to Righetti [91],
vegetation gains a more hydrodynamic shape and streamlining effect becomes more prominent.
Moreover, recently Majd et al. [92] conducted flow visualization and quantified the separation
(which is the natural outcome of downflow according to Graf and Istiarto [54]) at the upstream
of the bended cylinder by means of a laser sheet. They found that the upstream separation dis-
tance tends to decrease with the bending of the cylinder. These offsetting factors (i.e. increased
plant volume and better developed hydrodynamic shape of the plant) have opposite effects on the
generated drag force.

When all these pieces are put together, it can be reasoned that with the increasing immersed
volume and decreased permeability, the magnitude of the downflow would increase. On the other
hand, with the increasing hydrodynamic shape owing to bending, increased portion of the flow
is expected to be diverted upwards. This mitigates the magnitude of downflow and reduces the
strength of subcanopy flow.

According to Table 2, with the effect of bending, the values of S4, S, and S, markedly de-
crease compared to that of intact emergent case. This advocates that under the same flow condi-
tions, the hydrodynamic influence of bending prevails over the decreased porosity and increased
submerged volume. This mitigates the magnitude of the downflow. This result is also in agree-

ment with the findings of Fathi-Maghadam and Kouwen [93], who showed that the standard drag
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force equation becomes invalid for flexible trees owing to the bending and compression of the
plant. In their study, the drag force unexpectedly correlates linearly with the velocity (instead of
the regular correlation with the square of the velocity), which confirms that bending/compression
substantially reduces the drag force. It is worth to mention that this study was conducted in un-
confined flow (i.e. air) domain by towing the vegetation. Moreover, in parallel with the findings
presented here, the findings by Euler et al. [48] demonstrated that the streamwise inclination re-
duces the horseshoe vortex stresses acting at the projected frontal area, which leads to a reduction

of frontal scouring around solitary woody riparian plants.

4.2.2.4 Submerged vegetation

Fig. 8 shows the scour patterns obtained from the experimental runs with intact and with imper-
meable canopy submerged vegetation. As stated in Section 4.1, both upstream-slope of scour
holes J,,; and side-slope of scour holes J;4, are markedly lower for submerged vegetation com-
pared to other obstacles. The most distinguished difference between the flow through/around
emergent vegetation and flow through/around submerged vegetation is the presence of over-
canopy flow, which occurs only for the submerged case of the plant. The scouring mechanism
is similar to the emergent vegetation; however, the downflow is now expected to be diminished
due to the fact that a portion of the flow passes over the plant. Nonetheless, additional studies

are needed to clarify the role of over-canopy flow on the reduction of downflow and scour.

5. Conclusions

In riverine systems, riparian vegetation plays a crucial role in the regeneration of river land-
scapes by altering fluvial as well as biological processes. A better understanding of dynamic
interaction between the flow, vegetation, and sediment processes would aid in the development
of sustainable river management strategies. From this motivation, an experimental study was un-
dertaken which focused on the scour/deposition geometry around some representative vegetation

elements. The following conclusions were drawn based on the findings:
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e Dimensionless morphometric values demonstrated that a solid cylinder generated rela-

tively wider and deeper scour holes compared to a hexagonal array of circular cylinders
(HACC) and vegetation cases under identical flow conditions. While the cylinder produced
a pronounced circular extent of the scour hole, the natural plant generated two elongated
scour holes at the downstream with a well-defined longitudinal ridge. The HACC case
can be considered as a transitional form between a plant and a cylinder. Similar to the
real plant cases, an elongated scour hole and a well-defined ridge could clearly be distin-
guished. From this perspective it can concluded that HACC represents complex vegetation

anatomy in a more successful way in terms of local scouring impact on erodible bed.

Differing from the solid cylinder, a strong subcanopy jet and the bleed-flow are known to be
the characteristic features that make the flow around/through tree-like emergent vegetation
unique in terms of flow-body interaction. For the examined cases, in spite of the fact
that dyggrc of tree-like emergent vegetation is approximately five times lower than that of
the solid cylinder, due to the presence of subcanopy flow scour volumes of solid cylinder
and emergent vegetation are at a comparable level. Moreover, subcanopy flow leads to
significant scour expansion at the downstream of the emergent vegetation, contrary to the

cylinder and HACC cases.

When the emergent plant was modified as an impermeable obstacle, it was seen that the
distance between the obstacle and the deposition region at the downstream became shorter.
Furthermore, an elongated scour pattern and the ridge were not observed for the imperme-

able case.

e When natural vegetation becomes artificially impermeable scouring becomes localized. It

occurs in a narrower region with higher scour depth, as observed for the solid cylinder

case.

e When the emergent vegetation was bended, the plant takes more streamlined form despite

its increasing bulk submerged volume. The values of scour depth, scour volume, and scour

width considerably decrease compared to that of intact emergent case. The scour zone at
33
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downstream became more elongated and expanded compared to the intact vegetation case.

o Within the monitoring zone, plants generate less dimensionless volumetric deposition ratio
Vg compared to cylinder-like obstacles. Similarly, impermeable forms of vegetation tend
to generate higher Vi within the monitoring zone compared to their permeable counter-

parts.

o The data showed that the upstream slopes of the scour holes are practically equal to each
other for all the obstacles except submerged vegetation. The downstream slopes of both

emergent and submerged vegetation are milder compared to cylinder-like cases.

e The obtained morphometric scour characteristics belonging to natural vegetation clearly
demonstrated that such plants exhibit higher sensitivity to the incoming flow. In other
words, the plant form changes (due to streamlining and compression effect) when exposed
to flow. Thus it yields more variable morphometric scour characteristics compared to other

rigid obstacles.
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