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Abstract10

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:11

Flow-vegetation interaction, individual vegetation elements, local scour, pioneer islands,12
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riparian trees, scour geometry13

1. Introduction14

Knowledge about the intertwined interactions among water-biota-sediment in natural rivers15

is one of the central issues in todays sustainable river management. The problem framework has16

been classified at different scales, namely the planform, reach and individual scale [1–3].17

At planform scale, the multi-directional relations among hydrological, biological and fluvial18

processes in natural waterways dictate the formation and evolution of river landscapes [4–7]. Ri-19

parian plants are key geomorphological agents, ubiquitous at the interface between terrestrial and20

aquatic zone, and regulate the fluxes of water, nutrient, sediment and organic matter along river21

corridors [8–14]. Moreover, it is a well-documented fact that riparian vegetation is capable of22

accelerating the recovery of poorly managed river channels [15–17]. The experimental study by23

Tal and Paola [18] clearly demonstrated how the pattern of a river system evolves from braided24

to single thread under the impact of a repeated cycle of discharge fluctuations and its influence25

on vegetation. Once the individual/patch of vegetation gets established, it triggers the initiation26

of morphological changes through the development of pioneer landforms. According to Gurnell27

et al. [19], riparian vegetation is particularly effective in trapping transported sediment, which28

could lead to the development of vegetated islands, and/or the expansion of river banks and flood-29

plains. Riparian vegetation has also considerable influence on the hydraulic geometry of natural30

rivers [20, 21]. With all the other factors being equal, rivers with dense vegetation communi-31

ties tend to generate deeper and narrower (according to Ikeda and Izumi [22], 30% narrower)32

channel geometries compared to their sparsely vegetated counterparts [23, 24]. Tsujimoto [25]33

suggested a rotational degradation concept, which denotes a stress and velocity reduction around34

the vegetation strip, encouraging vegetation to spread through lateral expansion. This brings35

about increase in velocities and shear stresses in the main channel and consequently narrowing36

of the channel width.37

A significant emphasis is given to the problem also at the reach scale. In the past, hydraulic38

engineers traditionally regarded the riparian and aquatic vegetation as a source of additional re-39
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sistance to flow and tended to remove them from the waterways. However, since the beneficial40

impact of vegetation on the riverine ecosystem is now widely acknowledged, there is an apparent41

need to properly estimate the consequent flow alteration. Especially for the flood mapping stud-42

ies, it is required to estimate vegetation induced resistance with an acceptable accuracy for high-43

intensity-low-frequency floods. Brierly and Fryirs [26] argued that the proportion of vegetation44

occupying a channel cross-section decreases downstream as the channel becomes wider. Also45

its existence alters not only the hydraulic resistance but also the velocity distribution [27–31],46

turbulence patterns [32, 33], momentum exchange between the main channel and the floodplain47

[34–38], sediment yield [39–41], and concentration time and groundwater recharge in the basin48

[42].49

At the finer scale (i.e. individual scale) the attention is focused on the flow around/through50

an individual plant or a patch of vegetation [6, 43–45]. Contrary to the aforementioned reach51

scale, the flow around an individual plant or a short patch of vegetation is not fully developed.52

Instead, flow through an individual plant exhibits similarities to the typical flow-body interaction53

problem, where secondary flow along with some coherent structures are generated in the vicin-54

ity of the obstacle. The increase in local shear stress around the vegetation element triggers the55

formation of the scour/deposition zones around the plant. These individual or patch elements56

usually expand in the downstream direction. This fact suggests that the generated flow pattern57

in the vicinity of the vegetation element creates appropriate conditions for deposition behind the58

vegetation element, which aids patch expansion [46] and consequently plays a role in the gen-59

eration of streamlined vegetated mid-channel islands. According to Schnauder and Moggridge60

[47] the intertwined interaction between the deposition, the establishment of plant propagules61

and the hydraulic characteristics plays a crucial role in initial vegetation establishment. This62

local fine-scale complex process may lead to the formation of large-scale river planforms in63

long time scales [48]. Hence, delineation of the interaction between individual plants and the64

scour/deposition characteristics provides the foundation for the development of successful river65

rehabilitation strategies. Within the frame of this perspective, the primary objective of this study66

is to better understand the scour patterns around different forms of vegetal elements and to quan-67
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tify their morphometric characteristics. As a secondary objective, it is also aimed to provide an68

interpretation of the coherent flow structures, which are generated around each obstacle, by es-69

tablishing links between the observed scour patterns and the existing knowledge in the pertinent70

literature.71

Scour and plant characteristics were quantified by means of laser scanner and their interrela-72

tion was interpreted. It should be noted that in nature, each vegetation species is unique in terms73

of their morphometric [49, 50], biomechanical [51] and even seasonal [52] properties. Hence,74

even the same plant species, when they are exposed to flow, may cause different distinctive co-75

herent structures in their vicinity, depending on age and season, and consequently scour patterns.76

In the past, a vast amount of research has been conducted to understand the problem of flow-77

cylindrical structure interaction ranging from the single circular cylinder (which has a relatively78

well-defined and simple geometry compared to natural vegetation) to more complicated forms of79

obstacles. Herein, each examined obstacle generates a unique flow pattern around itself. Since it80

is not practically possible to tackle all the generated flow patterns around each obstacle by flow81

measurements within a single study, it was aimed to understand/interpret these patterns based82

on commonly adopted findings in the pertinent literature. Hence, resolving the flow structure83

around the tested vegetal elements is kept beyond the aim of the present paper.84

2. Scope of the study85

In a series of 14 experiments conducted within the scope of this study, the scour patterns86

around different forms of three major types of obstacles were examined: (1) A solid emergent87

cylinder, (2) a hexagonal array of circular cylinders with an overall diameter equivalent to that of88

solid cylinder, and (3) different forms of individual natural vegetation elements. Only vegetation89

with distinct trunks were examined and for the sake of simplicity, hereafter the term ”vegetation”90

denotes the plant with distinct trunk unless otherwise stated. The geometrical properties of the91

obstacles and hydraulic conditions of the 14 conducted experiments are summarized in Table 1.92
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First three experiments were conducted for a solid emergent cylinder. The experimental runs93

with this well-known obstacle serve as benchmark for the other runs that utilize more complicated94

obstacles, since the scour around an emergent rigid cylinder has been extensively studied so far95

[53–57], hence considerable knowledge exists in the pertinent literature.96

A hexagonal array of circular cylinders (HACC) was utilized to simulate a permeable version97

of the rigid cylinder as previously done by Valyrakis et al. [58]. This form can be considered98

as a transition case from rigid emergent cylinder to emergent vegetation, but closer to cylinder99

due to the absence of subcanopy flow. The employed HACC consisted of seven equally distant100

identical cylinders located at the corners and the center of a regular hexagon.101

Flow energy reaches its maximum level during the passage of formative floods (i.e. dis-102

charges with high returning period), which is adequately high to affect the river morphology.103

The definition of the formative flood changes depending on the flow features observed in a river104

[21]. While the channel dimensions are heavily dictated by floods where the annual discharge105

patterns are characterized by sharp flood peaks, in rivers with more regular annual discharge pat-106

terns the dimensions of the channel are highly controlled by mean annual flows [59]. However, it107

is demonstrated that the channel dimensions are dictated not only by the discharge characteristics108

(by the peak values and the temporal distribution of the discharge) but also the existing vegetation109

cover and the sediment features [60]. Usually bank/floodplain and mid-channel vegetation with110

distinct trunk is in emergent form when they are exposed to flow during these formative floods.111

The scour process around the emergent vegetation has certain indirect effects on biogeomorphol-112

ogy [48], among others as detailed below, and this constituted the main underlying motivation in113

conducting emergent vegetation experiments in the present campaign (experiment no. 6 and 7 in114

Table 1).115

As firstly pointed out by Schnauder et al. [61], permeability of a plant canopy is one of the116

most influential features of the plant morphology since it heavily influences the flow field around117

a single vegetal element (contraction, downflow, bleed-flow, subcanopy flow, horse-shoe vortex,118

and stem scale lee-wake vortices). Therefore, the role of plant permeability on scour patterns119

arises as an important question. From this motivation, the scour pattern was investigated for two120
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distinct configurations of the same plant (Cupressus Macrocarpa); namely its intact form and121

with its canopy wrapped with impermeable stretch-film, as firstly done in [61] (experiment no. 8,122

13, and 14 in Table 1).123

In nature, especially when formative floods take place, water level rises such that the natural124

plants on distinct pioneer islands and the ones located at the higher elevations of the bank/floodplain125

are exposed to significant hydrodynamic forcing. As a result of this, they are bended, com-126

pressed, and attain a shape that is streamlined with the flow [44, 61–63]. In order to achieve a127

better understanding of the influence of bending/compressing of vegetation on the scour pattern,128

the previously tested emergent vegetation was artificially bended by an external force (as con-129

ceptually firstly done in [64]) and exposed to similar flow conditions (experiment no. 9 and 10 in130

Table 1).131

The term submerged vegetation is an umbrella term and it denotes a wide range of species.132

The flow-submerged vegetation interaction at the reach scale (i.e. fully developed flow condi-133

tions) has been studied relatively more extensively [27, 31, 62, 65–67] compared to the emergent134

case. Nevertheless, the knowledge gained regarding the scour around submerged individual tree-135

like plants with high flexural rigidity is inadequate. In the light of this argument, the submerged136

vegetation case was included into the scope of the present experimental program (experiment137

no. 11 and 12 in Table 1). In addition to the intact submerged form, due to the points noted138

in the preceding paragraph, the impermeable version of the submerged plant was also studied139

experimentally (i.e. by wrapping it by stretch-film, experiment no. 13 and 14 in Table 1).140

3. Experimental setup and procedure141

3.1. Flume142

All the experiments were conducted in the flow flume located in the Hydraulics Laboratory143

of Istanbul Technical University, which is 26 m long, 0.98 m wide, and 0.85 m deep. The144

sidewalls of the flume are made of Plexiglas and the bed is smooth concrete. A 12.2 m long145

false bottom was constructed along the flume that contained a sediment pit, which had a depth146

of 0.26 m and length of 2.2 m, as shown in Fig. 1. So as to maintain smooth inlet conditions and147

7



(a)

(b)

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 flow148

straightener was placed over the entire width and depth of the flume at its entrance.149

The flume is able to provide internal as well as external flow circulation, as can be seen from150

Fig. 1. Both external and internal circulation systems were utilized simultaneously throughout151

the experiments to achieve the required flow velocity. At the end of the flume, a tailgate weir152

controlled the flow depth. The external circulation provided flow such that the flow passing over153

the tailgate weir was discharged into a steel stilling basin. The water from the stilling basin154

was discharged into an internal canal system of the hydraulics laboratory. The canal system155

transmitted the water into a large sump tank. With the utilization of a pump, which has power of156

25 kW, the water in the sump tank was elevated to a tower reservoir located 7 m above the flume157

level. Subsequently, the water that was released from the tower reservoir was routed via gravity158

to the flume through a pipe. For the internal circulation system, a pump with 5 kW power located159

at the downstream end of the flume was operated.160
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3.2. Instrumentation161

Throughout the undisturbed velocity measurements a Nortek acoustic Doppler velocimeter162

(ADV) was employed, namely a Vectrino+ that allows 3D data collection at a single point with163

sampling frequency up to 200 Hz. Vectrino’s frequency was set to 50 Hz considering the criterion164

proposed in [68]. Based on earlier velocity measurement experiences in the same flume [43,165

44] a particle rich water environment was provided to obtain better signal-to-noise ratio (SNR)166

and correlation values. The measured velocity records were post-processed by the despiking167

methodology suggested in [69] and later on modified in [70].168

The utilized laser scanner used in the present study, Leica ScanStation C10, is a motorized169

total station with a pulse based laser, which measures automatically all the points in the horizontal170

and vertical field. It is capable of scanning in 360 degrees in horizontal and 270 degrees in171

vertical. Medium resolution was applied in the present study, which means that the instrument172

scans the surface with 1 mm grid from 1 m distance.173

3.3. Hydraulic conditions174

The hydraulic conditions and the obstacle characteristics are summarized in Table 1. All175

the experiments were conducted for clear water flow conditions (i.e. the bed material was not176

in motion by the undisturbed flow). Medium sand with median diameter of d50 = 0.7 mm and177

standard geometric deviation of σg =
√

d84/d16 = 2 was used in the experiments. In Table 1, in178

order to make the obstacles comparable with each other in terms of their volume, the submerged179

volumes of the different obstacles are expressed in terms of the diameter of a volumetrically180

equivalent rigid cylinder dVERC . In this study, the Reynolds number is described based on the181

characteristic value of dVERC in order to make the values of Reynolds number for different obsta-182

cles comparable. U0 is the depth averaged velocity where the flow is undisturbed. Throughout183

the experiments the water depth was set to 23 ± 0.7 cm. The shear velocity, U f , was calculated184

using the Colebrook-White equation. The values of Shields parameter, which were calculated185
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according to Eq. (1), are also presented in Table 1.186

θ =
ρU2

f

g (ρs − ρ) d
(1)

where θ is the Shields parameter, U f is the shear velocity, ρ and ρs is the water and sediment187

density, respectively, g is the gravitational acceleration, and d is a characteristic grain diameter188

(median diameter d50 was used).189

In the solid cylinder experiments, the diameter of the cylinder was 16 cm. The solid cylinder190

was exposed to different flow discharges resulting in cylinder Reynolds numbers in the range of191

subcritical regime, Re = VD/ν, where V is the mean flow velocity, D is the cylinder diameter,192

and ν is the kinematic viscosity. In this regime, for 300 < Re < 3 × 105, the wake is completely193

turbulent; however, the cylinder surface boundary layer remains laminar [71].194

The primary objective of the study was not to obtain the maximum expected scour depth195

for equilibrium conditions for the different obstacles. Instead, it was aimed to compare the196

morphometric properties of the scour patterns that occur under same conditions (i.e. flow strength197

and test duration) for various obstacles. Thus, the experiments duration was limited to three198

hours.199

3.4. Obstacle characteristics200

As stated above, scour around a solid cylinder was studied to provide a reference case for the201

other examined obstacles. The diameter of the solid emergent cylinder was 16 cm. A hexagonal202

array of circular cylinders (HACC) was examined as the permeable version of the solid cylinder203

and was placed in a staggered formation. The overall outer diameter of the cylinder array struc-204

ture is equal to the solid cylinder, while each of the small cylinders has a 3.4 cm diameter. Fig. 2205

shows all the examined obstacles.206

Both architectural (i.e. projected area, porosity, submerged volume), and mechanical (i.e.207

flexural rigidity) characteristics of riparian plants play a significant role on the flow field in the208

vicinity of the plant. It is important to establish a link between these obstacle characteristics and209

the flow hydrodynamics. From this motivation, submerged vegetation volume values belonging210

10



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 their211

volumes by dipping them into a measuring cylinder as firstly done by Schnauder and Moggridge212

[61]. The variation of cumulative volume of the obstacles with respect to water depth is given213

in Fig. 3. As can be seen from Fig. 3, differing from the cylinder-like obstacles the variation of214

the submerged volume with respect to the height for natural vegetation is not linear. There is215

a change of the slope of the curves both for emergent and submerged vegetation. This can be216

explained by the fact that the utilized vegetation has two distinct parts, i.e. trunk and canopy.217

Bulk (i.e. porosity included) projected area was quantified by means of laser scanner and218

tabulated in Table 2. In this study, bulk projected area is defined as the area bounded by the outer219

edge of the vegetation form (identified as point cloud by the laser scanner), which is perpendic-220

ular to flow direction (Fig. 2). Moreover, considering its aid in the interpretation of the results,221

the variation of bulk volume (porosity included) with respect to height was also measured by222

means of laser scanner. During the calculation of the submerged bulk volume (BV), Eq. 2 was223

11



Figure 3: Variation of the cumulative volume of the obstacles with respect to the water depth

employed based on the reference sketch given in Fig. 4(a).224

BV =

n∑
i=2

ai + ai−1

2
· (zi − zi−1) (2)

In Fig. 4(b), the variation of bulk volume of the plants is presented. As can be seen from Fig. 4(b),225

the bulk volume of the selected emergent vegetation is higher than the submerged one. Also it226

is obvious that the process of wrapping the plant decreases the bulk volume of both emergent227

and submerged vegetation. Furthermore, according to Fig. 4(b), when the plant was artificially228

bended, the bulk volume slightly increases along the depth except in the region closer to the229

water surface.230

The crown ratio (the ratio of tree length supporting live foliage to total tree length [72]) is a231

useful parameter, which describes the tree-like plant anatomy. The trunk to canopy ratio for the232

submerged part of the tree is another descriptive parameter, which embodies the plant crown ratio233

as well as the species age, size, and water level in the open channel. Typical tree-like species in234

the river active zones are Salix, Populus, and Alnus [73–75], as well as tree vegetation in the rest235

of the floodplain, e.g., Ulmus species [73, 75]. The crown ratio can be over 95% for Alnus Rubra236

[76], Salix Negra [77], and several Populus [72, 78] species. In this study, the crown ratio value237

for the submerged portion of the plant was 0.83-0.86 for all the experiments.238

The width of the wrapped plant was intentionally reduced, as can be seen from Fig. 2, where239

12



(a)

(b)

Figure 4: (a) Definition sketch for the bulk volume calculation and (b) variation of the bulk submerged volume with
respect to height. Water surface is at 23±0.7 cm.
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the obstacles are given in scaled form. The width of the intact vegetation was significantly240

larger compared to the other obstacles but due to its high permeability a large portion of the241

flow was penetrating the plant. If the width of the permeable plant was kept constant during242

the wrapping process, the sidewall effect would become pronounced, which would prevent the243

natural development of the scour process. In line with this thought, the width of the plant was244

intentionally reduced; however, it allowed subcanopy flow to occur, exhibiting a distinguishing245

feature of tree-like vegetation.246

3.5. Procedure247

The following experimental procedure was carried out throughout the experimental cam-248

paign:249

• Mount the vegetative element.250

• Level the sediment in the pit to maintain a completely flat bottom.251

• Conduct pre-test laser scanning.252

• Fill up the flume very slowly (i.e. approximately 3 hours) to prevent initial scouring and253

maintain full saturation of the sediment.254

• Switch on the flow and run the flume for 3 hours.255

• Switch off the flow and drain the flume very slowly (i.e. approximately 3 hours) to prevent256

additional scouring.257

• Conduct post-test laser scanning.258

• Replace the vegetative element and follow the above steps for the next test.259

4. Results and discussion260

4.1. Morphometric analysis of the scour/deposition patterns261

The contour plots of the scour area for the solid cylinders and the three dimensional scour262

patterns for the HACC, emergent and submerged vegetative elements are presented in Fig. 5 and263

14



Figs. 6 - 8, respectively. The morphometric quantifications of the scour/deposition patterns were264

carried out based on the laser scanner measurements and tabulated in Table 2. The examined265

characteristics observed within the monitoring region are scour depth S d, scour area in planview266

S a, longitudinal scour area along the centerline S ac, longitudinal scour extent at the centerline267

S lc, scour volume S v, spanwise width of scour hole S w, deposition height Dh, deposition area in268

planview Da, deposition volume Dv, upstream-slope of scour hole Jups, and side-slope of scour269

hole Jside, which are presented respectively in Table 2. The visual representations of some of the270

parameters are given on a definition sketch in Fig. 9.271
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(a) (b) (c)

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

Since the examined obstacles are different both in terms of size and anatomy, the aforemen-272

tioned dimensional values are not directly comparable. Thus, the aim of this paper is not to make273

a direct comparison between the dimensional values belonging to different category of obstacles274

(e.g. cylinder-like, emergent vegetation, and submerged vegetation). Otherwise, the obtained275

results could be misleading due to scale and size effects. Instead, only the dimensional values276

belonging to same group of obstacles were directly compared with each other. So as to compare277

the observed scour patterns with each other, in addition to these dimensional parameters, ratios278

between the geometrical characteristics of scour, i.e. Pt, Ps, P f , VR, and Ptc, are introduced in279

Table 3 and quantified in Table 2.280

When S w and S d values in Table 2 and Figs. 5 - 8 are considered it can be stated that relatively281

wider and deeper scour holes occurred for the solid cylinder compared to HACC and vegetation282

cases under identical flow conditions. Also it can be seen from Fig. 6 that HACCs generated more283

elongated (i.e. less localized) scour holes compared to solid cylinder cases. The higher S a values284

for the HACC in Table 2 confirm this assertion. A distinguishing feature of the HACC scour285

pattern is the formation of a sharp ridge at the downstream. Since the formations of sharp ridges286

were also detected in all the examined vegetative elements it can be stated that HACC represents287

trunky isolated vegetative elements more realistically compared to a rigid cylinder in terms of288
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Table 3: Definition of the morphometric parameters

Morphometric RemarksParameter

Pt =
S v

S a
Pt is the ratio of scour volume to scour area and it has length dimensions. In other
words, Pt 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.

Ps =
S d

dVERC
Ps describes the scour depth that occurs for the unit diameter of the VERC. Thus Ps

corresponds to the conventional S/D parameter which is commonly used for the scour
around rigid cylinder studies [55].

P f =
S v

S 3
w

The form factor P f 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 f 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 f quantifies the locality of the scour volume. Lower
values of P f in a way indicate that the scour is distributed over a narrow area rather
than a wide region.

VR =
Dv

S v
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 VR was introduced.

Ptc =
S ac

S lc
Ptc quantifies the prismatic equivalent scour depth over the centerline and its meaning
resembles Pt. Fig. 9 is the definition sketch which explains the relevant variables.
However, differing from the Pt, Ptc presents two-dimensional analysis of the scour
hole along the centerline. With the increasing value of Ptc the scour area increases
over the length where the scour is monitored along the centerline.
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(a) (b)

Figure 6: Scour patterns for (a) emergent cylinder for 59 l/s/m, (b) emergent cylinder for 85 l/s/m, (c) HACC for 59 l/s/m,
and (d) HACC for 85 l/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 downstream289

and this becomes more notable when the plant is bended. This is owed to the subcanopy flow,290

which creates a highly erosive jet in the plant vicinity. Similar findings were reported by Hill et291

al. [79], who investigated the scour pattern around an axial-flow hydrokinetic turbine model. The292

presence of the turbine leads to flow contraction between the bottom tip and the movable bed,293

and as a result the flow accelerates and local shear stress increases. Finally, they showed that the294

induced subcanopy jet is the main scouring mechanism by comparing the obtained scour pattern295

with the one generated from the turbine support tower only.296

According to Table 2 the values of S v are at the same order of magnitude for solid cylin-297

der and emergent vegetation, despite the fact that dVERC of the plant is approximately five times298

lower than that of the solid cylinder. This implies that the form of emergent vegetation is consid-299

erably more erosive. On the other hand, the deposition height is significantly lower for emergent300

vegetation. Moreover, with the effect of bending, while the projected area decreases (Table 2)301

the bulk volume slightly increases (Fig. 4b) in general. Consequently, S d, S v and S w values302

markedly decrease compared to that of intact emergent case of the same plant. The artificially303

impermeable cases for both emergent and submerged vegetation cases generated deeper scour304

holes compared to their natural counterparts, despite the fact that the projected area (Table 2) and305

bulk submerged volume (Fig. 4b) decreased considerably. The scour patterns in Figs. 7 and 8306
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(a) (b)

(c) (d)

(e)

Figure 7: Scour patterns for (a) intact emergent vegetation for 59 l/s/m, (b) intact emergent vegetation for 85 l/s/m, (c)
bended emergent vegetation for 59 l/s/m, (d) bended emergent vegetation for 85 l/s/m, and (e) impermeable emergent
vegetation for 59 l/s/m. All dimensions are in mm and the obstacles are scaled.
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(a) (b)

(c) (d)

Figure 8: Scour patterns for (a) intact submerged vegetation for 59 l/s/m, (b) intact submerged vegetation for 85 l/s/m, (c)
impermeable submerged vegetation for 59 l/s/m, and (d) impermeable submerged vegetation for 85 l/s/m. All dimensions
are in mm and the obstacles are scaled.
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(a)

(b)

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 and307

submerged plants. S d values in Table 2 indicate that while the scour depth is less for emergent308

vegetation compared to that of the impermeable version, scour area and scour volume is more309

for intact emergent vegetation compared to impermeable case. This implies that when vegetation310

is rendered impermeable, scouring becomes localized, in a narrower region, with a higher scour311

depth similar to the solid cylinder case.312

As can be concluded from Table 2, emergent vegetation and its impermeable version generate313

close Pt values to each other, pointing out the similarity of their erosive effects within the scoured314

area. The values in Table 2, also reveal that when emergent vegetation is bended, the value of315

Pt decreases. Under the influence of bending, the plant takes a more streamlined form (in spite316

of the fact that its bulk submerged volume increases, albeit slightly, according to Fig. 4b), which317

leads to a decreased prismatic scour depth within the scoured area. Not only the decreased value318

of Pt but also the decreased values of S d, S v, and S w further confirm this idea. Pt values in Table 2319

also showed that HACC has considerably less erosive impact compared to the solid cylinder due320

to its permeable nature.321
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Observed higher values of P f for vegetative elements compared to other obstacles in Fig. 10(a)322

confirm that all the permeable forms of vegetative elements bring about similar scouring patterns,323

which are distributed over a larger area compared to the impermeable versions of the vegetative324

elements, solid cylinder, and HACC cases. In Fig. 10(b), the variation of Ps versus Reynolds325

number is presented. As can be inferred from Fig. 10(b), the permeable forms of vegetative el-326

ements have higher Ps values compared to impermeable forms of the obstacles. The variation327

of θ/θcr versus Ps, which is given in Fig. 11(a), also showed in a similar way that permeable328

forms of the plants generate at least 2-4 times higher values of Ps under the same flow con-329

ditions, which emphasizes the erosive influence of the vegetative elements compared to other330

impermeable forms. Another common interesting point in Figs. 10(a), 10(b), and 11(a) is that331

the permeable forms of the plants react in a much more variable way compared to other types of332

obstacles. This implies that there is a higher sensitivity to flow conditions (either described by333

Reynolds or Shields number). More specifically natural vegetation reacts to flow in a more vari-334

able way compared to the other examined obstacles. This can be explained by the streamlining335

and compression behavior of the plant. According to Yagci et al. [44] vegetation with distinct336

trunk exhibits three different forms (i.e. erect, compressed, and bended) under the impact of the337

flow induced drag force. In the compression, the branches and foliages follow the streamlines,338

and the permeability of the vegetation decreases.339

The variation of θ/θcr with respect to VR (Fig. 11b) clearly demonstrated that, for the higher340

discharges, the deposited volume ratio within the monitoring zone decreases for all the obsta-341

cles without any exception. Also the VR values given in Table 2 showed that the vegetative342

elements yield less deposition ratio compared to cylinder-like obstacles within the monitoring343

zone under the same flow conditions. Moreover, impermeable forms of the obstacles are prone344

to generate more deposition within the monitoring zone compared to permeable forms of the345

obstacles. As can be seen from Fig. 10(c), even for small Reynolds number, the permeable form346

of both submerged and emergent vegetation generates highly elevated values of Ptc. The HACC,347

which generated similar scour pattern to vegetation type obstacles, constitutes a transition case348

between permeable vegetation type of obstacles and impermeable form of the obstacles. Im-349
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(a) (b) (c)

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

permeable form of the obstacles (both vegetation-type and cylinder-like) requires significantly350

higher (according to Fig. 10c, approximately 3-4 times) Reynolds number for the generation of351

same magnitude of Ptc within the scoured zone along the centerline.352

Fig. 12 shows the longitudinal centerline profiles of the scoured bed under seven different353

types of obstructions for the low and high discharge (i.e. 13 of the 14 tests given in Table 2).354

According to Fig. 12, the upstream slopes of the scour holes are practically parallel to each355

other for all the obstacles. The values of Jups and Jside presented in Table 2 also numerically356

confirm that scour angles at the upstream and at the side are around the same magnitude for all357

the forms of the obstacles but the submerged vegetation types. The slopes of the scour holes are358

significantly less compared to other cases for the submerged plants. As can be seen from Fig. 12,359

the downstream slope of both the emergent and submerged vegetation is milder compared to360

cylinder-like cases. Fig. 12 also shows that the maximum scour depth for all the obstacles is361

located at the upstream of the obstacle as expected [54]. The patterns of the scour for the cylinder362

cases look similar to the description given in [55], with relatively steeper scour angle upstream363

and milder downstream. Same patterns were also monitored for all the vegetative elements.364
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(a) (b)

Figure 11: Variation of the parameters (a) Ps and (b) VR with θ/θcr
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Figure 12: Longitudinal scour profiles along the flume centerline for (a) 59 l/s/m and (b) 85 l/s/m.
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4.2. Hydrodynamic analysis of the scour/deposition patterns365

4.2.1. Solid cylinder and hexagonal array of circular cylinders366

Sumer [57] summarized the consequences of placing a structure in a hydraulic environment367

and the alterations of the flow pattern around it: contraction of the flow, downflow occurrence368

at the upstream of the structure, formation of a horseshoe vortex, formation of lee-wake vortices369

(with or without vortex shedding), and increased turbulence in the vicinity of the structure. The370

scouring is more pronounced with increasing flow velocity since the sediment mobility increases371

(see Shields parameter values in Table 1). Fig. 5 shows the generated scour patterns around the372

solid cylinders, which is similar to those of [53–55, 71]. For the higher discharge, the peak point373

of the depositional zone is not observed within the monitoring zone.374

Fig. 6 shows the scanned bed for the cylinder array (HACC) cases. The structure has the same375

outer diameter with the previous solid cylinder case; however, its permeability apparently plays a376

role in the generation of different scour patterns. It is a well-documented fact [46, 80] that since377

the array has a specific porosity, certain amount of flow penetrates through the array as bleed-378

flow. Zong and Nepf [80] visualized the wake behind the porous obstruction and concluded that379

the presence of the bleed-flow delays the onset of the von Karman vortex street compared to the380

solid cylinder case.381

Recently, Kitsikoudis et al. [81] experimentally investigated the flow characteristics around382

different forms of HACC cylinders, which have equal encircling diameter with this study. In383

their study Kitsikoudis et al. [81] mounted the obstacles on rigid bottom and performed velocity384

measurements along the centerline and around the porous obstruction. Their data clearly showed385

the existence of the downflow at the upstream of the HACC, in spite of the presence of bleed-386

flow. They also found that with decreasing permeability, the downflow strength increased due387

to decreasing bleed-flow. This finding, as well as the appearance of the upstream part of the388

scour hole seen in Fig. 6, suggests that the downflow still plays a significant role in the scouring389

process, similarly to the solid cylinder in Fig. 5. Nevertheless, it should be noted that the extent of390

the upstream scour hole is significantly lower for HACC compared to solid cylinder (Fig. 6), as a391

result of the fact that the magnitude of the downflow is lessened for the HACC compared to solid392
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Figure 13: Non-dimensional scour depth (S/D) with the Shields parameter (θ) for the individual cylinder and the HACC
cases

cylinder as proved by Kitsikoudis et al. [81]. According to Graf and Istiarto [54] the strength of393

the horseshoe vortex heavily depends on the downflow strength. Based on this knowledge it can394

be claimed that with the reduced downflow, the upstream separation distance near the bottom is395

diminished, which is the natural outcome of the downflow. Consequently, the magnitude of the396

horseshoe vortex is lessened as a result of decreased downflow. Therefore, the spanwise extents397

of the scour holes S w for HACCs are smaller than the solid cylinders.398

The aforementioned differences in the extent of scour hole between single cylinder and399

HACC cases can also be seen in the depth at the upstream part of the scour holes. Fig. 13 shows400

the variation of the non-dimensional scour depth (S d/D) with the Shields parameter (θ) for the401

individual cylinder and the HACC cases (note that S d/D , Ps for HACC). D represents the outer402

diameter of the solid cylinder and HACC. On this figure, the critical value of Shields parameter403

for initiation of motion (with respect to modified Shields diagram of [82]) is also shown. Similar404

exercises were followed previously by Mao [83] and Melville and Coleman [84]. It can be seen405

that the non-dimensional scour depth values for the two cases are quite close for the smaller406

value of Shields parameter provided that the overall diameter of the HACC is taken as the repre-407

sentative diameter. However, as the Shields parameter increases towards the live-bed regime, the408

scour depths of HACC deviate from the solid cylinder case, albeit slightly. According to criteria409

given in [85, 86], the array of HACC employed here is considered to have a dense configuration,410

thus its behavior is closer to a rigid cylinder of equal total volume.411
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4.2.2. Emergent vegetation case (intact, bended, and impermeable cases)412

4.2.2.1 Intact emergent vegetation413

The flow field around emergent vegetation with distinct trunk can conceptually be classified into414

two specific regions; the canopy and subcanopy regions. Yagci et al. [44] obtained the mean flow415

and turbulence patterns at the centerline where flow passes through an emergent plant (Cupressus416

Macrocarpa, same species with the one used in this study), based on their spatially dense mea-417

surements for rigid bed case. Since those findings may considerably aid the explanation of the418

obtained scour patterns around the plants, their results are reproduced here, in Fig. 14. In [44],419

as can be seen from the streamwise component in Fig. 14, a strong subcanopy jet was observed420

just below the plant, which makes the flow around/through emergent tree-like vegetation unique421

in terms of flow-body interaction. The strength of the subcanopy flow heavily depends on the422

porosity and the ratio of plant submergence, i.e. trunk to canopy ratio. The experimental data423

by Kitsikoudis et al. [87] clearly demonstrated that the strength of the subcanopy flow decreases424

with the increasing porosity. Nevertheless, in the pertinent literature there is no systematic study425

which investigates the influence of trunk to canopy ratio on the characteristics of the subcanopy426

flow. In this study, these two parameters (i.e. porosity and trunk to canopy ratio) were kept con-427

stant for the plants. However, it should be noted that different scour patterns may be obtained for428

the different values of these parameters.429

Recently, the experimental data by Kitsikoudis et al. [81] showed that flow recovery behind a430

tree-like element occurred in a shorter distance compared to the respective uniform element, due431

to the vertical shear induced turbulent mixing between subcanopy and canopy region. Moreover,432

it was seen that for the tree-like element configuration, the von Karman vortex street was distorted433

to a great extent, which was attributed to the interaction of the subcanopy jet with the lee-wake434

vortices that occur behind the canopy. These findings highlight that subcanopy dictates the flow435

field behind tree-like vegetation. The conical scour pattern occurs around the solid cylinder as436

a result of the horseshoe vortex, as can be seen in Fig. 5. However, differing from the solid437

cylinder case, horseshoe vortex is not the major coherent flow which is responsible for the scour438

around the tree-like element. Instead, subcanopy flow dictates the scouring mechanism around439
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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/Umax) 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 milder440

downstream scour slope, which was described in previous section. Moreover, Fig. 14 proves the441

existence of a downflow for emergent vegetation, similar to the case of solid cylinder. The scour442

patterns in Fig. 7 suggest that the downflow affects the scouring process for the plants, similarly443

to solid cylinder and HACC cases, given that noticeable scour was observed at the upstream of444

the trunk.445

4.2.2.2 Impermeable emergent vegetation446

Impermeable emergent vegetation generated significantly higher volumetric deposition ratio VR447

values compared to intact emergent vegetation within the monitoring zone. This means that with448

decreasing permeability the deposition occurs closer to the obstacle.449
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4.2.2.3 Bended emergent vegetation450

According to Lightbody and Nepf [88], when salt marsh vegetation bends under the effect of451

drag force for a given depth the vertical variation in the projected area of the element is negli-452

gible. However, the projected area values in Table 2 clearly demonstrated that despite the plant453

is artificially bended, the projected area decreases for bended trunky vegetation. On the other454

hand, with the effect of bending the submerged bulk volume of the plant increases (Fig. 4a).455

Jarvela [89] documented that leaves on willows can double or triple the friction factor compared456

to the leafless case. This was later on further confirmed by Wilson et al. [90] who reported that457

plant foliage induces larger drag forces. This implies that when vegetal obstruction bends and458

compresses under the effect of flow, its submerged volume increases, hence one would expect459

the total drag also to increase. However, with the increasing bending, according to Righetti [91],460

vegetation gains a more hydrodynamic shape and streamlining effect becomes more prominent.461

Moreover, recently Majd et al. [92] conducted flow visualization and quantified the separation462

(which is the natural outcome of downflow according to Graf and Istiarto [54]) at the upstream463

of the bended cylinder by means of a laser sheet. They found that the upstream separation dis-464

tance tends to decrease with the bending of the cylinder. These offsetting factors (i.e. increased465

plant volume and better developed hydrodynamic shape of the plant) have opposite effects on the466

generated drag force.467

When all these pieces are put together, it can be reasoned that with the increasing immersed468

volume and decreased permeability, the magnitude of the downflow would increase. On the other469

hand, with the increasing hydrodynamic shape owing to bending, increased portion of the flow470

is expected to be diverted upwards. This mitigates the magnitude of downflow and reduces the471

strength of subcanopy flow.472

According to Table 2, with the effect of bending, the values of S d, S v and S w markedly de-473

crease compared to that of intact emergent case. This advocates that under the same flow condi-474

tions, the hydrodynamic influence of bending prevails over the decreased porosity and increased475

submerged volume. This mitigates the magnitude of the downflow. This result is also in agree-476

ment with the findings of Fathi-Maghadam and Kouwen [93], who showed that the standard drag477
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force equation becomes invalid for flexible trees owing to the bending and compression of the478

plant. In their study, the drag force unexpectedly correlates linearly with the velocity (instead of479

the regular correlation with the square of the velocity), which confirms that bending/compression480

substantially reduces the drag force. It is worth to mention that this study was conducted in un-481

confined flow (i.e. air) domain by towing the vegetation. Moreover, in parallel with the findings482

presented here, the findings by Euler et al. [48] demonstrated that the streamwise inclination re-483

duces the horseshoe vortex stresses acting at the projected frontal area, which leads to a reduction484

of frontal scouring around solitary woody riparian plants.485

4.2.2.4 Submerged vegetation486

Fig. 8 shows the scour patterns obtained from the experimental runs with intact and with imper-487

meable canopy submerged vegetation. As stated in Section 4.1, both upstream-slope of scour488

holes Jups and side-slope of scour holes Jside are markedly lower for submerged vegetation com-489

pared to other obstacles. The most distinguished difference between the flow through/around490

emergent vegetation and flow through/around submerged vegetation is the presence of over-491

canopy flow, which occurs only for the submerged case of the plant. The scouring mechanism492

is similar to the emergent vegetation; however, the downflow is now expected to be diminished493

due to the fact that a portion of the flow passes over the plant. Nonetheless, additional studies494

are needed to clarify the role of over-canopy flow on the reduction of downflow and scour.495

5. Conclusions496

In riverine systems, riparian vegetation plays a crucial role in the regeneration of river land-497

scapes by altering fluvial as well as biological processes. A better understanding of dynamic498

interaction between the flow, vegetation, and sediment processes would aid in the development499

of sustainable river management strategies. From this motivation, an experimental study was un-500

dertaken which focused on the scour/deposition geometry around some representative vegetation501

elements. The following conclusions were drawn based on the findings:502
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• Dimensionless morphometric values demonstrated that a solid cylinder generated rela-503

tively wider and deeper scour holes compared to a hexagonal array of circular cylinders504

(HACC) and vegetation cases under identical flow conditions. While the cylinder produced505

a pronounced circular extent of the scour hole, the natural plant generated two elongated506

scour holes at the downstream with a well-defined longitudinal ridge. The HACC case507

can be considered as a transitional form between a plant and a cylinder. Similar to the508

real plant cases, an elongated scour hole and a well-defined ridge could clearly be distin-509

guished. From this perspective it can concluded that HACC represents complex vegetation510

anatomy in a more successful way in terms of local scouring impact on erodible bed.511

• Differing from the solid cylinder, a strong subcanopy jet and the bleed-flow are known to be512

the characteristic features that make the flow around/through tree-like emergent vegetation513

unique in terms of flow-body interaction. For the examined cases, in spite of the fact514

that dVERC of tree-like emergent vegetation is approximately five times lower than that of515

the solid cylinder, due to the presence of subcanopy flow scour volumes of solid cylinder516

and emergent vegetation are at a comparable level. Moreover, subcanopy flow leads to517

significant scour expansion at the downstream of the emergent vegetation, contrary to the518

cylinder and HACC cases.519

• When the emergent plant was modified as an impermeable obstacle, it was seen that the520

distance between the obstacle and the deposition region at the downstream became shorter.521

Furthermore, an elongated scour pattern and the ridge were not observed for the imperme-522

able case.523

• When natural vegetation becomes artificially impermeable scouring becomes localized. It524

occurs in a narrower region with higher scour depth, as observed for the solid cylinder525

case.526

• When the emergent vegetation was bended, the plant takes more streamlined form despite527

its increasing bulk submerged volume. The values of scour depth, scour volume, and scour528

width considerably decrease compared to that of intact emergent case. The scour zone at529
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downstream became more elongated and expanded compared to the intact vegetation case.530

• Within the monitoring zone, plants generate less dimensionless volumetric deposition ratio531

VR compared to cylinder-like obstacles. Similarly, impermeable forms of vegetation tend532

to generate higher VR within the monitoring zone compared to their permeable counter-533

parts.534

• The data showed that the upstream slopes of the scour holes are practically equal to each535

other for all the obstacles except submerged vegetation. The downstream slopes of both536

emergent and submerged vegetation are milder compared to cylinder-like cases.537

• The obtained morphometric scour characteristics belonging to natural vegetation clearly538

demonstrated that such plants exhibit higher sensitivity to the incoming flow. In other539

words, the plant form changes (due to streamlining and compression effect) when exposed540

to flow. Thus it yields more variable morphometric scour characteristics compared to other541

rigid obstacles.542
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