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Abstract: This experimental study aims to investigate the characteristics of turbulent flow in channels
with vegetated banks and varying channel width under the condition of the incipient motion of bed
material. The natural reeds were used as emergent vegetation on the sidewalls of a laboratory flume.
In total, nine experimental runs have been conducted with different experimental setups by using
three different particle sizes of bed material and three different channel bed slopes. An Acoustic
Doppler velocimetry (ADV) was used to acquire velocity components in three directions. The results
of this study indicate that the streamwise velocities have the maximum and minimum values at the
cross sections with the narrowest and widest width, respectively. When the aspect ratio is less than 5,
the maximum velocity occurs below the water surface, due to presence of the secondary currents. It
is found that, at all measurement points, the distribution of the Reynolds shear stress has a Z-shaped
profile owing to presence of vegetation on the channel sidewalls. By extrapolating the profiles for
flow velocity and Reynolds shear stress towards the surface of the channel bed, the near-bed incipient
velocities and the corresponding shear stresses for the incipient motion have been determined. By
increasing the channel bed slope, the estimated near-bed parameters for all particle sizes decreased,
indicating the dominance of the gravity effect over the pressure gradient effect. It was also observed
that the Shields method was invalid for assessing the incipient motion of bed material in the presence
of vegetation on the sidewalls of a channel that has a varying width.

Keywords: varying channel width; emergent vegetation; incipient motion; near-bed velocity; shear
stress; Shields method

1. Introduction

The incipient motion of sediment in a channel bed plays a key role in many river
engineering projects, such as design of stable channels, estimation of riverbed resistance,
prevention of scouring and sedimentation processes [1]. Generally, the width of natural
channels varies, thus leading to non-uniform flow in rivers and stream. The presence
of vegetation patches in natural rivers either on channel beds or channel banks or both
is inevitable, especially in small rivers and streams. On the one hand, the presence of
vegetation in a channel increases the flow resistance and thus reduces the possibility of
sediment transport, and on the other hand, it decreases the threshold velocity for lifting
the particles owing to the increase of turbulence intensities [2,3]. Considering the above-
mentioned complicated process, it is essential to assess the effects of vegetation on the
incipient motion of bed material.

Laboratory experiments can aid researchers to evaluate different aspects of fluvial
hydraulics under controlled hydraulic and boundary conditions. In this regard, many
experimental works have been performed in order to assess the condition for the incipient
motion of bed material by changing hydraulic parameters. Generally, the threshold condi-
tion can be investigated by two approaches: the bed-load extrapolation approach and the
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visual observation approach [4]. In the extrapolation approach, the critical shear stress is
determined by extrapolating the bed shear stress either to the null or to the low reference
value of sediment transport flux [5]. This approach is sensitive to the extrapolation and
the reference value [6]. The visual observation approach, however, is based upon the
monitoring of particle movements.

Kramer [7] classified four categories for sediment motions: (1) no sediment transport—
without movement of sediment particles; (2) weak sediment transport—with movement of
a small number of the smallest particles in the specified part of a channel bed; (3) medium
sediment transport—with movement of a large number of medium-sized particles; and (4)
general sediment transport—with the motion of particles of all sizes in all parts of a channel
bed. Some researchers pointed out that sediment movements were affected by the near-bed
turbulence, which describes the nature of the hydrodynamic forces acting on sediment
particles [8]. On the other hand, it was reported that the threshold velocity for the incipient
motion of bed material was directly influenced by both particle size and flow depth [9].
The threshold values of the near-bed velocity and shear stress are the velocity and shear
stress values at the channel bed surface under the defined threshold condition [4]. By
considering flow depth and sediment characteristics, some equations have been developed
for calculating these threshold values [10–13]

The criterion proposed by Shield [14] is the most important and widely used approach
for assessing the incipient motion of bed material. In the Shields diagram the movements
of sediment particles can be assessed by using the critical shear Reynolds number and
Shields dimensionless parameter. When a data point lies on the Shields curve, it indicates
the “incipient motion” condition. Points located below and above the curve represent
“no sediment motion” and “sediment motion” condition, respectively. However, it was
proved later that the critical Shields stress for the incipient motion of particles deviates
from the Shields curve, due to some uncertainties in calculating the bed shear stress, in case
of the presence of non-uniform flow, as well as the differences in definition of the threshold
condition [5,15,16].

The presence of vegetation in rivers affects various aspects of the environment and
aquatic systems, such as banks stability, sediment transport, water quality, and aquatic
habitats. To address issues regarding river restoration and water conservation projects, the
impacts of vegetation in rivers have attracted a lot of attention from researchers [17,18]. Tang
et al. [19] claimed that due to generation of secondary currents resulted from vegetation in
the channel bed, the velocity for the incipient motion of bed material declined. Also, the
impacts of the density of emergent vegetation on sediment transport were investigated.
It was found that the threshold velocity decreased by increasing the stem density along
the channels [20]. Shahmohammadi et al. claimed that the submerged vegetation patches
affect the motion of bed material [9]. The results showed that the presence of vegetation
along the flow greatly influences the condition for the incipient motion of bed material,
Reynolds shear stress and kinetic energy distributions. Moreover, the average incipient
velocity decreased by 20%, compared to that in a bare channel. In a channel with vegetated
sidewalls and gravel bed, it is found that the presence of vegetation led to the change in
the location of the maximum shear stress. Furthermore, by reducing the median size of bed
material, less change in Reynolds shear stress was recognized [21]. To better understand
the mechanisms of fluids transport through fibrous porous media, by using analytical
solutions and numerical simulations, several studies were performed [22,23]. However,
in experimental studies with fine particles as bed material, it is assumed that the bed
permeability is negligible.

Several studies were carried out to determine the effects of variation in channel width
on the morphodynamics and flow structures [24–26]. It was found that the contraction of a
channel controls the acceleration and deceleration of the flow, leading to the generation of
turbulence. Turbulence eddies formed in the flow separation zones influence the velocity
and shear stress patterns [27]. It was reported that the channel width and change of the
bedform wavelength were known as key factors influencing the sequence of bedforms [28].
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In a field study in the Babolroud River, it was found that the velocity vector oriented in
different directions at various locations of bedforms that were caused by the variation
of channel width and flow non-uniformity [29]. To date, the same numerical models
have also been developed to examine the effects of the variation of channel width on the
bedload transport, bedform maintenance and cyclic erosion/deposition [30–33]. In the two-
dimensional morphodynamic simulation performed by Morgan [25], the channel width
variation amplitude was discovered to be the key control factor for the topographic relief
between bedforms. Another numerical study was conducted to investigate the discrete
cyclic erosion/deposition regions in channels with varying channel width [34].

By reviewing the above-mentioned studies, it can be concluded that the channel
geometry greatly affects sediment transport. Also, the presence of vegetation influences
the turbulence patterns, and thus particle movements in a vegetated channel. The incipient
motion of bed particles is a stochastic phenomenon and subsequently leads to sediment
transport and erosion processes; therefore, a detailed investigation under a controlled
experimental environment could lead to concise findings. Resultantly, it is necessary to
conduct a deeper investigation of the simultaneous effects of vegetated walls and varying
channel width on the characteristics of turbulent flow under the condition of the incipient
motion of bed material, which has not been explored up to date and is the main objective
of the present innovative study.

2. Materials and Methods

In the current research, experiments were conducted in a laboratory flume that is
11.25 m long, 0.9 m wide, and 0.7 m deep. In the upstream section of the flume, there
is a stilling basin with a bar screen which helps the flow dissipate energy after entering
into the flume and maintains it to reach a fully developed flow along the flume section
for experimentation. The tailgate located at the downstream end of the flume was used
to regulate the water depth in the flume. An ADV (Acoustic Doppler Velocimeter), which
has an accuracy of 0.001, was used to measure the instantaneous velocity components in
three directions (x-streamwise, y-transverse, and z-vertical directions) at different cross
sections along the flume and at different distances from the channel sidewall. The channel
with varying widths was prepared using Polyvinyl Chloride (PVC) barriers of different
diameters (from the minimum diameter of 0.22 m to the maximum diameter of 1.2 m) and
covered with a transparent fibrous sheet. The reeds were used to model natural vegetation.
Each reed element has an average diameter of 10 mm. The rows of reeds were used as
emergent natural vegetation and placed uniformly on both sidewalls of the flume. To
compare results of previous studies and incipient conditions [15,16], three sands with
different median particle size of 0.56 mm (dI), 0.74 mm (dI I), and 1.08 mm (dI I I) were used
in this study. The particle uniformity is generally estimated by the geometric standard

deviation coefficient, defined as σg =
(

d84
d16

) 1
2 , where d84 and d16 are the diameters of the

bed particles of which 84% and 16% are finer than them, respectively. As the calculated σg
was less than 1.4, the sediment particles used in this study belong to the uniform sand [4].
It should be noted that the visual observation approach was employed for distinguishing
the bed particle movements. In this regard, the “medium sediment transport” classified by
Kramer was considered for particle movements. In this experimental study, the discharge
was kept as constant. By adjusting the tailgate at the downstream end of the flume, the
water level was lowered until the mentioned criteria for the incipient motion of bed material
was achieved. Then, the measurements were conducted. Figure 1 shows the construction
steps of the channel with varying width and vegetated sidewalls. Figure 2 presents the
grain size distributions for three different bed materials.
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As shown in Figure 3, to investigate the effects resulting from the variation of channel
width and vegetation on the sidewalls, measurements were conducted at 9 places along
three longitudinal axes (central axis or “C”-axis, “CC”-axis, which is 15 cm from the
“C”-axis, and “CCC”-axis, which is 30 cm from the “C”-axis) and at three cross sections
(Figure 3–red points). It should be noted that the ADV measurements were conducted in
the flume section that is 8 m downstream from the flume entrance, where the flow is fully
developed turbulent flow. Table 1 summarizes the conditions for different experimental
setups. One can see from Table 1 that the experiments were carried out using three different
sands as the bed material with three different slopes of the channel bed.
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Table 1. The summary of experimental setups.

Experimental Setup
Hydraulic Parameters

Discharge (lit/s) Water Depth (cm) Froude Number (Fr) Reynolds Number Re × 105

d50 = 0.56 mm, S = 0 27 20 0.12 0.35

d50 = 0.74 mm, S = 0 27 14 0.21 0.34

d50 = 1.08 mm, S = 0 27 12 0.26 0.34

d50 = 0.56 mm, S = 0.0075 27 22 0.11 0.34

d50 = 0.74 mm, S = 0.0075 27 16 0.17 0.35

d50 = 1.08 mm, S = 0.0075 27 13 0.23 0.34

d50 = 0.56 mm, S = 0.015 27 23 0.1 0.35

d50 = 0.74 mm, S = 0.015 27 21 0.11 0.35

d50 = 1.08 mm, S = 0.015 27 14 0.21 0.34

In total, 9 laboratory experiments have been carried out in the current study. The
setups for these experiments differ from natural channels. Thus, the following limitations
for this conceptual experimental study should be mentioned:

- The flows are steady and non-uniform;
- The change of the channel width in the streamwise direction is symmetric;
- The diameters of all reed elements are the same;
- The density of inflexible vegetation on the sidewalls is kept as constant.

3. Results and Discussion

In this section, to avoid repetition, the results for experimental setups with the mini-
mum and maximum slopes of the channel bed with both the finest and the coarsest particles
are reported:

3.1. Results in the Flat Channel
3.1.1. Streamwise Velocity Distribution

The distribution of streamwise velocity component (u) for the finest sand (d50 = 0.56 mm)
is shown in Figure 4. One can see from Figures 4 and 5 that the streamwise velocity had
the largest and lowest values, respectively, at cross Section 1 (CS-1) (with the minimum
channel width) and CS-3 (with the maximum channel width) along all three longitudinal
axes (C-axis, CC-axis and CCC-axis). The velocity values along the C-axis were also higher
than those along other two axes, according to the non-slipping principle. Furthermore, since
the aspect ratio (w/h) is less than 5, the location of the maximum velocity occurred below
the water surface. This phenomenon, which is defined as “dip”, occurs in three dimensional
flows and narrow channels due to the presence of secondary currents [35]. It was reported
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in previous works [21,36] that the vegetated sidewalls of a channel play a major role in
generating secondary currents. In this study, the vegetated sidewalls and the varying width
of the channel lead to the development of secondary currents; hence, the “dip” phenomenon
appears in most velocity profiles. As showed in Figure 5, for the smaller aspect ratios, the
velocity profiles along all axes were clearly affected. In contrast, for larger aspect ratios, the
effects of channel banks and secondary currents limit the zone near the channel walls; and
thus, the dip phenomenon would not be observed along the central C-axis. At CS-1, where the
channel width and the aspect ratio are the least, the “dip” phenomenon occurred along the
central C-axis (Figure 4a); but with the increase in the channel width, the “dip” phenomenon
was not observed along the central C-axis (Figure 4b,c).
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Figure 4. (a–c) Streamwise velocity distributions (experimental setup: S = 0, d50 = 0.56 mm).
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Figure 5. (a–c) Streamwise velocity distributions (experimental setup: S = 0, d50 = 1.08 mm).

As presented in Figure 5 for the channel with the coarsest sand as the bed material, the
streamwise velocity along all three longitudinal axes (C-axis, CC-axis and CCC-axis) had
the maximum and minimum values, respectively, at CS-1 and CS-3, similar to the results
for experimental setup with the finest sand. Velocity values along the central C-axis were
also higher than those along other two axes closer to the channel sidewall, according to
the non-slipping principle. In addition, the “dip” phenomenon was not observed in any of
velocity profiles, since the aspect ratio is larger than 5 [35].

3.1.2. Turbulence Intensity Distribution

According to Grass [37], the maximum value of urms (urms =

√
u′2) occurs at a the flow

depth of 0.04 h~0.12 h from the bed surface, (where h is the water depth), and has less values
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in higher depths near the water surface. The result of urms distribution in this study had a
convex shape, regardless of the particle sizes of the bed material (Figures 6 and 7). It was also
observed that the turbulence intensities along the central C-axes had the lowest values, and
showed an increasing trend by moving towards the channel sidewalls. In other words, the
channel sidewalls and wall vegetation had a major role in producing turbulence eddies, and
increased turbulence intensities. This finding was also reported in previous works conducted
in channels with the varying channel width [29,38], as well as either submerged or emergent
vegetation in channels [9,21,39].
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Figure 6. (a–c) Turbulence intensity distributions (experimental setup: S = 0, d50 = 0.56 mm).
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Figure 7. (a–c) Turbulence intensity distributions (experimental setup: S = 0, d50 = 1.08 mm).

3.1.3. Reynolds Shear Stress

The results showed that since both ( u′v′) and (v′w′) had small values without any
significant changes, regardless of experimental setups for all experiments, the results
of ( u′w′) which is the most predominant component of the shear stress are discussed
here. For bed particles with weak movements, according to Nikora and Goring [40], the
dimensionless Reynolds shear stress profile is divided into three regions throughout the
flow depth. In the first region near the bed surface, the shear stress profile starts from a
non-zero value, and then increases until reaches its maximum value at the flow depth of
z/h ∼= 0.3, which is the boundary between regions 1 and 2. The profile then has a decreasing
trend in region 2, and reaches its minimum value (close to zero) at the boundary between
regions 2 and 3. In the current study, due to the limitation of ADV measurements that can
only be conducted 5 cm below the water surface, investigating Reynolds shear stress in
region 3, which is a thin layer, is not possible.

For flow in the channel with the finest sand, all profiles of Reynolds shear stress had
a convex shape (Figure 8). However, the maximum values of Reynolds shear stress at
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CS-1 occurred at a smaller distance near the bed. Additionally, the maximum values of
Reynolds shear stress had the largest and smallest value at CS-1 and CS-3, respectively.
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Figure 8. (a–c) Reynolds shear stress distributions (experimental setup: S = 0, d50 = 0.56 mm).

The interaction of the wall vegetation and the varying width of the channel affects
the distribution patterns of Reynolds shear stress. Results showed that the shear stress
profiles had four distinct zones and had a Z-shape distribution at CS-2 and CS-3, where
the flow along this section from CS-2 to CS-3 belongs to a decelerating flow. Resultantly,
the presence of vegetation on the channel sidewalls caused the formation of different
shear layers with complex behaviors, especially near the vegetation on the sidewalls. For
this case, the maximum values of Reynolds shear stress occurred at the flow depth of
0.3 < z/h < 0.4 from the bed surface. A similar pattern of Reynolds shear stress distribution
was also reported in other studies [21,36] in which the impacts of the wall vegetation on
flow structures were examined. Moreover, the shear stress had the largest values in the
vicinity of vegetation and the maximum values occurred at the flow depth of z/h ∼= 0.4
from the bed surface (Figure 8c).

The distribution of Reynolds shear stress for flow in the channel with the coarsest sand
also had a Z-shape pattern, similar to the results for the experimental setup with the finest
sand (Figure 9). One can conclude from Figures 9 and 10 that by increasing the grain size
of bed material, the shear stress values increased, and the maximum value of shear stress
occurred closer to the bed surface. This result agrees with that of Shahmohammdi et al. [9]
who did experiments with a sand bed with a medium motion of particles by changing the
grain sizes of bed material.

Water 2023, 15, x FOR PEER REVIEW 8 of 18 
 

 

   

Figure 8. Reynolds shear stress distributions (experimental setup: S = 0, d50 = 0.56 mm). 

The interaction of the wall vegetation and the varying width of the channel affects 
the distribution patterns of Reynolds shear stress. Results showed that the shear stress 
profiles had four distinct zones and had a Z-shape distribution at CS-2 and CS-3, where 
the flow along this section from CS-2 to CS-3 belongs to a decelerating flow. Resultantly, 
the presence of vegetation on the channel sidewalls caused the formation of different 
shear layers with complex behaviors, especially near the vegetation on the sidewalls. For 
this case, the maximum values of Reynolds shear stress occurred at the flow depth of 0.3 
< z/h < 0.4 from the bed surface. A similar pattern of Reynolds shear stress distribution 
was also reported in other studies [21,36] in which the impacts of the wall vegetation on 
flow structures were examined. Moreover, the shear stress had the largest values in the 
vicinity of vegetation and the maximum values occurred at the flow depth of 𝑧/ℎ ≅ 0.4 
from the bed surface (Figure 8c). 

The distribution of Reynolds shear stress for flow in the channel with the coarsest 
sand also had a Z-shape pattern, similar to the results for the experimental setup with the 
finest sand (Figure 9). One can conclude from Figures 9 and 10 that by increasing the 
grain size of bed material, the shear stress values increased, and the maximum value of 
shear stress occurred closer to the bed surface. This result agrees with that of Shahmo-
hammdi et al. [9] who did experiments with a sand bed with a medium motion of parti-
cles by changing the grain sizes of bed material. 

   
Figure 9. Reynolds shear stress distributions (experimental setup: S = 0, d50 = 1.08 mm). 

0

0.2

0.4

0.6

0.8

0 1 2

z/
h

u' w'/u*
2

b CC1
CC2
CC3

0

0.2

0.4

0.6

0.8

0 1 2

z/
h

u' w'/u*
2

c CCC1
CCC2
CCC3

0

0.1

0.2

0.3

0.4

0.5

0 1 2

z/
h

u' w'/u*
2

a C1

C2

C3

0

0.1

0.2

0.3

0.4

0.5

0 1 2

z/
h

u' w'/u*
2

b CC1

CC2

CC3

0

0.1

0.2

0.3

0.4

0.5

0 1 2

z/
h

u' w'/u*
2

c

CCC1

CCC2

CCC3

Figure 9. (a–c) Reynolds shear stress distributions (experimental setup: S = 0, d50 = 1.08 mm).



Water 2023, 15, 3691 9 of 18Water 2023, 15, x FOR PEER REVIEW 9 of 18 
 

 

   
Figure 10. Streamwise velocity distributions (experimental setup: S = 0.015, d50 = 0.56 mm). 

3.2. Results in the Steepest Channel 
3.2.1. Streamwise Velocity Distribution 

As indicated in Figures 10 and 11, the trends of streamwise velocity profiles are 
similar to those of the experimental setup with a flat channel bed (S = 0). The “dip” 
phenomenon was observed in most velocity profiles in the channel with the finest sand, 
and was more tangible at CS-1, where the channel width is the least and thus the lowest 
aspect ratio (Figure 10). For the channel with the coarsest sand, however, the “dip” phe-
nomenon was not observed in any velocity profiles, owing to the two-dimensional flows 
with large aspect ratio (Figure 11). 

   
Figure 11. Streamwise velocity distributions (experimental setup: S = 0.015, d50 = 1.08 mm). 

3.2.2. Turbulence Intensity Distribution 
The distributions of turbulence intensity of flow in the sloped channel with vege-

tated sidewalls for both sands of different particle sizes were similar to those of the ex-
periments in the flat channel (S = 0), in which the maximum value of the turbulence in-
tensity occurred at a distance close to the channel bed. The turbulence intensities in-
creased by moving towards the flume sidewalls due to the generation of higher turbu-
lence by the vegetated sidewalls (Figures 12 and 13). 

0

0.2

0.4

0.6

0.8

0

z/
h

u (cm/s)

a
C1

C2

C3

0

0.2

0.4

0.6

0.8

0 10 20

z/
h

u (cm/s)

b CC1

CC2

CC3

0

0.2

0.4

0.6

0.8

0 10 20

z/
h

u (cm/s)

c CCC1

CCC2

CCC3

0

0.2

0.4

0.6

0.8

0 50

z/
h

u (cm/s)

a
C1
C2
C3

0

0.2

0.4

0.6

0.8

0 50

z/
h

u (cm/s)

b
CC1
CC2
CC3

Figure 10. (a–c) Streamwise velocity distributions (experimental setup: S = 0.015, d50 = 0.56 mm).

3.2. Results in the Steepest Channel
3.2.1. Streamwise Velocity Distribution

As indicated in Figures 10 and 11, the trends of streamwise velocity profiles are similar
to those of the experimental setup with a flat channel bed (S = 0). The “dip” phenomenon
was observed in most velocity profiles in the channel with the finest sand, and was more
tangible at CS-1, where the channel width is the least and thus the lowest aspect ratio
(Figure 10). For the channel with the coarsest sand, however, the “dip” phenomenon was
not observed in any velocity profiles, owing to the two-dimensional flows with large aspect
ratio (Figure 11).
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Figure 11. (a–c) Streamwise velocity distributions (experimental setup: S = 0.015, d50 = 1.08 mm).

3.2.2. Turbulence Intensity Distribution

The distributions of turbulence intensity of flow in the sloped channel with vegetated
sidewalls for both sands of different particle sizes were similar to those of the experiments
in the flat channel (S = 0), in which the maximum value of the turbulence intensity occurred
at a distance close to the channel bed. The turbulence intensities increased by moving
towards the flume sidewalls due to the generation of higher turbulence by the vegetated
sidewalls (Figures 12 and 13).
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Figure 12. (a–c) Turbulence intensity distributions, (experimental setup: S = 0.015, d50 = 0.56 mm).
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Figure 13. (a–c) Turbulence intensity distributions (experimental setup: S = 0.015, d50 = 1.08 mm).

3.2.3. Reynolds Shear Stress

The Reynolds shear stress distributions for flow in the channel with both the finest and
coarsest sands as the bed material are shown in Figures 14 and 15, respectively. As observed
from Figures 14 and 15, the distribution of Reynolds shear stress also had a Z-shape pattern,
and the maximum value occurred at a larger distance from the channel bed by moving
towards the channel walls. The Reynolds stresses in the spanwise direction can be observed
by a variation of the maximum Reynolds stress location in each profile. Near the vegetation
wall, the maximum Reynolds stress occurs near the bed; however, by moving toward the
central axis of the flume, the effect of vegetation wall decreases leading to the occurrence of
maximum Reynolds stress far from the channel bed. This variation is affected by both bed
slopes and sediment sizes. The maximum Reynolds stress values had a descending trend
from CS-1 to CS-3, due to the increase in the channel width and the presence of a positive
slope (Note: the slope is in the flow direction). Results showed that the shear stress values
in a channel with a steep bed slope were less than those in the flat channel (without bed
slope) because less energy is required for initiating the movement of particles by increasing
the bed slope.
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Figure 14. (a–c) Reynolds shear stress distributions (experimental setup: S = 0.015, d50 = 0.56 mm).
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Figure 15. (a–c) Reynolds shear stress distributions (experimental setup: S = 0.015, d50 = 1.08 mm).

3.3. Determination of Incipient Near-Bed Velocity and Shear Stress

−0.5 It has been proven by several studies that the logarithmic law is valid for the
velocity data in the inner layer near the bed (z/h ≤ 0.2) in the presence of both submerged
and emergent vegetation [9,21,36]. By fitting the logarithmic regression on the velocity
data acquired in the inner layer of flows for all experimental runs for this research, it was
observed that the coefficient of determination (R2) was more than 93% for all velocity
profiles (Table 2), confirming the validity of the logarithmic law.

Table 2. The logarithmic fitting equations for velocity profiles in the inner layer (S = 0).

Sand Types Locations Equations R2

I

C1 u = 2.9882ln
( z

h
)
+ 25.224 0.9733

C2 u = 2.3769ln
( z

h
)
+ 21.181 0.9354

C3 u = 2.7077ln
( z

h
)
+ 21.407 0.9306

CC1 u = 1.1997ln
( z

h
)
+ 16.096 0.9432

CC2 u = 1.7241ln
( z

h
)
+ 17.814 0.9404

CC3 u = 1.0143ln
( z

h
)
+ 15.175 0.9305

CCC1 u = 1.3003ln
( z

h
)
+ 17.146 0.9391

CCC2 u = 1.0885ln
( z

h
)
+ 16.235 0.9304

CCC3 u = 1.6302ln
( z

h
)
+ 17.542 0.9221
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Table 2. Cont.

Sand Types Locations Equations R2

II

C1 u = 2.6512ln
( z

h
)
+ 26.311 0.9542

C2 u = 2.3201ln
( z

h
)
+ 22.420 0.9606

C3 u = 2.5632ln
( z

h
)
+ 24.314 0.9471

CC1 u = 2.0369ln
( z

h
)
+ 23.204 0.9325

CC2 u = 1.9264ln
( z

h
)
+ 21.553 0.94103

CC3 u = 1.2107ln
( z

h
)
+ 18.087 0.9564

CCC1 u = 1.7844ln
( z

h
)
+ 22.566 0.9567

CCC2 u = 2.2371ln
( z

h
)
+ 26.952 0.9378

CCC3 u = 2.0177ln
( z

h
)
+ 25.912 0.9422

III

C1 u = 2.4561ln
( z

h
)
+ 28.398 0.963

C2 u = 2.3496ln
( z

h
)
+ 26.942 0.9343

C3 u = 2.2791ln
( z

h
)
+ 22.312 0.9321

CC1 u = 3.167ln
( z

h
)
+ 27.64 0.9507

CC2 u = 2.1834ln
( z

h
)
+ 25.081 0.9434

CC3 u = 1.895ln
( z

h
)
+ 27.842 0.9352

CCC1 u = 2.1113ln
( z

h
)
+ 25.264 0.9391

CCC2 u = 1.8907ln
( z

h
)
+ 26.79 0.9737

CCC3 u = 1.5701ln
( z

h
)
+ 25.74 0.934

By extrapolating the velocity profiles to the surface of the channel bed, the near-bed
velocities for the incipient motion of different bed material have been determined. Several
researchers proposed a formula for estimating the near-bed threshold velocity and shear
stress. For instance, Garde [10] and Mavis & Laushey [11] proposed Equations (1) and (2),
respectively:

ucr = 1.51(∆gd)0.5 (1)

ucr = 3.3∆0.5 d4/9 (2)

where ucr is the near bed threshold velocity, ∆ = s− 1, (s = ρs/ρ), g is the gravity force,
and d is the median diameter of particle.

As summarized in Table 3, the estimated near-bed velocities of the present study are
compared to those calculated using the two equations above. As shown in Table 3 for
both channel bed slopes, the estimated near-bed velocity values in the current study were
closer to the results calculated by using the equation proposed by Mavis and Laushey [11].
Furthermore, the difference between the estimated results of this study and calculated
values using the above equations reduced as the particle size of bed material increased,
which can be attributed to the range of bed particles used for developing those equations.
It can be seen that the errors using those two equations (compared to the estimated values
from the current experiments) for the channel with the slope of S = 0.015 are more than
those in the channel with a flatbed (S = 0).
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Table 3. The estimation of the near-bed velocity based on laboratory experiments.

Methods

Bed Slope: S = 0 Bed Slope: S = 0.015

Particles

I II III I II III

Experimental results 9.14 12.43 15.54 6.56 9.19 12.06

Garde (1970) 14.4 16.7 20 14.4 16.7 20

Error 36% 25% 22% 54% 44% 39%

Mavis & Laushey (1966) 11.8 13.3 15.8 11.8 13.3 15.8

Error 22% 6% 1.6% 36% 30% 23%

On the other hand, the incipient near-bed shear stress values were determined by
extrapolating the Reynolds shear stress profiles towards the bed surface. The results of
shear stress values are presented in Table 4.

Table 4. The summary of incipient velocity (uoc) and shear stress (τoc) for different cases.

Bed Slope
Particle I: d50 = 0.56 mm Particle II: d50 = 0.74 mm Particle III: d50 = 1.08 mm

uoc (cm/s) τoc (N/m2) uoc (cm/s) τoc (N/m2) uoc (cm/s) τoc (N/m2)

S = 0 9.14 0.071 12.43 0.099 15.54 0.195

S = 0.0075 7.54 0.067 10.21 0.092 13.28 0.172

S = 0.015 6.56 0.061 9.19 0.085 12.06 0.166

From the results of experiments conducted in the channel with different bed slopes, it
can be observed that the initiation of particles on the channel bed becomes more difficult as
the particle size increases. An increase in the size of a particle and the rise of its submerged
weight required a larger hydrodynamic force to move the coarse particles. As a result, the
incipient near-bed velocity and shear stress rose as the particle size increased, regardless of
the bed slope. This finding agrees with the results of other studies [9,15,16].

For investigating the effects of the bed slope on the near-bed parameters for the
incipient motion of bed material, it is found that the bed slope has an impact on the
incipient movement of particles in two opposing ways, which is classified as the “pressure
gradient” and “gravity” impacts. With a positive bed slope (decelerating flow), a negative
velocity gradient or positive pressure gradient exists. Resultantly, it becomes more difficult
for bed particles to be initiated to move (pressure gradient effect). However, the steeper
positive bed slope renders particle motion easier since the particles move downward,
directed by gravity (gravity effect). In several previous studies in which the impact of the
slope of a channel bed on the initiation of bed particles was investigated, it was revealed
that the pressure gradient effect was more dominant than the gravity effect. In other words,
as the adverse (negative) slope steepens, the critical Shields parameter decreases, and,
subsequently, the particle movements become easier, and vice versa [15,16,36]. In this study,
however, the opposite behavior was observed, since the incipient near-bed velocity and
shear stress increased by steepening the positive bed slope. It may be the influence of
the simultaneous presence of the varying channel width and vegetation on the channel
sidewalls. In other words, the non-uniform flow along the channel caused the dominance
of gravity effects in the current research.
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3.4. Estimation of Shields Parameter

As mentioned in the introduction section, the Shields method relies on computing the
critical shear Reynolds number (R∗c) and Shields dimensionless parameter (θc), which can
be calculated as follows [14]:

R∗c =
u∗d

υ
(3)

θc =
τ0c

(ρs − ρ)gd
(4)

where u∗ =
√

τ0c/ρ is the shear velocity, and τ0c is the critical bed shear stress.
Table 5 summarizes the values of critical shear Reynolds number and Shields di-

mensionless parameter calculated using Equations (3) and (4). The trend of the Shields
parameter values is in accordance with that of the near-bed velocity and shear stress for
the incipient motion of bed material, namely the Shields parameter values increase by
increasing the particle size and by decreasing the bed slope, indicating more difficulties to
initiate the movement of the bed particles.

Table 5. The critical shear Reynolds number and shields dimensionless parameter values.

Bed Slope
Particle I: d50 = 0.56 mm Particle II: d50 = 0.74 mm Particle III: d50 = 1.08 mm

θc R*c θc R*c θc R*c

S = 0 0.007 4.70 0.008 7.33 0.011 15.01

S = 0.0075 0.007 4.58 0.008 7.09 0.010 14.15

S = 0.015 0.0067 4.37 0.007 6.82 0.009 13.91

By locating the critical shear Reynolds number and Shields parameter values on the
Shields diagram, it was expected that the data points should lie on the Shields curve,
indicating the threshold condition. However, as shown in Figure 16, it is observed that all
estimated data points were placed below the Shields curve in the range for “no sediment
motion”, indicating the invalidity of the Shields approach for assessing the incipient motion
in this research, due to the following reasons:
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(1) The difference between the definitions of the threshold condition: Shields employed
the general motion criteria of the Kramer method in his research [41]. In the present
work, however, the medium transport criterion of the Kramer approach was applied,
without formation of any bedforms. Different approaches for assessing the incipient
motion of bed material may lead to various critical shear stress values. Generally, the
presence of bedforms affects the bed near-bed shear stress and sediment transport
by exerting more turbulence and drag force [42]. In previous studies, it was proved
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that the negligible differences in water level over the bedforms may cause some
overestimation of shear stress [42–44]. Furthermore, the dissipation of bed shear stress
due to presence of bedforms leads to a remarkable overestimation in determining bed
shear stress.

(2) Different experimental setups: experiments in Shields’ study were carried out in
a prism channel without any changes in the channel width and without presence
of vegetation. These changes in the present work led to an increase in turbulence
intensities, which play a key role in lifting particles from the channel bed. Hence, the
bed shear stress needed to render the bed particles’ motion decreases significantly.

(3) Characteristics of bed particle: Shields used four types of sub-angular to very angular
particles in his experiments. On the other hand, naturally rounded quartz particles
were applied in the current research. Angular particles used in the Shields’ study led
to more resistance to incipient movements, owing to producing more friction [15],
and thus a significant increase in the critical shear stress.

(4) Accuracy of measurement: The measuring tools for experiments in this study are
more advanced and accurate, compared to those employed by Shields a long time
ago. Resultantly, it is expected to estimate the critical shear stress more precisely
comparing to that reported by Shields [14].

Despite extensive applications of the Shields diagram, several researchers had also
challenged its validity in various experimental setups [9,16,45–47]. In some previous
experimental studies about the incipient motions of particles, it was reported that the
Shields diagram was not valid in different cases, including the presence of both decelerating
and accelerating flows [15,16], and the presence of vegetation patches over the bed [9].
It should be noted that some results of the present study agree with other studies. For
instance, the results of the current study show that the Shields diagram is not a suitable
choice to predict the incipient motion, due to the statements made by other researchers
for different experimental conditions, including the non-uniform flow in non-vegetated
channels [15,16] However, the presence of wall vegetation leads to different Reynolds
stress distribution. The results of this study show that any estimation of critical movement
of bed material, drag or Manning coefficients may not be valid by using the traditional
methods for determining the shear stress. For example, for streams without the presence
of vegetation, the present knowledge suggests that the shear stress has a linear or convex
distribution near the channel bed over sand and gravel bed streams. However, in this study,
a Z-shaped shear stress distribution is observed in the presence of wall vegetation. Results
showed that there exists an increasing trend in Reynolds stress toward the water surface
in some figures or different patterns in the inner (near the bed) and outer layers (near
the water surface) of the boundary layer in each Reynolds stress distribution. Thus, the
interaction of channel width variation with wall vegetation is a complex issue and cannot
be explained by simplification of the Reynolds momentum equation. The results show
that the wall vegetation plays a significant role on the incipient motion of bed material
via the shear stress estimation. In fact, the application of the Reynolds shear stress in the
nominator of a Shields parameter may not correctly show the effect of the important factors
influencing the threshold condition. Moreover, the comparison of the Shields diagram is
improved in the revised manuscript.

4. Conclusions

The present study aims to investigate the impacts of the varying width and vegetated
sidewalls of the channel on flow structures under the condition of the incipient motion
of particles in the channel bed. The total of 9 experiments with different setups has been
carried out by changing the channel width, particle size of bed material and bed slope. The
following results have been drawn from this study:

(1) As expected, the streamwise velocity had its maximum and minimum values at the
narrowest CS (CS-1) and widest CS (CS-3), respectively, along all axes (C-axis, CC-axis
and CCC-axis). Additionally, in cases with an aspect ratio of w/h < 5, the maximum
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velocity occurred below the water surface (“dip” phenomenon), owing to the presence
of secondary currents.

(2) The turbulence intensity started from a non-zero value, increased until reached its
maximum value at a distance near the bed, and then had a descending trend towards
the water surface. The presence of vegetation on the channel sidewalls resulted in an
increasing trend of the turbulence intensity while moving from the central C-axis to
the channel sidewalls.

(3) The distribution of Reynolds shear stress had a Z-shape profile at all measurement
points, due to presence of vegetation on the channel sidewalls. The maximum values of
the Reynolds shear stress at CS-2 and CS-3 occurred at the flow depth of 0.3 < z/h < 0.4
from the channel bed, where the flow decelerated along this channel section from CS-2 to
CS-3.

(4) The incipient near-bed velocity and shear stress increased by increasing the particle
size. On the other hand, the estimated near-bed velocity and shear stress decreased
with the increase in the bed slope, which represents the dominance of the gravity
effect over the pressure gradient effect. It can be inferred that the variation of the
channel width and the presence of vegetation on the channel sidewalls remarkably
influences the turbulence intensity and Reynolds shear stress distributions.

(5) By locating the critical shear Reynolds number and Shields parameter values on the
Shields diagram, it was observed that all estimated data points were placed below the
Shields curve in the range for “no sediment motion”, indicating the invalidity of the
Shields approach for assessing the incipient motion in this research with the presence
of varying channel width and vegetated channel sidewalls.

Estimations of the important parameters of fluvial hydraulics, such as flow resistance
and sedimentation rate, are based on measured data under complicated conditions of a
natural river, including variations of channel width and the presence of vegetation patches
in a channel. This research is in initial step of the fluvial hydraulics in channels with
varying width in the presence of emergent vegetation on the channel sidewalls. To the
authors’ knowledge, no research works in literature have been conducted to study the
characteristics of turbulent flow under the condition of the incipient motion of bed material
in a channel with varying width and vegetated channel walls. That is the reason for a
simple experimental setup in order to investigate whether the wall vegetation affects the
shear stress and, consequently, the incipient motion of bed material. This simplification
includes the use a symmetric width variation along the flume with uniform emergent
wall vegetation cover. Since the selection of the Reynolds stress distribution (Z-shaped,
or complex convex shaped distributions) significantly influences the estimation of the
critical condition of sediment movement, any over- or under-estimation of Reynolds stress
misleads engineers in river engineering projects, including the unreasonable cost and
feasibility of any restoration projects. The results of this study can be used as the reference
for estimating the drag coefficient in rivers with varying channel width and emergent
vegetation on channel banks and floodplains.
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