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Abstract: Designing correct engineering infrastructures to reduce land degradation processes and
considering natural elements to achieve this goal are key to correctly managing potential natural
hazards affecting human activities and natural ecosystems. This research investigated the scour
depth and velocity vectors around bridge piles with and without upstream vegetation protection. A
Doppler velocity meter was used to measure velocity components in a channel 90 cm wide, 16 m long,
and 60 cm high. Variable parameters were the number of bridge piles, the height, density, and width
of vegetation upstream, as well as the distance between bridge piles. Using a triple pile group with
a distance between piles of 10 cm and overall vegetation across the channel, the depth of the scour
hole upstream of the first pile decreased by 40% compared to the single pile with no vegetation. This
result shows the significant impact of using vegetation and pile groups to reduce scour around piles.
Lower vertical velocity gradients, more consistent velocity vectors, reducing the downstream flow
range, and restraining horseshoe vortexes and wake vortices were observed in utilizing vegetation.
We confirmed that vegetation is an essential factor in changing the flow, transportation of sediment,
and conserving ecological services in rivers.
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1. Introduction
During floods, bridge damage and their consequent destruction can cause financial
losses and disrupt aid to flooded areas due to the wreckage of transportation roads [1,2].
The registered social consequences generated after such extreme events can be irreparable
if control measures were not previously and efficiently installed [3,4]. Moreover, sediment
transport has other environmental disadvantages, such as pollution mobilization, with
a negative impact on aquatic life or agriculture fields [5,6]. Today, these hazards have
attracted high attention due to the importance of transportation [7–10]. Many studies
have focused on scour depth prediction in the last three decades, and several equations
have been proposed to predict the scour depth [11]. The local scour of bridge piles due to
shear stress from water flow is defined as the loss of mass and soil particles around the
foundation of the bridge pile. Shahriar et al. (2021) reviewed new methods for determining
scouring depth. They affirmed that current solutions for predicting bridge scour depth
are deterministic models. They suggested that these methods are imprecise since the
effect of particle-scattering has not been considered in such statistical methods [12]. In
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addition, according to the results of the novel studies, the flow pattern around a bridge pile
is so complex that a simple equation cannot be used to calculate the scour depth around
it [13–15]. Previous studies show that a correct understanding of turbulent flow structure
and sediment transport mechanism is necessary to accurately predict scouring around
bridge piles.
As shown in Figure 1, the water flow structure changes into several parts. Some
of these are changes in the direction as the down flow of the bed faces the bridge pile.
The other part, internal of the bed, produces vortexes called horseshoe vortex that causes
scouring around the pile. Also, the flow separation caused by the high-velocity gradient
creates vortices, which can be known as wake vortices. These are transferred from both
sides of the pile to the downstream and cause local scouring [16,17].

Figure 1. Schematic diagram of water flow and scour around the single pile.

Two different approaches are proposed to inhibit the bridge piles’ scouring. The first
is to strengthen the bed, and the second is to alter the flow pattern to lessen the strength of
the vortexes created around the pile. In the present study, vegetation and group piles will
be examined. Thus, this research evaluated the second method, which involves changing
the flow structure to reduce the horseshoe vortex.
The use of vegetation as a nature-based solution (NBS) is a method with many capabilities in protecting rivers, inhibiting erosion, and controlling and trapping sediment [18,19].
Albert et al. stated that NBS [20] is understood as actions that use ecosystem processes
to address societal needs and should support key inputs to future-proof river landscape
development for humankind and nature, but there is a lack of studies on how NBS can
be planned and implemented at landscape scales in rivers. Vegetation as NBS in rivers
is pivotal in flow-dependent systems, sediment transport, and river geomorphology [21].
However, accelerating urbanism and industrial development, especially in developing
countries, is leading to a decline in water quality in rivers and wetlands with clear gaps in
management plans [22]. Restoring such degraded or damaged ecosystems and enhancing
the water quality is becoming a crucial topic for research with significant social significance [23–25]. Aquatic vegetation inherently protects the ecosystem by purifying water
through microbial absorption and metabolism [26]. Planting vegetation due to its simplicity
and cost-effectiveness, environmental friendliness, increased aquatic life, and increasing
bed resistance as an unstudied method is a valuable and reliable solution. Therefore, the
main aim of this research is to investigate the scour depth and velocity vectors around
bridge piles with and without upstream vegetation protection. The velocity components
were measured by an Acoustic Doppler velocimeter (ADV) in a channel of 90 cm in width,
16 m in length, and 60 cm in height. The number of bridge piles, the width of upstream
vegetation, and the distance between bridge piles were considered variable parameters.
We hypothesize that this research can serve as an example of land management strategies
to protect river areas by reducing costs and using native species, which perfectly fits within
the scope of NBSs.
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2. Material and Methods
A comprehensive understanding of flow characteristics and scouring rates near bridge
piles enhances the accuracy of scour depth prediction. In this study, the efficacious variables
on the local scouring of the bridge piles include time, the existence of vegetation, the
proportion of vegetation width to flow width, the height of vegetation, and the density of
vegetation. In the scouring experiment for the pile group, the distance between the piles is
also included as a variable. To increase the accuracy of our research, vegetation effect for
all experiments, flow condition, angle at which the flow encounters the pile, the diameter
of the pile, and shape of the pile remained constant.
2.1. Dimensional Analysis
According to Table 1, dimensional analysis was used to ascertain the effective parameters of the scouring phenomenon by the Buckingham Pi theorem [27].
Table 1. Parameters affecting the scouring phenomenon.
Parameter

Symbol

Unit

Time
Pile angle to the horizon
The angle of water and pile contact
Number of piles
Number of group piles
Piles shape coefficient
Critical deviation of sediment
particles
Bed particle diameter
Velocity
Mass of unit water volume
Cinematic viscosity
Vegetation height
Vegetation density
Vegetation width to flow width
Scour depth
Depth of flow
Channel width
Bridge pile diameter
Distance of two adjacent piles
Gravity acceleration
Mass of unit sediment
Channel cross-sectional area
Channel wetted perimeter

t
θ
Kφ
m
n
Cd

s
-

σ

-

d50
U
ρ
ϑ
hv
dv
lp
ds
H
B
D
G
g
ρs
A
P

m
m/s
kg/m3
m2 /s
m
%
m
m
m
m
m/s2
kg/m3
m2
m

The presented dimensionless parameters were achieved as follows in Equation (1):


ds
B G d50
hv
= f Fr, Re, , ,
, θ, m, n, K, cd , σ, t, , dv , l p
(1)
D
D D D
H
Here, t, D, B, d50 , ρ, ρs , ϑ, θ, Kφ , m, n, and Cd parameters defined in Table 1 were constant
throughout the experiment. The Reynolds number (Re = 4 ρ uA/νP) in all experiments was
more than 2000 as the flow regime was turbulent, so the Reynolds number effect was not
√
considered [28]. Froud number (Fr) was obtained using [u/ (4gA/P)]. Thus, in this study,
the dimensionless parameters of the variable were regarded as follows in Equation (2):


ds
G
= f Fr, , l p , dv , hv
(2)
D
D
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2.2. Channels and Tools Used
This study was carried out in a 16 m long, 90 cm wide, and 60 cm high flume in the
hydraulic laboratory of Isfahan University of Technology (IUT). Glass floor and walls, zero
bed slope, rectangular cross-section, sliding gate located downstream of the flume for water
level adjustment, stilling basin at the inlet of the channel to reduce turbulence of the inlet
current, and electromagnetic flow meter to measure inlet flow rate were other specifications of
this flume. Figure 2 shows the experimental setup and a schematic plan of the flume at IUT.

Figure 2. Experimental setup and a scheme of the flume at IUT.

Piles were placed at 1059 cm away from the start of the channel. Figure 3 indicates the
velocity profiles at several locations in the channel to determine in what range the stream
has been developed. Therefore, viscosity and boundary layer do not affect the velocity
profiles, and hence the flow in x = 1049 cm is fully developed [29]. The z parameter is the
distance from the bed to the location of velocity measured at any point. A dimensionless
vertical axis was created considering the flow depth (H). Furthermore, u represents the
point velocity at distance z from the bed, which is dimensionless with average velocity (U).
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Figure 3. Investigation of flow development in the measurement’s places.

2.3. Hydraulic and Geometric Features
To develop the conditions in which the maximum scouring depth occurs in clear water,
the choice of parameters such as flow depth and bed particle size should be such that they
do not affect the scour depth. Also, the flow velocity should be as close as possible to the
acute extent of the sediment particle motion threshold. To eliminate the effect of canal walls
on local scouring around the pile, the pile diameter should not exceed 10% of the channel
width [28]. According to Raudkivi and Ettema (1983), the distance between the pile axis
and the channel wall should be greater than 6.25 cm [30]. A pile with a diameter of 0.05 m
fits the requirements in this experiment since the distance from the wall to the channel’s
central axis is 45 cm. The distances between the piles were selected as follows: 2D, 3D,
and 4D. The piles were placed perpendicular to the bed. Figure 4a shows the arrangement
of the piles schematically. It is essential to estimate the maximum scour depth using to
determine the bed particle thickness (Equation (3)).
dsm = 1.05d0.75

(3)

where dsm is the maximum scouring depth and d0.75 represents the particle size for which
75% of the sediment mixture is finer [31]. Thus, using the above equation and the selected
0.05 m diameter for the piles, the maximum scour depth was 11 cm. The bed thickness
was assumed to be 20 cm to make sure the scour did not cover the entire thickness of
the bed. Also, a grading aggregate test was performed using standard sieve analysis [32]
to determine the sand characteristics used in this research and particle size characteristics. Table 2 shows the geometric properties of the sand sampled in this study. Where
d50 represents the median sediment size, the uniformity coefficient is obtained from the
ratio d60 /d10 , Dg is the geometric mean size, δg represents the standard geometry deviation,
Gr means the coefficient of gradation, and Cu is uniformity coefficient. According to the
uniformity coefficient, Cu = 1.133 and d50 = 0.00077 m, the type of bed material was sandy
and uniform [32].
Table 2. Geometric characteristics of sediment particles.
Parameters

Median Sediment Size

Uniformity
Coefficient

Geometric Mean Size

Standard Geometry
Deviation

Gradation Coefficient

Symbols
Dimension
Value

d50
meter
0.00077

Cu
dimensionless
1.133

Dg
dimensionless
0.763

δg
dimensionless
1.075

Gr
dimensionless
1.075
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Figure 4. Experiment design. (a) The arrangement of the piles, (b) vegetation used (2 cm height),
(c) patched vegetation, (d) overall vegetation, (e) scouring hole, (f) limnimeter.

Regarding scouring, the size of sediment particles in the bed must ensure that no ripples
will form in the bed. According to Chiu and Melvin (1978) and Rudkivi and Ettema (1983),
the particle size of the selected sand in this study is suitable for investigating the scour
depth [28,30]. Also, Ettema (1980) reported that in shallow currents, scour depth decreases
due to the rotation of eddies created at the water surface in the opposite direction of flow [33].
If the flow depth is three times the pile diameter, its effect on scour depth can be neglected.
The flow depth was set at 20 cm.
2.4. Vegetation Used to Assess the Efficiency as a Nature-Based Solution
A 1 m long by 2 cm high carpet of flexible artificial grass vegetation was positioned
30 cm upstream from the first bridge pile in the canal center to prevent scouring. This
length distance was chosen to ensure that a scour hole had enough space to form. Two
different plant widths were tested in this study. B is the canal width, and b is the width
of the vegetation carpet. Firstly, there is the overall vegetation covering the canal width,
and secondly, there is patchy vegetation with a 10 cm width situated in the center. The
Vo symbol was utilized for overall vegetation, the Vp symbol was used for patched vegetation, and the phrase free was used for vegetation-free experiments. From Figure 4b–d, it
can be observed the location of the vegetation and the type of plant used. Two different
vegetation heights of 2 cm and 0.5 cm were used. Also, vegetation density varied in two
values of 100% and 50%.
2.5. Experiment Design
Local scouring under clear water conditions occurs when u/u* < 1. It means that bed
materials upstream are constant in their place and u/u* < 1. However, when it is u/u* > 1,
the water contains sediment particles. As the purpose of this study was to determine the
maximum scour depth in clear water conditions, the hydraulic conditions of the stream
determined were close to the threshold of particle motion. The shields diagram was used
to determine the starting point of the bed particle motion [34]. An appropriate hydraulic
condition was achieved with a maximum flow depth of 20 cm and a discharge rate of
36 L per second. The experiments were performed according to Figure 5. To ensure

Water 2022, 14, 2382

7 of 25

the accuracy of the data collection process and minimize measurement error, the first
experiment (vegetation-free for triple pile group with 3D distance) was repeated twice, and
the results of both experiments were consistent.

Figure 5. Series of experiments flowchart.
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Three phases of data were collected for each experimental series. First, the temporal
changes in scour depth were measured upstream of each pile (at two-second intervals at
the beginning of the experiment and two-hour intervals at the end of the experiment), and
second, the scour hole dimensions and scouring balance depth were measured at the end
of each experiment. Third, the flow velocity was measured at several points upstream and
behind the piles along the central axis of the channel.
An Acoustic Doppler Velocimeters (ADV), developed by NORTEK (Rud, Norway),
was used to measure the instantaneous three-dimensional velocity components. A sampling
frequency of 200 Hz was used to keep the Doppler noise energy level of the signal as low
as possible. In addition, it was carried out in a sampling volume of 5.5 mm3 . Each
measurement point was measured for 120 s, resulting in 24,000 instantaneous velocity
measurements. Ideally, ADV measurements should be made in 70–100% correlation. The
signal-to-noise ratio (SNR) indicates the strength of the signal received compared to the
noise received by the receiver. The amount of correlation indicates the presence of fine
particles in the water that scatter sound. The device cannot measure velocity if the water is
very clear and smooth, as the signal returned to the receivers is weaker than the noise. Also,
the minimum SNR should be 5 or 15 decibels. WinADV software (NORTEK, Rud, Norway)
is used to filter the data measured by ADV.
A limnimeter with an accuracy of 1 mm was used to measure the scour hole profile.
This limnimeter was placed on a frame with four support points on the upper edge of the
channel. Its longitudinal movement was provided by moving the frame on two parallel rails
above the canal walls. Two parallel bars were attached to the frame body for its transverse
movement. In this way, the limnimeter could move in two directions perpendicular to each
other and easily measure the scour profile.
3. Results and Discussion
3.1. Scour Depth
While numerous studies have been conducted on scouring reduction strategies, no
study has been performed on the use of vegetation upstream of bridge pile groups to reduce
the scour depth in the available resources. This study utilized vegetation upstream of single
and multiple piles to reduce scour at the bridge. Analysis of the experimental results of
this study revealed that the vegetation upstream of the bridge pile is an influential factor in
reducing scour.
After preparing the bed and setting up appropriate hydraulic conditions, the amount
of scour was measured every 2 s at the beginning and every 1.5 h after the end of the
experiment. The measured points were closest to the upstream of the single pile and each
pile in the triple pile group. Figure 6 shows the temporal evolution of the scour hole. This
figure illustrates Yd as the scour depth upstream of the first pile at moment t, D as the pile
diameter, and T as the dimensionless time. T is determined by following the relationship of
Pagliara and Carnacina [35] in Equation (4).
hUt
(4)
hD
where U (m/s) and h (m) are the velocity and depth of the water upstream of the bridge
pile. The units of t are “s” and the D is “m”.
The fastest temporal development and the lowest scour depth were observed in the
case of a triple pile group with a distance between the piles of 10 cm (G/D = 2) in the
presence of overall vegetation. Then, in the presence of overall vegetation, the single pile,
G/D = 3 and G/D = 4, respectively, are in the next velocity ranks at the time of scouring
hole development. In single pile and group piles, 90% of the scouring depth occurred
in 250 to 280 s in vegetation-free conditions, 110 to 130 s for patches of vegetation with
2 cm height and 100% density, and 160 to 200 s if the overall vegetation with 2 cm height
and 100% density was used. Therefore, the presence of vegetation in the flow path helps
accelerate the scour hole’s temporal development.
T=
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Figure 6. Scouring temporal development for (a) all cases free and with vegetation type 1, (b) single
pile, (c) triple pile group with 2D distance, (d) triple pile group with 3D distance, and (e) triple pile
group with 4D distance.

Increasing the height of vegetation from 0.5 cm to 2 cm had a significant effect on
accelerating the balance of the hole and reducing the amount of scouring. Also, the overall
and patched vegetation diagrams with 50% density are closer to the vegetation diagrams
with 100% density. Therefore, increasing the height of vegetation is more effective than
raising the density in reducing the scour rate and accelerating the parameter scouring
balance as other authors considered at the hillslope scale in other natural areas Liu et al.,
Zhang et al., and Kateb et al. [36–38] According to Kumar’s criteria, the equilibrium
time was specified when the scour depth modifications were less than 1 mm over three
consecutive hours [16]. Table 3 indicates the equilibrium time (te) and depth (Ye) for each
experimental case. Over time te, the scour hole reaches balance. This stage is the equilibrium
stage, in which particles can only move inside the scouring hole so that particles with a
rolling motion cannot escape from the scouring hole. The movement of particles may
cease at this stage, depending on the flow conditions. In the absence of vegetation, the
equilibrium time was 800 min for a single pile and 760 min for the pile group in all three
distances studied. Due to the presence of vegetation in the flow path, equilibrium time was
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reduced in all cases. The highest decrease in equilibrium time was in the case of G/D = 2,
where it decreased by about 2.5 times.
Table 3. The equilibrium time and depth for each experimental case.
Pile Type

Vegetation Type

Vegetation-Free

Type 1 (2 cm-100%)

Type 2 (0.5 cm-100%)

Type 3 (2 cm-50%)

Ye (cm)

te (min)

Ye (cm)

te (min)

Ye (cm)

te (min)

Ye (cm)

te (min)

Single

Free
Overall
Patched

6.5
-

800
-

4.7
4.1

550
550

5.3
4.9

711
711

4.6
4.5

610
550

Triple G/D = 2

Free
Overall
Patched

5.3
-

670
-

3.9
3.9

430
610

4.6
4.9

490
690

4.9
4.3

440
610

Triple G/D = 3

Free
Overall
Patched

5.9
-

760
-

4.8
4.5

610
760

5.3
5.2

760
760

5.1
4.9

760
760

Triple G/D = 4

Free
Overall
Patched

6.2
-

760
-

5.3
5

490
490

5.3
5.1

760
711

5
5

490
550

In the vegetation-free case, the single bridge pile had the highest scouring rate (most
critical condition). However, the triple pile group (G/D = 2) had the most significant
reduction in scouring compared to the critical condition, with 22.6%. The cases of G/D = 3
and G/D = 4 showed a decrease of 9.3 and 4.6%, respectively, compared to the most
critical case. As compared to the most critical state (1 pile, vegetation-free), scouring
for a single-pile case and triple-pile cases with 2D, 3D, and 4D intervals with overall
vegetation type 1 (2 cm-100%) decreased by 28, 40, 26, and 20%, and for patched vegetation
type 1 (2 cm-100%), decreased by 37, 40, 31, and 23%. The scour depth was reduced by
using vegetation with various heights, densities, and widths in the flow path.
Comparing the single pile with no vegetation, there was a 28 and 37% reduction in
scour rate for overall and patched vegetation, respectively. For the triple pile group with
G/D = 2, overall and patched vegetation decreased respectively by 27 and 27%, 19 and 24
for G/D = 3, and 15 and 19% for G/D = 4.
The results show that increasing the height and density of vegetation causes a further
decrease in scour depth. In addition, higher vegetation was more effective than denser
vegetation. This is also the consequence of using plants with longer roots and consolidated
soils after years of growth as other authors also found in young plantations under natural
conditions [39]. According to the results of the scour depth section, it was found that the
highest scoring rate for each of the single-pile and pile group conditions occurred in the
vegetation-free cases, and the lowest scour rate occurred at the highest altitude and highest
density studied in this study. Therefore, the flow structure was analyzed for the most and
least scour conditions.
3.2. Longitudinal Velocity Profiles
Figure 7 shows the values of longitudinal velocity profiles upstream of the first pile.
The velocity in each measured point was normalized by averaged velocity in the channel
under similar hydraulic conditions without a bridge pile and vegetation. In this diagram,
the horizontal axis shows u/U, while the vertical axis shows z/H.
The velocity profiles became skewed as the flow approached the bridge pile, and this
skewness increased for velocity profiles after the first pile. These results are like those
of Dey and Barbhuiya [40]; according to their research, these aberrations can mean the
presence of pressure gradients and consequently strong vortices that cause eddy currents
and spirals around the piles.
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Figure 7. The values of longitudinal velocity profiles upstream of the first pile (horizontal and vertical
axis are dimensionless.).

The velocity profile can be divided into two parts in vegetation-free conditions for a
single pile: z/H > 0.2 toward the water surface when the velocity is increased and z/H < 0.2
toward the bed surface when the velocity is negative. When moving away from the piles,
the velocity decreases. The most negative velocity value is observed in the profile closest to
the pile, especially in the scour hole. As the maximum velocity for pile groups occurred
below the water’s surface, their profiles are divided into three parts. The velocity decreases
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in the first part, from the water’s surface toward the place of maximum velocity, followed
by the velocity increase toward z/H > 0.15 in the second part. The velocity value is negative
in the third part, from z/H < 0.15 toward the bed surface. In scouring holes, negative values
can be observed due to the separation of flow and eddy systems, as shown by Day et al.,
Ahmed et al., and Kumar and Kothyari [40–42].
According to the results, vegetation upstream of the piles caused a significant increase
in velocity from z/H < 1.5–2 to the bed surface. The velocity values are close to zero even
inside the scour hole. The rate of velocity enhancement increases due to approaching
vegetation by increasing the distance from the pile. It can be deduced from the reduction
of negative velocity values in the presence of vegetation that vegetation has been able to
produce enough kinetic energy in the boundary layer around the pile to control to some
extent the flow separation near the bed z. The dip parameter is the ratio of the depth below
the water level from the bed floor (z) where the maximum velocity occurs (δ) to the depth
of the stream (H) and is proposed in 1984 by Lakshiminarayana et al. [43] in Equation (5).
H−δ
(5)
H
The value of B/H in this research is equal to 4.5, which indicates the three-dimensional
flow mode in the channel. According to velocity profiles, the amount of Dip is lowest for
single bridge piles without vegetation compared to other experiments. In the experiments,
it was observed that the Dip parameter increased by converting the single pile to the pile
group at all G/D distances. The Dip parameter tended to increase with decreasing distance
between the piles, and in all cases, more of the Dip parameter was observed in the third
pile than in the second pile.
As in all cases in this experiment, the Dip parameter value is greater at the downstream
of the pile because the current is deflected from the central axis towards the wall, which
reduces the average velocity. Vegetation on the single pile case resulted in the maximum
velocity below the water level. The amount of Dip parameter for all three G/D decreased
in the presence of vegetation, and this decrease indicates a complex interaction between
the pile group and vegetation on the secondary currents. As a result, vegetation reduces
the diversion of the stream from the central axis to the walls. The results of this study
corresponded with the results of Afzalimehr and Dey and Fazel [44,45].
Figure 8 shows the closest velocity profiles measured between the piles. The symbols
P1, P2, and P3 refer to the first, second, and third piles. Furthermore, the filled signs and
the letter F indicate the pile upstream, and the hollow characters and the letter B indicate
the downstream. The velocity profiles downstream of the piles show a different trend than
the pile upstream. The x-axis indicates u/U and the y-axis indicates z/H.
The velocity decreases from the water level to about z/H = 0.35 and then increases
to the bed level. In most cases, velocity values near the bed are negative or close to zero,
which indicates the effect of eddy systems and flow separation. The velocity values near
the water surface are small and negative downstream of the first pile, indicating return
flow to the water surface. Upstream of the third pile, there is a greater velocity value and
a smaller skew compared to the second pile. The presence of vegetation has reduced the
velocity values and the velocity gradient behind the first pile. Also, increasing the distance
between the piles has reduced the skewness of the profiles.
Dip =

3.3. Vertical Velocity Profiles
Figure 9 shows the vertical flow velocity distribution upstream of the first pile. The
values of negative vertical velocity increase with approaching the pile, which indicates
the strength of the downward flow and its effect on the formation of scour hole. In all
vegetation-free experimental cases, the most negative velocity values belong to the profile
closest to the pile. As the distance between the pile increases, the scatter value of the vertical
velocity also increases. In the presence of vegetation, vertical velocities decrease, indicating
a decrease in downstream flow. The x-axis represents w/U and the y-axis represents z/H.
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Figure 8. The closest velocity profiles measured between the piles.
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Figure 9. Cont.
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Figure 9. The vertical flow velocity distribution upstream of the first pile.
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3.4. Resultant Velocity Vector
Figure 10 shows the X–Z resultant velocity vector on the center axis of the channel
upstream of the first pile in the single pile case. The diagrams were drawn using the
2-Grid vector feature in Surfer software. The vertical and horizontal axes display the height
from the bed surface and the distance from the first pile in centimeters, respectively. This
diagram shows downstream flow, which leads to scouring holes and horseshoe vortices.

Figure 10. The X–Z resultant velocity vector on the center axis of the channel upstream of the first
pile in a single pile case.

In the case of a single pile without vegetation, the values of the velocity result have a
more significant and more variable gradient, especially when approaching the pile. These
changes are observed from the water level to the bed surface in the longitudinal direction.
In comparison, vegetation helps to have a more uniform velocity from the surface up to
z = 4 and has a much lower gradient. The downstream location is at z = 8, while vegetation
reduces this area to z = 4. Further, the horseshoe vortex flow is more intense when vegetation
is absent and extends upstream. However, when vegetation is present, this boundary is
restricted to the upstream of the pile, i.e., 10.5 m from the channel’s beginning. In summary,
the presence of vegetation inhibits the strength of the horseshoe vortex and affects the
location of the downstream flow, thereby reducing the expansion of the scour hole.
Figure 11 shows the X–Z resultant velocity vector on the center axis of the channel
upstream of the first pile in the pile group case. Compared with the single-pile case, the
triple pile case shows a more regular vector path, and the gradient has a lower velocity,
suggesting that the pile group helps reduce turbulence. The result is like the single-pile case
for the pile group case when vegetation is present. Fewer velocity gradients, more regular
velocity vectors, reduction of downstream flow amplitude, and inhibition of horseshoe
vortices were some of the advantages of using vegetation in this study. The results show
that increasing the distance between the pile has no significant effect on the formation of
the horseshoe vortex upstream of the first pile. Vegetation reduces the velocity around the
bridge pile.
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Figure 11. The X–Z resultant velocity vector on the center axis of the channel upstream of the first
pile in the pile group case.
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3.5. Turbulence Intensity
In the case of a single pile at all distances from the pile, vegetation reduces the
turbulence intensity, especially in the areas near the bed. Also, patched vegetation has
effectively reduced the disturbance intensity in the horizontal direction. It was observed
that vegetation in the overall and patched types reduced the turbulence intensity in the
triple pile group with G/D = 2. Similar results were observed for the triple pile group with
G/D = 3 and G/D = 4. In this experiment, vegetation reduced the intensity of horizontal
and vertical turbulence, resulting in a weaker horseshoe vortex and wake vorticity.
Figure 12 shows the vertical distributions of the longitudinal, latitudinal, and vertical
turbulent intensity components normalized by shear stress (U* ) in a single pile case. Also,
the vertical distributions of the longitudinal, latitudinal, and vertical turbulent intensity
components normalized by shear stress in a triple pile group with G/D = 2 was shown in
Figure 13 (as an example of the triple group pile).
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Figure 12. The vertical distributions of the longitudinal, latitudinal, and vertical turbulent intensity
components normalized by shear stress in single pile case.
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Figure 13. Cont.

Water 2022, 14, 2382

23 of 25

Figure 13. The vertical distributions of the Longitudinal, latitudinal, and vertical turbulent intensity
components normalized by shear stress in the triple pile group with G/D = 2.

4. Conclusions
In this research, the combination of vegetation and triple piles were employed as an
unstudied method to reduce scour with the flow angle facing the pile of 0 degrees. The
results show that using the pile group with G/D = 2 and overall vegetation, a 40% reduction
in the scouring rate was observed compared to the single pile without vegetation. Increases
in vegetation height and density result in further decreases in scour depth. Increasing the
height of vegetation was more effective in reducing scouring than increasing the density.
According to the hypothesis expressed in this study, the use of vegetation throughout the
flow structure can decrease scouring substantially. The presence of secondary currents,
current deviation from the central axis, and movement towards the walls reduced the
average velocity, especially behind the piles. As a result, the Dip parameter increased
behind the piles. Application of pile groups instead of single piles, increasing the distance
between the piles, and the presence of vegetation led to an increase in the amount of dip
and a decrease in velocity fluctuations, resulting in turbulence.
Strong rotational currents around the pile have drastically reduced the longitudinal
velocity values near the bed and inside the scour hole. As in many cases, the velocity
has been negated near the bed. Negative values, indicating current separation and the
presence of eddy systems, decreased as they moved away from the pile. The presence of
vegetation reduced the velocity gradient, which decreased the flow turbulence. The single
pile case observed the most significant effect of vegetation in reducing scour and regularity
of velocities. As a result of using the vegetation upstream of the pile, the down-flow was
reduced upstream of the first pile, velocity gradients were lower, velocity vectors had
regularity, and they were parallel to the water flow. They also reduced the down-flow
amplitude and inhibited horseshoe vortices. Examination of velocity vectors behind the
piles shows that vegetation effectively decreases velocity, lowers the upward flow strength
behind the piles, and lessens the wake vortex strength. Patched vegetation has a minimal
effect on the velocity gradient upstream of the third pile. The highest reduction rate in
velocity belonged to the pile group case, with the distance between piles equal to 2D, which
had the lowest scouring value in the present study as well.
According to this study’s findings, it was recommended to utilize vegetation across
the flume. Therefore, using vegetation upstream of the bridge foundation can be a valuable,
effective, inexpensive, and environmentally friendly solution. Engineers can curb the
effects of scouring the bridge pile by growing aquatic vegetation on the shores and in the
waterway bed. Using this method is very valuable for several reasons. First, vegetation
is environmentally friendly. Second, the root system of the plant is complex and robust.
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They sink into the soil and stabilize themselves against the water flow. Also, this method
is suitable and practical for previously built bridges, for which it is no longer possible to
apply other methods of reducing scour such as collars and gaps.
Using aquatic vegetation in the riverbed is a valuable solution in biotechnical engineering. Vegetation is considered a solution for bridge pile scouring control in a long-term
and gradual timespan.
In the low-flow condition in sandy beds, fine-grained sediments can be deposited
between the sands and provide the riverbed for the growth of vegetation and their roots
stabilization. Also, upstream of the bridge pile, where the flow velocity decreases due to
collision with the bridge pile, provides a suitable place for vegetation growth.
It is possible to use artificial methods of placing vegetation in the riverbed to avoid
the limitation of aquatic plants growing in sandy beds that are subject to the most scouring.
This research solution to stabilize the vegetation on the riverbed is to use a fence screen with
fine meshes in which the vegetation roots can be fixed. The fence can be placed at the bed
river in low flow conditions by diverting the flow path. The use of these fence screens can
be investigated in future research. This research found that, like overall vegetation, patched
vegetation effectively reduces scouring in bridge piles. The patched vegetation does not
increase flood risk as much as the overall vegetation due to its lower resistance to flow.
This topic has much research potential. Future researchers could investigate how
effective a combination of scouring control conventional methods and vegetation can be.
Also, future research can change the characteristics of the bed material and investigate its
effect on scouring in the presence of vegetation.
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