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During winter, ice cover frequently forms on the water surface of rivers with vegetated channel beds in cold
regions. The investigation of the impacts of both ice cover and channel bed vegetation on flow structures around
bridge abutments is essential for engineers to gain a comprehensive understanding of the complex interactions
occurring in such a situation. In the present study, the flow structure around a rectangular bridge abutment in the
presence of vegetation under ice-covered conditions has been studied. Considering different vegetation densities
by arranging vegetation elements in square and staggered configurations, this study incorporates the influence of
ice covers with different roughness, namely smooth and rough ice cover. Key turbulence parameters, including
turbulence intensity, Reynolds shear stress (RSS), and turbulent kinetic energy (TKE), are also examined based on
laboratory experiments. Results show that the shape of velocity profiles for flow over a vegetated channel bed
changes from an S-shaped curve under an open flow condition to a convex shape under ice-covered conditions.
The effects of an ice cover and vegetation on the flow around the bridge abutment create unpredictable tur-
bulence intensity patterns. Under a rough-covered flow condition, there appears a larger area with negative
Reynolds shear stress (RSS) downstream of the abutment. Turbulent kinetic energy (TKE) under ice-covered

conditions has substantially lower magnitudes than in open flow conditions.

1. Introduction

Bridges are essential for safe and efficient transportation, and the
abutments located at either end of a bridge assist in transferring the
weight of the span to its foundation. A variety of research has been
carried out to study the flow characteristics around bridge abutments by
analyzing parameters such as flow velocity and shear stress (Molinas
et al., 1998; Sui et al., 2010a). Melville (1997) studied the flow pattern
around a bridge abutment and found that the flow in erodible beds is a
complex three-dimensional turbulent flow. Ahmed and Rajaratnam
(2000) observed considerable shear stress close to the abutment corners,
up to 3.6 times larger than in the approaching flow. Barbhuiya and Dey
(2003) measured the flow fields at different sections around vertical-
wall abutments and reported the presence of a primary vortex associ-
ated with a down-flow upstream of the abutment and a reverse flow
behind the abutment.

Engineers must consider the complexities of designing bridges when
there is aquatic vegetation surrounding bridge abutments since the
presence of vegetation dramatically affects flow fields in vegetated
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rivers. Knowing the intricate flow structure around bridge abutments
with submerged vegetation in the channel bed is essential to ensure
structural soundness and optimal hydraulic performance.

To thoroughly understand the complex dynamics of the bridge
abutment and surrounding vegetation, a number of experimental in-
vestigations, simulations, and field research have been conducted.
Recently, researchers have been focusing on how submerged vegetation
affects different environmental and hydraulic processes because of their
impact on river ecosystems (Barahimi and Sui, 2023; Giacomazzo et al.,
2023; Huai et al., 2019; Velle et al., 2022; C. Wu et al., 2023). Sub-
merged vegetation patches provide habitat for aquatic organisms, pre-
vent channel bed erosion, and improve water quality (Liu et al., 2022;
Mo et al., 2017; Rameshkumar et al., 2019). Nokhbe Zaeim and Saneie
(2022) conducted a laboratory investigation to assess the flow and scour
process around bridge piers in the presence of abutment and vegetation.
They analyzed the floodplain’s vegetation density, measured by the
percentage of vegetation cover, and concluded that it significantly in-
fluences the scour process. Kabiri et al. (2017) studied the flow structure
over a wavy bed with vegetation cover. They pointed out that vegetation
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cover considerably influences the flow structure and results in apparent
flow separation and reattachment point. The law of the wall was not
valid within the vegetation cover, but it fitted well to the zone above the
vegetation cover within the inner layer. Afzalimehr et al. (2014) con-
ducted an experimental study under two different channel conditions to
assess the impacts of channel bank vegetation on velocity and Reynolds
stress distributions around a wing-wall abutment. They found that the
vegetated banks can cause a decrease in Reynolds stress (RS) near the
bed and remove negative values of RS by undermining the unfavorable
pressure gradient upstream of the abutment. Nabaei et al. (2021)
investigated the effect of submerged vegetation on flow structure around
a semi-circular abutment. They claimed that vegetation in the channel
bed significantly reduces the primary vortex but has less impact on the
wake vortex. In addition, they claimed that the tangential velocity,
radial velocity, and Reynolds shear stress are reduced by the presence of
vegetation in the channel bed.

To date, understanding of river hydrodynamics is mainly limited to
the period of flow under open channel flow conditions. During winter,
however, ice cover is a common occurrence in numerous rivers in cold
regions, affecting flow conditions, as about half of the Earth’s largest
rivers experience seasonal ice cover (Thellman et al., 2021). The pres-
ence of an ice cover on the water surface can change the primary setting
in which a hydraulic structure is built in a river, induce bed material
removal around the structure, block waterway openings, and damage
the structure by weakening the components and deteriorating the
material.

Ice cover on the water surface has direct and indirect effects on
directly and indirectly affects aquatic vegetation in flowing water. In
winter, plants respond differently to the development of an ice cover
depending on their traits. The ice cover on the water surface will be less
damaging to plants whose budding parts are underground or sturdy with
underground or sturdy budding parts, such as those with extensive root
systems (Lind et al., 2014). Although the presence of an ice cover affects
the submerged vegetation physiologically and lowers productivity,
vegetation will not cease. Boylen and Sheldon (1976) determined the
density of 26 different rooted submerged vegetation species under
winter ice cover. It is found that nearly 40% of the vegetation taxa
continued growing and even maintained their density. Results indicated
that some vegetation species have different strategies to withstand the
freezing period (Renman, 1989), and some vegetation species even
survive as wintergreen and keep their foliage during the winter months
(Nagao et al., 2005).

Results have shown that the presence of an ice cover on the water
surface reduces the bulk velocity of the flow, increases flow depth, and
significantly diminishes bed load transport (Ettema, 2002; Ettema et al.,
1997; Sui et al., 2000, 2010b; Vandermause et al., 2021). Lindenschmidt
et al. (2019, 2022) pointed out that river structures, particularly bridge
components, when surrounded by ice cover, create an intricate interplay
with the overall river flow. They found that during 1997-2002, many
rivers in Germany, including the Oder River, faced severe floodings
caused by ice jams. Following the floods, high sediment depositions
occurred due to the significant transport of fine sediments. This initiated
a cyclical process where vegetation growth accelerated because the
plants filtered out the fine sediments (Dittricht and Jarvela, 2005).
These occurrences highlighted the significance of studying the flow-
vegetation-ice dynamics.

Due to the high risk of data acquisition in rivers under ice-covered
conditions, researchers generally use laboratory flumes and physical
models to study the hydraulic behavior of ice-covered flows, such as the
flow characteristics, sediment transport, and morphological changes in
ice-affected river systems. Zabilansky (2002) conducted some tests in a
refrigerated flume to examine the flow under ice-covered conditions.
Two types of ice covers (smooth and rough covers) were used in the
study, with ice covers floating on the water surface. It was found that
bed shear stresses increased under rough ice cover. Sui et al. (2009,
2010b) studied the effect of ice cover on flow characteristics. Their
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results acknowledged that, under ice-covered flow conditions, the
maximum velocity is located between ice cover and channel bed
depending on the ratio of cover roughness to the bed roughness; the
larger this ratio, the closer the maximum velocity shifted toward the
bed. Jafari and Sui (2021) investigated the velocity fields and turbulent
structures around spur dikes in the presence of ice covers with different
roughness coefficients. Their results showed that an increase in ice cover
roughness can increase 3D velocity component values and turbulence
intensities.

In general, engineering design projects in rivers that experience ice
problems are based on some simple assumptions, leading to the
simplification of ice-covered fluvial hydraulics in river engineering
studies. Considering that the presence of river ice should affect river
morphology and ecology throughout the year, a better understanding of
the fluvial hydraulics under ice-covered flow conditions is required.

To date, however, research work has never been reported regarding
the simultaneous impacts of ice cover and vegetation on flow dynamics
around hydraulic structures such as bridge abutments. Flow in an ice-
covered channel over a vegetated bed can behave differently
compared to that under the bare bed (or without vegetation in the
channel bed) conditions. The characteristics of an ice-covered flow over
a vegetated channel bed should be affected by various factors such as
flow Froude number, ice cover roughness, vegetation configuration,
vegetation density, and grain size of bed material. All these factors make
it challenging to establish a general set of principles describing the role
of the roughness of an ice cover on the water surface and the properties
of vegetation patches in the channel bed.

By considering the simultaneous effects of an ice cover and sub-
merged vegetation patch around a rectangular abutment, this research
seeks to examine the impact of vegetation configuration and density on
flow structure (including velocity distribution, turbulence intensity,
Reynolds shear stress, and turbulent kinetic energy) around bridge
abutments under ice-covered conditions. The leafless vegetation patch,
which consists of many vegetation elements, represents a typical group
of aquatic vegetation patch under ice-covered conditions in winter. By
considering both ice cover and submerged vegetation as integral com-
ponents of the flow dynamics, the present study seeks to shed light on
their combined impact, providing a comprehensive understanding of the
complex interactions between these elements and their effects on flow
characteristics. The innovative findings of this study will bridge a critical
research gap, resulting in more accurate modeling and improved man-
agement strategies for river engineering and infrastructure planning
affected by ice cover on the water surface and vegetation on the channel
bed.

2. Materials and methods
2.1. Flume and facilities

The experiments have been conducted in a flume at Quesnel River
Research Center (QRRC), University of Northern British Columbia. The
flume used is a large-scale outdoor flume that is 38.0-m long, 2.0-m
wide, and 1.0-m deep with a streamwise slope of 0.2%, as shown in
Fig. 1. There are two sandboxes in the flume that are considered the
main experimental zones. Additional details about this flume used in
this experimental study can be found in Li et al. (2023), as they utilized
the same flume. Since vegetation patches in natural rivers grow in
shallower parts of the rivers, an approaching flow depth of 24 cm (at the
tailgate) was used in this study. The maximum flow rate for this
experimental study was 130 L/s.

In the sandboxes, non-uniform natural sand with a median grain size
(dsp) of 0.9 mm was filled as bed material. A rectangular model bridge
abutment was made from plexiglass that can provide a clear view from
inside the abutment. The model abutment, which was 0.2-m long
(extended from the flume sidewall) and 0.4-m thick (along the flume
sidewall), was installed in the middle of each sandbox. On the surface of
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the model abutment, measuring scale lines were marked for observa-
tions. A part of the abutment was buried in the sediment in the sandbox
and kept as un-submerged for all experimental runs.

Vegetation patches within flow can be categorized into three classes:
deeply submerged with the ratio of flow depth (H) to the height of
vegetation (h) H/h > 10, shallow submerged (H/h < 5), and emergent
(H/h = 1). In natural rivers, the majority of submerged aquatic vege-
tation falls within the range of shallow submergence. In this study, a
leafless submerged vegetation patch was used. The vegetation patch,
which consisted of numerous vegetation elements, was planted in the
sand bed around the abutment. Vegetation elements were arranged in
either a square pattern (Fig. 2a) or a staggered pattern (Fig. 2b). These
configurations consist of two options for different spacing distances of
15 cm for higher and 20 cm for lower vegetation density. In total, these
combinations yield four distinct placement patterns of vegetation ele-
ments.The population and canopy morphology of the vegetation patches
are usually calculated using various methods and are very important due
to the dependency of flow characteristics on these factors. The most
common parameter to characterize rigid vegetation elements used in
this study is the roughness density (A) which is a non-dimensional
measurement of canopy density and is the frontal area of plants per
bed area. According to Nepf (2012), the roughness density (A) is calcu-
lated using Eq. (1):

A=ah (€D)]
where h is the vegetation height, equal to 1.5 x 10~! m for the experi-
ments in this study, and a is the frontal area of plants per unit volume,
known as vegetation density, which is considered as another common
density parameter and defined as the following:

@
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Fig. 1. (a) Plan view, (b) side view, and (c) a photo of the experimental flume, taken by Li et al. (2023).

where m is the number of vegetation elements per unit area of the
channel bed as presented in Table 1. A; is the mean frontal area of
vegetation elements. From Egs. (1) and (2), it can be concluded that the
roughness density (1) can be obtained from the product of the number of
vegetation elements per unit bed area and the average frontal area of the
plants (1 = mA;). Considering A; = 3.3 x 10~3m? as the average frontal
area of the vegetation elements used in this study, the calculated a and 4
values are listed in Table 1. A; was computed using MATLAB image
processing software derived for a single vegetation element.

The relatively small dispersion of vegetation elements for this study
is selected based on the situation of submerged vegetation in streams
under the ice-covered flow conditions because the abundance of vege-
tative units is affected during winter to some extent, causing the
dispersed distribution (Renman, 1989; Virtanen et al., 2001).

Each model vegetation element consists of one stem and several
branch clusters (each cluster has three branches). Given that this
experimental study aims to simulates fluvial hydraulics in the presence
of ice cover, the model vegetation patch comprised leafless vegetation
elements, as shown in Fig. 3. The vegetation height (h) was 15 cm to
create the submergence ratio (H/h) of 1.3 in all experimental runs and
resemble the real situations in nature since the aquatic canopies in rivers
have a limited submergence ratio of 1 < H/h < 2 (Nepf and Vivoni,
2000). The submergence depth is important to indicate the dominant
factor for momentum transfer. Inside the vegetation canopy, the pres-
sure gradient causes stress-driven flow, and the bed slope results in
potential-driven flow. The contribution share of these factors in mo-
mentum transfer is proportional to the (H-h)/h ratio. For H/h = 1.3, the
flow is mainly driven by the bed slope (Potential-driven flow) with a
small contribution of the pressure gradient and stress (Nepf et al., 2007).

When the primary focus is not on structural integrity, robust and
rigid materials such as plywood and Styrofoam panels have been proven
to be effective for simulating ice cover conditions, as indicated by



S. Sediqi et al.

Cold Regions Science and Technology 221 (2024) 104172

|—'»150m or 20 cm

15 cmor 20 cm

v
G?m 4c(m@

- 10 cm 10 cm
5cm fgem| | |
(a)
15 cm or 20 ¢
15 cmor 20 cm
®r
12 cry - 3
4_C|.@l 6 cm [ cm
—_— 1
—15cm—| @
30 cm
®7cm 7cmd
_l. T
7 10 cm 10 cm
5cm fgem| | |

(b)

Fig. 2. Layout of the vegetation configurations in the sandbox and the ADV positions around the abutment and the vegetation elements in (a) square configuration
and, (b) staggered configuration. Location 1, upstream of the abutment where the downflow happens; locations 2, 3, and 6, close to the abutment corners where high
turbulent flow is expected, locations 4 and 5, along the tip of the abutment, and location 7, downstream of the abutment - the wake zone.

Table 1
Vegetation parameters for different setups.
Vegetation arrangement m (m~2) a(m™) 2
Square configuration 49 1.078 0.161
36 0.792 0.118
Staggered configuration 49 1.078 0.161
33 0.726 0.108

previous research (Hanis and Zabilansky, 2004; Peters et al., 2017; Wu,
2015; Wu et al., 2014, 2015, 2016). In this context, the primary
consideration for the ice cover simulation is surface roughness, and this
study incorporated Manning’s coefficient to address this aspect. Styro-
foam panels were used to model ice cover. Each panel is 1.95-m long,
1.20-m wide, and 0.025-m thick. Two types of ice cover were used,
namely, smooth and rough ice cover. The smooth cover was simulated
using smooth Styrofoam panels without any treatment, while the rough
cover was modeled by attaching small cubes of Styrofoam to the

underside of the panels (Fig. 3). Each Styrofoam cube has dimensions of
25 mm x 25 mm x 25 mm. Numerous Styrofoam cubes were attached to
the bottom of the panels with the staggered arrangement, and the
spacing distance between the 2 adjacent cubes is 35 mm (all dimensions
with +5 mm error). During each experimental run, the model ice cover
on the water surface floats freely with the change of flow depth.

To obtain a representative description of flow velocities around the
abutment in the presence of both vegetation and ice cover, the instan-
taneous 3D velocity components were measured at different locations
around the abutment using a down-looking SonTek 10-MHz Acoustic
Doppler Velocimeter (ADV) with the accuracy of 1%, +0.25 cm/s. The
ADV sampling volume was 250mm?®. The sampling volume takes on a
cylindrical shape, aligned with the axis of the acoustic transmitter. This
cylinder measures approximately 6 mm in diameter and 9 mm in length.
Due to the limitation of the ADV, measurements of flow velocities have
been carried out from the channel bed to a depth 10 cm below the water
surface, with a vertical distance of 10 mm between adjacent measure-
ment points. The duration for collecting data at each point was 120 s.
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Fig. 3. Measuring flow properties using ADV in the presence of vegetation around the abutment in (a) open channel flow and (b) rough ice-covered flow.

Aberrant data with an SNR of <15 dB and a correlation coefficient of
<70% were filtered out by means of the WinADV software (Caroppi
et al., 2020).

In total,seven locations (Fig. 2) for the ADV measurements around
the abutment were selected to acquire data to assess the velocity fields
and turbulent characteristics. The vegetation elements around the
abutment do not interfere with the sampling volume and the path of the
acoustic beam of the ADV. To allow comparisons, the ADV measurement
locations for all experiments were at the same relative position to the
abutment. A well-defined coordinate system was established to guar-
antee the precise placement of the ADV for data acquisition. The origin
of this coordinate system was set at the zero-height level or the initial
bed level (z = 0), positioned 70 cm upstream of the front side of the
abutment (x = 0), and aligned with the channel wall (y = 0). The
instantaneous velocity components in three directions acquired using
the ADV can be used to calculate mean velocity, shear stresses, turbu-
lence intensity, Reynolds shear stress, and turbulent kinetic energy for
describing the flow.

In addition, a SonTek IQ, which is a monostatic Doppler current
meter, was used in this study. This device was mounted 2 m upstream
from the first sandbox, recording >100 samples for each experimental
run. The data collected using SonTek IQ was used to determine mean
flow velocity, water depth, and flow discharge accurately.

Dynamic similarity necessitates that, beyond geometric and kine-
matic similarities, all force ratios in the system are identical (Heller,
2011). Given the inherent complexity of replicating all force ratios
accurately, scale effects become an inevitable consideration. However,
as in this study, Froude number similarity is employed to mitigate these
effects effectively. The criterion Frioder = Frprowogpe is @ frequent appli-
cation in the context of open-channel hydraulics, with Froude number
similarity particularly suited for modeling turbulent phenomena. The
non-dimensional maximum scour depth values (dy/h) connection with
the Froude number was closely tracked, revealing that the ds/h-value fits
well across a range of Fr, despite variations in other factors.

Flow regimes in the presence of a vegetation patch or a group of
vegetation elements can be assessed using the vegetation Reynolds
number. A vegetation patch’s characteristic length scale or the average
diameter of each vegetation element is considered when assessing flow
conditions (Tanino and Nepf, 2008). Vegetation Reynolds number (Rey)
was calculated using Eq. (3).

Re; = %1 3)

(b)

where U is the streamwise averaged flow velocity, v is the kinematic
viscosity, and d is the stem vegetation diameter (D’Ippolito et al., 2022;
Van Veelen et al., 2020). To obtain the average stem diameter of the
vegetation elements, the number of stems and branches was counted,
their widths were measured, and the average value was computed. Re-
sults of calculations of Reynolds number and flow Froude number
indicated that all flows in the vegetated section for different experi-
mental runs in this study belong to fully developed turbulent and sub-
critical flows.

2.2. Experimental procedure

The same procedure was strictly followed for all experimental runs to
ensure the repeatability of the experiments. Since this flume is a large-
scale outdoor flume, some parameters, such as water viscosity and
temperature, were not controllable.

Equilibrium scour depth is reached when the dimensions of a scour
hole stabilize over time. Different criteria help identify this state. Mel-
ville and Chiew (1999) proposed that the approximate equilibrium is
achieved when scour depth variation is <5% of the width of bridge
abutments. Oliveto and Hager (2002, 2005) revealed that the pivotal
factor governing the scour process is the densimetric particle Froude
number and found that the temporal evolution of local scour develop-
ment is predominantly influenced by the geometrical variables of hy-
draulic parameters, in-stream structures, and granulometric
characteristics. Subsequently, Kothyari et al. (2007) refined Oliveto and
Hager’s findings and developed a more precise relationship for the
temporal evolution of the maximum scour depth around the bridge pier
and abutment. Applying their relationship, the estimated time required
to reach an equilibrium scour condition for this study is projected to be
<6 h.

However, it’s worth noting that local scour under ice-covered flow
conditions introduces a level of complexity compared to that in open-
channel flow scenarios. Extensive experiments have been conducted to
study local scour around bridge abutments (Wu et al., 2014, 2015, 2016)
and side-by-side piers (Namaee and Sui, 2020) under ice-covered flow
conditions using the same flume, bed sediments, and model ice cover as
in this study. They stated that a quasi-equilibrium scour can happen
within the first 6 h of the experiment, and there was no change in the
scour hole pattern after 12 h. To ensure an equilibrium scour condition
could be achieved, the experimental runs for this study lasted 24 h.

In the present study, the following procedures for data acquisition
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were followed for all experimental runs:

1) After installing the abutment and arranging vegetation elements in
the sandbox, the sandboxes were carefully leveled. Then, the up-
stream water holding tank was filled. Afterward, all Styrofoam
panels (or model ice cover) were carefully placed side by side on the
flume bed.

Then, by gradually opening the valves, the water from the upstream
holding tank was slowly fed into the flume to prevent initial erosion
at the abutment. The flow depth in the flume raised gradually, and
the model ice cover floated on the water surface. Once the
approaching water depth reached the required value, the valves were
opened to provide the required flow rate. During each experimental
run, the water level, flow rate, and approaching velocity were
monitored and calculated using the SonTek-IQ. In the meantime, the
flow depth was recorded using a staff gauge in the middle of the
sandboxes.

2

—

After a period of 24 h for each experiment, the experiment is
considered to reach the equilibrium condition. Then, the ADV was
carefully put inside the flow to measure the velocity field at various
locations around the abutment. After all required measurements for flow
velocity were completed, all valves were shut down. Then, the model ice
cover was carefully removed from the water surface. Water in the flume
was drained slowly by carefully adjusting the tailgate to avoid disturb-
ing the deformation patterns of the channel bed.

In this study, experiments were conducted under the open channel,
smooth ice-covered, and rough ice-covered flow conditions in the
presence or absence of vegetation with different arrangement patterns
and densities. Finally, the collected data were processed to assess the
effect of the roughness of the ice cover as well as vegetation configu-
ration and density on the flow characteristics around the bridge abut-
ment. Table 2 outlines the conditions under which the experimental runs
were conducted.

3. Results and discussion
3.1. Velocity distributions
Although the flume and the sandboxes are long enough to allow the

flow to achieve a fully developed flow, the change in bed roughness from
the sand bed to the vegetated patch resulted in the development of a new

Table 2
Summary of experimental runs.

Run Vegetation configuration and density Flow condition
No.
1 Open channel
9 Bare bed Smooth ice
cover
3 Rough ice cover
4 Open channel
5 Lower vegetation Smooth ice
density cover
6 Square configuration Rough ice cover
7 Open channel
s Higher vegetation Smooth ice
density cover
9 Rough ice cover
10 Open channel
1 Lower vegetation Smooth ice
density cover
12 Staggered Rough ice cover
13 configuration Open channel
14 Higher vegetation Smooth ice
density cover
15 Rough ice cover
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boundary layer. Results of velocity profiles along the centerline of the
flume at three consecutive cross sections in the channel reach upstream
of the experimental zone showed similar patterns, implying a fully
developed flow condition was achieved.

As mentioned by many researchers, near the vegetated bed, there is
always considerable noise in the velocity data which must be discarded
herein (Huai et al., 2019; Kazem et al., 2021; Nezu and Sanjou, 2008;
Shivpure et al., 2016). The depth of this region in experiments was
within 1.5 cm. On the other hand, due to the limitations of the ADV used
in the experiments, the velocity data 10 cm near the water surface could
not be collected.

In the following figures, the flow depth of z/H = 0 represents the
initial bed level before the scouring process started, the negative z/H
values represent positions within the scour hole, and u represents the
time-averaged streamwise velocity component.

Fig. 4 shows the dimensionless time-averaged streamwise velocity
profiles under open channel flow conditions in the presence of vegeta-
tion and on a bare bed. The velocity magnitudes are normalized using
the maximum velocity (Umq). In the upstream region and along the
abutment outer sidewall, in the presence of the vegetation elements
placed in the bed in square configuration, the streamwise velocity near
the bed (particularly within the zone of vegetation stems) is lower for
the higher vegetation density (A = 0.161) than those for both the sparse
square arrangement (A = 0.118) and the bare bed. In the cases of the
staggered arrangement, the near-bed velocity mainly depends on the
locations of the profiles around the abutment. For example, it was
observed that the near-bed velocity has lower magnitudes for the case of
sparse square arrangement compared to that of the bare bed upstream of
the abutment, while it has slightly higher values at location 5.

Despite the variations in velocity magnitudes near the bed, the
profiles in all scenarios, both vegetated and non-vegetated beds, exhibit
a converging trend until they intersect at a flow depth where z/H is
<0.3. Furthermore, the flow velocity profile in the presence of vegeta-
tion in the bed show a pronounced peak below this depth. It’s important
to note that the flow depth of z/H = 0.3 corresponds to the location
where the vegetation nodes begin to split into branches.

Disregarding minor fluctuations, the velocity profiles for the case of
flow in the bare bed channel exhibit an increasing trend from the bed
until z/H reaches about 0.15, after which they stabilize and maintain a
constant trend within the recorded depth. In the presence of vegetation
in the bed, in the zone below z/H = 0.3 along the abutment side and
downstream of the abutment, the velocity profiles follow an increasing
trend until reaching their peak and then a decreasing trend. The rate at
which velocity changes across the flow depth at a specific location
around the abutment in vegetated scenarios is mainly influenced by the
vegetation configuration. The velocity reduction is more pronounced in
the staggered arrangement compared to the square configuration.

Results of experiments showed that the configuration pattern of
vegetation has more impact on velocity than that of vegetation density.
Vegetation elements arranged in a staggered configuration had a greater
effect on the velocity reduction compared to that of the square config-
uration. The reduction in the streamwise velocity results from the in-
crease in the resistance to flow due to the presence of vegetation in the
channel bed. The vegetation in the bed acts as a barrier and leads to flow
separation in the wake zone of individual vegetation elements. As
depicted in Fig. 2b, location 5 is situated nearly in line with vegetation
elements arranged in the staggered configuration. In contrast, for the
case of vegetation arranged in the square configuration, location 5 is
positioned within the “channel” between the rows of vegetation ele-
ments. Thus, the variation in vegetation arrangements influences the
corresponding velocity profiles.

The presence of vegetation arranged in the staggered configuration
resulted in a complex flow field, enhancing velocity reduction compared
to the square arrangement pattern. In the staggered configuration, the
flow is more obstructed than that for the squared arrangement because
the flow has to navigate through a more irregular arrangement of
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Fig. 4. The dimensionless time-averaged streamwise velocity profiles in non-vegetated open channel condition compared to those in open channel with vegetation
patch with different vegetation densities at location 5 for (a) square arrangement of vegetation, and (b) staggered arrangement of vegetation.

vegetation elements, leading to an increase in drag and a decrease in
velocity. In fact, the flow passes through the gaps between vegetation
elements, with a longer delay associated with the staggered
configuration.

The impact of the spatial distribution of vegetation elements on ve-
locity reduction and flow patterns is also illustrated in Fig. 5. The time-
averaged streamwise velocity contours at the horizontal plane (X-Y
plane) around the abutment for the flow depths of z/H = 0 show that the
velocity values close to the upstream edge of the abutment are within
the range of [-4-16], [0—20], and [0—12] for the bare bed, squared
arrangement of vegetation, and staggered arrangement of vegetation,
respectively.

At z/H = 0, in the presence of vegetation elements arranged in a
square configuration, the velocity magnitude increased by about 25%
compared to bare bed. However, for vegetation elements arranged in a
staggered configuration, the velocity magnitude decreased by at least
25% compared to that without vegetation.

At the flow depth of z/H = 0.4, in the case without bed vegetation,
the density of velocity contour lines in the downstream zone of the
abutment is higher than that of the vegetated bed. In other words, ve-
locity gradients are smaller in the downstream zone of the abutment for
the vegetated bed cases, especially in the case of the staggered config-
uration, indicating the presence of vegetation increases the flow
resistance.

It was observed that the velocity and the scour hole depth around the
abutment were proportional and adversely related. The velocity
decreased in locations where the depth of the scour hole is greater
because of an increase in flow cross-sectional area. This finding is in
good agreement with Nabaei et al. (2021). Fig. 6 shows a 3D view of the
velocity contour around the abutment at flow depths of z/H = 0 and z/H
= 0.4. At the upper left corner of the abutment, the streamwise velocity
reaches its minimum magnitude, corresponding to the maximum depth
of the scour hole. This phenomenon becomes increasingly more pro-
nounced in close proximity to the bed. The velocity in deeper flow is
affected by large vortices that are formed via Kelvin-Helmholtz (K—H)
instabilities which are the dominant factor in transport in that layer,
highlighting the complex interaction between flow dynamics and
instability-driven phenomena. Although not directly recorded, the
presence of the Kelvin-Helmholtz instabilities can be anticipated due to
the alterations in flow velocity at varying depths caused by the influence

of vegetation and drag discontinuity (Nepf et al., 2007).

A secondary current is usually the main driver moving high-
momentum water from the free surface to the channel bed and the
low-momentum water from the bank to the central zone of the channel.
The boundary shear stress increases when a secondary current moves
toward the bank. On the contrary, when a secondary current moves
away from the bank, the boundary shear stress decreases (Afzalimehr
et al., 2011). The aspect ratio, defined as the ratio of the channel width
to the flow depth of the channel, in the present study was 10.5, indi-
cating a wide channel flow (W/H > 5). This means that the impact of
secondary currents resulting from sidewall effects can be neglected and
that the maximum flow velocity under an open flow condition occurs at
the water surface because the vortices caused by side walls are damped
quickly by moving away from them (Jing et al., 2019).

The velocity profiles in the presence of vegetation under an open
flow condition are compared to those under an ice-covered flow con-
dition in Fig. 7. In addition to the effects of the abutment and vegetated
bed on flow velocity, the presence of an ice cover, which introduces a
new flow boundary, influences the shape of velocity profiles. Under ice-
covered flow conditions, similar to results under open flow conditions,
the velocity profiles at different locations around the abutment differ.
However, in all cases, at least one peak velocity exists in velocity pro-
files. Affected by the locations for measuring velocity around the abut-
ment, the amount of the velocity peak varies. Under an open flow
condition, one velocity peak occurs in the “sheath layer”, namely, in the
zone below the nodes of vegetation elements (z/H < 0.3). The frontal
width of vegetation elements is the least in this zone, and water passing
through this layer experiences a larger net cross-sectional area for flow
(Chen et al., 2011). Thus, the first peak of velocity profiles near the
channel bed for all flow conditions is attributed to the effect of the
sheath layer. The second peak of velocity profiles under an open flow
condition should occur at the water surface (z/H = 1), since the flow in
the present study belongs to a wide channel flow. According to reported
studies, flow in the zone above the vegetation canopy under open flow
conditions is expected to have a sharp increase in velocity toward the
water surface.

Under the ice-covered flow condition, similar to the open flow con-
dition, the first peak of velocity profiles occurs in the sheath zone. Under
rough ice-covered conditions, the first peak of velocity profiles in the
sheath zone upstream of the abutment displays a more pronounced
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Fig. 5. Contour maps of streamwise velocity in open channel condition at (a) bare bed, (b) vegetated bed with square configuration and lower vegetation density,
and (c) vegetated bed with staggered configuration and lower vegetation density at z/H = 0 (left panels) and z/H = 0.4 (right panels).

magnitude compared to those under both open channel and smooth-
covered flow conditions. This difference is attributed to the larger
relative roughness of the rough cover compared to a smooth-covered
condition. The second peak of the velocity or the maximum velocity,
under ice-covered conditions, is predicted to be located at a certain
distance between ice cover and vegetation canopy, and an increase in
the ice cover roughness leads to a further shift of the maximum velocity
toward the vegetation canopy.

Under the condition of the same flow depth and discharge, since the
maximum flow velocity under the rough-covered flow condition is
larger than that under the smooth-covered flow condition, the velocity
gradient under the rough-covered flow condition is larger than that for
the case of smooth-covered flow.

Under an open flow condition and the presence of vegetation in the
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channel bed, the velocity profile can be divided into three main zones:
the emergent or canopy zone, within the stems of plants, the mixing
layer zone, close to the top of the canopy, and the log-law zone, close to
the water surface. It is reported that the streamwise velocity profile in
the presence of a vegetation patch in a channel bed has an “S”-shaped
curve (Huai et al., 2019; Kazem et al., 2021; Nezu and Sanjou, 2008).
In the presence of vegetation in the channel bed, the flow under an
ice-covered flow condition can also be divided into three layers. The first
layer, near the bed up to the nodes of vegetation elements — the sheath
layer- experiences the first peak of velocity profiles. Moving to the
second layer, which covers the flow depth from the nodes of vegetation
elements to the top of the vegetation canopy, the influence of ice cover
on velocity profiles becomes more pronounced. Flow velocity inside this
layer decreases due to the increased resistance caused by the increased
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Fig. 7. The dimensionless streamwise velocity profiles under open channel, smooth ice-covered, and rough ice-covered flow conditions in the presence of vegetation
in (a) square configuration, and (b) staggered configuration with higher vegetation density at location 1 (upstream of the abutment).

frontal area of vegetation elements. Also, since there are many vegeta-
tion branches presented irregularly in this layer, velocity profiles in this
layer show variation. Under rough ice-covered flow conditions, a second
peak in velocity profiles occasionally occurs around the top of the
vegetation canopy with low vegetation density. This is due to the shift of
the maximum velocity resulting from the high resistance of the rough ice
cover. Finally, in the third layer, the flow velocity above the top of the
vegetation canopy is anticipated to approach zero near the ice cover.
Flow in this layer should be similar to the distribution pattern of the
velocity profile under an ice cover without bed vegetation (Sui et al.,
2010b). The velocity gradient in this layer should depend on the relative
roughness of ice cover to that of the vegetation canopy, the location
around the abutment, as well as vegetation configuration and density.
As a result, the velocity profile in a vegetated bed under ice-covered
conditions displays a convex shape. It should be noted that data
collection using ADV in the third layer, from the top of the vegetation
canopy to the water surface or ice cover, was not possible due to the
limitations of the measurement instrument.

In the presence of vegetation, regardless of the arrangement patterns,
Fig. 8 compares velocity profiles in vertical direction under the open
channel, smooth ice-covered, and rough ice-covered flow conditions at

location 1 (upstream of the abutment). The presence of the abutment
results in a powerful downward flow upstream of the abutment, referred
to as “downflow”, which induces negative velocity in the vertical di-
rection close to the abutment wall. The higher resistance of a rough ice
cover reduces the streamwise flow velocity as it encounters the upstream
side of the abutment and, consequently, the downflow intensity. This, in
turn, leads to a corresponding decrease in the absolute magnitudes of the
vertical velocity components near the abutment region. In other words,
under an open channel flow condition, the presence of a stronger
downflow due to non-covered flow leads to larger magnitudes of nega-
tive vertical velocities. Under an ice-covered flow condition, however,
particularly the rough-covered flow condition, the larger resistance
generated by an ice cover results in a reduction in the magnitudes of the
vertical velocity components near the abutment wall.3.2. Turbulence
intensity.

Turbulence intensity refers to fluctuations in velocity and can be
expressed as a percentage of the mean velocity. The flow velocities in the
stream-wise (u), lateral (v), and vertical (w) directions were decomposed
into time-averaged (u, v, and w) and turbulent components (u,v,andw).
The velocity fluctuations in three directions are obtained using the
measured 3D instantaneous velocity, and the turbulent intensities are
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Fig. 8. The velocity profiles in vertical direction under open channel, smooth ice-covered, and rough ice-covered flow conditions in the presence of vegetation in (a)
square configuration, and (b) staggered configuration with higher vegetation density at location 1 (upstream of the abutment).

calculated by RMS (Root-Mean-Square) (Eq. (4)).

N N N 4
U =UpMs, VV = VRMS; VW = Wrms ()]

Urms, Vrus, and wrys are the Root Mean Square of fluctuations of
velocity in streamwise, transverse, and vertical directions, respectively.
The shear velocity (u-), also known as friction velocity, is a primary
parameter to measure the average velocity and, in this study, is used to
normalize the turbulence intensity parameter. The shear velocity can be
calculated in several ways. In the boundary layer method, shear velocity
is computed using Eq. (5),

(8 — O)utpgan

Cox Q)

Us =

where, Uy, is the maximum velocity, 6-is the boundary layer
displacement thickness, 6 is the momentum thickness of the boundary
layer that indicates the loss of momentum in the boundary layer, and C is
an empirical coefficient adopted here as 4.4 for sandy beds (Afzalimehr
and Rennie, 2009). Parameters §- and 6 can be calculated using Egs. (6)
and (7), respectively,

(6)

H
5*:/ (1— u )dy
0 UMax
H
0:/ (1—L)dy
0 Ubax

The contour maps of non-dimensional streamwise turbulence in-
tensities (urys/u-) for open channel cases and the vertical distributions
of non-dimensional streamwise turbulence intensities upstream of the
abutment for open channel flow compared to those of ice-covered flow
conditions are illustrated in Figs. 9 and 10, respectively.

Near the abutment, the turbulence intensity is usually higher than in
the undisturbed flow because the flow encounters resistance and un-
dergoes shearing as it passes over the abutment wall. The turbulence
intensity is highest near the corners and edges of the abutment. These
locations experience more intense flow separation and higher vorticity,
resulting in increased turbulence. The turbulence intensity reaches
higher values in the wake regions downstream of the abutment, where
flow separates and vortices form. The turbulence intensity gradually
decreases as flow moves away from the corners. Interaction between the
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Fig. 9. Contour map of normalized streamwise turbulence intensities around the abutment in open channel condition at z/H = 0 for: (a) vegetation elements ar-
ranged in a square configuration with lower density and (b) vegetation elements arranged in a staggered configuration with lower density.
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Fig. 10. Vertical distribution of non-dimensional streamwise turbulence intensities upstream of the abutment (location 1) under open channel, smooth ice-covered,
and rough ice-covered flow conditions in the presence of vegetation in (a) vegetated bed arranged in square configuration with lower density and (b) vegetated bed

arranged in a staggered configuration with lower density.

main flow and the reversal flow created in the slant bed near the abut-
ment leads to an increase in the turbulence intensity near the bed.
Additionally, as illustrated in Fig. 9, many irregularities are observed
upstream and downstream of the abutment due to the primary vortex’s
shuddering effect and the shedding of the wake vortices. Dey and
Barbhuiya (2006) marked a rapid convexity in turbulence intensity
profiles and attributed it to the flow separation and eddy vortices around
the abutment.

The presence of vegetation in the channel bed introduces additional
complexity due to the interaction between the flow and the vegetation.
Upstream of the abutment, the lowest levels of turbulence intensity were
noticed, and the turbulence intensity increased as the flow moved
downstream of the abutment. Turbulence intensity reached its
maximum value near the abutment’s downstream corner. Typically, the
presence of vegetation in the bed led to an increase in turbulence in-
tensities near the bed. Results showed that, regardless of the arrange-
ment pattern of vegetation elements, the turbulence intensity increases
with the vegetation density. In fact, the turbulence introduced in the
wake zone of each vegetation element enhances the overall turbulence
intensity around the abutment. The highest turbulence intensity has
been found for higher vegetation density of A = 0.161 arranged in a
square configuration.

In the presence of bed vegetation, under ice-covered flow conditions,
the turbulence intensity around the abutment does not follow any spe-
cific trend. As shown in Fig. 10, flow behavior around the abutment is
very complex due to the combined effects of ice cover, bridge abutment,
and vegetation patches with different densities and arrangement pat-
terns. The additional irregularities in the flow caused by different ice
cover roughness and vegetation arrangement can disrupt the flow pat-
terns, leading to enhanced turbulence intensity. As a result of the
interaction of these factors, the patterns of turbulence intensity are non-
uniform and practically unpredictable. However, it can be observed that
the streamwise turbulence intensity in the zone upstream of the abut-
ment has a decreasing trend with the increase in the distance from the
bed. In this context, the turbulent fluctuations near the channel bed take
precedence over those near the water surface. Given that the primary
sediment transport mechanisms driven by drag forces resulting from
vegetation elements and bed shear stress, predominantly occur near the
bed (Yager and Schmeeckle, 2013), it can be inferred that the ADV’s
inability to measure fluctuations near the water surface has a minimal
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impact on the overall results.

3.2. Reynolds Shear stress

Reynolds Shear Stress (z;) is an important parameter for calculating
the momentum transfer between the water and the channel boundaries.
Understanding the distribution of Reynolds shear stress is essential in
different aspects of river flow analysis, including bed erosion and
deposition, sediment transport, hydraulic modeling, and flow resistance.
Although sediment transport is not within the objective of this study, it is
crucial to evaluate the Reynolds shear stress in order to assess the effect
of the redistribution of flow and turbulence on channel boundaries.
Reynolds shear stress can be calculated using Egs. (8) and (9).

N
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RSS is normalized by the bed shear stress at z/H = 0 (7pq) as

following,
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The contour maps of the dimensionless Reynolds shear stress (RSS)
for open channel flow in the presence and absence of bed vegetation are
presented in Fig. 11. As indicated in Fig. 11, RSS reached the maximum
values near the downstream corner of the abutment.

Flow separation near the abutment results in a recirculation zone
behind the abutment and the development of vortices, which can lead to
velocity gradients and turbulent fluctuations that finally contribute to
the development of RSS. In the recirculation zone, the flow moves
opposite to the main flow, resulting in significant variations in Reynolds

shear stress. The maximum values of —=4*= were observed downstream

us

of the abutment where the secondary vortices happen. As pointed out by
Melville (1992), secondary vortices can be generated near the primary
vortex, behind the abutment, and at the separation zone, limiting the
power of the primary vortex in the development of a scour hole.
Downstream of the abutment, RSS under an open flow condition de-
creases in the direction away from the bed, with negative values
observed at flow depths above z/H = 0.3, as illustrated in Fig. 12. These
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Fig. 11. Contour maps of normalized streamwise Reynolds shear stress around the abutment under open channel flow conditions in vegetated bed at flow depth z/H
= 0 for: (a) vegetation arranged in a square configuration with lower density, and (b) vegetation arranged in a staggered configuration with lower density.
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Fig. 12. Vertical distribution of Reynolds shear stresses downstream of the abutment (location 6) for various vegetation arrangements in the bed under open

flow conditions.

negative RSS values are due to vegetation morphology that produces
turbulent fluxes and negative velocity gradients. The presence of a bed
vegetation patch led to changes in RSS vertical distribution from an
upright profile with minor changes to a declining nonlinear trend. The
results of this study are in good agreement with the findings of Afzali-
mehr et al. (2011) who observed that the Reynolds stress distribution in
channels with submerged vegetated bed was nonlinear due to the drag
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force caused by vegetation.

The presence of bed vegetation caused an increase in RSS values near
the bed. The RSS decreased to zero at the flow depth of about z/H = 0.3,
and then, as z/H increased, it reached negative values depending on the
vegetation arrangement and density. The main reason for this change is
the flow partitioning caused by the bed vegetation that separates the
flow into different pathways through the gaps between vegetation
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elements, resulting in the change of velocity gradients. Thus, the profiles
of shear stress distribution and spatial variations of RSS were modified
compared to those of flow in a channel without bed vegetation. It can
also be assumed that each vegetation element acts as a flow barrier, and
the von Kdrmadn vortex street created behind vegetation elements causes
disturbances in flow patterns. From the distribution profiles of turbu-
lence intensity, Reynolds stress, and streamwise velocity, it can be
concluded that the zones with the maximum turbulence intensity and
Reynolds shear stresses coincide with the regions having the highest
velocity gradient.

The positive RSS values in the normalized profiles indicate the
erosion zone, and negative values represent the deposition zone (Karami
et al., 2018). The results of observations indicate that the higher positive
values of RSS occurred close to the bed (z/H = 0) in the vicinity of the
abutment. This result suggests that a significant portion of the area
around the abutment is prone to erosion. The smaller positive values are
observed in the staggered configuration with lower vegetation density,
as illustrated in Fig. 11, implying a lower anticipated level of bed erosion
in this particular scenario.

The RSS distribution around the abutment in vegetated bed under
ice-covered flow conditions is depicted in Fig. 13. The distribution
patterns of RSS in the presence of ice cover, particularly in the rough
cover case, exhibit substantial differences from those observed under the
open channel flow conditions, indicating a much more pronounced ef-
fect of the ice cover on the RSS values compared to that of the leafless
bed vegetation configurations examined herein. Reynolds shear stress
depends on the velocity fluctuation components. According to Eq. (9),
negative RSS values mean that the product of velocity fluctuations in the
longitudinal direction and velocity fluctuations in the transverse
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direction has become positive. This means that either both velocity
fluctuations are positive or both are negative. In other words, velocity
fluctuations in both longitudinal and transverse directions are either
higher or lower than the average values of velocity fluctuations in both
directions. Thus, under the rough ice-covered condition, an enlarged
zone for negative RSS values at z/H = 0 downstream of the abutment
can be attributed to the simultaneous increase of streamwise and
transverse velocity fluctuation values that were observed in profiles of
velocity distributions in both directions.

3.3. Turbulent Kinetic Energy (TKE)

Specific turbulent kinetic energy (TKE) is the energy transferred and
dissipated within turbulent flows. It is often used to describe and predict
various phenomena, such as how flow interacts with structures and el-
ements. In a vegetated channel, the dominant turbulent energy is
generated by the vegetation patch rather than the sand bed, and the
correlation between shear stress and TKE varies (Rehman and Hong,
2022). The TKE can be determined using Eq. (10).

TKE:l

3 (10)

(MRMS2 + Vrus” + WRMSZ)

According to reported results, the presence of vortices indicates a
sharp increase in TKE (Liu and Nepf, 2016; Ortiz et al., 2013). In the
wake region of the abutment, vortices and flow separation contribute to
turbulence and TKE enhancement. The flow reattachment to the abut-
ment wall in the recirculation zone can create complex flow patterns and
enhance turbulence levels near the wall, leading to an increase in TKE.
Besides, velocity gradients, shear layers, and flow instabilities can be
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Fig. 13. Contour maps of normalized streamwise Reynolds shear stress around abutment at the depth of z/H = 0 under ice-covered flow conditions in vegetated
channel with lower vegetation density arranged in a square pattern (left panels) and lower vegetation density arranged in a staggered pattern (right panels).
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generated due to the interaction between the approaching flow and the
abutment, which, in turn, can increase TKE near the abutment. Results
of experiments in the presence of vegetation in the bed showed an
enhancement in TKE values around the abutment compared to that of
the bare bed. Vortices are created as the flow encounters vegetation
elements. These vortices mix the fluid, resulting in enhanced turbulence
levels and TKE.

Fig. 14 shows the TKE contours for flows under different vegetation
arrangements and open flow conditions, and Fig. 15 compares the ver-
tical distributions of TKE in different vegetation configurations under
open and ice-covered flow conditions downstream of the abutment. In
all cases illustrated in Fig. 15a, the TKE exhibits an increasing trend with
distance from the bed. Even though the turbulent kinetic energy near the
bed is larger in the cases with vegetation than that without vegetation in
the channel bed, it reaches the same level at a certain distance of about
z/H = 0.4 from the bed regardless of the bed surface conditions. This
means that, in the presence of bed vegetation, the range of changes in
energy across the flow depth is less than that of the bare bed.

Furthermore, the observations revealed that the vegetation density
and TKE had an opposite relationship; namely, the decrease in vegeta-
tion density led to an increase in the TKE value. Dense vegetation with a
smaller spacing distance between vegetation elements causes a greater
sheltering effect than sparse vegetation, as explained by Raupach
(1992), and thus results in a lower TKE value. At least one peak in the
TKE profiles is observed depending on the location around the abutment
and the layout of the vegetation elements. Variations in layout patterns
of vegetated elements and the sharp deflections in velocity profiles
explain the differences in the specific flow depths at which the TKE
peaks occur (Nosrati et al., 2022). For instance, in the vegetated bed
cases, one TKE peak is associated with the velocity change due to
moving from the sheath layer to the higher depths of the flow.

Results of comparison in Figs. 12 and 15 show that TKE and Reynolds
stress profiles do not follow a similar distribution trend. Thus, in addi-
tion to the Reynolds stress, the TKE distribution should be assessed when
the flow structure around the abutment in the presence of vegetation is
investigated. The presence of vegetation under ice-covered conditions
causes different patterns of velocity profiles, and, thus, different TKE
distributions, comparing to those of open channel flow. Fig. 15b illus-
trates the TKE profiles in the presence of vegetation downstream of the
abutment under smooth and rough ice-covered conditions. Under ice-
covered flow conditions, TKE profiles initiate almost from zero in
close proximity to the bed. The effect of ice cover on the TKE near the
bed is opposite to the effect of vegetation stems. Subsequently, the TKE
profiles for various vegetation arrangements exhibit a diverging
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increasing trend until reaching their maximum values, followed by a
converging decreasing trend toward the ice cover. Notably, at a specific
depth of approximately z/H = 0.4, the TKE profiles gain nearly a con-
stant value across all cases downstream of the abutment. It is note-
worthy that this consistent TKE value at z/H = 0.4 under ice-covered
conditions is approximately half of the corresponding value in open
channel flow. This underscores a notable reduction in TKE magnitudes
under ice-covered conditions. Typically, the TKE value is reduced near
the ice cover-water interface due to the dampening effect of the ice
cover. This reduction in TKE is caused by a reduced mixing process
between water layers. The increased resistance resulting from the rough
cover dampens the turbulence and reduces the TKE near ice cover. The
rough ice cover can also prevent the development of large-scale turbu-
lent structures. The upper section of the TKE profiles in the open flow
condition reveals an increasing trend, distinctly contrasting that of the
ice-covered flow conditions where the graphs exhibit a descending trend
toward the ice cover.

The total turbulent kinetic energy (TKE) is comprised of contribu-
tions from three directions, namely, streamwise, transverse, and vertical
directions. The contribution from each direction plays a vital role in
shaping the river dynamics. Assessment of the contributions of TKE in
different directions provides valuable insights into turbulence patterns
and energy dynamics within the channel. The ratio of TKE contributions
in the streamwise direction to total TKE (R,) can be estimated using Eq.
1n.

2
_ UrMs
=
Urus® + Vrms® + Wrus®

an

The ratio of TKE contributions in the transverse direction to total
TKE (Ry, Eq. (12)), representing the energy associated with the lateral
flow across the channel’s width, is also essential to characterize the
energy dissipation and momentum exchange in this direction.

2
VRMS

=
Uurms® + Vrms® + Wrus®

12

In addition, TKE contributions in the vertical direction that repre-
sents the flow energy associated with the vertical motion, such as up-
ward and downward movement of water, is an important factor in
turbulent flows around in-stream infrastructures, and areas with rapid
velocity changes across the depth. The ratio of TKE contributions in the
vertical direction (R,) can be computed using Eq. (13).

2
WRMS
R,

=
Upms® + Vrms® + Wrus®

13)
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Fig. 14. Contour maps of turbulent kinetic energy (TKE) around the abutment under open channel flow conditions for vegetated bed at the flow depth of z/H =
0 with (a) lower density of vegetation arranged in a square configuration, and (b) vegetated bed with lower density of vegetation arranged in a staggered

configuration.
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Fig. 15. The vertical distribution of TKE for the bare bed and vegetated bed with different vegetation configurations and lower vegetation density downstream of the
abutment (location 6) for (a) open channel flow conditions and (b) ice-covered flow conditions.

Fig. 16 illustrates the distribution of Ry, Ry, and R, around the
abutment at z/H = 0, considering the influence of vegetation under the
rough ice-covered flow condition. The ratio of streamwise TKE contri-
butions to the total TKE plays a critical role, constituting 40% to 80% of
the total TKE at various locations around the abutment. This highlights
the significance of Ry in driving the flow downstream. On the other
hand, depending on the specific location and the vegetation arrange-
ments, Ry, typically accounts for approximately 15% to 50% of the total
TKE. The remaining portion of the total TKE that is attributed to the TKE
in the vertical direction (R;) has the lowest magnitudes, accounting for
up to 30% of the total TKE. While it is less dominant compared to the
streamwise and lateral directions, R, still plays an important role in
sediment transport within the water column and the vertical mixing of
water.

Fig. 16 shows an inverse relationship between R, and R, values.
When the TKE contribution in the streamwise direction reaches its peak,
the TKE contribution in the transverse direction simultaneously reaches
its lowest value. This phenomenon demonstrates the complementary
nature of TKE between these two directions, with a high TKE in one
direction coinciding with a low TKE in the perpendicular direction.
Additionally, a pattern between the peak values of Ry and the lowest
values of R, is observed. Remarkably, the peak R, values occur at the
exact location where the lowest values of R, are observed. This align-
ment suggests a potential correlation between the vertical motion near
the abutment and the flow dynamics in the streamwise direction.

4. Conclusion

This study aimed to investigate the characteristics of turbulent flow
around a rectangular abutment in the presence of vegetation in the
channel bed while considering the simultaneous impacts of ice cover
floating on the water surface. The complex interactions between flow,
vegetation, and ice cover have been studied based on laboratory ex-
periments considering different ice cover roughness, vegetation layout
patterns, and vegetation densities. Results showed that the vegetation
configuration has a greater effect on velocity distribution compared to
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vegetation density. It appears that the square configuration of vegeta-
tion elements in the bed enhances flow velocity by channeling and
directing the flow between the rows of vegetation elements, whereas the
staggered configuration of vegetation elements in the bed interferes with
the flow, leading the velocity to decrease. In open channel flow, the
velocity profile shows an S-shaped curve, while under ice-covered flow
conditions, the velocity profiles take on a convex shape. In addition to
the first peak of velocity profiles occurring in the sheath layer of vege-
tation, under ice-covered flow conditions, the second peak of velocity
profiles is located between vegetation canopy and ice cover. The loca-
tion of the second peak is affected by the roughness of vegetation canopy
and ice cover.

The turbulence intensity levels are lower upstream of the abutment
and higher downstream, peaking near the downstream corner. The
turbulence is generally amplified by the bed vegetation, and higher
vegetation density results in increased turbulence regardless of the
arrangement pattern of vegetation elements. Different roughness of the
ice cover and vegetation disrupt flow patterns, causing non-uniform and
unpredictable turbulence.

In open channel flow, the maximum Reynolds shear stress (RSS)
values were observed in the region downstream of the abutment where
secondary vortices occur. The presence of bed vegetation influenced the
vertical distribution of RSS, with increased RSS values near the bed and
a decline to zero around z/H = 0.3, followed by negative values. A
higher vegetation density leads to an increased RSS value. Under an ice-
covered flow condition, particularly under rough ice-covered flow
conditions, the effect of ice cover on RSS values was more evident than
that of the leafless vegetation in the channel bed. Under the rough ice-
covered condition, an enlarged zone for the negative RSS values
downstream of the abutment can be attributed to the increased velocity
fluctuations in both streamwise and transverse directions. Under an ice-
covered flow condition, the RSS distributions showed dramatic changes
compared to those in an open channel flow. The zones with the
maximum turbulence intensity and Reynolds shear stresses coincide
with the regions having the highest velocity gradient.

The bed vegetation significantly enhances the TKE around the
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Fig. 16. Contour maps of the ratio of TKE contributions in the streamwise (R,), transverse (R,), and vertical (R;) directions around the abutment under the rough ice-
covered flow condition at the flow depth of z/H = 0 for (a) vegetated bed with lower density of vegetation arranged in a square configuration, and (b) vegetated bed

with lower density of vegetation arranged in a staggered configuration.

abutment, with the TKE values inversely related to the vegetation den-
sity. In open flow conditions, in particular, for the square configuration
of vegetation in the bed, the TKE profile shows higher values near the
bed than of ice-covered conditions. Notably, the TKE under ice-covered
conditions has substantially lower magnitudes than that in open flow
conditions. This study uncovers the critical role of streamwise TKE (R,),
constituting up to 80% of total TKE. An inverse relationship between R,
and Ry values highlights their complementary nature. When the TKE
contribution in the streamwise direction reaches its peak, the TKE
contribution in the transverse direction simultaneously reaches its
lowest value.

The overall impact of vegetation and ice cover on turbulent flow
characteristics cannot be predetermined, as each case should be evalu-
ated individually using appropriate methodologies. The effect of vege-
tation depends on specific vegetation attributes, including mechanical
characteristics. The impacts of ice cover on the characteristics of tur-
bulent flow also depend on the type of ice cover (such as sheet cover or
ice jam) since different types of ice cover have different roughness.
Experimental studies inevitably face limitations, and this research is not
an exception. One noteworthy limitation pertains to the ADV utilized,
which had constraints in recording data at shallower depths. Conse-
quently, velocity measurements were confined to the deeper sections of
the flow. While the inability to directly assess the near-surface (near
water surface or ice cover) velocity data may limit the spatial coverage
and the comprehensive understanding of flow dynamics, quantitative
modeling, and simulation approaches can be employed to estimate these
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parameters using the data provided by this study. These predictive
methods can help fill the gaps in data and provide insights into complex
flow patterns and interactions with the channel bed, bed vegetation, and
ice cover, offering a more holistic view of the study area.
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