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Abstract

The onset of winter in cold climates often leads to the formation of border ice along
riverbanks, a phenomenon that can persist for a significant portion of the winter season,
thereby affecting river channels' dynamics and geomorphological structure. Understanding
the effects of ice cover on sediment transport and bed morphology is crucial, as these
elements significantly influence flow resistance and river behavior. While there is extensive
literature on sediment transport and bed morphology in open channel flow and several studies

in conditions of complete ice cover, research in partially ice-covered channels is sparse.

To address this gap, the current study conducted laboratory experiments at the Hydraulics
Research and Testing Facility at the University of Manitoba, Canada. The research aimed to
explore the effects of border ice, including the extent of ice cover, variations in flow strength,
and the asymmetry of border ice on bedload transport rate and distribution, as well as bed
morphology and bedform characteristics. Various experimental setups, ranging from open
channel flows to symmetric and asymmetric border ice and fully ice-covered conditions,
were analyzed to assess bedform dimensions and bedload transport rates against theoretical
models in the literature. This comparison confirmed the reliability of the models in
describing bedform features under varying ice conditions. Moreover, despite noticeable
differences in bedload transport rates across the channel width, in partially ice-covered
conditions, the cross-section-averaged bedload transport rate could still be accurately
estimated using conventional equations adapted for open channel and fully ice-covered flows
by adjusting for the additional boundary created by the ice in the calculation of the wetted

perimeter.

The findings also demonstrate that the presence, positioning, and varying extents of partial
ice cover significantly influence bedforms within the channel and the distribution of bedload
transport. Notably, the impact of ice coverage is more pronounced at lower flow strengths
and diminishes as flow strength increases. This research provides essential insights into the

complex interactions between ice cover and sediment transport.
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Chapter 1 Introduction

1.1 Background and Motivation

As air temperatures plummet in northern regions, the formation of ice on rivers heralds the
arrival of winter, marking a critical transition from flowing waters to a frozen state. This
phenomenon, while seemingly minor, carries significant implications on both human
activities and natural ecosystems. For example, communities often depend on the formation
of ice roads as critical infrastructure for transportation and accessing isolated locations.
Furthermore, the presence of ice surfaces facilitates a range of recreational activities during
the winter months, including skating, hockey, and ice fishing, which are integral to cultural
and social practices in these areas. The impact of ice on flow conditions is particularly
noteworthy, as it affects the mobilization and deposition of sediments. This dynamic
significantly influences the geomorphology of water bodies, dictating erosional patterns and

sediment accumulation that ultimately shape the aquatic landscape.

In alluvial rivers of cold climates, the interplay between sediment dynamics and ice cover-
especially during dramatic shifts in flow conditions- plays a pivotal role in altering riverbeds,
yet this complex relationship remains underexplored. The initial stage of ice formation often
begins with border ice along the banks due to lower velocities, with the border ice growing
laterally inwards towards the channel centreline. This process results in a partial ice cover,
complicating the turbulent flow analysis. Consequently, the coexistence of open water and
ice intricately impacts sediment transport, rendering its analysis more challenging. This
research includes laboratory experiments to model the sediment movements in partially ice-
covered rivers. The following sections summarize the general description of border ice
formation, its effect on the flow characteristics of rivers, and the interaction between

sediment movement and the presence of ice.
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Chapter 1 — Introduction

1.1.1 Border ice formation

Upon the advent of subfreezing air temperatures, the riverbanks cool faster than the flowing
water, leading to the freezing of the water-saturated bank material. The shallow water depths
adjacent to the banks result in lower water velocities, facilitating the formation of a
supercooled layer on the water surface. Ice formation initiates at the water's edge, extending
from the bank into the river. In conditions of low water velocity, this border ice initially
appears as long, slender ice formations oriented against the current. These structures
eventually form a thin ice sheet aligned parallel to the channel banks. As this border ice
establishes itself, it expands both outwards into the river and downwards, becoming thicker
(Clark, 2013).

Border ice growth in rivers occurs through two primary mechanisms: thermal growth and
frazil ice accretion. Thermal growth is driven by heat loss at the air-water interface, causing
the ice to expand both vertically and laterally from the riverbanks, predominantly in
conditions of low water velocity. This type of growth results in a smooth, outward expansion
of border ice towards the channel's centerline, often described as forming in "warm" water
conditions relative to the colder, frazil ice-laden waters. Frazil accretion, on the other hand,
involves the aggregation of frazil ice particles or flocs at the edge of the existing border ice,
a process that can occur in areas of the river where frazil ice is present in the flow, typically

in colder water conditions (Clark, 2013).

These processes of border ice formation can happen independently or concurrently,
influenced by local environmental conditions such as water temperature, flow velocity, and
the presence of frazil ice. As border ice forms, it undergoes vertical thickening akin to
stationary ice cover, extending laterally into the river through either thermal growth or frazil
accretion. This dual growth mechanism leads to the development of a wedge-shaped ice sheet
that extends from the shoreline, with the ice being thickest near the shore and tapering off as
it grows outward (Clark, 2013).

Thermal growth starts near the banks where water velocities are low, allowing the ice to
gradually extend towards the channel's center until the flow velocity exceeds a certain
threshold (Peters, 2015). Theoretical analyses by Matousek (1984) suggest that such

An experimental study of bedload transport in partially ice-covered channels 2



Chapter 1 — Introduction

formation requires vertical water velocities to be lower than the rise velocity of ice particles,
influenced by various factors, including streamwise velocity and heat transfer. Both heat loss
to the atmosphere and specific local flow conditions, such as slush ice concentration,
significantly impact this process of border ice accumulation (Newbury, 1986).

1.1.2 Hydraulic characteristics of partially ice-covered rivers

As ice begins to form along the riverbanks, the added resistance from the ice cover leads to
a decrease in discharge beneath the ice while the discharge in the remaining open-water
sections of the river increases. With the eventual formation of a complete surface ice cover,
resistance spreads to the central part of the river as well, resulting in a reduced discharge in
the middle and a compensatory increase in discharge along the edges. This progressive
freezing of the river's surface causes a dynamic shift in the velocity distribution across the
river's cross-section, illustrating the impactful role of border ice in altering the channel's flow
dynamics during the freezing process.

1.1.2.1 Velocity

1.1.2.1.1 Cross-sectional average velocity

In the analysis of channel flow, a logical starting point frequently involves considering
fundamental characteristics like depth and average velocity under conditions of uniform
flow. Among the various models available, the Manning equation stands out as a widely
recognized formula for estimating the average velocity in a channel derived from empirical
observations. The current form of Manning's equation is presented as follows.

k
Vavg = Fn Rn?/*VS [1.1]

Where:
Vavg = average velocity

k,, = unit conversion factor

n = Manning's roughness

An experimental study of bedload transport in partially ice-covered channels 3



Chapter 1 — Introduction

Ry, = hydraulic radius
S = friction slope (equal to water surface slope and bed slope under uniform conditions)

When an ice cover exists at the free surface, it introduces a no-slip condition to the flow,
alters the roughness coefficient, expands the wetted perimeter, and increases the overall flow
resistance. As resistance rises, it results in a diminished flow rate for the same water level,

or conversely, to sustain the same flow rate, a higher water level is needed.

Manning's roughness coefficient is intended to account for the effect of the overall channel
flow resistance. This coefficient is influenced by a variety of factors, such as bed texture,
vegetation presence, and variations in the channel's cross-section shape and slope (Ashton,
1986). Moreover, n can exhibit variations across different locations and periods, a
characteristic frequently observed in natural watercourses. Such variability becomes
especially significant in the winter season when dynamic ice cover formation can alter

channel characteristics.

Ice formation across a water channel creates a new boundary, distinct from the open water,
characterized by its specific roughness profile. This ice roughness can vary significantly,
from the smooth surface of thin skim ice to the complex, irregular structures formed during
ice jams. To capture this variability in hydraulic models, particularly when employing
Manning's equation, it is essential to use a composite roughness coefficient that accounts for

the diverse roughness conditions along the channel.

The principle of conveyance in divided channels allows for the estimation of the depth-
averaged velocity distribution in a channel experiencing a certain extent of border ice
encroachment. This approach asserts that the overall conveyance of the channel is equivalent
to the cumulative conveyance of its individual segments. When applying this to a channel
with border ice, the channel is effectively divided into three distinct zones: those under left
border ice cover, those under right border ice cover, and those that are ice-free. Subsequently,
by assessing the conveyance for each distinct section, the flow distribution across the channel

can be determined.
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Chapter 1 — Introduction

1.1.2.1.2 Velocity distribution

In real-world scenarios, the velocity within a channel differs from one location to another. It
is common to observe lower velocities adjacent to the solid boundaries within open channel
flows, with velocities increasing towards the channel's central area. Across the flow depth,
velocity profiles at specific points are commonly depicted through logarithmic or power-
based relationships. Key formulations include the log-law, velocity-defect law, and Cole's
law of the wake. Although these models are theoretically limited to specific portions of the
velocity profile, empirical evidence suggests their utility in capturing velocity patterns across
most of the flow's depth (Nezu & Nakagawa, 1993). The log-law equation for rough channels
is provided below. The roughness shift should be set to zero to adapt this equation for smooth

channels.

&L, (59 + 528 [1.2]
U, K v

Where:

0 = average streamwise velocity

u,= shear velocity

v = kinematic viscosity

k = von Karman constant (0.41)

z = distance from bed

AB = roughness shift

According to the log law, the velocity reaches its maximum at the water's surface, growing
steadily as one moves away from the riverbed. Yet, in the dynamics of open channel flow,
the peak velocity is commonly found not at the surface but rather between 5% and 25% of
the depth below it (Chow, 1959). This phenomenon is frequently ascribed to the presence of
secondary currents (Nezu & Nakagawa, 1993).
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In rivers completely covered by ice, the no-slip condition enforced by the ice cover reduces
the velocity at the ice's underside to zero, causing the point of maximum velocity to move
closer to the riverbed. The position of this maximum velocity is influenced by the ice
roughness compared to that of the channel bottom; a rougher ice surface results in the
maximum velocity occurring closer to the bed. Theoretically, if the ice cover has the same
roughness as the riverbed, the highest velocity point will be positioned midway between the
riverbed and the ice's underside (Peters, 2015). The vertical streamwise velocity profile is
articulated using an advanced two-parameter power law (Teal et al., 1994; Tsai & Ettema,
1994). This methodology enhances the conventional power-law approach typically
employed in open channel flow analyses by incorporating a unified curve to represent the
complete velocity profile. This curve takes into account the specific roughness conditions of
both the ice cover and the riverbed, providing a comprehensive view of the velocity
distribution (Teal et al., 1994). The two-parameter power law developed by Tsai and Ettema

(1994) is outlined as follows:
A= Ko (/me( = H/m [1.3]
Where:
K, = a constant for a given flow rate
m; = parameter related to ice roughness
mp = parameter related to bed roughness
h = water depth

Error! Reference source not found. illustrates the normalized streamwise velocity d
istribution for open channel flows and fully and partially ice-covered conditions. The figure
depicts only half of the channel, as the flow demonstrates symmetry. In the case of partially
ice-covered rivers (Fig 1.1c), channel cross-section can be considered as three distinct zones:
open, transitional, and covered, reflecting the influence of partial ice cover on the velocity
profile. Each zone exhibits unique velocity characteristics: the covered zone mirrors the

velocity profile typical of fully ice-covered channels, the open zone aligns with traditional

An experimental study of bedload transport in partially ice-covered channels 6



Chapter 1 — Introduction

open channel flow profiles, and the transitional zone presents an intermediary velocity

profile, distinct from both the fully covered and entirely open scenarios (Peters et al., 2017).
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Figure 1.1. U/Uayg contours for a) open channel, b) fully ice-covered, and c) partially ice-covered flow
(Peters et al., 2017).

1.1.2.2 Shear stress

1.1.2.2.1 Average shear stress

A comprehensive understanding of shear stress distribution within channels is pivotal for the
exploration of interconnected phenomena such as sediment transport. The ability to

accurately characterize sediment transport is essential for assessing critical areas like scour
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analysis, riverbank stability assessment, the impact on aquatic habitats, and suspended

sediment concentration dynamics (Sturm, 2010).

Directly at the boundary interface, the fluid velocity equates to that of the boundary itself, a
principle referred to as the no-slip condition. This fundamental principle results in the
generation of a shear force on the channel boundary due to the fluid motion (Munson et al.,
2013). A momentum analysis conducted on a uniform flow section within the channel
indicates that the average shear stress across the channel can be mathematically formulated
as:

T=vRyS [1.4]

Where:
T = average shear stress,
v = specific weight of water,

The approaches used to ascertain average shear stress in open channels are similarly effective
for channels with ice covers. It is important to highlight that the wetted perimeter, a critical
factor in calculating hydraulic radius, differs between partially ice-covered, fully ice-

covered, and open channel flows.

1.1.2.2.2 Shear stress distribution

It should be noted that the shear stress along the channel's wetted perimeter exhibits spatial
variability, resulting in certain areas experiencing shear stress above or below the average.
One approach to calculate the shear stress at a specific point along the channel bed is to fit
the local velocity profile to the log law. In this context, the shear velocity u, is utilized as an
adjustable parameter to align the observed velocity profile with the theoretical one predicted
by the log-law. Upon determining u,, this parameter can then be utilized to compute the local

boundary shear stress at the specified location using the following equation:

T, = pu,2 [1.5]

Where:
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T, = boundary shear stress
p = water density

Research on open channel flow demonstrates that shear stress distribution exhibits its
maximum values at the channel's center, reducing to minimal levels at the edges, where it
sharply falls to zero at the interface of the water surface and the river bank. It is important to
note that the spatial distribution of shear stress across a channel's cross-section for ice-
covered flow may differ significantly. The distribution model by Nezu and Nakagawa (1993)
diverges from the open channel distribution with a central peak, presenting a local minimum
at the center and two maxima positioned closer to the walls. However, this configuration is
not always the case. The work of Knight et al. (1984) demonstrated that in many instances,
the shear stress distributions in fully ice-covered flows resemble those observed in open
channel flows, with variances in the intensity and positioning of local maxima. That is,
numerous studies still identify the highest shear stresses at the midpoint of the channel, as

initially mentioned.

Peters (2015) demonstrated that in channels with border ice cover, the shear stress
distribution across the bed largely mirrored that of open channels, with the lowest shear stress
at the corners and the highest at the channel center. However, experiments with high Froude
numbers, 50% coverage, and rough bed conditions deviated from this pattern, exhibiting a
local minimum at the centerline and maximum shear stress points located near the ice cover's
edge. This observed distribution aligned more closely with the theoretical model for shear
stress in fully covered channels. The reason for the deviation observed in these three specific
experiments remains unclear, particularly since the experiment involving a fully covered
channel did not demonstrate this pattern. Moreover, the degree of ice coverage seemed to

have little impact on the shear stress distribution across the channel bed.

1.1.3 Sediment transport

The initiation of sediment motion within alluvial channels occurs when the exerted shear
stress exceeds the sediment's threshold value. This movement is typically categorized for

descriptive simplicity into three primary modes: bedload, saltation, and suspension,
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differentiated by the ratio of the sediment's fall velocity (w) to the shear velocity as
(Raudkivi, 1998):

2<=<6 bedload
0.6<—<2 | saltation
uK <06 suspension

—

In the current study, the ratio uﬁ falls within the range of 2 to 6. As a result, the focus of this

research is on bedload transport. Bedload transport, occurring under relatively minor shear
stress excess, involves sediment moving along the bed primarily through sliding and rolling.
This mode of transport maintains continuous contact with the bed, with particles moving
intermittently (Raudkivi, 1998). The volume of bedload transport per unit width of the
channel, a key metric in sediment transport studies, is denoted as qp and expressed in units
of volume over area per time. This metric is influenced by a variety of factors, including the

boundary shear stress and the physical properties of the sediment (Garcia, 2007).

Numerous formulas have been established in the broader context of sediment transport,
mainly describing the relationship between the dimensionless bedload transport rate and the
dimensionless flow strength. Chein and Wan (1999) proposed an empirical formula that links
dimensionless bedload transport rate to dimensionless flow strength, as seen in Equation
[1.6]. Following this, Knack and Shen (2015) conducted a comprehensive review of various
studies to empirically ascertain suitable values for a and B, which were found to be 25 and

2.1, respectively.

¢=a(d—6,)F [1.6]

0= oo [1.7]
T

0=2 p; D [1.8]
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Where:

¢ = dimensionless bedload transport rate
6 = dimensionless flow strength

6. = critical dimensionless flow strength
a and B = empirical coefficients

A =s-1 (s = specific gravity of sediment)
D = the particle diameter

g = gravitational acceleration

Sediment movement on the bed is influenced by various forces such as lift, drag, and gravity.
Ice cover can alter these dynamics by creating turbulence and reducing water drag on the
bed, mainly due to the additional resistance from the ice cover leading to higher water levels
and lower average velocities for the same flow rate. This can cause sediment transport rates
to vary and significantly impact channel morphology (Ettema & Daly, 2004). Conventional
equations typically applied to free-surface flow conditions can be adapted to estimate
bedload transport within ice-covered channels by characterizing the flow strengths using the
bed shear stress ( Knack & Shen, 2015).

1.1.4 Bed morphology

When sediment particles are set in motion, their unpredictable erosion and sedimentation
patterns introduce slight disturbances in the bed surface's elevation. These slight changes in
the bed's surface structure, known as bedforms, can often span the entire riverbed width. The
flow resistance, which is significantly influenced by the configuration of these bedforms,
plays a crucial role in determining the water surface elevation in alluvial channels. Shifts in
the resistance due to changes in bedform configurations lead to adjustments in the stage-
discharge relationship, thereby presenting challenges in accurately determining river flow

volumes based on water level measurements (Julien, 1995).
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The formation, growth, and movement of bedforms are central to sediment transport
processes (Venditti et al., 2016). Studying these structures is vital not only for analyzing
current river channel behavior but also for shedding light on the geomorphological
characteristics of ancient river systems that no longer exist on Earth or other planetary bodies.
This understanding is instrumental in predicting the characteristics of dune features based on
observed flow properties and inferring historical flow conditions from dunes preserved in

geological records.

The relationship between flow properties and dune dimensions is critical for quantifying flow
resistance and estimating scour depths, as dune sizes directly indicate roughness height.
Moreover, numerous sediment transport equations integrate these dimensions to model
sediment dynamics (Bradley & Venditti, 2017). Two critical parameters of bedforms, their
height, and length, play significant roles in numerous experimental bedform equations. These

parameters are illustrated in the figure below.

Figure 1.2. Schematic of bedform height and length definition.

The historical development of relations that link various flow parameters to dune dimensions,
often called scaling relations, has been significant. These scaling relations are structured
around several key variables: the depth of the flow, which is often equated with boundary
layer thickness and typically assumed to be the flow depth in rivers (Yalin, 1964); the depth
and grain size of the sediment (Julien & Klaassen, 1995); the transport stage (Allen, 1978;
Karim, 1995; van Rijn, 1984); and combinations of transport stage and Froude number (Gill
M.A., 1971; Karim, 1999).

Yalin's contributions from 1964 are particularly noteworthy, providing recognized dune

scaling relations that link bedform dimensions primarily to the flow depth. These relations
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were established through dimensional analysis, utilizing unpublished and published flume
observations and select field data (Barton & Lin, 1995; Lane & Eden, 1940; B. Singh, 1960;

Vanoni & Brooks, 1957). Yalin's work resulted in the following empirical formulas:
H 1 L T
n =g ( ™ ) [1.9]

Where H is dune height, h is flow depth, T, is critical shear stress for the median bed material
size from the Shields curve. Subsequently, the equation was simplified to:

H=

h
< [1.10]

Yalin (1964) also suggested an empirical formula to estimate dune length (L), expressed as:

L =5h [1.11]

Furthermore, these scaling relationships have been expanded by researchers like Flemming
(1988), who suggested an empirical equation relating bedform height to length based on a
comprehensive analysis of deep-sea, tidal, and river bedforms (Equation [1.12]). This and
other similar equations by researchers like Chen et al. (2012) and Lefebvre et al. (2016), with
varying coefficients, provide a robust framework for understanding bedform dynamics
(Bradley & Venditti, 2017).

H = 0.0677 108098 [1.12]

Furthering the field's development, Bradley and Venditti compiled a comprehensive dataset
of dune dimensions and flow characteristics from a wide array of sources, including both
laboratory flume experiments and field studies. Their work verified that dune height and
length follow a power law relationship specifically expressed as Equation [1.13], which is

consistent with Flemming's established relationship.

H = 0.0513 L0774 [1.13]
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1.2 Literature Review

1.2.1 Partially ice-covered flow

The formation of border ice from riverbanks introduces additional resistance under the ice
cover, causing decreased flow in the covered areas and increased flow in the open areas of
the channel. The expansion of border ice, leading to complete surface coverage, enhances
this resistance in the channel's central part. This alteration affects the flow dynamics, causing
a decrease in the central flow as Tsang (1970) observed. The dynamic impact of border ice
on flow distribution continues throughout the freeze-up period, with the growth of border ice
incrementally increasing the channel's wetted perimeter (Clark, 2013). The impact of border
ice on flow redistribution has been the subject of limited studies.

Tsang (1970) explored how an ice cover alters velocity distribution through field studies on
the Nottawasaga River, revealing that velocity profiles in open water are similar to those of
open channel flow, increasing from zero at the bed to the maximum at the surface. Under
ice, the velocity profile resembles an ice-covered channel, with zero velocity at the bed and

ice, reaching a maximum in between.

The depth-averaged velocity distribution in a channel impacted by border ice can be
estimated by applying the principle of conveyance in divided channels. This principle asserts
that the channel's total conveyance is the sum of the conveyances of its individual
subsections. Hirayama (1986) applied this approach to the Yubetsu River in Japan, observing
a shift in flow towards the open water section as border ice expanded. This shift in flow
distribution was also noted by Majewski and Baginska (1988) during an ice jam on the
Vistula River, where they observed significantly lower velocities beneath the border ice

compared to the increased velocities in the open water sections.

In laboratory experiments, Majewski (1992) investigated the influence of border ice on
channel hydraulics, experimenting with varying coverage and roughness levels. The findings
indicated an increase in the velocity gradient across the open water section with wider border
ice expanses. The divided channel conveyance principle was applied to calculate the

channel's velocity distribution, with the channel divided into distinct sections and the total
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discharge computed by summing the discharges of all sections. While there were some
differences in quantitative results, the qualitative insights remained consistent, indicating a

substantial reduction in flow beneath the ice cover compared to the open channel section.

Miles (1993) monitored velocity profiles at three sites throughout winter, measuring
velocities beneath the ice at various depths and distances from the bank towards the ice edge.
Due to accessibility and safety issues, velocities in the open channel section were estimated.
Findings suggested that border ice creates an additional solid boundary, increasing the wetted
perimeter and thus resistance to flow, reducing conveyance capacity. Velocity reduction was
less pronounced, moving from the bank towards the ice edge. Various methods were
employed to predict lateral velocity distribution, incorporating different equations and

concepts to estimate composite roughness values.

Petersetal. (2015, 2017, 2018) conducted experimental studies at the University of Manitoba
focusing on the hydraulic dynamics induced by border ice in a rectangular setup. Their work
highlighted the profound effect of border ice's presence and physical characteristics,
particularly its extent and surface roughness, on the flow redistribution within a channel.
Notably, the studies demonstrated that roughness significantly alters flow dynamics by
decreasing water velocity in proximity to the roughened ice edges and increasing the shear
stress exerted on these areas. They also introduced a systematic framework to categorize the

channel cross-section into open, transitional, and ice-covered areas.

In a detailed experimental study led by Kimiaghalam et al. (2017) in a controlled laboratory
setting, water velocities were measured within a smooth rectangular flume under simulated
smooth border ice conditions. The measurement of these velocities was facilitated by the use
of an Acoustic Doppler Velocimeter (ADV), providing the necessary data to compute the
average shear stress and the spatial distribution of boundary shear stresses using the
established logarithmic law. Additionally, various methods like energy transportation,
momentum and continuity equations, flow net analysis, and geometric techniques were
employed to estimate shear stress distributions. While there was consistency in average shear
stress calculations across these methods, discrepancies emerged in the boundary shear stress

estimates, particularly along the channel sidewalls. The flow net approach was notably more
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aligned with logarithmic law predictions. In 2018, Kimiaghalam et al. simulated a partially
ice-covered flow in a trapezoidal channel. The study explored variations in streamwise water
velocity and boundary shear distribution, analyzing the effects of differing ice coverage and

surface roughness.

Essel et al. (2021) undertook a comprehensive study involving experimental observations
and three-dimensional (3D) computational modeling to examine turbulent flows in channels
under simulated partial ice cover conditions. Their findings revealed that partial ice covers
and secondary currents near the channel walls significantly reshaped the channel's mean
velocity profiles, Reynolds stress distributions, and turbulence production. The 3D
simulations highlighted that these alterations in turbulence characteristics were
predominantly shaped by pronounced counter-rotating secondary flows in the center of the
channels with partial ice coverage, alongside eight smaller secondary flows at the channel's
corners. These central flows were observed to interact with the smaller corner flows,
establishing a dynamic interconnection between the open water areas and the areas under ice

cover, significantly impacting the channel's overall flow dynamics.

Nyantekyi-Kwakye et al. (2021) employed particle image velocimetry to meticulously
examine turbulent flows beneath simulated partial ice coverage conditions. This innovative
approach allowed for an in-depth analysis of velocity patterns, which served as a foundation
for testing the efficacy of several bed shear stress models that are conventionally used for
open channel flows. The research compared the performance of established models,
including the Ludwieg-Tillmann, quadratic stress law, and Prandtl's seventh power law,
against the traditional logarithmic law model in predicting bed shear stress variations under

different degrees of ice coverage.

1.2.2 Sediment transport and bed morphology in ice-covered rivers

Extensive research has been dedicated to formulating equations that capture the complexities
of sediment transport and the ensuing morphological changes in riverbeds under open
channel flow conditions. These models are instrumental in predicting key parameters such
as sediment transport rates, suspended sediment concentrations, and the characteristics of

bedforms, thereby offering profound insights into river geomorphology (Knack, 2011). The
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dynamics of sediment motion at the riverbed are primarily governed by forces such as lift,
drag, and gravity. Ice cover introduces additional complexity, generating turbulence and
diminishing the water's drag effect on the bed, primarily attributed to the extra resistance
from the ice cover that elevates water levels and reduces mean flow velocities (Ettema &
Daly, 2004). Ice cover also modifies the vertical distribution of streamwise velocities,
typically resulting in reduced sediment transport rates compared to open channel flows.
Nonetheless, as hypothesized by Ettema and Daly (2004), ice cover may also induce lateral
flow redistribution, thereby variably influencing sediment transport rates across different
sections of the channel depending on the thalweg's positioning. Despite the acknowledged
impact of ice cover on sediment transport dynamics, empirical investigations into its

quantitative effects remain sparse.

Field investigations, such as those conducted by Lawson et al. (1986), have provided
comparative analyses of sediment concentration data across winter and summer periods,
highlighting seasonal variations. Wuebben (1986, 1988) explored the dynamics of sediment
transport and bedform development under conditions of a floating cover, demonstrating the
potential applicability of open water sediment transport theories to the sub-ice flow layer
dominated by bed resistance. Complementing this view, flume experiments conducted by
Shen and Wang (1995) demonstrated that bedload transport under ice-covered conditions
could be conceptualized within the frameworks established for equivalent open-channel
flows. Similar inferences were drawn by Ettema et al. (2000), who compared the flume data
of Sayre and Song (1979), Smith and Ettema (1995) and Ettema et al. (1999) with established
sediment transport formulations by Einstein (1950) and Meyer-Peter and Muller (1948).
Ettema and Daly (2004) provided an in-depth qualitative exploration, proposing a series of
dimensionless parameters anticipated to influence sediment transport and bedform
dimensions under ice-covered conditions. Zabilansky et al. (2007) conducted real-time scour
measurements under ice using Time Domain Reflectometry (TDR) across three sites,
demonstrating that ice covers, particularly when unable to adjust vertically to discharge
changes, can significantly accelerate riverbed erosion. Their laboratory tests, simulating open
water, floating ice, and restrained ice conditions, mirrored these findings. Specifically, under
restrained conditions with increased discharge, the velocity near the smoother riverbed

increased, enhancing shear stress and subsequently intensifying bed erosion.
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Recent observations have highlighted the significance of anchor ice rafting in transporting
sediment under ice-affected conditions. Kempema and Ettema (2010) described anchor ice
formation and rafting in the Laramie River, noting that anchor ice can form on various
substrates, including cobble, gravel, and sand. Their study revealed that anchor ice, when
released, can raft significant amounts of sediment downstream, including large particles that
are not typically mobilized by peak discharge flows. Kempema and Ettema’s findings
suggest that anchor ice can transport much larger sediment particles than those moved by
bedload transport alone, indicating a unique and potent form of sediment mobilization may

occur during winter low-flow periods.

Further explorations of the interactions between ice processes and fluvial sediment dynamics
have been conducted by Turcotte et al. (2011) and Ettema (2008), which emphasize the
profound impact of ice cover on river morphology. However, the difficulties associated with
fieldwork under such conditions have resulted in limited detailed empirical data, thus
restricting in-depth quantitative analysis. Kadméri et al. (2015) studied the impact of river ice
cover on sediment dynamics using a one-dimensional hydrodynamic model on the
Kokemadenjoki River in Southwest Finland. Their findings indicated that a smooth,
thermally-formed ice cover significantly reduces riverbed erosion and turbidity compared to
ice-free conditions with similar discharges. Additionally, long-term field data revealed that
ice cover notably decreases suspended sediment concentrations, lowering the river's overall
sediment load. Pajunen et al. (2024) investigated sediment transport in a subarctic river using
one-dimensional morphodynamic models and image-based data, comparing low-flow open-
channel conditions in autumn to ice-covered conditions in winter. Simulations indicated a
marked reduction in sediment transport under ice compared to open water, with erosion
predominating in open water and deposition in ice-covered conditions. Additionally,
increasing ice thickness subsequently increased flow velocity and shear forces, enhancing
bedload transport. The use of image-based datasets for sediment analysis proved more
reliable for model calibration in ice-covered conditions, suggesting a potential for broader

application in sediment transport studies, particularly in icy environments.

The exploration of the impacts of ice cover on sediment transport and river bed alteration

through numerical modeling has been relatively limited but noteworthy. Studies by

An experimental study of bedload transport in partially ice-covered channels 18



Chapter 1 — Introduction

researchers such as Carr and Tuthill (2012), Kolerski and Shen (2015), Manolidis and
Katopodes (2014), Zhang et al. (1994), and Knack (2011) have made significant
contributions to this field. A particularly notable advancement was made by Knack and Shen
(2018), who developed a comprehensive coupled model that integrates sediment transport
and riverbed morphological changes with hydro-thermal-ice dynamic processes. The model
stands as a significant leap forward in understanding the interplay between ice cover and
sediment dynamics. However, the validation of this model poses a challenge due to the
limited availability of laboratory or field data that quantitatively document changes in
riverbed morphology under ice-covered conditions, underscoring a gap in the current body

of knowledge and highlighting an area for future research endeavors.

1.3 Research Objectives

As evidenced in the previous sections, understanding sediment transport, bed dynamics,
erosion, and deposition is critical when designing new in-stream structures. A multitude of
models have been specifically developed to assess these factors under open water conditions.
These models are fundamental in predicting key variables such as suspended sediment
concentrations, sediment transport rates, and changes in riverbed morphology. Accurately
modeling these parameters is essential for a comprehensive understanding of river

geomorphology and is integral to effective river management and engineering.

Significantly, in colder climates, many rivers experience partial border ice cover for
extensive periods during the winter. This ice cover can substantially influence river
dynamics, potentially altering sediment transport processes and riverbed morphology.
Despite some existing research on the effects of ice on sediment dynamics, the specific
impact of border ice on these processes remains underexplored. Border ice, forming along
the edges of a river, can alter flow patterns and sediment distribution. The interaction
between ice cover and sediment dynamics remains underexplored and poorly understood in
river engineering and environmental management. There is a clear need for more
comprehensive studies that focus specifically on how border ice affects sediment transport
in rivers. Such research would not only fill a critical knowledge gap but also contribute to

the development of more accurate predictive models and management strategies for rivers in
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cold regions, ensuring their ecological stability and the effectiveness of engineered river

structures. The objectives of this research are as follows:

Objective 1: Explore the influence of border ice on bedload transport rates and distribution

and formulate an equation to quantify bedload transport rate in rivers with partial ice cover.

Objective 2: Investigate how asymmetric border ice affects bedload transport rates and

distribution.

Objective 3: Examine the impact of border ice (both symmetric and asymmetric) on bedform

characteristics.

1.4 Organization of Thesis and Contribution of the Author

Chapter2

Chapter 2 presents laboratory experiments examining the influence of border ice on sediment
transport rate and distribution, directly addressing Objective 1 of the thesis. This chapter is
an adapted version of a publication in the International Journal of Sediment Research titled
"Experimental investigation of sediment transport in partially ice-covered channels"

authored in collaboration with Dr. Shawn Clark from the University of Manitoba.

The primary author, Mina Rouzegar, independently designed the methodology, conducted
the experiments, analyzed the results, and authored the manuscript under the guidance of co-

author (Dr. Shawn Clark). The final manuscript was accepted on June 16, 2023.

Chapter3

In Chapter 3, laboratory experiments are detailed to explore the impact of asymmetric border
ice on sediment transport rates and distribution, directly aligning with Objective 2 of the
thesis. This chapter is an adapted version of a published paper in the Water journal titled
Sediment transport beneath a simulated partial ice cover: Effects of asymmetric border ice"

co-authored with Dr. Shawn Clark of the University of Manitoba.
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The primary author, Mina Rouzegar, independently designed the methodology, conducted
the experiments, analyzed the results, and authored the manuscript under the guidance of co-

author (Dr. Shawn Clark). The final manuscript was accepted on November 25, 2023.
Chapter4

In Chapter 4 of the thesis, laboratory experiments were conducted to explore the influence
of symmetric and asymmetric border ice on bedform features, directly addressing Objective
3. This chapter is an adapted version of a manuscript submitted to the journal Cold Regions
Science and Technology titled "An experimental study into the bedform morphology in
partially ice-covered channels,” co-authored with Dr. Shawn Clark from the University of
Manitoba, submitted on April 4, 2024.

The primary author, Mina Rouzegar, independently designed the methodology, conducted
the experiments, analyzed the results, and authored the manuscript under the guidance of co-
author (Dr. Shawn Clark).

Chapter 5

Chapter 5 provides a summary of the major findings and contributions of this research. It
also introduces suggested areas for future exploration.
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Chapter 2

2.1 Abstract:

It is important to understand the effects of ice cover on sediment transport in cold climates,
where sub-freezing temperatures affect water bodies for a significant part of the year. The
literature contains many studies on sediment transport in open channel flow, and several
studies on sediment transport in completely ice-covered flow. There has been little or no
research on sediment transport in partially ice-covered channels. In the current study,
laboratory experiments were done in a rectangular flume to quantify the impact of border ice
presence on the sediment transport rate. The effects of ice cover extent and changing flow
strengths on sediment transport distribution also were investigated, and the results were
compared to those for fully ice-covered and open channel flow. The ice coverage ratios
considered were 0 (representing the open water condition), 0.25, 0.50, 0.67, and 1
(representing fully ice-covered flow). The partial ice cover was found to impact the sediment
transport distribution within the channel. The effect of ice coverage extent on sediment
transport distribution was more significant at lower flow strengths and became negligible at
higher flow strengths. The conventional equations for sediment transport in open channel
flow and fully ice-covered flow that relate the dimensionless bedload transport rate to the
flow strength were found to be applicable to estimate the total cross-section-averaged
bedload transport for partially ice-covered flow when modified appropriately. Empirical

coefficients for these equations were determined using the experimental data.

Keywords: Sediment transport, Bedload, Ice-covered channel, Border ice
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2.2 Introduction

It is essential to understand the impacts of ice cover on the hydraulic, sediment transport, and
geomorphological characteristics of rivers in northern climates because sub-freezing air
temperatures affect water bodies for a significant part of the year. Early-winter ice formation
can take the form of border ice, which forms along the river banks due to the low water
velocities in this area. A partial ice cover results from lateral border ice growth from each
side of the river. It can cause flow redistribution and change the water velocity profile in the
channel cross section (Peters et al., 2017). Impacts from the developing border ice cover vary
temporally as the ice grows inwards towards the channel thalweg. The duration of the partial
ice cover is a function of both the local hydraulic and meteorological conditions and could
vary from days to weeks or even longer. Observations on the Dauphin River, Manitoba,
Canada, have noted the development of mid-winter open water leads that formed within a
consolidating ice cover (Wazney et al., 2018). The hydraulic conditions would likely have
been similar to those of a developing border ice cover, and these conditions persisted for
weeks. In some cases, the presence of a partial ice cover is, therefore, something that should

not be ignored when trying to understand the full sediment budget of a river.

Many studies have investigated open channel and completely ice-covered flow; however,
research on partially ice-covered flow is limited. Understanding border ice formation and the
impact of its presence on the hydraulic characteristics of rivers, sediment transport, and
geomorphology will fill current knowledge gaps and improve the potential for numerical
models to accurately simulate morphodynamic changes in rivers that experience partial ice
cover (Peters, 2015).

There are many equations that deal with sediment transport and associated bed changes for
open water conditions. These equations are used to predict suspended sediment
concentrations, sediment transport rates, and bed form type and size, and have an important
role in understanding river geomorphology (Knack, 2011). Bed sediment motion results from
the forces exerted on bed particles (lift, drag, gravity). The presence of ice cover can generate
turbulence and decrease water drag on the bed (Ettema & Daly, 2004). This is mainly due
to the additional boundary resistance imposed by the ice cover that causes an increased water
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level and lower average velocity for the same flow rate. The ice cover presence also vertically
redistributes the streamwise flow velocity. These two effects typically cause an overall
decrease in the sediment transport rate in comparison to open channel flow. On the other
hand, Ettema and Daly (2004) hypothesized that ice cover presence laterally redistributes the
flow, causing either an increase or decrease in the sediment transport rate at specific spanwise
locations depending on the location of the thalweg (ice cover usually concentrates the flow
along the thalweg). The presence of rough ice and/or a rough bed can cause more complicated
redistribution in flow velocity and shear stress (Peters et al., 2018). Consequently, flow
response to ice cover presence is variable in different situations, making it difficult to draw
a conclusion about its effects on a river's bed and banks. Analyzing partially ice-covered
rivers is even more complicated because of the simultaneous existence of open water and ice
cover. Also, field data under partial ice cover conditions is limited because of the temporary
duration of border ice growth and the low strength of thin ice, causing safety concerns for
data collection (Nyantekyi-Kwakye et al., 2021). Numerical modeling on partial ice cover
also is scarce since there is insufficient benchmark data for model validation. As such,
advancements in partial ice cover research have mainly come from experimental
measurements (Essel et al., 2021; Kimiaghalam et al., 2017; Majewski, 1992; Peters, 2015).

Relatively few studies have investigated the effect of ice presence on the sediment transport
rate; however, Ettema and Daly (2004) provided a thorough, qualitative assessment on the
topic. They developed a set of dimensionless parameters hypothesized to affect sediment
transport in the presence of an ice cover. Lawson et al. (1986) did fieldwork in which
suspended and bedload concentration data were measured during the winter and then
compared to summer period data. Wuebben (1986, 1988) investigated sediment transport
and bedforms under floating cover conditions and showed that open water theories might be
applied to the lower flow layer of the ice-covered condition, where the bed resistance governs
the flow (Knack & Shen, 2015). Flume experiments in 1995 done with a floating cover and
low-density chips have also shown that bedload transport in ice-covered channels can be
described by conventional relations for the equivalent open channel flow (Shen & Wang,
1995). Ettema et al. (2000) made similar suggestions for the sediment transport rate. They
compared the flume data of Sayre and Song (1979), Smith and Ettema (1995), and Ettema et
al. (1999) with both the Einstein (1950) and the Meyer-Peter and Muller (1948) formula.
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Knack and Shen (2018) proposed a numerical model for sediment transport and bed change

in alluvial channels with a full ice cover.

The literature shows that the effect of a partial ice cover, and more specifically, the different
extents of partial ice cover on sediment transport, have not yet been investigated. The current
study aims to quantify the sediment transport rate using simulated border ice in a controlled
laboratory setting and investigate the effect of different extents of border ice cover on the

sediment transport rate and distribution.

2.3 Methodology

The physical experiments were done in the Hydraulics Research & Testing Facility at the
University of Manitoba. A rectangular flume (Figure 2.1) 14 m long, 1.2 m wide was
constructed using high density overlay (HDO) plywood with a bed slope of 0.26%. Discharge
was measured in the flume's supply pipe using a Dynasonic ultrasonic flow meter (x1%
accuracy) which led to a head tank that had a greater width and depth than the flume to help
dissipate turbulence produced by the discharge pipe. Water then flowed through a
honeycomb flow straightener to condition the flow. The flume bed at the upstream end was
lined with gravel of varying diameter to help facilitate rapid boundary layer development in
order to promote fully developed flow conditions over a greater length of the flume. Fully
developed flow was confirmed by measuring vertical profiles of streamwise velocity at
varying distances along the flume length using a Nortek Vectrino acoustic Doppler
velocimeter. Five 39.4 mm diameter manometer tubes were installed on the flume wall to
measure the water surface profile using a point gauge with an accuracy of + 0.2 mm. A 70
mm thick layer of uniform silica sand with a median diameter (dso) of 1.3 mm was placed
throughout the flume length. Steel rails were installed along the length of the flume walls,
upon which a leveling device on rollers was installed to ensure that the sand bed was smooth
and flat at the start of each experiment. The sand bed slope could be changed by adjusting
the slope of the flume rails and adding or removing sand as required. A rigid step (width =
1.2 m, length = 0.6 m, height = sand height) was installed at the downstream end of the flume
to separate the movable sand from the sediment trap, located downstream of the step to
collect sediment and measure the sediment transport rate. The sediment trap was divided into
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three separate bins in the streamwise direction using two long sections of aluminum angle.
This division of sediment trap facilitated the measurement of the sediment transport rate near
the channel walls and within the center section separately. The downstream water level was
controlled by a bottom-mounted, hinged gate.
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Figure 2.1. Schematic diagram of the experimental setup (all dimensions in meters).

Bubble wrap was used to simulate a smooth partial ice cover (Figure 2.2). Three lines were
drawn along the bubble wrap, at the appropriate distance to represent the three different ice
coverage ratios used in the current study. The bubble wrap was nailed to the flume wall at
the appropriate elevation along the appropriate line to set the desired ice coverage ratio and
prevent lateral movement of the simulated ice for each partially ice-covered test. For fully
ice-covered conditions, the bubble wrap was nailed to the upstream end of the flume. Bubble
wrap and a thermally grown border ice cover have similar hydraulic roughness; however,
they are different in terms of rigidity. While bubble wrap is a relatively soft material that can
be easily deformed, border ice is relatively rigid and less flexible. Furthermore, the simulated
border ice was quite thin, which is more similar to border ice formed early in the winter
rather than ice that has thickened considerably over time. Additional details and pictures of
the experimental setup can be found in Rouzegar and Clark (2022).
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Figure 2.2. Simulated ice-covers for a) partially ice-covered flow and b) fully ice-covered flow.

An initial test was done to measure the critical shear stress of the bed material by observing
the point of incipient motion for this bed material and back-calculating the corresponding
applied shear stress. The measured value was found to be nearly identical to the value
obtained using the Shield's diagram. Subsequent bedload transport experiments were

designed to ensure that the critical shear stress was exceeded.

The sediment transport experiments were done under uniform flow conditions by adjusting
the discharge and water depth to the desired value for each test. A composite Manning's n
value of 0.012 was experimentally determined using the observed water surface profiles over
a range of partially and fully ice-covered flow conditions. Also, Manning's composite
roughness was assumed to be constant for all the tests since it did not change considerably
from the open channel flow to the partially covered condition (Peters, 2015). A consistent
procedure was followed to reach a uniform flow in the lab. The bed was flattened at the
desired slope, and the tailgate was raised to initially prevent flow before starting each

experiment. The flume was slowly filled using a sump pump at the downstream end (i.e.,
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filling the flume rather than conveying water through the flume) to prevent disruption of the
bed with a first flush of water through the flume. Then, the main pump was turned on, and
the inlet valve was slowly opened to create a steady, low-velocity initial flow condition. This
initial inflow was set such that no sediment transport occurred. Finally, the flow was
gradually increased to the desired value and held constant. Uniform flow was then
established by adjusting the tailgate height. The water surface slope and flow depth were
measured in all the experimental runs. The approach was consistent with other studies (e.g.,
Khosravi et al., 2020). The duration of each test was set considering the sediment transport
rate such that tests with a larger sediment transport rate had a relatively shorter duration and
tests with lower sediment transport rate had relatively longer durations. The test conditions,

including the duration of each experiment, are listed in Table 2.1.

At the end of the experiment, sand in the left (L), right (R), and middle (M) sections of the
sediment trap was collected separately, dried in an oven at a temperature of 110 + 5 °C (230
+ 9 °F), cooled in the air at room temperature for 1 + 12 hour, and the mass was determined
with an accuracy of £0.2 g (ASTM C-128-15, 2015). The sediment volume was obtained

considering that bulk density was 1.5 g/cm® (p; = % ), where G is the collected and dried

mass of sediment [g], V is the volume of dried sediment [m?], and p, is the sand bulk density.
Then, the volumetric rate of bedload transport per unit width (q;) was calculated as follows
(Khosravi et al., 2020; Nezu & Rodi, 1986; Tsai & Ettema, 1994):

4 [2.1]
where T is the sampling time [s] and b is the flume width.

In short-duration experiments, the effect of not supplying sediment throughout the
experiment can only be noticed at the upstream end of the channel, and does not influence
the morphology in the downstream sections of the channel or the channel's sediment transport
rates (Binns & da Silva, 2009; Khosravi et al., 2020). The test durations in the current set of

experiments were all set to ensure the foregoing conclusion held true.

To investigate the effect of border ice extent and flow strength on sediment transport rate,
tests were done for five different ice coverage ratios including 0 (open water), 0.25, 0.50,
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0.67, and 1 (fully covered); as well as five different dimensionless flow strengths (0.05, 0.06,
0.07, 0.085, 0.1). Two different sand bed slopes (0.1%, 0.26%) were used to facilitate this
range of flow strengths. For each coverage ratio, one test was repeated to confirm that the
experiments were repeatable. Also, five additional tests were done at a constant discharge
over the same range of coverage ratios. As the ice coverage ratio increased, the water surface
elevations increased which impacted the dimensionless flow strengths. These five additional
tests were undertaken to simulate the manner in which a river might freeze over via border
ice growth in the early winter under a constant discharge. The elevation of the simulated
border ice was adjusted manually for each experiment. This is somewhat different than the
process that might happen in nature, where a thin border ice cover might naturally deflect
upwards as the water level rises. In nature the border ice could also temporarily become
flooded with a rising water level; however, this flood water is likely to quickly freeze and
serve to thicken the border ice from above in addition to the thermal ice thickening that

occurs from below.
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Table 2.1. Experimental conditions (note: C = coverage ratio, Q = flow rate, Fr = Froude number).

. . . Meas.ured Bedload

c  Dmmesion Qi VS Soegy R STESOES ol

rate time (min)
0 0.05 0.06 10 0.10 0.52 0.001 180
0 0.06 0.09 13 0.10 0.52 0.006 80
0 0.07 0.13 16 0.10 0.53 0.017 45
0 0.085 0.05 7 0.26 0.80 0.022 45
0 0.10 0.07 8 0.26 0.78 0.029 20
1 0.05 0.13 20 0.10 0.37 0.001 180
1 0.060 0.18 26 0.10 0.36 0.006 80
1 0.064 0.21 28 0.10 0.38 0.011 45
1 0.085 0.10 13 0.26 0.57 0.024 45
1 0.10 0.13 16 0.26 0.55 0.033 20
0.25 0.05 0.08 13 0.10 0.47 0.001 180
0.25 0.06 0.12 17 0.10 0.47 0.007 80
0.25 0.07 0.16 20 0.10 0.47 0.016 45
0.25 0.085 0.06 8 0.26 0.73 0.028 45
0.25 0.10 0.08 10 0.26 0.70 0.031 20
0.50 0.05 0.10 16 0.10 0.42 0.001 180
0.50 0.06 0.14 20 0.10 0.43 0.008 80
0.50 0.07 0.20 24 0.10 0.43 0.023 45
0.50 0.085 0.08 10 0.26 0.63 0.017 45
0.50 0.10 0.10 12 0.26 0.64 0.036 20
0.67 0.05 0.11 17 0.10 0.40 0.003 180
0.67 0.06 0.16 22 0.10 0.41 0.008 80
0.67 0.07 0.21 26 0.10 0.42 0.024 45
0.67 0.085 0.08 11 0.26 0.61 0.020 45
0.67 0.10 0.11 13 0.26 0.62 0.044 20
0 0.07 0.13 16 0.10 0.53 0.017 45
1 0.05 0.13 20 0.10 0.37 0.001 180
0.25 0.064 0.13 18 0.10 0.48 0.009 80
0.50 0.059 0.13 19 0.10 0.42 0.004 80
0.67 0.055 0.13 20 0.10 0.40 0.002 80

2.4 Results and Analysis

For each test, the average shear stress along the entire wetted perimeter was calculated using

Equation [2.2], where T = the average shear stress, y = the specific weight of water, R}, = the
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hydraulic radius, and S = the water surface slope. The shear stress at the channel bed (t5) was
then calculated by multiplying the average shear stress (t) by 1.2 (Equation [2.3]) as
suggested by Peters (2015) who used a log-law fitting procedure for similar hydraulic

conditions in the same experimental setup.
T=YR,S [2.2]
©w=1.21 [2.3]

The dimensionless bedload transport rate (¢) and the dimensionless flow strength (6), given

in Equations [2.4] and [2.5], were calculated for each test using:

_ qp
= Goor [24]
T
= ToeD [2.5]

where g = gravitational acceleration, D = the particle diameter, and A = s-1 (s = specific

gravity of sediment).

The hydraulic radius was calculated using Equation [2.6], where A = the cross-sectional flow
area; and P = the wetted perimeter. The wetted perimeter and area for open, partially ice-
covered, and fully ice-covered flow is shown in Figure 2.3. In the current study only
symmetric simulated border ice covers were used, and the extent of the ice cover was
quantified by the coverage ratio, C, defined as the ratio of the top width covered by ice to the

total top width.

A
Rh = F [26]
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Figure 2.3. Wetted perimeter for a) open channel flow, b) fully ice-covered flow; and c) partially ice-
covered flow.

Chein and Wan (1999) suggested an empirical equation relating ¢ to 6 (Equation [2.7]) where
6. is the critical dimensionless flow strength and o and f are empirical coefficients. Knack
and Shen (2015) used a range of studies to empirically determine appropriate values of « and
p (yielding ¢ = 25 and f = 2.1).

d=a(d—6,)" [2.7]

Figure 2.4 shows the dimensionless bedload transport rate from the current set of
experiments compared with previous studies for open channel flow and fully covered flow.
The Knack and Shen (2015) equation is in close agreement with the data from the previous
studies. There were some limitations in the current experimental setup, such as pump
capacity, measurable water depth, and measurable amount of sand, causing a limited range
of flow strengths to be included in the experimental data. It should be noted; however, that
border ice formation during freeze-up is inhibited by very high water velocities, so the

limited data range was viewed as sufficient.
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Figure 2.4. Comparison of experimental data and fitted equation to previous studies.

All data points from the current study were plotted, and the best-fit line using ¢ = (6 — 6,)#
was drawn on the graph, with coefficients @ and g (Equation [2.8] determined by minimizing

the root-mean-square relative error as defined by Equation [2.9]). The E,, calculated for
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this dataset is equal to 0.189, which is acceptable compared to previous studies (Knack &
Shen, 2015) (Figure 2.4).

0 =6.07(8 — 0.041)175 [2.8]
2
N ) 29)

where N = the number of experimental measurements, ®cajculatea = the value obtained by

using Equation [2.8].

Uncertainty analyses of the experimental data were undertaken for the two main parameters
using the method proposed by Coleman and Steele (1999). The resulting measurement

uncertainty of 8 and ¢ were found to be 5% and 2.5%, respectively.

For a constant discharge, an increase in the ice coverage ratio causes an overall increase in
water depth and an overall decrease in water velocity and a commensurate decrease in flow
strength. This is demonstrated in a series of tests with a constant discharge of Q = 0.13 m%/s
shown in Figure 2.5. The measured dimensionless bedload transport rate clearly decreases

in response to increasing the coverage ratio.
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Figure 2.5. Effect of coverage ratio on bedload transport rate for a constant discharge of Q = 0.13 m?%s.

The sediment trap was divided into three sections to investigate the effect of different extents
of border ice on the dimensionless bedload transport rate. The values of ¢ and 6 for each
section are denoted with subscripts L, R, and M for the left, right, and middle sections,
respectively; while the values of dimensionless flow strength and bedload transport rate for
the entire cross-section have no subscript. The values of the section area, A, and wetted

perimeter, P, used in the calculation of Ry for each section are defined in Figure 2.6.
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Figure 2.6. Wetted perimeter and area for the a) cross section, b) right section, ¢) middle section, and
c) left section. Note the view is looking upstream.
The ratio of (¢r + ¢L)/ dm was defined to help illustrate the change of the bedload transport
rate in the side sections relative to the middle section. Understanding the shear stres:
distribution in a channel is necessary to analyze sediment transport. Shear stress distributions
reported by Peters et al. (2017) were used to explain the sediment transport redistribution
due to the ice cover presence. Also, for each coverage ratio, the velocity profile was measured
using Nortek Vectrino Il profiling acoustic Doppler velocimeter (ADV), and the bed shear
stress distribution was calculated by fitting the log-law to each velocity profile. The results
matched those of Peters et al. (2017) very well (Figure 2.7). In the case of open channel flow,
if the bed shear stress distribution were perfectly uniform along the channel bed, (¢r + ¢r)/
¢om would equal two. However, the side-wall effects cause nonuniform sediment transport in
the cross section during the open channel flow experiments. It is worth mentioning that the
side-wall effects existed in all tests, including open channel, fully ice-covered, and partially
ice-covered flow. The exact shape of the shear stress distribution is not constant in all the
channels, and many factors like cross-sectional shape and aspect ratio, the sinuosity of the
channel, and the boundary roughness distribution can affect it. Previous studies have
indicated that the shear stress along the bed is zero in the corners and is the highest in the

center of a rectangular channel (Oslen & Florey, 1952).
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Figure 2.7. Dimensionless shear stress distribution for a) coverage ratio = 0, b) coverage ratio = 0.25, ¢)
coverage ratio = 0.5, d) coverage ratio = 0.67.

The observed bedload transport rate in the current experiments was minimum in the corners

and was highest in the center of the channel. A typical sediment transport distribution,

showing the sediment collected in the sediment trap for one of the open channel tests, is

shown in Figure 2.8. For this specific example, (¢r + ¢L)/ dém had a value of 1.18. These
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results show that side-wall effects did occur during the experiments, including the open
channel flow experiment. The side-wall effects would have been similar for all experiments,
which allows the incremental impact on sediment transport that is caused by a partial ice
cover to be assessed.

Fixed step '

I8 Sediment trap

Figure 2.8. Typical open channel sediment transport distribution (plan view).

The shear stress distribution along the channel bed changes by adding full ice cover. Nezu
and Nakagawa (1993) reported a shear stress distribution that did not have a maximum value
at the center of the channel and instead had two maxima, each located approximately half
the distance from the wall to the center. However, in the distribution presented by Knight et
al. (1984), the global maximum shear stresses were at the center of the channel. In the current
set of experimental results, (¢r + ¢r)/ ¢m Of the fully ice-covered flow was equal to or less
than that of open channel flow for a constant flow strength (Figure 2.9).

The shear stress distribution for partially ice-covered flow is even more complicated. Peters
et al. (2017) presented a shear stress distribution for partially ice-covered channels with a
coverage ratio of 0.25, 0.5, and 0.67. For most tests the minimum shear stress was in the
corner, and the maximum shear stress was in the center of the channel. However, two tests
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did not follow this trend; the high Froude number experiment (Froude number = 0.5) and the
0.5 coverage ratio experiment, which instead had a maximum shear stress value beneath the

edge of the ice and a local minimum value at the centerline.

Comparison of (¢r + ¢u)/dm for different flow strengths and coverage ratios is shown in
Figure 2.9. At a constant flow strength the open channel and fully ice-covered flow
experiments had the most uniform sediment transport distribution across the channel as
demonstrated by the relatively high values of (¢r + ¢r)/dpm. It is worth noting that high values
of dimensionless flow strength had more uniform sediment transport distributions with
values of (¢r + ¢L)/dm that were closer to 2. The presence of border ice caused a significant
decrease in (or + ¢L)/dm, With larger coverage ratios even further decreasing the bedload
transport rate in the side sections. This effect was more pronounced at lower flow strengths
than at higher flow strengths. These results clearly demonstrate that border ice can cause a
shear stress redistribution along the riverbed that promotes greater relative sediment transport

in the middle of the channel and reduced relative sediment transport closer to the banks.

Peters et al. (2017) suggested that the shear stress distribution remains relatively constant for
the different coverage ratios; however, their experiments were limited to dimensionless flow
strengths in excess of 0.1. The current experiments are not necessarily in disagreement with
this statement since the values of (¢r + ¢oL)/dm have a tendency to converge at high flow
strengths. Also of interest is the fact that (¢r + ¢)/dm for C = 0.5 is greater than that for C =
0.67 in some of the current experiments. This may correspond to the observation by Peters
et al. (2017) that the bed shear stress distribution peaked directly below the ice cover for C

= 0.5 with a local minimum along the channel centerline.
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Figure 2.9. Effect of border ice coverage ratio on dimensionless bedload transport rate in the three
sections of the sediment trap (R-M-L).
Figure 2.10 shows the detailed data upon which the ratios presented in Figure 2.9 were based.
The rows of Figure 2.10 correspond to sets of experiments with the same coverage ratio. For
a specific coverage ratio (or row of the figure) the plot in the left-hand column shows the
how the total dimensionless bedload transport rate increases with increasing dimensionless
flow strength. The figure in the right-hand column further separates out the experimental
results into the left, middle, and right hand sections, (i.e. (6., ¢L), (Om, dm), (Br, Or)). In each
group of points, 9. = 6r < Ou , which means that the two points on the left-hand side shows
the dimensionless bedload transport rate in the side sections, and the point on the right-hand
side depicts the middle section. In all cases, the applied shear stress and bedload transport
rate were higher in the middle section than the side sections. At high dimensionless flow
strengths the rate of bedload transport in the middle section was only slightly higher than the
sides; whereas at low dimensionless flow strengths the relative bedload transport rates in the

sides were significantly less than the middle.
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Figure 2.10. Comparison of the total dimensionless bedload transport rate (Left column in the figure)
with dimensionless bedload transport rate in the left, middle, and right sections (Right column in the
figure) for a) coverage ratio = 0, b) coverage ratio = 0.25, c) coverage ratio = 0.5, d) coverage ratio =

0.67, and e) coverage ratio = 1.
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Figure 2.11 shows the effect of changing the coverage ratio on (¢pr + ¢1)/dm for different
flow strengths. Figure 2.11 confirms the previous results regarding the coverage ratio and
flow strength effect on the sediment transport distribution. The high values of (¢r + ¢L)/dm
for open channel flow (C = 0) and fully ice-covered (C = 1) demonstrate that sediment
transport distribution is the most uniform in these two conditions. Also, high values of flow
strength had a more uniform sediment transport distribution; that is, the value of (¢r + dr)/dm
Is in the same range for # = 0.07, 0.085, and 0.1. The presence of border ice caused a decrease
in (or + oL)/dm, representing lower relative sediment transport close to the banks and greater
relative sediment transport in the middle section. Once again, the effect of the coverage ratio
extent on sediment transport distribution is more significant at lower flow strength than at

higher flow strength.
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Figure 2.11. Coverage ratio effect on (¢r + ¢L)/¢m for different flow strengths.
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2.5 Discussion

The current study enhanced the engineering ability to estimate the effect of ice cover on
sediment transport and can be a benchmark for numerical studies on sediment transport in
partially ice-cover rivers. Figure 2.12 shows an idealized schematic view of border ice
growth in a river. Border ice starts forming along the river banks (Time 2). Once the initial
border ice has formed, it grows horizontally inwards towards the center of the channel (Time
3 & 4) and vertically downwards as it thickens. It eventually forms a complete ice cover
(Time 5). Border ice growth can occur due to two different mechanisms: thermal growth and
frazil accretion, both vertically and laterally. This schematic does not represent the border
ice growth process; instead, it is used to compare water depth and border ice width in
different stages. In the case of a constant discharge throughout the period of border ice
formation, increasing the coverage ratio results in additional flow resistance, which causes
an overall decrease in water velocity and an overall increase in water depth, followed by an
overall decrease in the bedload transport rate. Comparing partially ice-covered flow
conditions shows that increasing the border ice coverage ratio (moving from Time 2 to Time
4) causes a decrease in (¢r + ¢L)/dpm. That is, increasing C results in less uniform sediment
transport distribution in a way that the relative bedload transport rate of the middle of the
cross section increases and that of the side sections decreases. Prior to the current study, this

type of flow redistribution beneath a partial ice cover was unquantified.

During the border ice growth period, late fall and early winter, discharge is typically
relatively low compared to peak flows during the snowmelt-driven spring freshet. The
applied shear stresses are, therefore, also typically lower than at peak flow. The likelihood
of sediment transport beneath a partial ice cover is, therefore, greater in a river comprised of
a bed material with a relatively low critical shear stress, which may include both non-
cohesive and cohesive sediment. The current experimental results allow more accurate
guantification of whether sediment transport will occur in any of a wide variety of rivers in
northern climates, and more specifically allow which portions of a channel cross section

would experience the most sediment transport to be estimated.
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Border ice can influence sediment transport dynamics of a river in opposite ways. Firstly,
border ice causes the frozen bank and bed material to be protected from being eroded by
water, moving ice, and wind. Secondly, changes in water levels and velocities can cause
border ice to be detached from the bank, causing the removal and transport of frozen bank
and bed materials as well as any washload-size sediment originating from within the border
ice itself (Turcotte et al., 2011). Border ice presence, therefore, has a complex effect on the
sediment transport rate in northern rivers. In the current research, the process of border ice
growth was not investigated, nor was the impact of these real-world sediment transport
mechanisms explored. Instead, the focus was on providing the first quantitative results of

bedload transport under partially ice-covered conditions.

Open )
Channel Time 1
Time 2

Time 3

HHHHH Time 4

...........

“":A, ] Time 5

Figure 2.12. Schematic diagram of different stages of typical border ice growth.

Sediment transport redistribution caused by a partial ice cover has the potential to affect
hydraulic structures, such as bridge piers. That is, designing the structures based on the total
sediment transport rate is not always correct because ¢m is more than ¢ for the partially ice-
covered period. Figure 2.13 shows that ¢m can be more than two times ¢ for a part of the
year at relatively lower values of flow strength. Conversely, engineers interested in flow-
induced riverbank erosion can note that the proportion of the channel's total sediment
transport rate near the banks is reduced while a partial ice cover is present. The current
results, therefore, allow engineers to have a more accurate estimate of sediment transport

processes throughout the entire year, rather than relying on approximations during the winter.
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Figure 2.13. Coverage ratio effect on ¢m/¢ for different flow strengths.

Blackburn and She (2019) presented developments to the river ice process model, RiverlD
(She et al., 2009) to accommodate natural channel geometry and include freeze-up details
such as border ice formation. The current experimental results would be difficult to
incorporate into one-dimensional numerical models like this because of the cross-sectional
averaging that occurs, while sediment transport redistribution takes place across the width of
the channel. There may be more potential to incorporate the current experimental results into
two dimensional river ice models like CRISSP2D (Shen, 2002) and RIVER2D (Steffler and
Blackburn, 2002).

2.6 Conclusions

The main objective of the current research was to study sediment transport rate and
distribution in partially ice-covered rivers. Sediment transport was studied in a controlled

laboratory setting to find a formula to estimate the sediment transport rate in a partially ice-

An experimental study of bedload transport in partially ice-covered channels 46



Chapter 2 — Paper 1: Experimental investigation of sediment transport in partially ice-covered channels

covered river, since sediment transport beneath a partial ice cover had not yet been studied.
The experimental results were found to be comparable to previous studies. The general form
of the Knack and Shen (2015) equation, suggested for open and fully ice-covered flow, can
be used to estimate the total cross-section-averaged sediment transport rate for partially ice-
covered flow. Empirical coefficients for this equation were calculated using the experimental
results. However, this equation falls short in predicting the level of sediment transport
redistribution that can occur beneath a partial ice cover. Results confirmed that for a given
discharge, an increasing partial ice coverage ratio caused an overall decrease in the total

sediment transport of the entire cross section.

Previous studies (Essel et al., 2021; Kimiaghalam et al., 2017; Peters, 2015) demonstrated
that the presence of border ice caused redistribution in flow characteristics. The current study
confirmed that border ice redistributes sediment transport as well. In order to quantify
sediment transport redistribution, the coefficient of (or + ¢L)/dm Was defined, calculated, and
compared for all the tests. At dimensionless flow strengths approaching 0.1, the effect of
having different coverage ratios on sediment transport distribution across the channel was
minor. At lower values of dimensionless flow strength, it was found that increasing the
amount of border ice cover caused a pronounced redistribution of sediment transport, with
the relative rate near the banks decreasing and the relative rate within the middle section

increasing.

2.7 Acknowledgments

The authors would like to acknowledge Alexander Wall for his assistance with the
experimental setup. This research was supported by the Natural Sciences and Engineering
Research Council of Canada (NSERC-RGPIN-2018-06448).

An experimental study of bedload transport in partially ice-covered channels 47



Paper 2: Sediment transport
beneath a simulated partial
Ice cover: Effects of
asymmetric border ice

Chapter 3

3.1 Abstract

With the onset of winter in cold regions, border ice begins to form, impacting sediment
transport rate and distribution. Understanding the effect of ice cover is crucial in regions with
prolonged sub-freezing temperatures, as water bodies remain frozen for a considerable part
of the year. While the existing literature includes many studies on sediment transport in open
channel flow and several studies on completely ice-covered flow, there is limited research
on sediment transport in partially ice-covered channels. Addressing this gap, the current
study conducted laboratory experiments in a rectangular flume at the Hydraulics Research
and Testing Facility, University of Manitoba, Canada. The investigation focused on
examining the influence of asymmetric border ice, varying coverage ratios in asymmetric
partially ice-covered flow, and changing flow strengths on bedload transport rate and
distribution. Additionally, a comparison was made with symmetric partially ice-covered flow
conditions. The findings indicate that the presence of asymmetric border ice indeed affected
the bedload transport distribution within the channel, causing non-uniform bedload transport
distribution across the channel width, with peak values concentrated in the center of the open
flow section. Increased asymmetry in border ice leads to greater asymmetry in bedload
transport rate distribution. Despite these pronounced differences in bedload transport rate
across the channel width, the cross-section-averaged bedload transport rate could still be
estimated utilizing the conventional equations, used for open channel flow, fully ice-covered
flow, and symmetric partially ice-covered flow, with the effect of ice cover accounted for by
incorporating an additional boundary in the calculation of the wetted perimeter, leading to

adjustments in the flow strength.
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3.2 Introduction

Throughout the winter season, ice is commonly found on almost all rivers in northern
climates, leading to substantial changes in flow distribution, discharge, water levels, and
sediment transport. When temperatures begin to decrease, border ice may form along the
riverbanks and gradually extend toward the center of the channel, leading to the formation
of a partial ice cover. Also, during midwinter thaw events, the main section of the channel
may open up, creating a partial ice cover (Peters et al., 2017). Climate change has the
potential to increase the duration of partially ice-covered flow in northern rivers by delaying
freeze-up and increasing the frequency and duration of mid-winter thaws. Therefore,
considering the influence of a partial ice cover becomes essential in fully understanding a
river’s sediment budget in specific cases. While previous studies have primarily concentrated
on open channel flow and fully ice-covered flow, there has been limited investigation into
partially ice-covered flow. It is important to gain insights into border ice impact on river
flow, sediment transport, and geomorphology to improve our understanding of how rivers
with partial ice covers change over time (Clark, 2013).

Partial ice cover research has mainly relied on experimental measurements due to limitations
in field studies and numerical modeling. Field studies encounter challenges due to the
transient nature of border ice growth and the fragility of thin ice, which can raise safety
concerns in data collection (Nyantekyi-Kwakye et al., 2021). On the other hand, the lack of
sufficient benchmarks for model validation makes numerical modeling challenging. As a
result, experimental measurements have emerged as the favored method for understanding
partial ice cover phenomena phenomena (Majewski, 1992; Peters et al., 2018;Kimiaghalam
et al., 2017; Essel et al., 2021). These studies involve exploring the effects of border ice on
flow characteristics by Peters et al. (2017), turbulent flow behavior by Essel et al. (2021),
shear stress distribution by Kimiaghalam et al. (2017), and the influence of bed and ice

roughness by Peters et al. (2018).
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Bed sediment motion is a result of the forces applied to individual bed particles (lift, drag,
and gravity). The presence of ice cover causes turbulence and a reduction in water drag on
the bed (Ettema & Daly, 2004). This is mainly because of the additional boundary resistance
from the ice cover, leading to raised water levels and a decrease in average velocity and
sediment transport rate for the same flow rate. Furthermore, the presence of ice cover can
cause lateral flow redistribution, resulting in a varying impact on sediment transport rates at
specific locations along the spanwise direction. Therefore, the effect of ice cover on river
bed and bank dynamics is complex and variable in different situations (Ettema & Daly,
2004). The analysis of partially ice-covered rivers is even more complex because of the

concurrent presence of open water and ice cover.

There have been a limited number of studies exploring the impact of ice presence on
sediment transport rate. Ettema and Daly (2004) provided qualitative insights into how ice
cover affects sediment transport by developing a set of dimensionless parameters. (Lawson,
1986) conducted fieldwork, measuring suspended and bedload concentration data during
winter and comparing them to data from the summer period. Experimental studies, e.g.,
(Wuebben, 1986, 1988), suggested open water theories applying to lower flow layers in ice-
covered conditions. Shen and Wang (1995) supported conventional relations for bedload
transport in ice-covered channels by conducting flume experiments with a floating cover and
low-density chips. Additional experimental work has explored the effect of ice on sediment
transport rate (Al-Abed, 1989; Muste et al., 2000). Ettema et al. (2000) conducted a study to
assess sediment transport rate and bedforms under the influence of ice. They compared flume
data from various studies, including Ettema et al. (1999), Sayre an Song (1979), Smith and
Ettema (1995) with Meyer-Peter and Muller’s (1948) and Einstein’s (1950) formulas,
making similar suggestions for sediment transport rate. Few numerical model studies have
explored the effects of river ice cover on sediment transport and changes in the riverbed.
Notable examples of such studies are those conducted by Carr and Tuthill (2012), Kolerski
and Shen (2015), Manolidis and Katopodes (2014), Zhang et al. (1994), and Knack (2011).
Knack and Shen (2018) illustrated the development of a coupled model, which integrates a
sediment transport and bed change model with a hydro-thermal-ice dynamics model. To

validate the model, laboratory experiments were conducted under open water conditions, as
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there was a lack of laboratory or quantitative field observations on bed changes under ice

conditions.

Rouzegar and Clark (2023a) investigated the bedload transport rate in a partially ice-covered
channel and showed that the conventional equation describing the bedload transport in open
channel and fully ice-covered flow was applicable in estimating the total cross-section-
averaged bedload transport for partially ice-covered flow. In this equation, the dimensionless
bedload transport rate was related to flow strength, and an empirical coefficient for this
equation was derived from experimental data. They also investigated the bedload transport
distribution influenced by different extents of ice cover and compared the result with open
channel and fully ice-covered flow. In a qualitative experimental study, Rouzegar and Clark
(2023b) investigated the effect of asymmetric border ice on bedload transport distribution,
considering that border ice in nature does not always follow a symmetric pattern. The current
study aims to build on previous work, and for the first time quantify the effect of asymmetric
border ice on bedload transport rate and distribution. Results are compared with symmetric
border ice conditions as well as open channel flow conditions, and the dramatic differences
in specific channel locations are highlighted.

3.3 Methodology

A 14-m-long, 1.2-m-wide flume was constructed using high-density overlay (HDO) plywood
with a bed slope of 0.26% for the experiments (Figure 3.1). The simulated ice cover was
made of flexible plastic bubble wrap. To achieve the desired ice coverage ratio (the ratio of
the top width covered by ice to the total top width) and prevent lateral movement of the
simulated ice during each partially ice-covered test, the bubble wrap was nailed to the flume
wall at the appropriate elevation (Figure 3.2). A layer of uniform silica sand, 70 mm thick,
with a median diameter (d50) of 1.3 mm, was evenly distributed along the entire flume length
to simulate a sand bed. At the downstream end of the flume, a fixed step with dimensions of
1.2 m in width, 0.6 m in length, and a height equal to the sand height was installed. The
purpose of this step was to create a separation between the movable sand and the sediment
trap, which was positioned downstream of the step. The sediment trap was partitioned into a

few separate bins oriented in the streamwise direction. This division of the sediment trap
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allowed for precise measurements of the bedload transport rate in both ice-covered and open
sections of the channel. All experiments were carried out at room temperature, while actual
border ice formation in the field occurs at temperatures near zero. The current research did
not explore the impact of varying water temperatures. Further details of the experimental

setup and procedure can be found in Rouzegar and Clark (2022, 2023a).
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Figure 3.1. Schematic diagram of the experimental setup (all dimensions in meters).

Figure 3.2. Simulated ice covers for asymmetric partially ice-covered flow.
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The bedload transport experiments were conducted under uniform flow conditions. This was
accomplished by modifying the water depth and discharge to meet the specific requirements
of each test, following the method outlined by Rouzegar and Clark (2023a). Throughout all
experimental runs, the water surface slope and flow depth were assessed using five 39.4 mm
diameter manometer tubes installed on the flume wall, equipped with a point gauge with an
accuracy of £0.2 mm. Also, confirmation of fully developed flow was obtained by utilizing
a Nortek Vectrino acoustic Doppler velocimeter to measure vertical profiles of streamwise
velocity at different distances along the flume length. The duration of each test was adjusted
based on the bedload transport rate, resulting in shorter test durations for higher bedload

transport rates and relatively longer durations for lower bedload transport rates.

After completing each experiment, sand in different sections of the sediment trap was
collected separately. The collected sand was dried in an oven at a precise temperature of 110
+5°C (230 £ 9 °F) and then allowed to cool in the air at room temperature for approximately
1 £ 122 h. Subsequently, the mass of dried sand was measured with an accuracy of +0.2 g

[30]. The sediment volume was calculated knowing that the bulk density of sand was 1.5
glem? (p = g ), where G is the collected and dried mass of sediment [g], V is the volume of

dried sediment [m®], and p is the sand bulk density. The volumetric rate of bedload transport
per unit width (g;,) was then calculated using Equation [3.1] (Khosravi et al., 2020; Nezu &
Rodi, 1986; Tsai & Ettema, 1994):

b = o7 [3.1]

where T is the sampling time [s] and b is the flume width [m].

In experiments with relatively short durations, the absence of upstream sediment supply
throughout the tests has an observable impact solely at the upstream end of the channel,
leaving the morphology in downstream sections and the channel’s sediment transport rates
unaffected (Binns & da Silva, 2009; Khosravi et al., 2020). The test durations in the current

experiments were all set to ensure the foregoing conclusion was true.

Rouzegar and Clark (2023a) have investigated the effect of flow strength on bedload

transport rate and distribution in a symmetric partially ice-covered channel. In the current
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study, seven tests were designed, including four different dimensionless flow strengths (0.05,
0.06, 0.07, 0.1), two different coverage ratios (0.5, 0.67), and three different shapes of
asymmetric border ice, to explore the impact of such asymmetry on bedload transport rate
and distribution. The test conditions are listed in Table 3.1.

Table 3.1. Experimental conditions (note: C = coverage ratio, Q = flow rate).

Test C Dimensionless Flow Q (m¥s) Water Depth  Sand Bed _Borde'r Ice Border Ice
No. Strength (0) (m) Slope (%) Width-Right (m) Width-Left (m)
-1 0.67 0.05 011 0.17 01 0.2 0.6

-2 0.67 0.06 0.16 0.22 01 0.2 0.6

1I-3 067 0.07 0.21 0.26 0.1 0.2 0.6

-4 067 0.10 0.11 0.13 0.26 0.2 0.6

II-5 0.5 0.05 0.10 0.16 01 0 0.6

I1-6 0.5 0.05 0.10 0.16 01 0.15 0.45

II-7 0.5 0.07 0.20 0.24 01 0.15 0.45

3.4 Results and Analysis

The influence of asymmetric border ice on bedload transport rate and distribution was
investigated through a comprehensive experimental analysis of various factors and

conditions.

3.4.1 Cross-Section-Averaged Bedload Transport Rate

For each test, dimensionless flow strength (6 = A;Z D) and cross-section averaged
dimensionless bedload transport rate (¢ = (Agj')ﬁ ) were calculated (to calculate ¢avg, the

total mass of dry sand within the entire sediment trap was taken into account.), where 1, =
average bed shear stress, T = cross-sectional average shear stress (t = yR,S), R, = the
hydraulic radius, S = water surface slope, g = gravitational acceleration, D = particle
diameter, and A = s — 1 (s = specific gravity of sediment). The calculation of the shear stress
at the channel bed (1) involved multiplying the cross-sectional average shear stress (1) by

1.2, as suggested by Peters (2015). Peters (2015) utilized a log-law fitting procedure for
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comparable hydraulic conditions within the same experimental setup. Rouzegar and Clark
(2023a) further investigated the impact of ice cover on the flow dynamics, measuring the
velocity profiles for each coverage ratio using a Nortek Vectrino Il profiling acoustic
Doppler velocimeter (ADV), and calculated the bed shear stress distribution by fitting the
log-law to each velocity profile. Since the results obtained from Rouzegar and Clark’s
(2023a) analysis closely matched those reported by Peters et al. (2017), the consistency and
reliability of the findings confirm the results used in this study. The wetted perimeter and
area for different conditions of asymmetric border ice are shown in Figure 3.3.

Wetted perimeter

lce cover lce cover

lce cover

Salnd Sand Sand

Figure 3.3. Wetted perimeter and area for channels with asymmetric border ice.

Figure 3.4 compares the cross-section-averaged dimensionless bedload transport rate derived
from the current set of experiments involving asymmetric border ice with data from previous
studies that examined symmetric partially ice-covered, fully ice-covered, and open channel
flow conditions. The figure also includes the empirical equation proposed by Knack and
Shen (2015) (Equation [3.2]). Remarkably, this empirical equation aligns fairly well with the
data from the current experiments, implying that it has the capability to predict the cross-
section-averaged dimensionless bedload transport rate in asymmetric partially ice-covered

rivers, similar to Rouzegar and Clark’s (2023a) findings for symmetric border ice conditions.

o=a(d - 6" [3.2]

where a and p = empirical coefficients and 6. = critical dimensionless flow strength.
Equation [3.2] was originally suggested by Chein and Wan (1999). Knack and Shen (2015)
empirically determined appropriate values of a and  through a range of studies (yielding

a=25andf = 2.1).
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Ice

It is worth noting that the experimental setup limitations, like pump capacity, measurable

water depth, and measurable sand quantity, restricted the range of flow strengths. However,

the available data within a limited range were considered sufficient for the study’s purposes

because extremely high water velocities prevent the formation of border ice during freeze-

up.
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Figure 3.4. Comparison of experimental data to previous studies (Al-Abed, 1989; Ettema et al., 1999;
Rouzegar & Clark, 2023b; Shen & Wang, 1995; Smith & Ettema, 1995) and Knack and Shen’s (2015)

equation.
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3.4.2 Effect of Level of Asymmetry

The effect of the level of asymmetry in partially ice-covered flow was investigated through
the examination of three different experiments, wherein varying By (border ice width on the
right-hand-side of the channel) and B, (border ice width on the left-hand-side of the channel)
were considered. The data for the symmetric case is derived from the work of Rouzegar and
Clark (2023a). A constant coverage ratio (C = 0.5) and flow strength (6 = 0.05) were
maintained throughout all three tests to ensure comparability of results and facilitate the
exclusive observation of the influence of the level of asymmetry. The asymmetric condition
for each test is shown in Table 3.2. For each test, the dimensionless bedload transport rate in
each bin (¢) and cross-section-averaged dimensionless bedload transport rate (¢avg) Were

calculated, and ¢/¢pavg Was obtained.

Figure 3.5 illustrates the bedload transport rate distribution in the aforementioned
experiments. In this figure, Y represents the distance from the flume wall, and b denotes the
flume width. Also, thick lines correspond to the covered sections, while the dotted line
indicates the open sections. Figure 3.5c illustrates the bed load transport distribution across
the channel width in the presence of symmetric border ice, with the peak value located at the
center of the channel and the minimum value observed in the corners. The presence of
symmetric border ice causes lower relative bedload transport close to the banks and greater
relative bedload transport in the middle section (Rouzegar & Clark, 2023b). Asymmetric
border ice can cause even more redistribution in the bedload transport rate, leading to a non-
uniform distribution of bedload transport across the channel width. That is, the peak values
of bedload transport tend to be concentrated in the center of the open flow section rather than
the center of the channel in symmetric border ice flow conditions (Figure 3.5a,b). The greater
the level of border ice asymmetry, the more asymmetry in bedload transport rate distribution
was observed. Also, the difference of ¢/¢pavg in the open section and the covered section is

more significant when the level of asymmetry increases.
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Figure 3.5. Comparison of bedload transport rate distribution for constant coverage ratio (C = 0.5) and
flow strength (0 = 0.05) and different levels of asymmetry (a) Br=0, Bi=0.6 m; (b) Br=0.15m, B| =
0.45m;and (c) Br=0.3m,Bi=0.3m.
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Presuming that the sediment trap has been partitioned into three equally sized sections,
labeled as R (right section), M (middle section), and L (left section) when observing in the
downstream direction, for each section, the ratio of ¢/¢davg Was calculated and is summarized
in Table 3.2. As depicted in the figure adjacent to Table 3.2, the first test exhibits no ice
cover in the right section, leading to the highest ¢r/davg ratio among all tests. However, as
the coverage ratio increases in the right section, the dr/davg ratio decreases. Conversely, in
the middle section, test 1 demonstrates the most substantial ice cover compared to the other
tests, resulting in the lowest ¢m/davg ratio, which then progressively increases from test 1 to
3. The same trend is observed for the left section. These results show that ice coverage leads
to a proportionate decrease in bedload transport rate in the covered sections and a

corresponding increase in bedload transport rate in the open flow section.

Table 3.2. Effect of level of asymmetry on bedload transport distribution.

Test

No. 0 Br Bi C OR/davg M/ Pavg OL/davg L M R
1 0.05 0 0.6 0.5 1.532 1.232 0.235
2 0.05 0.15 0.45 0.5 0.781 1.892 0.327
3 0.05 0.3 0.3 0.5 0.322 2.344 0.334

Figure 3.6 further separates out the experimental results of the three mentioned tests into the
average, left, middle, and right sections, (i.e., (6, davg), (6L, OL), (Om, dm), (Br, OR)). In this
figure, the data for the right section is represented by “ — «, the middle section by “A”, the
left section by “ x “, and the average is denoted by “ e . Additionally, test number 1 is

depicted in red, test number 2 in blue, and test number 3 in green.

A comparison of data points reveals that when a section is predominantly covered by ice in
each test, the additional boundary leads to reduced flow strength and, consequently, lower ¢
values. Conversely, for open sections, the trend is reversed, resulting in higher ¢ values.
Moreover, all tests (6, dag) align with the predicted line, indicating that the equation
effectively estimates the average-cross-section bedload transport rate. However, data points

related to the right, middle, and left sections deviate from the line, potentially due to
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assumptions made in the calculation of the wetted perimeter, resulting in inaccuracies in flow
strength estimation. Upon analyzing the data points, it becomes evident that for sections
mainly covered by ice (L(1), L(2), L(3), R(2), R(3)), the assumed value for @ is
underestimated due to an overestimation in the wetted perimeter calculation. Conversely, for
open sections (M(1), M(2), M(3), R(1)), the value for & is overestimated because of an
underestimation in the wetted perimeter calculation. The reason for potential underestimation
or overestimation in calculating the wetted perimeter for different sections individually is
due to the exclusive consideration of the solid interface in the wetted perimeter calculation,
while disregarding the water interface length between the higher momentum and lower

momentum fluid.
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Figure 3.6. Comparison of dimensionless bedload transport rate in the left, middle, and right sections
of the channel.

3.4.3 Effect of Coverage Ratio

The effect of the coverage ratio was investigated by comparing two groups of tests under
symmetric (Rouzegar & Clark, 2023b) and asymmetric conditions (Figure 3.7). In each

group of the test, flow strength was kept constant while varying the coverage ratio. The
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results showed that increasing the coverage ratio caused an increase in ¢/¢avg in the central
section, while it caused a decrease in ¢/davg in the side sections for both symmetric and
asymmetric conditions. These findings confirm that ice coverage contributes to a relative
reduction in bedload transport rate in the covered sections and a relative increase in bedload
transport rate in the open flow section. Also, as the coverage ratio increased, there was a
greater redistribution in bedload transport, resulting in a less uniform f distribution along the

cross-section.
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Figure 3.7. Comparison of bedload transport rate distribution for constant flow strength (6 = 0.05) and
different coverage ratios for (a) asymmetric border ice (B+/Bi = 1/3); and (b) symmetric border ice
(Br/Bi= 1). (Note: Bold line corresponds to the ice-covered portion, and the dashed lines the open water
portions.)

3.4.4 Effect of Flow Strength

Rouzegar and Clark (2023a) demonstrated that in rivers characterized by symmetric border

ice for a constant coverage ratio and high dimensionless flow strength, the difference of
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bedload transport rate in the middle section and the side sections wasn’t significant.
However, at low dimensionless flow strengths, the relative bedload transport rates at the sides
were significantly lower than those in the middle. This is presented in Figure 3.8, where the
high flow strength experiment has open water and ice-covered value of ¢/¢avg Of 1.41 and
0.84, respectively; while the lowest flow strength experiment covers a much greater range of
¢/davg from 2.57 to 0.2. Careful inspection of all the experiments will reveal that the flow

wasn’t perfectly symmetric, despite controlling the experimental conditions as carefully as

possible.
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Figure 3.8. Comparison of bedload transport rate distribution for constant coverage ratios (C = 0.67) at
different flow strengths in a symmetric partially ice-covered river. (Note: Bold line corresponds to the
ice-covered portion, and the dashed lines the open water portions.).

The effect of flow strength in asymmetric partially ice-covered flow was studied by
analyzing five distinct experiments, all maintaining a constant coverage ratio (C = 0.67),
constant level of asymmetry (B,/B = 1/3), and different flow strengths. Figure 3.9 shows the
bedload transport rate distribution in these experiments. On the left-hand side of the figure,
sediment trap pictures were included to visually demonstrate the continuous data.
Additionally, a blue line was included to aid in identifying the extent of the deposited
sediment. Similar to symmetric experiments, the effect of border ice on bedload transport

rate distribution is more noticeable in the low flow strength. That is, the range of ¢/¢avg Spans
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from 0.12 to 2.85 at the lowest flow strength and from 0.59 to 1.65 at the highest flow
strength. Furthermore, the impact of asymmetry in border ice is more significant at lower
flow strength. Examining the figures on the left-hand side, at the lowest flow strength, the
maximum extent of migration occurred in the middle of the open section. In contrast, for
other cases, the maximum value was located in the middle of the channel, and the effect of
asymmetry was less noticeable. The figure on the right-hand side demonstrates similar results
for ¢/davg. Focusing on the middle sections, specifically the regions where 0.33 < Y/b < 0.5
(ice-covered flow) and 0.5 < Y/b < 0.67 (open flow), at the lowest flow strength the
difference in ¢/davg between these two sections was significant (¢/¢pavg =0.52 and 2.85).
However, this difference is not as noticeable at the highest flow strength (¢/¢avg =1.05 and
1.65), and the distribution appears to be more symmetrical. It is worth noting that each

experiment had a different duration, resulting in a variable total sediment volume.
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Figure 3.9. Comparison of bedload transport rate distribution for constant coverage ratios (C = 0.67),
constant asymmetric level (B+/Bi = 1/3), and different flow strength in an asymmetric partially ice-
covered river, (Note: Bold line corresponds to the ice-covered portion, and the dashed lines the open
water portions.).
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3.5 Discussion

The presence of border ice introduces a complex dynamic to sediment transport rates in
northern rivers. The findings from the current experiments serve as a benchmark for
numerical investigations into sediment transport in rivers with partial ice cover. These results
offer a more accurate quantification of sediment transport likelihood in a diverse range of
northern climate rivers. Specifically, they enable the estimation of which portions of a
channel cross-section would experience the highest sediment transport. In this study, the
research did not delve into the process of border ice growth, nor did it explore the real-world
impact of sediment transport mechanisms. Instead, the primary focus was on presenting the
initial quantitative results related to bedload transport under asymmetric partially ice-covered
conditions that might happen in real-world situations and then comparing the result with the

symmetric conditions.

The initiation of border ice occurs along the riverbanks. Following the initial formation, this
border ice horizontally extends towards the center of the channel while simultaneously
thickening as it grows vertically downwards. In addition to the freeze-up season, the main
section of the channel may open up and result in a partial ice cover during midwinter thaw
events (Figure 3.10). It is important to note that partial ice cover is not always symmetrical
in real-world scenarios. Asymmetry can arise due to variations in the river cross-section,
leading to uneven water velocity distribution across the channel and resulting in asymmetric
partial ice cover. Meandering rivers, for instance, exemplify this situation, where both the
velocity profile within the cross-section and along the river’s length are not symmetric,
potentially giving rise to asymmetric partial ice cover (Figure 3.10). Although the current
research did not specifically consider meandering rivers, the findings indicate that
asymmetric border ice conditions can significantly impact sediment transport rate
redistribution. Consequently, a potential avenue for future research involves extending this
study to include different types of rivers, such as meandering rivers, to further explore the

effects of asymmetric border ice on sediment transport.
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Figure 3.10. Asymmetric partially ice cover in meandering river: (a) Dauphin River, Manitoba,
Canada, Dec 2014 (freeze-up season) (Images courtesy of S. Clark and A. Wall); (b) Bulkley river,
British Columbia, Apr 2023 (beak-up season) (Images courtesy of USGS).

The growth of border ice involves two primary mechanisms: thermal growth and frazil
accretion, commonly known as buttering. Border ice expands through these processes,
resulting in diverse surface textures based on the chosen growth method. Irregular

undersurfaces may be observed, especially in frazil accretion or freeze-up jam formation.
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Consequently, investigating the impact of varying ice roughness on sediment transport rates

presents an intriguing avenue for future research.

Blackburn and She (2019) improved the RiverlD river ice model for natural channel
geometry and freeze-up, incorporating border ice formation. Integrating current experimental
results into RiverlD is challenging due to cross-sectional averaging, particularly with
sediment transport redistribution across asymmetric ice cover. Alternatively, better
integration potential exists in two-dimensional river ice models, like CRISSP2D by Shen
(2002) and RIVER2D by Steffler and Blackburn (2002).

3.6 Conclusions

This research aimed to investigate bedload transport rate and distribution in channels with
asymmetric partial ice cover. Controlled laboratory experiments were conducted to achieve
this objective, examining bedload transport under various conditions. The study specifically
assessed the applicability of the Knack and Shen’s (2015) formula for estimating the total
cross-section-averaged bedload transport rate in asymmetric partially ice-covered rivers.
Remarkably, the experimental findings for asymmetric border ice aligned with Knack and
Shen’s (2015), originally developed for open channel and fully ice-covered flow, as well as
the findings of Rouzegar and Clark (2022) for symmetric partially ice-covered flow. This
indicates that the empirical equation may be suitable for predicting cross-section-averaged
bedload transport in rivers with different types of border ice cover. However, this equation
lacks precision in predicting the extent of sediment transport redistribution beneath a partial

ice cover.

According to Rouzegar and Clark (2023a), the presence of symmetric border ice results in
lower relative bedload transport near the banks and higher relative bedload transport in the
middle section of the channel. However, the situation becomes even more complex with
asymmetric border ice, leading to further redistribution in the bedload transport rate and
causing a non-uniform distribution of bedload transport across the channel width.
Furthermore, this redistribution is more pronounced at higher flow strengths and less

noticeable at lower flow strengths. Our ability to model this variation in bedload transport
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rate likely hinges on the ability to accurately predict the boundary shear stress distribution
throughout the entire wetted perimeter of the channel. This may be easier when using a two
dimensional numerical model. The experimental results from this study comprise the only
data source for potential assessment or validation of numerical model ability to predict

bedload transport rate in channels with asymmetric border ice.
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Chapter 4

4.1 Abstract

The advent of winter in cold climates often leads to the formation of border ice along
riverbanks, a phenomenon that can persist over substantial portions of the winter, thereby
influencing the dynamics and geomorphological structure of river channels. Bed morphology
and dunes play a crucial role in sediment transport and influencing flow resistance.
Consequently, accurately predicting dune dimensions is vital for anticipating the behavior of
rivers. Despite extensive studies on bedforms within open channel flows, research on
partially ice-covered and fully ice-covered flows remains limited. This investigation,
conducted in a rectangular flume at the University of Manitoba's Hydraulics Research &
Testing Facility in Canada, delved into how border ice affects bed morphology and bedform
features. For each experimental condition, including open channel, symmetric and
asymmetric border ice, and fully ice-covered flows, bedform dimensions were assessed
against theoretical equations found in the literature. This analysis confirmed the suitability
of these equations for describing bedform characteristics in partially ice-covered rivers.
Furthermore, the impact of border ice extent, variations in flow strengths, and asymmetry of
border ice on bedform features were also investigated. The occurrence of bedforms within
the channel width was notably influenced by the presence, positioning, and varying extents
of partial ice cover. The influence of ice coverage on the distribution of bed feature formation
was markedly pronounced at lower flow strengths, whereas it became minimal at higher flow

strengths.

An experimental study of bedload transport in partially ice-covered channels 68



Chapter 4 — Paper 3: An experimental study into the bedform morphology in partially ice-covered channels

Keywords: Bedform, Sediment transport, lIce-covered channel, Border ice, River

morphology

4.2 Introduction

Investigating the influence of ice cover on fluvial systems in cold regions is paramount for a
comprehensive understanding of their hydraulic, sediment transport, and geomorphological
characteristics. During the winter months, the formation of ice, particularly border ice along
the river's banks, initiates a series of alterations in hydraulic conditions, including
modifications to flow distribution and velocity profiles. Border ice then progressively
extends toward the channel's center, increasing the width of partial ice cover that
significantly influences riverine behavior (Peters et al., 2017). With climate change
potentially extending the duration of partial ice cover through later freeze-ups and more
frequent mid-winter thaws, understanding the implications of border ice becomes
increasingly pertinent. Such knowledge is crucial for accurately modeling the
morphodynamic responses of rivers to partial ice cover and for devising effective

management strategies for these unique fluvial environments (Clark, 2013; Peters, 2015).

Research focusing on partially ice-covered rivers remains limited despite the considerable
effects of such conditions on hydrodynamic processes and sediment dynamics. The inherent
challenges associated with field investigations in these environments, such as the transient
nature of ice growth and the associated safety hazards, necessitate a reliance on controlled
experimental studies. These studies have provided valuable insights into the flow
modifications induced by ice cover, including changes in turbulent flow behavior, shear
stress distribution, and the influence of different features like bed and ice roughness (Peters
et al., 2018; Kimiaghalam et al., 2017; Majewski, 1992).

Bedforms in rivers with sand beds are often the foremost factors influencing flow resistance.
The processes of their formation, growth, and kinematics govern sediment transport (Venditti
et al., 2016). Understanding bedform behavior is essential for deciphering the processes
within present-day channels, and it also sheds light on the characteristics of ancient, now-

absent channels on Earth and beyond. Both the task of forecasting dune features based on
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observed flow traits and the challenge of deducing historical flow conditions from dunes
captured in the geological record depends on the correlation between flow properties and the
dimensions of dunes. Dune sizes estimated via the direct approach serve as quantitative
indicators of roughness height for calculating flow resistance and estimating scour depths.
Additionally, numerous equations for sediment transport incorporate the dimensions of
dunes (Bradley & Venditti, 2017).

Research on sediment transport and bed morphology in ice-covered rivers remains sparse.
Wuebben (1986, 1988) conducted an experimental study on sediment transport and bedform
dynamics under conditions of floating cover and demonstrated that theories applicable to
open water could be extended to the lower flow layer in ice-covered situations, where bed
resistance predominantly dictates the flow characteristics. Ettema and Daly (2004) conducted
a comprehensive qualitative analysis, formulating a series of dimensionless parameters
anticipated to impact sediment transport and bedform dimensions in icy environments.
Further investigations into the interplay between ice processes and fluvial sediment dynamics
have been reviewed by Turcotte et al. (2011) and Ettema (2008), highlighting the significant
effects of ice cover on river morphology. However, the challenging nature of fieldwork in
such conditions has led to a scarcity of detailed empirical data, constraining extensive
guantitative analysis. Numerical modeling studies addressing the influence of ice cover on
sediment transport and riverbed alterations are limited but noteworthy. Contributions from
Carr and Tuthill (2012), Kolerski and Shen (2015), and Knack and Shen (2018) stand out in
this regard. Specifically, Knack and Shen (2018) developed an integrated model that
combines sediment transport and bedform dynamics with hydro-thermal-ice processes. Due
to the absence of detailed field observations under ice conditions, the validation of this model
relied on laboratory experiments conducted in open water, underscoring the need for
empirical studies to enhance the understanding of sediment dynamics in ice-affected rivers.
Rouzegar and Clark (2023a, 2023c) explored bedload transport under conditions of
symmetric and asymmetric border ice, finding that existing models for open channel and
fully ice-covered flows could effectively estimate average bedload transport in scenarios of
partial ice cover. They highlighted how the presence, variability in extent, and positioning of
border ice influence the redistribution of bedload transport rates. Furthering this line of

inquiry, Rouzegar and Clark (2023d) qualitatively investigated the effect of border ice on
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bedforms. The current research aims to quantitatively assess the influence of border ice on
bedform configurations for the first time. This investigation will evaluate the effects of
partial ice cover on bedforms through laboratory simulations of symmetric and asymmetric
border ice conditions, comparing these outcomes to those observed in open channel and in
fully ice-covered flows. The anticipated outcomes of this research will offer valuable
empirical data to enhance the calibration and validation of numerical models, such as the

work of Knack and Shen (2018) in investigating and determining bedform dimensions.

4.3 Methodology

4.3.1 Experimental setup

The physical experiments were conducted at the Hydraulics Research & Testing Facility at
the University of Manitoba. A rectangular flume (Figure 4.1) measuring 14 m in length and
1.2 m in width was constructed using high-density overlay (HDO) plywood, featuring a bed
slope of 0.26%. Discharge in the flume's supply pipe was measured using a Dynasonic
ultrasonic flow meter (with £1% accuracy). This supply pipe led to a head tank designed
with greater width and depth than the flume, dissipating turbulence generated by the
discharge pipe. To condition the flow, water passed through a honeycomb flow straightener.
Gravel of varying diameter lined the flume bed at the upstream end, facilitating rapid
boundary layer development to promote fully developed flow conditions along a greater
length of the flume. The occurrence of fully developed flow was verified by measuring
vertical profiles of streamwise velocity at different distances along the flume length using a
Nortek Vectrino acoustic Doppler velocimeter. Five manometer tubes with a diameter of
39.4 mm were installed on the flume wall to measure the water surface profile, utilizing a
point gauge with an accuracy of £0.2 mm. An initial uniform layer of silica sand, 70 mm
thick, with a median diameter (dso) of 1.3 mm, was placed throughout the flume length. Steel
rails along the flume walls accommodated a leveling device on rollers to ensure a smooth
and flat sand bed at the start of each experiment. Adjusting the slope of the flume rails and
adding or removing sand allowed for changes in the sand bed slope, while maintaining a
minimum sand depth of 70 mm. Control of the downstream water level was achieved through

a bottom-mounted, hinged gate.
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Figure 4.1. Schematic diagram of the experimental setup (all dimensions in meters).

Plastic bubble wrap was utilized to simulate a smooth, partial ice cover (Figure 4.2). Several
lines were marked along the bubble wrap, positioned at appropriate distances to represent
the distinct ice coverage ratios employed in the present study. Nailing the bubble wrap to the
flume wall at the designated elevation along the corresponding line ensured the desired ice
coverage ratio and prevented lateral movement of the simulated ice during each partially ice-
covered test. For fully ice-covered conditions, the bubble wrap was affixed to the upstream
end of the flume. For additional details and images of the experimental setup, refer to
Rouzegar and Clark (2022). The test conditions are listed in Table 4.1, where the coverage
ratio, C (which measures the proportion of the top width covered by ice relative to the overall

top width), was used to quantify the extent of the ice coverage.
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Figure 4.2. Simulated ice-covers for a) symmetric partially ice-covered flow, b) asymmetric partially
ice-covered flow, and c) fully ice-covered flow.
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Table 4.1. Experimental conditions (note: C = coverage ratio, Q = flow rate)

Border Ice Width-  Border Ice Width- Dimensionless 3 Water depth 0
C " Right(8) (m) Left(B) (M)  flow strength @) 3 (M79) (m) Slope (%)
0 N/A N/A 0.05 0.06 0.10 0.10
Open 0 N/A N/A 0.06 0.09 0.13 0.10
channel
0 N/A N/A 0.07 0.13 0.16 0.10
0 N/A N/A 0.085 0.05 0.07 0.26
0 N/A N/A 0.10 0.07 0.08 0.26
1 N/A N/A 0.05 0.13 0.20 0.10
1 N/A N/A 0.06 0.18 0.26 0.10
Fullyice- 4 N/A N/A 0.064 0.21 0.28 0.10
covered
1 N/A N/A 0.085 0.10 0.13 0.26
1 N/A N/A 0.10 0.13 0.16 0.26
0.25 0.15 0.15 0.05 0.08 0.13 0.10
0.25 0.15 0.15 0.06 0.12 0.17 0.10
Symmetric 4 5o 0.15 0.15 0.07 0.16 0.20 0.10
partial ice
0.25 0.15 0.15 0.085 0.06 0.08 0.26
0.25 0.15 0.15 0.10 0.08 0.10 0.26
0.50 0.3 0.3 0.05 0.10 0.16 0.10
0.50 0.3 0.3 0.06 0.14 0.20 0.10
Symmetric 4 5 03 0.3 0.07 0.20 0.24 0.10
partial ice
0.50 03 0.3 0.085 0.08 0.10 0.26
0.50 0.3 0.3 0.10 0.10 0.12 0.26
0.67 0.4 0.4 0.05 0.11 0.17 0.10
0.67 0.4 0.4 0.06 0.16 0.22 0.10
Symmetric; oo 0.4 0.4 0.07 0.21 0.26 0.10
partial ice
0.67 0.4 0.4 0.085 0.08 0.11 0.26
0.67 0.4 0.4 0.10 0.11 0.13 0.26
0.67 0.2 0.6 0.05 0.11 0.17 0.1
0.67 0.2 0.6 0.06 0.16 0.22 0.1
0.67 0.2 0.6 0.07 0.21 0.26 0.1
Asymm?tric 0.67 0.2 0.6 0.10 0.11 0.13 0.26
partial ice
05 0 0.6 0.05 0.10 0.16 0.1
05 0.15 0.45 0.05 0.10 016 0.1
05 0.15 0.45 0.07 0.20 0.24 0.1

4.3.2 Experimental procedure and data acquisition

All experiments were conducted under uniform flow conditions by adjusting the discharge

and water depth to the specified values for each test. A standardized procedure was adhered
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to in order to achieve uniform flow within the laboratory setting. The bed was leveled to the
desired slope, and the tailgate was initially raised to prevent flow before the commencement

of each experiment. Additional details can be found in Rouzegar and Clark (2023a).

After each experiment, water was gradually drained from the flume. To quantify the
bedforms, images of the deformed bed were acquired using a Canon EOS Rebel T7i camera
paired with a Canon EFS 18-55 mm lens. Various scenarios were explored and compared to
identify the optimal number of photos that ensure sufficient overlap. These scenarios
involved experimenting with different quantities of photos and capturing them from diverse
angles. Following Agisoft Software (2016) guidelines, it is recommended to maintain an
80% forward overlap for images within a single flight line and a 60% side overlap for
adjacent flight lines when capturing aerial imagery. In each test, 40 to 50 photos were
captured. Eight markers were strategically placed on the flume walls to aid in both image

alignment and point cloud scaling/referencing (Figure 4.3).
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Figure 4.3. Reference points locations and coordinate system in the flume.
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Each set of images was processed to generate three-dimensional point clouds utilizing
Agisoft Photoscan Professional Version 1.6.6. Additional information about Agisoft usage
can be found in the work of (Rouzegar & Clark, 2023d).

4.3.3 Bed elevation data processing

Coordinates were obtained from Agisoft, and the analysis focused on the longitudinal profile
along the flume, measured at 15 distinct points 0.075 m apart, starting from the flume wall.
A filtering method was required to remove the noise from the data, which was performed in
different steps. First, data were filtered based on valid data criteria. In other words, data with
"Y' values outside the valid range (0-1.2 m) and data with 'Z' values lower than the flume bed
were considered invalid. In the next step, high-frequency fluctuations linked to the presence
of very small bed forms were eliminated from the bed elevation profile. This refinement was
achieved by utilizing a Fourier transform technique (A. Singh et al., 2012). Following this,
local maxima and minima were identified in the filtered signal, and the differences between
consecutive maxima and minima's 'Z' values were computed to ascertain bedform heights.
Ultimately, bedform heights surpassing a specified threshold (threshold = 2 * dso) were
extracted based on Singh et al.’s (2012) methodology. Wavelengths were calculated by
determining the streamwise distance between consecutive crests and consecutive throughs
X" values, with subsequent computation of their average value (Figure 4.4). In Figure 4.5,

all the steps outlined for a sample experiment are presented.

L.

Figure 4.4. Schematic of bedform height and length definition.
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Figure 4.5. Step-by-Step analysis of bedform profiles: measuring heights and lengths.

4.4 Results and Analysis

For each test, the average shear stress along the entire wetted perimeter was determined using
Equation [4.1], where T represents the average shear stress, v is the specific weight of water,
Rn denotes the hydraulic radius, and S is the slope of the water surface. The shear stress at
the channel bed (tv) was determined by multiplying the cross-sectional average shear stress
(t) by 1.2 (Equation [4.2]), a methodology recommended by Peters (2015), who applied a
log-law fitting to similar hydraulic conditions within the same experimental setup. Further
exploration into the effects of ice cover on flow dynamics was undertaken by Rouzegar and
Clark (2023a), who measured velocity profiles across various coverage ratios using a Nortek
Vectrino 11 profiling acoustic Doppler velocimeter (ADV) and derived the bed shear stress

distribution by applying the log-law to each velocity profile. The alignment of their findings
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with those of Peters et al. (2017) reinforces the reliability and coherence of the data,

validating their application in this research.
T=17vR,S [4.1]
wm=1.21 [4.2]

Subsequently, for each experiment, the dimensionless flow strength (0) was computed using
Equation 3, where g signifies gravitational acceleration, D is the average diameter of the sand
particles, and A is defined as s - 1, with s indicating the specific gravity of the sediment.

—_'
_ApgD

[4.3]

Subsequent steps involved a detailed examination of how border ice influences bedforms,

incorporating an in-depth analysis of diverse factors and conditions.

4.4.1 3D profiles (symmetric border ice)

Figure 4.6 presents a visual comparison of 3D bedform patterns under a range of hydraulic
conditions, including open channel flow, symmetric partially ice-covered, and fully ice-
covered. This figure is systematically arranged such that each row represents a specific
coverage ratio, demonstrating the impact of ice coverage on bedform characteristics, while
each column indicates a particular flow strength, revealing the influence of 6 on bedform

morphology

Analyzing the bedform patterns at a constant 6 value while varying the coverage ratios shows
that an increase in the coverage ratio typically corresponds to more occurrences of significant
bedforms. Delving into the details for various flow strengths, the following observations are
made: At the minimal flow strength of 4 = 0.05, bedforms are barely noticeable, almost
resembling a flat surface. At the flow strength of 8 =0.07, it is observed that the open channel
flow (C = 0) shows the most uniform bed migration across the channel width amongst all of
the various coverage ratios tested. In this condition, the bedforms are more two-dimensional,
with dunes aligning nearly perpendicular to the flow and extending across nearly the entire
flume cross-section, including close to the flume walls. However, with an increase in the

coverage ratio, the bedform uniformity seen in open channel flows diminishes, leading to the
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emergence of more complex, three-dimensional bedform structures. Moreover, under higher
coverage ratios, there's a noticeable absence of bedforms beneath the ice-covered portions of
the channel, indicating that bedform generation is hindered by ice coverage and tends to
occur further from the flume walls.At a higher flow strength of § = 0.1, consistent with
observations across other flow strengths, an increase in coverage ratio results in more
significant bedforms. However, a distinctive feature of this higher flow regime is the
pronounced irregularity in the shapes of bedforms across all coverage ratio scenarios.
Interestingly, these irregular bedforms are found not only in the open flow portions of the
channel but also within the ice-covered portions of the channel and adjacent to the flume
walls, contrasting conditions at lower flow strengths where such areas typically lacked
bedform formation. Therefore, the impact of changing the coverage ratio is less significant
at higher flow strengths. This observation aligns with the findings of Rouzegar and Clark

(2023a) regarding the rate of bedload transport.

Additionally, when holding the coverage ratio (C) constant to explore the effects of varying
flow strengths (6), it is found that higher flow strength results in more pronounced bedforms,
an increase in the irregularity in bedform shapes, and a shift towards more complex, three-

dimensional bedforms.
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Figure 4.6. Plan view of bedform patterns within open channel, symmetrically partial ice-covered, and
fully ice-covered flow conditions, depicted across a range of flow strengths. The color bar legend
indicates variations in bedform elevation (Z), with each color
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4.4.2 3D Profiles (asymmetric border ice)

Figure 4.7 compares symmetric and asymmetric border ice cases with identical flow strength
(6 =0.07) and coverage ratio (C = 0.67) but different border ice positions. In the symmetric
condition (Figure 4.7a), the border ice widths on both the right (Br) and left (B)) are set to
0.4. In contrast, the asymmetric conditions, shown in Figure 4.7b and Figure 4.7c, feature
varied border ice widths, with B and By measuring 0.15 and 0.45 meters in Figure 4.7b and

0.2 and 0.6 meters in Figure 4.7c, respectively.

Results from experiments with symmetric border ice demonstrate that the presence of border
ice can suppress bedform presence beneath the ice cover, resulting in bedforms having an
offset from the flume wall. As illustrated in Figure 4.7a, the offsets on both the right and left
sections are the same, approximately 0.18 m, due to the equal border ice widths in the right
and left sections. In contrast, in the case of asymmetric border ice, the offset in the right and
left sides are not identical because of the unequal border ice widths on the two sides. For
instance, in Figure 4.7b, the right side exhibits a 0.1 m offset corresponding to a 0.15 m
border ice width, whereas the left side shows a 0.2 m offset under a 0.45 m border ice width.
A similar trend is observed in Figure 4.7c, with a 0.15 m offset on the right (Br= 0.2 m) and
a 0.3 m offset on the left (Bi= 0.6 m). This emphasizes the influence of both the position and

extent of border ice on the resulting bedforms characteristics.
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Figure 4.7. Comparison of bedform patterns in a) symmetric, b) asymmetric partially ice-covered flow
with Br = 0.15 m and Bi = 0.45 m, and c) asymmetric partially ice-covered flow with Br = 0.2 m and B =
0.6 m (all dimensions are in meters).

Figure 4.8 shows the effect of flow strength variations on bedform morphology under an
asymmetric border ice condition, while keeping a constant coverage ratio of C = 0.67 and
specific border ice width of B, = 0.2 and By = 0.6. Observations across these scenarios reveal
that the presence of border ice tends to inhibit bedform formation beneath the ice-covered
areas, leading to distinct offsets from the flume wall. These offsets vary in the right and left

sides, reflecting the asymmetrical widths of the border ice.

Similar to findings in symmetric border ice conditions, when the coverage ratio is held
constant and flow strengths are varied, an increase in flow strength leads to more pronounced
bedform formation. This rise in flow strength is associated with an increase in the irregularity
of bedform shapes and a shift towards more three-dimensional bedforms. Again, at a higher
flow strength of 8 = 0.1, the presence of border ice has a diminished effect on bedform

morphology.
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Figure 4.8. Comparison of bedform patterns in asymmetric partially ice-covered flow with distinct Br =
0.2 m and B1=0.6 m and varied flow strengths a) 6 = 0.05, b) 0 = 0.06, ¢) 6 =0.07, and d) 6 = 0. 1 (all
dimensions are in meters).

4.4.3 Longitudinal bed profiles

After generating a Digital Elevation Model (DEM) for all cases, the point coordinates were
extracted from Agisoft. Longitudinal profiles at seven distinct distances from the flume wall
(Figure 4.9) were then plotted and compared.
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Figure 4.9. Longitudinal profile locations across the channel width (all dimensions are in meters).

4.4.3.1 Comparison of longitudinal profile across the channel width

Longitudinal profiles at varying distances from the flume wall were plotted and analyzed on
a single graph to explore the effect of border ice on bedforms across the channel width.

Figure 4.10 displays these comparisons for various coverage ratios (C = 0, 0.25, 0.5, 0.67)
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individually. The figure uses data from one side of the flume only, due to symmetry. It was
confirmed that the results are quite similar for the opposite side of the flume. A constant flow
strength of & = 0.07 was used in all cases. The choice of 8 = 0.07 was made based on the 3D
profile analyses, which indicated that this dimensionless flow strength resulted in the most
significant differences. Bedform changes were less evident at lower flow strengths, and at

higher flow strengths, the impact of varying border ice extent was minimal.

Figure 4.10a depicts the conditions of open channel flow. All the profiles uniformly
demonstrate a consistent pattern with an average bedform height of 0.01 m, with the
exception occurring at Y = 0.15 m, where the average bedform height slightly decreases to
0.006 m. This exception highlights the sidewall effect, which causes a reduction in sediment

transport near the wall and consequently results in a reduced formation of bedforms.

Figure 4.10b displays the condition with a coverage ratio of C = 0.25. In this case, the ice-
covered area (Y = 0.15) experiences bedforms that are slightly less pronounced, resulting
from reduced sediment transport, whereas the open areas see more sediment transport,
leading to more distinct bedforms. The observed trend illustrates that more pronounced
bedforms become evident moving from the flume wall toward the centerline. In Figure 4.10Db,
the edge of the border ice at Y = 0.15 m exhibits more significant bedforms, with an average
height of 0.012 m, compared to Figure 4.10a, where the average bedform height at the same
location is measured 0.006 m. This difference is due to the Y = 0.15 m area displaying
properties similar to the open sections, particularly in terms of increase in sediment transport

leading to more noticeable bedform configurations.

In Figure 4.10c and Figure 4.10d, corresponding to coverage ratios of C = 0.5 and C = 0.67,
respectively, it is shown that the areas under cover exhibit less pronounced bedforms,
whereas the open areas display more distinct bedforms. For a coverage ratio of 0.5, the peak
bedform height was H = 0.027 m observed at Y = 0.3 m, at the edge of the border ice. Along
the channel, bedform heights were measured as H =0.018 mat Y =0.15 m, H =0.022 m at
Y =0.4m,and H=0.021 m at Y = 0.6 m, indicating the highest value at the border ice edge.
This observation is consistent with the findings by Peters et al. (2017), who examined shear

stress distribution and discovered that at C = 0.5, the highest shear stress values were at the
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ice edge, with a local minimum at the channel's centerline. This pattern contrasts with other
coverage ratios, where the minimum shear stress occurred at the corners, and the maximum

shear stress was found at the center.
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Figure 4.10. Longitudinal profile comparison at different distances from the flume wall for a) C =0, b)
C=0.25,¢)C=0.5,d) C=0.67 (all dimensions are in meters).

4.4.3.2 Comparison of longitudinal profiles for diverse border ice coverage ratios

Figure 4.11 gives more details by showing the longitudinal profile at the distance of Y = 0.3
m from the flume wall for different cases of coverage ratio (0, 0.25, 0.5, 0.67) and similar
flow strength (6 = 0.07). The selection of 6 = 0.07 was based on its ability to highlight
significant changes in 3D profiles, making it ideal for assessing border ice effects. Increasing
the coverage ratio resulted in the development of more pronounced bedforms with greater

heights. The figure demonstrates that at coverage ratios of C = 0 and 0.25, the bedforms are
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notably smaller, with average heights of 0.01 m and 0.013 m, respectively. However, with
higher coverage ratios of C = 0.5 and 0.67, the bedforms show a significant increase in size,
with average heights reaching 0.027 m and 0.022 m, respectively. Moreover, at a coverage
ratio of C = 0.5, the Y = 0.3 m position is at the border ice edge, leading to a significant
differentiation between the bedform sizes at C = 0.25and C = 0.5.
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Figure 4.11. Longitudinal profile comparison at 8 =0.07 and y=0.3 m from the Flume Wall for different
coverage ratios (all dimensions are in meters).

4.4.4 Effect of coverage ratio on bedform dimensions

After determining the bedform heights for each scenario, the average bedform height was
computed for every case. This involved computing the mean value of all bedform heights
across the flume's width, obtained from the longitudinal profiles presented in the
methodology section. Figure 4.12 indicates the relationship between average bedform height
and the coverage ratio under a range of flow strengths. At lower 4 values (i.e. 0.05 and 0.06),
there is minimal formation of bedforms. Specifically, with a flow strength of 0.05 and
coverage ratios of 0.25 and 0.5, bedforms are almost absent, leading to an average bedform
height that approaches zero. For higher flow strengths with 6 values of 0.07, 0.085, and 0.1,

an increase in coverage ratios is associated with a rise in the average height of bedforms.
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Figure 4.12. effect of increasing coverage ratio on bedform height for different flow strengths

To assess the impact of varying extents of border ice on bedform dimension within the
channel width, average bedform height for different longitudinal profiles at various distances
from the flume wall was calculated and plotted for different coverage ratios for both 8 equals
0.07 and 0.1 (Figure 4.13). It was observed that, within partially ice-covered channels, an
increase in coverage ratio generally led to an increase in bedform height for a fixed

longitudinal position (y), a trend consistent for both 8 values examined.

For 6 =0.07 at a constant coverage ratio, moving from the vicinity of the flume wall towards
the centerline led to an increase in bedform heights, transitioning from ice-covered regions
to open water areas. However, for 8 = 0.1, for a constant coverage ratio, no special trend is
noticeable moving from the flume wall to the centerline. This pattern highlights the increased
complexity and irregularity of bedform profiles at higher flow strengths, where the influence

of border ice extent changes on bedform dimensions becomes less pronounced. It's important
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to highlight that during the transition from partially ice-covered to fully ice-covered flow
conditions, there's a significant decrease in the average bedform height across the entire
channel width, making the bedform heights closely resemble those in open channel flow
scenarios with a coverage ratio of 0. This observation indicates that, for the same flow
strength, bedform development is notably more pronounced in partially ice-covered

conditions than in either open channel flows or fully ice-covered situations.
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Figure 4.13. Effect of coverage ratio on bedform heights for a) 6 =0.07, b) 6 =0.1
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4.4.5 Dune scaling relations

Ina 2017 study, Bradley and Venditti compiled a comprehensive dataset of dune dimensions
and flow characteristics, drawing from various sources that included laboratory flume
experiments and field observations. They charted the dune height and length data on a graph,
deducing that these parameters conform to a power law (Equation [4.4]), which is similar to

Flemming's (1988) equation (Equation [4.5]):

H = 0.0513 L0774 [4.4]

H = 0.0677 108098 [4.5]

In the current research, all dune heights and lengths from the depicted longitudinal profiles
in the methodology section for all cases were calculated and are presented in Figure 4.14.

As the data from previous studies represented in this graph predominantly feature heights
greater than 1 cm, heights less than 1 cm were excluded to ensure better comparability with
these studies. Additionally, it allows the analysis to concentrate on larger-scale bedforms,
while deliberately excluding smaller-scale variations (Venditti et al., 2016). The resulting
data align with the ranges observed in previous studies, indicating that the proposed

equations apply to partially and fully ice-covered flows as well as open channel flows.
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Figure 4.14. Visualization of dune height as a function of its length

Bradley and Venditti's plotted data indicated an upper limit of H = h/2.5, aligning with Alle's
(1982) findings where almost no data points exceeded this threshold. Contrarily, the upper
limit in the current study aligns with Yalin' s (1964) theory, suggesting H = h/6 as the
maximal growth limit for dunes. Furthermore, the data points to a lower growth boundary,

with scarcely any values below the h/H = 20 ratio (Figure 4.15a).
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Regarding the lengths of dunes, both the current study's data and Bradley and Venditti's

(2017) compiled dataset indicate that the L = 5h relation suggested by Yalin (1964)aligns

with the central tendency of the data. In alignment with the constraints identified by Allen
(1982), the data predominantly falls within the limits of L/h = 16 and L/h = 1 (Figure 4.15b)
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Figure 4.15. (a) Dune height versus flow depth. (b) Dune length versus flow depth. The dashed lines
denote the boundaries identified by Allen (1982), and the solid lines illustrate the simplified scaling
relations H = h/6 and L = 5h as defined by Yalin (1964).
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4.5 Discussion

The present study has advanced the engineering capabilities for predicting the effect of ice
cover on sediment transport, serving as a benchmark for future numerical investigations into
sediment dynamics in rivers with partial ice coverage. Peters’s (2015) research illustrates the
effect of border ice on river flow, revealing a shift that results in decreased flow beneath ice-
covered areas and enhanced flow in open areas. Building on this, Rouzegar and Clark (2023a,
2023c) further investigated how border ice affects the sediment transport rate within rivers,
a crucial aspect of river dynamics and morphology.

Expanding on these insights, the current study delves into the broader implications of flow
redistribution caused by ice cover, particularly focusing on its effects on bedforms. The
findings suggest that the redistribution of flow not only influences sediment transport but
also contributes to more prounounced bedform formation and an increase in the height of
bedforms in open water areas. This elevation in bedform height is more than just a
morphological change; it significantly influences the flow resistance encountered in open
water sections of the river. An increase in flow resistance could trigger a series of further
changes in how water is distributed across the river, introducing a new level of complexity
to the flow dynamics. This complexity is particularly relevant in environments subject to

seasonal ice cover, making the study of these flow dynamics a rich area for further research.

Figure 4.16a presents the distribution of bed load transport rates as detailed by Rouzegar and
Clark (2023c), while Figure 4.16b displays the distribution of bedform heights across the
channel width, derived from the current study, under identical experimental conditions. This
setup features asymmetric border ice conditions with B, = 0.2 m and B;= 0.6 m, a flow
strength of 0.07, and a coverage ratio of 0.67. On the right side of the figure, a detailed plan
view of the flume is provided, showcasing both the sediment trap and the channel itself,
providing a valuable reference for correlating the sediment transport rates indicated in the
trap with the bedform patterns in the flume. The graphs reveal a consistency between the
sediment transport rate distribution and bedform formation. In areas near the sides and under
the border ice where sediment transport rates are lower, fewer bedforms are observed,

mirroring the reduced sediment activity. Conversely, in the central area, which simulates
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open channel flow conditions, an elevated sediment transport rate leads to more pronounced

bedform development. Continuing the experiment over an extended period could result in an

increase in bedform size within the open channel sections, potentially increasing flow

resistance and reducing the flow rate in these areas, and following this, less bedform

formation and less increase in bedform height.
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Figure 4.16. Comparative analysis of a) bedload transport rate distribution and b) bedform height
variations across the channel width
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In open channel flow conditions, observations of the velocity profile in the channel cross-
section show two substantial counter-rotating vortices near the bed at each corner. A distinct
pattern emerges in channels with partial ice coverage, revealing strong counter-rotating
secondary circulations at the channel's center, accompanied by eight corner vortices (Figure
4.17). These core secondary circulations were driven by streamwise vorticity originating
from the edges of the ice cover. With a decrease in ice coverage, there's a notable increase in
the interactions between the core circulations and the corner vortices beneath the ice, leading
to their eventual unification. The interaction between the central circulation and corner
vortices forms a crucial connection linking the sections under ice cover with those of open
water. Such a dynamic connection is likely to facilitate increased momentum, heat, and
sediment transport in channels with partial ice cover compared to open channel flows (Essel
et al., 2021). Additionally, this interaction can lead to an enhanced formation of bedforms,
starting from the location at the vicinity of the border ice edge and extending into the open
water area. Specifically, the current study's findings highlight that at a coverage ratio of 0.5,
the peak of bedform height was observed right at the border ice edge, highlighting the
significant influence that the ice boundary plays in dictating the contours of the underwater

topographies within these transition zones.

Border ice

\ z

Corner secondary currents

Core secondary circulation

Figure 4.17. Schematic of secondary currents in the cross-section of partially ice-cover flow (modified
from Essel et al. (2021).
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4.6 Conclusions

The primary focus of this research was to analyze the bed morphology and formation of
bedforms in rivers affected by partial ice cover. Through controlled laboratory experiments,
the study aimed to determine how changes in the ice coverage ratio influence the height and
wavelength of emerging bedforms. Bedform dimensions were evaluated across various
experimental setups, including open channel conditions, symmetric and asymmetric border
ice configurations, and fully ice-covered flows, and compared with theoretical models from
existing literature. This comparison validated the applicability of these theoretical models

for characterizing bedform dynamics in rivers with partial ice cover.

Additionally, the study examined how the extent of border ice, changes in flow strength, and
the asymmetry of ice formations affect bedform characteristics. The formation of bedforms
within the channel was notably influenced by the presence, positioning, and different degrees
of partial ice cover. Specifically, the initiation point of bedforms relative to the flume wall
was observed to shift further away as the ice coverage ratio increased. Additionally, bedform
heights were found to be diminished beneath ice cover while being more pronounced in open
water areas. Moreover, an increase in bedform height was observed adjacent to the ice edge,
particularly for an ice coverage ratio of 0.5, where the maximum bedform height was

recorded right at the ice boundary.

In cases of asymmetric border ice, bedforms occurred in an asymmetric pattern, affected by
the ice coverage ratio. The influence of ice cover on the distribution of bedforms was
particularly pronounced at lower flow strengths, diminishing with higher flow strengths

where bedform patterns became more irregular and less predictable.
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Chapter 5 Work

5.1 Summary and Conclusions

The primary objective of this research was to investigate sediment transport and bed
morphology in partially ice-covered rivers, a topic of significant importance in the context
of alluvial rivers in cold climates. This pioneering study marks the first time that such an in-
depth investigation has been conducted under these specific conditions, emphasizing the
novelty and the critical advancements made in understanding these complex systems. The
interaction between sediment dynamics and ice cover, especially during substantial shifts in
flow conditions, plays a crucial role in modifying riverbeds. To address this, controlled
laboratory experiments were conducted to explore bedload transport rate and bed

morphology under various partially ice-covered conditions.

The thesis begins with a comprehensive literature review in Chapter 1, discussing key
topics, including the formation of border ice, the hydraulic characteristics of partially ice-
covered rivers, and the theories governing sediment transport and bed morphology.

Chapter 2 delves into studying the bedload transport rate and distribution in partially ice-
covered rivers. It also examines the effects of varying extents of ice cover and changes in
flow strengths on bedload transport distribution, comparing these with conditions observed
under fully ice-covered and open channel flows. The experimental results suggest that the
general form of the Knack and Shen's (2015) equation, intended for open and fully ice-
covered flow, is applicable for estimating the total cross-section-averaged bedload transport
rate in partially ice-covered conditions. However, this equation does not adequately capture
the redistribution of bedload transport under partial ice cover. The results further
demonstrated that an increase in the partial ice coverage ratio reduces the total bedload

transport across the channel for a constant discharge.
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Prior studies, such as those by (Essel et al., 2021; Kimiaghalam et al., 2017; Peters, 2015)
have shown that the presence of border ice causes significant redistribution in flow
characteristics. This study corroborates those findings, showing that the presence of border
ice also redistributes bedload transport. A coefficient (¢pr + ¢L)/dm Was defined and calculated
to quantify this redistribution, revealing that differences in coverage ratios minimally
affected bedload transport distribution at dimensionless flow strengths near 0.1. However, at
lower flow strengths, an increase in border ice significantly altered bedload distribution,
decreasing transport rates near the banks and increasing them in the central channel.

The results presented in Chapter 2 fulfill Research Objective 1 and establish a significant
benchmark in the study of fluvial dynamics. This research is pioneering, being the first to be
documented in a peer-reviewed journal that provides a comprehensive analysis of sediment
transport in partially ice-covered rivers. Historically, investigations into this subject have
been limited to either open channel flow or fully ice-covered flow scenarios. This study
breaks new ground by examining the effects of border ice on sediment dynamics and

transport rates, a topic that has not been explored previously.

The novelty of this research is highlighted by adapting previously established equations,
which were limited to open and fully ice-covered flows, for use under partially ice-covered
conditions. This adaptation includes the derivation of an empirical coefficient specifically
tailored to these conditions. Moreover, this study is the first to explore and quantify the
redistribution of bedload transport due to the presence of border ice, significantly enhancing
our understanding of how partial ice cover influences riverine sediment transport. These
groundbreaking insights not only fulfill a crucial research gap but also set a new precedent
for future investigations into the complex interplay of ice dynamics and sediment transport

in cold climate rivers.

Chapter 3 focused on investigating the bedload transport rate and distribution in channels
featuring asymmetric partial ice cover. The research examined how asymmetric border ice,
varying coverage ratios, and different flow strengths influence bedload transport. The study
also included comparisons with symmetrically partially ice-covered flow conditions to gauge

differences. A key part of the investigation was assessing the suitability of the Knack and
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Shen's (2015) formula for estimating the total cross-section-averaged bedload transport rate

in rivers with asymmetric partial ice cover.

The findings revealed that asymmetric border ice significantly alters bedload transport
distribution within the channel, leading to a non-uniform distribution across the channel
width, with peak transport rates typically concentrated in the center of the open flow section.
The degree of asymmetry in border ice was directly linked to a corresponding asymmetry in
bedload transport rate distribution. Moreover, this redistribution was found to be more
pronounced at higher flow strengths and became less noticeable at lower flow strengths.

Despite the marked variability in bedload transport across the channel, the study confirmed
that the cross-section-averaged bedload transport rate could still be effectively estimated
using Knack and Shen's (2015) equation with modifications to account for the effects of ice
cover. This involved incorporating an additional boundary in the calculation of the wetted
perimeter, which necessitated adjustments in flow strength. This approach ensures that even
in the presence of significant asymmetrical partial ice coverage, reliable estimations of
bedload transport can be achieved, enhancing the understanding and management of

sediment dynamics in ice-affected rivers.

This chapter continues the investigation on the effects of border ice on sediment transport
rate and distribution in partially ice-covered channels by focusing on the impact of border
ice asymmetry. These findings contribute directly to Research Objective 2, marking this
study as a peer-reviewed journal publication that provides detailed insights into the impact
of asymmetric border ice on sediment transport. By systematically examining different
conditions of border ice, this research formulates and quantifies the bedload transport rates
under these varying conditions for the first time, significantly advancing our understanding

of sediment dynamics under partial ice coverage and its implications for river management.

Chapter 4 focuses on analyzing bed morphology and bedforms in rivers influenced by
partial ice cover. The study aimed to determine how changes in the ice coverage ratio
influence bedform height and wavelength. Bedform dimensions were assessed in various
experimental setups, including open channel conditions, symmetric and asymmetric border

ice configurations, and fully ice-covered flows, and they were compared with theoretical
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models from the existing literature. This comparison confirmed the applicability of these
models for characterizing bedform features under partial ice cover. The study further
examined how the extent of border ice, flow strength variations, and border ice asymmetry
impact bedform characteristics. The presence of border ice notably affected bedform
formation, with initiation points shifting further from the flume wall as ice coverage
increased. Bedform heights were diminished under ice cover and were more pronounced in
open water areas, with an increase in bedform height observed adjacent to the ice edge,
especially at an ice coverage ratio of 0.5.

In cases of asymmetric border ice, bedforms displayed an asymmetric pattern influenced by
the ice coverage ratio. The impact of ice cover on bedform distribution was especially
marked at lower flow strengths, diminishing with higher flow strengths where bedform
patterns became more irregular and less predictable. This comprehensive study provides vital
insights into sediment transport dynamics and bed morphology in cold climate rivers,
enhancing our understanding and informing future river management and engineering

efforts.

Notably, prior to this research, there had been no studies on bedform dimensions in partially
ice-covered conditions. This novel study simulates the effects of border ice and its impact on
bedform dimensions for the first time, comparing the results with equations previously
established for open channel and fully ice-covered flow conditions. Including both
symmetric and asymmetric border ice configurations, this research provides unprecedented
insights into bedform distribution across the channel width in partially ice-covered rivers.
This is significant, as bedform dimensions can crucially affect flow characteristics in cold
regions. Contributing directly to Objective 3 of this research, this chapter establishes a
foundational understanding of how partial ice cover influences riverine landscapes, offering
new perspectives that are essential for advancing river management strategies in cold

climates.
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5.2 Limitations

This study represents the first in-depth investigation of bedload transport in partially ice-
covered rivers. To ensure the feasibility and manageability of the experiments, several
simplifications were made. These limitations highlight areas for potential improvement and

future research.
1. Experimental Setup Constraints

Pump Capacity: The limited pump capacity resulted in restricted flow rates, which may not

fully represent natural river conditions.

Measurable Amount of Sand: The amount of sand that could be collected in the sediment
trap, transported, and weighed was constrained by the laboratory setup and the physical
capabilities of the personnel involved. Handling large quantities of sand posed practical
challenges and influenced the scope of the experiments.

Measurable Time: The duration of experiments was limited to short-term studies to
minimize the effects of not having an upstream sediment supply, potentially affecting the

long-term applicability of the results.
2. Actual Border Ice Rigidity

The use of bubble wrap as a substitute for border ice presented a limitation. While bubble
wrap is a relatively soft and easily deformable material, actual border ice is more rigid and

less flexible, potentially affecting the accuracy of the experiments.
3. Thermal Effects

Thermal effects, which can significantly influence water viscosity and sediment transport
dynamics, were not considered in this study. Future research could incorporate thermal

variations to better simulate real-world conditions.
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4. Uniform Flow Conditions

The experiments were conducted under uniform flow conditions, which do not account for
the natural variations and turbulence found in real river scenarios. Incorporating non-uniform

flow conditions would enhance the realism and applicability of the findings.
5. Uniform Sand Particles

The study used uniform sand particles, limiting the applicability of the results to different
sediment sizes and distributions. The experimental conditions, especially the particle size,
restricted the bedform to dunes, with no ripples occurring in the experiments. Future studies
should consider a range of sediment sizes to better understand their impact on bedload

transport and bedform.
6. Anchor Ice Formation

Anchor ice formation, a significant factor in sediment transport by ice, was not considered
in this study. Investigating the role of anchor ice in sediment dynamics would provide a more

comprehensive understanding of the processes involved.

5.3 Future Work

Laboratory Studies

1. Expand Experimental Scope: Additional experiments should be conducted with the
same apparatus that was used for the test series in this thesis to further explore the
influence of variables such as aspect ratio, bed roughness, and border ice roughness
on bedload transport rate and bed morphology. These experiments would provide

deeper insights into how these factors interact to affect sediment dynamics.

2. Comprehensive Long-Term Experimental Studies with Upstream Sand Supply:
Future studies should integrate long-term experiments with a consistent upstream
sand supply to assess the sustained impact of border ice on riverbed evolution and

bedload transport. This approach is essential to understanding the long-term
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development of bedforms and the time required to reach equilibrium under varied
sediment dynamics scenarios. Experiments should include periodic pauses to analyze
bed formation over time, offering insights into how the presence of border ice
influences sediment dynamics over extended periods. Continuous sediment input is
necessary for these long-term experiments due to the significantly higher overall
movement of sediment, which provides a more realistic assessment of natural river

conditions.

3. Investigation of Bedform Movement Velocity in Channel Width: Future studies
should also focus on investigating the velocity of bedform movement across different
sections of the channel width. Understanding how bedforms migrate and their
interaction with varying flow conditions and ice cover will provide a more

comprehensive understanding of sediment dynamics in partially ice-covered rivers.
Numerical Modeling

4. Model Validation and Expansion: The experimental results obtained from this
study provide a valuable basis for validating two-dimensional numerical models
designed to simulate river ice dynamics. These models can be utilized to simulate
various conditions of partially ice-covered flow, allowing parameters to be adjusted
over a broader range than is feasible with experimental methods. This approach will
enhance our understanding of sediment transport and bed morphology dynamics in

rivers with partial ice cover.

5. Dynamic Numerical Analysis: There is a need to employ numerical models to
dynamically investigate how the growth of border ice affects sediment transport and
bed formation. By simulating these processes, the models will provide a dynamic
view of how sediment behavior and riverbed morphology evolve as border ice
develops, offering valuable insights into these interactions' transient and complex

nature.
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