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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 affectingiver channels' dynamics and geomorphological structunelerstanding

the effects of ice cover on sediment trans@ortl 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 dtilmmandseveral studies

in conditions of complete ice cover, research in partialhcmeered 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 covertieasan flow strength,

and the asymmetry of border ice on bedload transport rate and distribution, as well as bed
morphology and bedform characteristi¥grious experimental setigpranging from open
channel flows to symmetric and asymmetric border e fally ice-covered conditions
wereanalyzed to assess bedform dimensions and bedload transport rates against theoretical
models in the literatureThis 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 chawdt, in partially icecovered
conditions the crosssectionaveraged bedload transport rate could still be accurately
estimated using conventional equations adapted for open clzeuifly i ce-coveredlows

by adjusting for the additional boundary created by the ice in the calculation of the wetted

perimeter.

The findingsalsodemonstrate 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 flowtlstreng

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 implicatiomsboth human
activities and natural ecosystem®r examplecommunities 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 amgraht® cultural

and social practices in these are@ise impact of ice on flow conditions is particularly
noteworthy, as itaffects 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
especiallyduring dramatic shifts in flow conditionplays a pivotal role in altering riverbeds,
yet this complex relationship remains underexplored. The initial stage of ice formiiéion
begins with border ice along the banks due to lower velocitigls the border ice growing
laterally inwards towards the channel centrelifl@éis process results in a partial ice cover
complicating theurbulent flow analysisConsequently, the coexistence of open water and
ice intricately impacts sediment transport, rendering its analysis more challempisg.
research includgaboratory experiments to model the sediment movements in partially ice
covered riversThe following sections summarize the general description of border ice
formation its effect onthe flow characterstics of rivers,and the interaction between

sediment movement and the presence of ice.

An experimental study of bedload transport in partiallydogered channels 1



Chapterl — Introduction

1.1.1 Border iceformation

Upon the advent of subfreezing air temperatures, the riverlcaok$asterthanthe flowing
water,leading to the freezing of the watesturated bank materidlhe shallow water depths
adjacent to the banks result in lower water velocitfasilitating the formation of a
supercooled layer on the water surfdce.formation initiates at the water's edge, extending
from the bank into the rivein conditions of low watewrelocity, this border ice initially
appears as long, slender ice formations orierstgdinst the currentThese structures
eventuallyform a thin ice sheet aligned parallel to the channel bai&&ghis 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 theat®r interface, causing

the ice to expand both vertically and laterally from the riverbanks, prieadntly 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 #a&den watersFrazil 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 conditins(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 thickakingo
stationary ice coveextending laterally into the river through either thermal growth or frazil
accretion. This dual growth mechanism leads to the development of a-sleajzgd ice sheet

that extends from the shoreline, with the ice being thiakest the shore and tapering off as

it grows outwardClark, 2013)

Thermal growth starts near the banks where water velocities are low, allowing the ice to
gradually extend towards th&hannel's center until the flow velocity exceeds a certain
threshold (Peters, 2015) Theoretical analyse®y Matousek (1984)suggest that such

An experimental study of bedload transport in partiallydogered channels 2



Chapterl — Introduction

formation requires vertical water velocities to be lower than the rise velocity of ice particles,
influenced by various factarscluding 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 accumulgiidewbury, 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 idischargebeneath the ice while thdischargein the remaining opewater
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 rdcheteagen

the middle and a compensatory increasealigthargealong the edges. This progressive
freezing of the river's surface causes a dynamic hifte velocity distribution across the
river's crosssection, 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 Crosssectional 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 Manngggiation stands out as a widely

recognized formula for estimating the average velocity in a channel derived from empirical

observationsThe current form of Manning's equation is presented as fallows
E 4o
T 2 " U3 [1.1]
Where

6 = average velocity

E = unit conversion factor

n =Mannings roughness

An experimental study of bedload transport in partiallydogered channels 3



Chapterl — Introduction

2 = hydraulic radius
S =friction slope(equal to water surface slopad bed slope under uniforronditiong

When an ice coveexistsat the free surface, it introduces a-sigp condition to the flow,
alters the roughness coefficient, expands the wetted perimeténcesaseshe overall flow
resistanceAs 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.

Mannings roughness coefficient is intended to account for the effect aividrall channel

flow resistanceThis coefficientis influenced by a variety of factors, such as bed texture,
vegetation presence, and variations in the channel's-secisnshapeandslope(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 widymamicice cover formation can alter

channel characteristics.

Ice formation across a water channel creates a new boundary, distinct from the open water,
characterized by itspecific roughness profiléhis ice roughness can vary significantly,

from the smooth surface of thin skim ice to the compleggular 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 his approach asserts that the overall conveyance of the channel is equivalent
to the cumulative conveyance of its individual segmemisen applying this to a channel

with border ice, the channel is effectively divided itliceedistinct zones: those undieft

borde ice coverthoseunderright border ice covegnd tose that are iekee.Subsequently,

by assessing the conveyance for each distinct section, thdifiilbution across the channel

can be determined.
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1.1.2.1.2 Velocity distribution

In realworld scenariosthe velocity within a channel differs from one location to another.

is common to observe lower velocities adjacent to the solid boundaries within open channel
flows, with velocities increasing towards the channel's central Aceass the flow depth,
velocity profiles at specific points are commonly depicted through logarithmic or power
based relationships. Key formulations include thelévg, velocitydefect law, and Cole's

law of the wake. Although these models are theolgtiimited to specific portions of the
velocity profile, empirical evidence suggests their utility in capturing velocity patterns across
most of the flow's deptfNezu & Nakagawa, 1993)he loglaw equation for rough channels

is provided belowThe roughness shift should be set to zero to adapt this equation for smooth

channels

U WO [1.2]
Where:

I average streamwise velocity

0.= shear velocity

' = kinematic viscosity

I = von Karman constant (0.41)

z = distance from bed

AO = roughness shift

According tothelog law, the velocity reaches its maximum at the water's surface, growing
steadily as one moves away from theerbed. 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 ifChow, 1959) This phenomenon is frequently ascribed to the presence of

secondary curren{®ezu & Nakagawa, 1993)
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In rivers completely covered by ice, the-sigp condition enforced by the ice cover reduces
the velocity at the ice's underside to zero, causing the point of maximum velociovéo
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 dweghe same
roughness as the riverbed, the highest velocity point will be positioned midway between the
riverbed and the ice's undersiffeeters, 2015)The vertical streamwise velocity profile
articulated using an advanced tyvarameter power laTeal et al., 19947 sai & Ettema,

1994) This methodology enhances the conventional pdagr approach typically
employed in open channel flow analyses by incorporating a unified curve to represent the
complete velocity profileThis 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)he twoparameter power law developleg Tsai and Ettema
(1994)is outlined agollows:

[ 0 (- p - [1.3]
Where
0  aconstant foa given flow rate
m;i = parameter related ioe roughness
mp = parameter related to bed roughness
h = waterdepth

Error! Reference source not found.illustrates the normalized streamwise velocity d
istribution for open channel flonendfully and partially icecovered conditions. The figure
depicts only half of the channel, as the flow demonstrates symrrethe case of partially
ice-covered rivergFig 1.1c), channel crossection can be consideredthsee distinct zones:
open, transitional, and covered, reflecting the influence of partial ice cover galtiogy
profile. Each zone exhilstunique velocity characteristics: the covered zone nsrtioe

velocity profile typical of fully icecovered channels, the open zone aligrith traditional
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open channel flow profiles, and the transitional zpnesens an intermediary velocity

profile, distinct from both the fully covered and entirely open scenéfieters et al., 2017)
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Figure 1.1. U/Uavg contours for a) open channel, b) fully icecovered, and c) partially icecovered 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 chanpieistal for the
exploration of interconnected phenomena such as sediment tranpertability to

accurately characterize sediment transport is essential for assa#statjareas like scour
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analysis, riverbank stability assessment, iih@act on aquatic habitats, ansuspended

sediment concentration dynamiSturm, 2010)

Directly at theboundaryinterface, the fluid velocity equates to that of the boundary itself, a
principle referred to as the +ship condition. This fundamental principle results in the
generation of @hear force on the channel boundary due to the fluid m@#anson et al.,
2013) A momentumanalysis conducted on a uniform flow section within the channel

indicates that the average shear stress across the channel can be mathematically formulated

as:
T=y2 S [1.4]

Where

T = average shear stress,

y = specific weight of water,

The approaches used to ascertain average shear stress in open channels are similarly effective
for channels withce covers.lt is important to highlight thathe wetted perimeter, a critical
factor in calculating hydraulic radius, differs between partially-coeered, fully ice

covered, and open channel flaws

1.1.2.2.2 Shear stress distribution

It should be noted thalhe shear stresalongthe channek wetted perimeteexhibits spatial
variability, resultingin certain areas experiencing shear stress above or below the average.
One approach to calculate the shear stress at a specific point along the charmt bed

the local velocity profile to the log lavwn this context, the shear velocity is utilized as an
adjustable parameter to align the observed velocity profile with the theoretical one predicted
by the loglaw. Upon determining:., this parameter can then be utilized to compute the local

boundary shear stress at the specified locatsimg the followingequation:

z N [1.5]

Where:
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Z = boundary shear stress
M= waterdensity

Research on open channel flaemonstrates that shear stress distribution exhibits its
maximum values at the channel's centeducingto minimal levels at the edgeshere it
sharplyfalls to zeroat the interface of the water surface and the river darkimportant to
note that the spatial distribution of shear stress across a channelsentimsfor ice-
covered flowmay differ significantlyThe distribution model biezu and Nakagawa (1993)
diverges from thepenchannel digtbutionwith acentral peakpresenting a local minimum

at the center and two maxima positioned closer to the vrdlwever, this configuration is
not always the cas@ he work ofKnight et al. (1984emonstrated that in many instances,
the shear stress distributionsfirly ice-covered flows resemble those observed in open
channel flowswith variances in the intensity and positioning of local maxiftzat is
numerous studiestill 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, experimehigh\ftoude
numbers, 50%overage, andoughbed 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 thealretiodel for shear

stress in fully covered channelhe 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 pattévioreover, 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 threstialde. 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 velodqity) to the shear velocityas
(Raudkivi, 1998)

2<—<6 bedload
0.6<—<2 _J  saltation
— <0.6 suspension

—

In the current study, thmtio — falls within the range of 2 to.&\s a result, the focus of this

research is on bedload transp@&tdload 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 denotpdad 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 sef@aecia, 2007)

Numerous formulas have been established in the broader context of sediment transport,
mainly descriling therelationshipbetweerthe dimensionless bedlo&@dnsport ratand the
dimensionless flow strengt@hein and Wan (199@roposed an empirical formula that links
dimensionles$edloadtransport ratdo dimensionless flow strerty, as seen in Equation

[1.6]. Following this,Knack and She(2015)conducted a comprehensive review of various
studies to empirically ascertain suitable

2.1, respectively.

f= — — [1.6]

f=——7F [1.7]
.

~ 3»mCO [1.8]
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Where:

f = dimensionleskedloadransport rate
d = dimensionless flow streggth

— =critical dimensionless flow strength
o a mdmpfcal coefficients

A =1 (ss= specific gravity of sediment)
D =theparticle diameter

g = gravitational acceleration

Sediment movement on thed 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
andlower average velocities for the same flow rate. This can cause sediment transport rates
to vary and significantly impact channel morphol@ggtema & Daly, 2004)Conventional
equations typically applied to fremirface flow conditions can be adapted to estimate
bedload transport withiite-covered channelsy characterizing the flow strengthising the

bed shear stregKnack & Shen, 2015)

1.1.4 Bed morphology

When sediment particles are set in motion, their unprediceabkon and sedimentation
patterngntroduce slight disturbances in the bed surface's elevtiwmse slight changes in

the bed's surface structure, known as bedforms, camsgtn the entineverbedwidth. 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 chaBh#ts.in

the resistance due to changes in bedform cordigons lead to adjustments in the stage
discharge relationship, thereby presenting challenges in accurately determining river flow

volumes based on water levekasurement@ulien, 1995)
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The formation, growth, and movement of bedforms are central to sediment transport
processegVenditti 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 instrumeniaipredicting the characteristics of dune features based on
observed flow properties andferring 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 dep#ssdune sizes directly indicate roughness height.
Moreover, numerous sediment transport equations integrate these dimensions to model
sediment dynamic@radley & 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.

L.x

Figure 1.2. Schematic of bedform height and length definition.

The historical development of relations thiak various flow parameters to dudenensions,

often called scaling relationbas been significanThese 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 (Val®, 1964) the depth

and grain size of the sedimg@dulien & Klaassen, 1995)he transport stag@llen, 1978;

Karim, 1995; van Rijn, 1984and combinations of transport stage and Froude nu(@ilér

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
observationaindselect field datgBarton & Lin, 1995; Lane & Eden, 1940; B. Singh, 1960;

Vanoni & Brooks, 1957)Yalin's work resulted ithe followingempirical formulas

p Z._
7 [1.9]

Sl

g
E

WhereH is dune height; is flow depthz is critical shear stress for the median bed material

size from the Shields curvBubsequently, the equation was simplified to:

E
0 [1.10]

Yalin (1964)also suggested an empirical formula to estimate dune lengtexfirgssed as:

., ULE [1.11]

Furthermore, these scaling relationships have been expanded by researchiéemikmg

(1988) who suggested an empirical equation relating bedform height to length based on a
comprehensivanalysis of deepea, tidal, and river bedforniEquation [1.2]). This and

other similar equations by researchers @ten et al. (2012ndLefebvre et al. (2016yith

varying coefficients, provide a robust framework for understanding bedform dynamics
(Bradley & Venditti, 2017)

( mrexX [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 soumcksjing both
laboratory flume experiments and field studi€beir work verified that dune height and
length follow a power law relationshgpecifically expressedsEquation [1.13]which is

consistent with Flemming's established relationship.

( mrupd [1.13]
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1.2 Literature Review

1.2.1 Partially ice-coveredflow

The formation of border ice from riverbanks introduces additional resistance under the ice
cover,causingdecreased flow ithe coveredareasand increased flow in the openea of

the channelThe expansion of border ice, leading to complete surface coverage, enhances
this resistance in the channel's central.@dris alteration affects the flow dynamics, causing

a decrease in the central flowBsang (1970pbservedThe dynamic impact of border ice

on flow distribution continues throughout the freegeperiodwith the growth of border ice
incrementally increasing the channel's wetted perinf€erk, 2013) The impact of border

ice on flow redistribution has been the subject of limited studies

Tsang (1970gxplored how a icecover alters velocity distribution through field studies on
the Nottawasaga River, revealing that velocity profiles in open \&egesimilar tahose of
open channel flow, increasing from zero at the betthéamaximum at the surface. Under
ice, the velocity profile resembles an-cevered channel, with zero velocity at the bed and

ice, reaching a maximum in between.

The depthaveraged 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 iigluadiv
subsectionHirayama (1986applied this approach to the Yubetsu River in Japan, observing

a shift in flow towards the open water section as border ice expahdisdshift in flow
distribution was also notebly Majewski and Baginska (198&)uring 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 experimentsylajewski (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 dividechannel 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 operekcbection.

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 weatedsti
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 pronouncedmoving from the bank towards the ice edgeridas methods were
employed to predict lateral velocity distribution, incorporating different equations and

concepts to estimate composite roughness values.

Peters et al. (2015, 2017, 20t8nducted experimental studies at the University of Manitoba
focusing on the hydraulic dynamics induced by border ice in a rectangular&etipyork
highlighted the profound effeabf border ice's presence and physical characteristics,
particularly its extent and surface roughness theflow redistributionwithin a channel.
Notably, the studies demonstrated that roughness significantly alters flow dynamics by
decreasing water velocity in proximity to the roughened ice ealggscreasing the shear
stress exerted on these areHsey also introduced systematic framework to categorize the

channel crossection into open, transitional, and-i@veredareas

In a detailed experimental study led Kyniaghalam et al. (2017h a controlled laboratory

setting, water velocities were measured within a smooth rectangular flumesimdiated

smooth border ice conditionBhe 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 logarithic law. Additionally, various methods like energy transportation,
momentum and continuity equations, flowtranalysis, and geometric techniques were
employed to estimate shear stress distributidfigle there was consistency in average shear

stress calculations across these methods, discrepancies emerged in the boundary shear stress

estimates, particularly along the channel sidewalg. flow net approach was notably more
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aligned with logarithmic law predictiong 2018,Kimiaghalam et alsimulated a partially
ice-covered flow in a trapezoidal channghe study explored variations in streamwise water
velocity and boundary shear distribution, analyzing the effects of differirgpi@rage and

surface roughness.

Essel et al. (2021)ndertook a comprehensive study invotyiexperimental observations

and threedimensional (3D) computational modeling to examine turbulent flows in channels
under simulated partial ice cover conditiombeir findings revealed thgartial ice covers

and secondary currents near the channel walls significantly reshapedatieel's mean
velocity profiles, Reynolds stress distributions, and turbulence produciiba 3D
simulations highlighted that these alterations in turbulence characteristics were
predoninantly shapedby pronounced counteptating 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 amsdsthheder ice

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

NyantekyiKwakye et al. (2021)employed particle image velocimetrp tneticulously
examine turbulent flows beneath simulated partial ice coverage conditliesnnovative
approach allowed for an-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 flowsThe research compared the performance of established models,
including the LudwiegTillmann, quadratic stress law, and Prasddeventh power law,
against theraditional logarithmic law model in predicting bed shear stress variations under

different degrees of ice coverage.

1.2.2 Sediment transportand bed morphologyin ice-covered rivers

Extensive research has been dedicated to formulating equations that capture the complexities
of sediment transport and the ensuing morphological changes in riverbedsopeder
channel flowconditions.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 geomorphalggack, 2011) The
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dynamics of sediment motion at the riverbed are primarily governed by forces such as lift,
drag, and gravitylce 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 vel(iitezsa &

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, asypothesizedy Ettema and Daly (2004jce cover may also induce lateral
flow redistribution, thereby variably influencing sediment transport rates across different
sections of the channdepending orthe thalweg's positioninddespite the acknowledged
impact of ice cover on sediment transport dynamics, empirical investigations into its

quantitative effects remain sparse

Field investigations, such as those conductedLéyson et al. (1986)have provided
comparative analyses of sediment concentration data across winter and summer periods,
highlighting seasonal variationd/uebben (19861988)explored the dynamics of sediment
transport and bedform development under conditions of a floating cover, demonstrating the
potential applicability of opemwater sediment transport theories to the-sebflow layer
dominated by bed resistand@omplementing this view, flume experiments conducted by
Shen and Wang (199%)emonstrated that bedload transport undecamered conditions

could be conceptualized within the frameworks established for equivalentcbaenel

flows. Similar inferences were drawn Bftema et al. (2000vhocompared thume data

of Sayre and Song (197%mith and Ettema (1998hd Ettema et al. (1999yith established
sediment transport formulations iBinstein (1950)and MeyerPeter and Muller (1948)
Ettema and Daly (2004rovided an irdepth qualitative exploration, proposing a series of
dimensionless parameters anticipated to influence sediment transpdrtbedform
dimensionsunder icecovered condition&Zabilansky et al. (200onducted reaiime scour
measurements under ice using Time Domain Reflectometry (TDR) across three sites,
demonstrating that ice covergarticularly when unable to adjust vertically to discharge
changescan significantly accelerate riverbed erosibmeir laboratory tests, simulating open
water, floating ice, and restrained ice conditions, mirrored these find@pgsifically, under
restrained conditions with increased discharge, the velocity near the smoother riverbed

increased, enhancing shear stia@sd subsequently intensifying bed erosion.
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Recent observations have highlighted the significance of anchor ice rafting in transporting
sediment under icaffectedconditions. 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 ragignificant amounts of sediment downstream, including large patrticles that

are not typically mobilized by peak discharge flows. Kempemad Ett ema’ s f i
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 mobiliratron

occur during winter lowflow periods.

Further explorations of the interactions between ice processes and fluvial sediment dynamics
have been conducted [yrcotte et al. (2011and Ettema (2008)which emphasize the
profound impact of ice cover on river morphology. Howevergiffeculties associated with
fieldwork under such conditions have resulted in limited detailed empirical data, thus
restricting inrdepth quantitative analysikamari et al. (20153tudied the impact of river ice

cover on sediment dynamics using a -dimeensional hydrodynamic model on the
Kokemaenjoki River in Southwest Finland. Their findings indicated that a smooth,
thermally-formed ice cover significantly reduces riverbed erosiod turbidity compared to
ice-free conditions with similar discharges. Additionally, letegm field data revealed that

ice cover notably decreases suspended sediment concentiati®reg the river's overall
sediment loadPajunen et al. (2024hvestigated sediment transport in a subarctic river using
onedimensional morphodynamic models and imbgsed data, comparing leflow open

channel conditions in autumn to icevered conditions in winteSimulations indicated a
marked reduction in sediment transport under ice compared to open water, with erosion
predominating in operwater and deposition in ieevered conditions. Additionally,
increasing ice thickness subsequently increased flow velocity and shear forces, enhancing
bedload transportThe use of imagbased datasets for sediment analysis proved more
reliable for model calibration in ieeovered 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 trangpdriver bed akration

through numerical modeling has been relatively limited but noteworthy. Studies by
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researchers such &arr and Tuthill (2012)Kolerski and Shen (2015Manolidis and
Katopodes (2014)Zhang et al. (1994) and Knack (2011) have made significant
contributions to this field. A particularly notable advancement was ma#ebgk and Shen
(2018) who developed a comprehensive coupled model that integrates sediment transport
and riverbed morphological changes with hytrermalice 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 iggvered conditions, underscoring a gap in theerurbody

of knowledge and highlighting an area for future research endeavors.

1.3 Research Objectives

As evidenced in the previous sectionsderstanding sediment transport, bed dynamics,
erosion, and deposition is critical when designing negtri@am structure\ multitude of

models have been specifically developed to agkess 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 essenta@l a comprehensive understhng 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 underexaner ice, forming along

the edges of a river, can alter flow patterns and sediment distrib{iieninteraction
between ice cover and sediment dynamics remains underexplored@hdunderstood in

river engineering and environmental managemdiitere 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 predetnodels and management strategies for rivers in
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cold regions, ensuring their ecological stability and the effectiveness of engineered river

structuresThe 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 transptetn 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 symmetricasyinmetric) on bddrm

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 thb&schapter is

an adapted version afpublication in the International Journal of Sediment Research titled
"Experimental investigation of sediment transport in partially-cimeered 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 gumance of

author Pr. Shawn Clark The final manuscript was accepted on June 16, 2023.

Chapter3

In Chapter3, laboratory experiments are detailed to explore the impasyohmetridoorder
ice on sediment transport rates and distribyttbrectly aligning with Objective? of the
thesis This chapter i@nadaptedversion ofa published papen the Water journal titled
Sediment transport beneath a simulated partial ice cover: Effects of asymmetric bdrder ice

co-authored with Dr. Shawn Clark of the University of Manitoba.

An experimental study of bedload transport in partiallydogered channels 20



Chapterl — Introduction

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 accemtédbvember 252023

Chapter4

In Chapter4 of the thesis, laboratory experiments were conducted to explore the influence
of symmetric and asymmetric border ice on bedform featdnes;tly addressing Objective

3. This chapters an adapted version afmanuscript submitted to the journal Cold Regions
Science and Technology titled "An experimental study into the bedform morphology in
partially icecovered channels," eauthored with Dr. Shawn Clark from the University of
Manitoba, submitted on April £024.

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 Sprovides a summary @ghe major findings and contributions of this reseatth.
also introduces suggested areas for future exploration.
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Paper 1: Experimental
Investigation of sediment
transport in partially ice -
covered channels

Chapter 2

2.1 Abstract:

It is important to understartie effects of ice cover on sediment transport in cold climates,
where sulreezing temperatures affect water bodies for a significant part of theTyear.
literature contains any studieson sediment transport iopen channel flowand several
studies on sediment transportaompletely icecovered flow There has been little or no
research on sediment transport gartially icecovered channeldn the currentstudy,
laboratory experiments wedenein a rectangular flume tguantifythe impact of bordece
presencen the sediment transport rat&he effecs of ice cover extent and changing flow
strengthson sediment transpodistribution also werenvestigated and the results were
compared to those fdully ice-covered and open channel flowhe ice coverage ratios
considered were 0 (representing the open water condition), 0.25, 0.50, 0.67, and 1
(representing fully iceovered flow).The partial ice cover was found to impact seeiment
transportdistribution within the channelThe effect of ice coverage extent on sediment
transport distribution was more significant at lower flow strengths and became negligible at
higher flow strengths. Theonventional equati@for sediment transport in open channel
flow and fully icecovered flowthat réate the dimensionless bedload transport rate to the
flow strength were found to be applicable to estimate the total -sext®naveraged
bedload transport for partially ievered flow when modified appropriately. Empirical

coefficients for these equans were determined using the experimental data.

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

It is essential toainderstandhe impacts of ice cover on the hydraulic, sediment transport, and
geomorphologral characteristics of rivers in northern climateecausesubfreezing air
temperatures affect water bodies for a significant part of the izady-winter ice formation

can take the form of border ice, which forms along the river banks due to the low water
velocities in this areaA partial ice cover results from lateral border ice growth from each
side of the river. It can cause flow redistribatand change the water velocity profile in the
channel cross secti¢Reters et al., 201 Ampacts 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 weks or even longer. Observations on the Dauphin River, Manitoba,
Canada, have noted the development of-wiiiter open water leads that formed within a
consolidating ice coveiWazney et al., 2018)he 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 trygnto understand the full sediment budget of a river.

Many studieshaveinvestigated open channel and completelydoeered flow; however,
research opartially icecovered flowis limited. Understanding border ice formation and the
impact of its presence on the hydraulic characteristics of rivers, sediment transport, and
geomorphology wilffill current knowledge gaps and improtiee potential for numerical
modelsto accurately simulate morphodynamic changes in rivers that experience partial ice
cover(Peters, 2015)

There are mangquationghat deal withsediment transport arabsociatedbed changes for
open water conditions. Thesequations are used to predict suspended sediment
concentrations, sediment transport rates, anddredtype and size, arttave & important
role in understanding rivggeomorphologyKnack, 2011)Bed sediment motion results from
the forcesexerted on bed particléiét, drag, gravity) The presence of ice cover ag@nerate
turbulence andecreasavater drag on the be@Ettema & Daly, 2004)This is mainlydue

to the additional boundamgsistancémposed by the ice covérat causes an increased water
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level and lower average velocity for the same flow rate. The ice cover presenatidsdly
redistributes the streamwise flow velociffhese two effects typically cause an overall
decrease in theediment transport raia comparison to open channel flo®n the other

hand Ettema and Daly (2004ypothesized thate coverpresencdaterally redistributsthe

flow, causingeitheran increase or decreasehesediment transport ras specific spanwise
locations depending on the locatiohthe thalwedice cover usually concentrates the flow
along the thalweg)he presence of rough ice and/or a rough bed can cause more complicated
redistribution in flow velocity and shear strg$¥eters et al., 2018onsequently, flow
response to ice cover presencegadsable in different situations, making it difficult to draw

a conclusion aboutd effects on a river's bed and banksalyzing partially icecovered

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 andettow strength of thin ice, causing safety concerns for
data collectionNyantekyiKwakye 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
measurementdEssel et al., 2021; Kimiaghalam et al., 2017; Majewski, 1992; Peters, 2015).

Relatively £w studiedaveinvestigated the effect of ice presencdlmmsediment transport
rate however, Ettema and Daly (2004rovideda thoroughgualitativeassessment on the
topic. They developed a set of dimensionless paramétgrsthesized to affetediment
transportin the presence of aite cover.Lawson et al. (1986{id fieldwork in which
suspended antiedload concentrationdata were measured during the winter atiebn
compared to summer period davduebben (1986, 1988hvestigated sediment transport
and bedforms under floating cover conditions and showed thatwgientheories might be
applied to the lower flow layer of the i@®vered condition, where the bed resistance governs
the flow (Knack & Shen, 2015)Flume experiments in 19%twnewith a floating cover and
low-density chips have also shown theedloadtransport in icecovered channels can be
described by conventional relations for the equivatgr@n channellow (Shen & Wang,
1995) Ettema et al. (2000nade similar suggestions for the sediment transport rate. They
compared the flume data 8ayre and Song (1973mith and Ettema (1995 ndEttema et

al. (1999)with boththe Einstein (1950and theMeyerPeter and Muller (1948prmula
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Knack and Shen (201®yoposed a numerical model for sediment transport and bed change

in alluvial channelsvith a full ice cover

The literature shows that the effectagdartial ice coverand more specificallthe different
extens of partial icecoveron sediment transpgtave not yet been investigat&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 wedenein the Hydraulics Research & Testing Facility at the
University of Manitoba.A rectangular flumgFigure 2.1) 14 m long, 1.2 m wideavas
constructed usingigh density overlay{DO) plywoodwith abed slope of 0.26%. Discharge
was measured in thitume's supply pipe using ®ynasonicultrasonic flow mete(+1%
accuracy) which led ta head tank that had a greater width and depth than the flume to help
dissipate turbulence producday the discharge pipe. Water then flowed through a
honeycomb flow straightener to condition the flgvine 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 fleutg.
developed flow was confirmed by measuring vertical profilestifamwise velocity at
varying distances along the flume length using a Nortek Vectaicmustic Doppler
velocimeter Five 39.4 mm diametemanometetubeswere installed on the flume wall to
measure the water surface profilging a point gauge with an accuracytdd.2 mm.A 70

mm thick layer ofuniform silica sandwith a median diameted4g) of 1.3 mm was placed
throughout the flume lengtlsteel rails were installed along the length of the flume walls,
upon which a leveling device on rollers was instlio 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 regdiregid 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 lvegted downstream of the step to
collect sediment and meastinesediment transport rate. The sediment trap was divided into

An experimental study of bedload transport in partiallydogered channels 25



Chapter2 — Paper 1: Experimental investigation of sediment transport in partialiyoieered channels

threeseparate bins in the streamwise directismgtwo long sections of aluminurangle
This division of sediment tradipcilitated themeasurement dhesediment transport rate near
the channel walls and within the censection separatelirhe downstream water level was
controlled by @ottomrmounted, hingedate.

Plan

view Underground reservoir

Flow meter Flow Pump gaes
Flow straightener p;, .4 Layered Manometer Tl
e . d gravel locations
| san /}ngles

1.
Headwater

Profile
view

anlv straightener Fixed sand Water level

ail-gate

L] /
Headwater Tavered gravel Fixed step  Sediment trap
tank 2727, \

Figure 2.1. Schematic diagram of the experimental setup (all dimensions in meters).

Bubble wrap was used to simulate a smooth partial ice cBigurge?2.2). Three lines were
drawn along the bubble wrap, at the appropriate distance to repttestnee different ice
coverage ratiosised in the current study¥he bubble wrap was nailed to the flume wall at
the appropriate elevation along the appropriatetbreetthe desired ice coverage ratind
prevent lateral movement of the simulatedfmeeach partially ice&eovered test. For fully
ice-covered conditions, the bubble wrap was nailed to the upstream end of theHubhk

wrap and a thermally grown border ice cover have similar hydraulic roughness; however,
they are different in terms afidity. 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. Additietelsdand pictures of

the experimental setugan be found iflRouzegar and Clark (2022)
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Figure 2.2. Simulated icecovers for a) partially ice-covered flow and b) fully icecovered 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 beakulating the corresponding
applied shear stress. The measured value was found to be nearlgaidentihe 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 waoeeunderuniform flow conditionsby adjusting
thedischarge and water deptih the desired value for each te&tcomposite Manning n

value of 0.012 was experimentally determinsthgthe observed water surface profiles over

a range of partially and fully ieeovered flow conditionsAlso, 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 condifleeters, 2015)A consistent
procedure was followed to reach a uniform flow in the THie 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 steadyy&city 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 heidtte water surfaceslope and flow depth were
measured in athe experimental runsThe approach was consistent with other stu@es,
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 durafibagest conditions,

including the duration of each experiment, are listefable2.1.

At the end of the experimergand in the left (L), right (R), and middle (M) sections of the
sediment trap was collected separatéhied inanoven at a temperature of 110 £ 5 °C (230
+t9°Fycool ed in the air at ourandthe masasdgetermaeédur e f ¢
with an accuracy 0£0.2 g(ASTM C-12815, 2015) The sediment volume was obtained

considering that bulk density was 1.5 gfcim - ), whereG is the collected and dried

masf sedimentdj], Vis the volume of dried sedimefin®], andm is the sand bulk density.
Then,thevolumetric rate obedloadransport per unit widtfry ) wascalculatedas follows
(Khosravi et al., 2020; Nezu & Rodi, 1986sai & Ettema, 1994)

n — [2.1]
whereT is the sampling time [s] ardlis theflume width.

In shortduration 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 sedimspott
rates(Binns & da Silva, 2009; Khosravi et al., 2020je 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 O (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 wagaeépge 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 dismamess 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 maally 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 arising 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  Dmendoneslov o VSN Sopeqn R MOt cotecor

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 1T = the aver2agtee shear
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hydraulic radius, and S = the water surface slope. The shear stress at the chams)elbsd (
then <calculated by multiplying the average
suggested byPeters (2015who used a logaw fitting procedure for similar hydraulic

conditions in the same experimental setup

T 28Sy [2.2]
W= 1. 271 [2.3]

Thedimensionles®edload transport rafgé) and thedimensionless flow strengtry), given

in Equationg2.4] and[2.5], were calculated for each test using:

— — [2.5]

whereg = gravitational acceleratiod = the particle diameter andA =1 (ss= specific

gravity of sediment)

The tydraulic radius was calculated usiBguation [2.6]whereA = the cosssectionaflow

area andP = the wetted perimeterThe wetted perimeteand aredor open, partially ice
covered and fully ice-covered flow is shown irFigure 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.

2 - [2.6]
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Figure 2.3. Wetted perimeter for a) open channel flow, b) fully icecovered flow; and c) partially ice
covered flow.

Chein and Wan (1999) suggested an empirical equation refiatrg{Equation [2.7]) where
— is the critical dimensionless flow strength dndndb are empirical coefficients{nack
and Sherf2015) used a range of studies to empirically determine appropriate valli@scf
b (yieldingl ¢ ATIA ¢®).

f=| — — [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.
TheKnackand Sher{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 strengthsd be included in the experimental data. It should be noted; however, that
border ice formation during freezs 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 thefltdise usingf =| — —
was drawn on the graph, with coefficientand’ (Equation [2.8Petermined by minimizing

the rootmeansquare relative erraas defined by Equation [2)9]The %  calculated for
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this dataset is equal to 0.189, which is acceptable compared to previous @ndigs &
Shen, 2015]Figure2.4).

f=@8tx— mrt p® [2.9]
% = -B 11 6—— [2.9]
whereN = the number of experimental measurements, = 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 Bolemanand Steele(1999) The resulting measurement

uncertainty o—and¢ were found to be 5% and 2.5%, respectively.

For a constant discharge, an increase indbeoverage 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
shown inFigure2.5. 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/s

The sediment trap was divided into three sections to investigate the effect of different extents
of border ice on the dimensionless bedload transport Tate values ofp andd 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 crossection have no subscript. The values of theice area, A, and wetted

perimeter, P, used in the calculation affét eachsection are defined iRigure?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 she tress
distribution in a channel is necessary to analyze sediment transport. Shear stress distributions
reported by Peterst 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
usingNortek Vectrino Il profiling acousti©oppler velocimeter (ADV,)and the bed shear
stress distribution was calculated by fitting the-lag to each velocity profile. The results
matched those of Petertal.(2017) very well Figure2.7). In the case of open channel flow,

if the bed shear stress distribution were perfectly uniform along the channepbed. {/

¢ém would equal two. However, the sidall effects cause nonuniform sediment transport in
the cross section during the open channel flow experiments. It is worth mentioning that the
sidewall effects existed in all tests, including open channel, fulcmesred, and partially
ice-covered flow. The exact shape of the shear stress distribution is not constant in all the
channels, and many factors likeosssectional shapand aspect ratjdhe sinuosity of the
channel and the boundary roughnesdistribution can affect it Previous studies have
indicated that the shear stredeng the bed igero 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.

Theobserved bedload transport rate in the current experiments was minimum in the corners

and was highest in the center of the chanAetypical sediment transpomistribution

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

shown inFigure 2.8. For this specific examplepg + ¢.)/ ¢m had a value of 1.18. These
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results show that sideall effects did occur during the experiments, including the open
channel flow experiment. The sigaall effects would have been similar for all experiments,
which allows the incremental impact on sediment transport that is causegdial 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 icé&Neauer.
and Nakagawa (1998¢ported a shear stress distribution that did not have a maximum value
at the center of the channel and instead had two maxiach, located approximately half
the distancérom the wall to theenter. However, in the distribution presentedinjght et

al. (1984) theglobal maximum shear stressesreat thecenterof the channelln the current

set of experimental resultshr(+ ¢r)/ dm of the fully icecovered flow was equal to or less
than that of open channel flow for a constant flow strerigtdu¢e2.9).

The shear stress distribution for partially-tvered flow is even more complicat&ters

et al. (2017)presented a shear stress distribution for partialhcmesred 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. Howeaststwo t
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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, whicistead had enaximum shear stress value beneath the

edge of the ice andlacal minimum value at the centerline

Comparison of §r + ¢.)/dm for different flow strengths and coverage ratios is shown in
Figure 2.9. At a constant flow strength the open channel and fullycaesred flow
experiments had the most uniform sediment transport distribution across the channel as
demonstrated by the relatively high valuesgef€ ¢.)/¢m. It is worth noting that high values

of dimensionless flow strength had more uniform sediment transport distributions with
values of ¢r + ¢L)/dm that werecloser to 2. The presence of border ice caused a significant
decrease ingg + ¢.)/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
shea stress redistribution along the riverbed that promotes greater relative sediment transport

in the middle of the channel and reduced relative sediment transport cltsebtnks.

Peters et al. (2018uggested thdlheshear stress distributisamains relatively constant for

the differentcoverage ratig however, their experiments were limited to dimensionless flow
strengths in excess of 0.1. Th@rrentexperimentsare not necessarily in disagreement with
this statement since the values(¢ + ¢.)/¢pm have a tendency to converge at high flow
strengths. Also of interest is the fact th@t + ¢.)/pm for C = 0.5 is greater than that for C =
0.67 in some of theurrentexperiments. This may correspbto the observation by Peters

et al. (20%) 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 (RM-L).

Figure2.10showsthe detailed data upon which the ratios presentEdjure2.9 were based.
The rows ofFigure2.10 correspond to sets of experiments with the same coverage ratio. For
a specific coverage ratio (or row of the figure) the plot in thehaftd column shows the
how the total dimensionlesgedloadtransport rate increases with increasing dimensionless
flow strength. The figure in the rigitand column further separates out the experimental
results into the left, middle, and right hand sections,(.ed.), (dv, dm), (dr, ¢r)). In each
group of pointsd. = dr< dwv , which means thahe twopoints on the lefthand side shows
the dimensionless bedload transport rate in the side sections, and the point on-tlendght
side depicts the middle sectidn.all cases, the applied shear stresslaadioadtransport
rate were higher in the middle section than the side sections. At high dimensionless flow
strengths the rate bkedloadransport in the middle section was only slightly higher than the
sides; whereas at low dimensionldss\fstrengths the relativeedloadransport rates in the

sides were significantly less than the middle.

An experimental study of bedload transport in partiallydogered channels 40



Chapter2 — Paper 1: Experimental investigation of sediment transport in partialiyoieered channels

0.1

0.01

0.001

Dimensionless bedload transport rate

0.0001

b)

0.1

0.01

0.001

Dimensionless bedload transport rate

0.0001

0.3

X
[
0.03
Dimensionless flow strength
X
L/
0.03 0.3

Dimensionless flow strength

0.1

0.01

0.001

Dimensionless bedload transport rate

0.0001

0.1

0.01

0.001

Dimensionless bedload transport rate

0.0001

0=0.05
0=10.06

0=10.07
0 =0.085
0=0.1
——Eq.(8)

X > & 0O e

0.03

0.3
Dimensionless flow strength

0=0.05
O 0=0.06

- 0=0.064
* 0=0.07
A 0=0.085
X 0=0.1
——Eq.(8)

0.03

0.3
Dimensionless flow strength

An experimental study of bedload transport in partiallydogered channels

41



Chapter2 — Paper 1: Experimental investigation of sediment transport in partialiyoieered channels

c)

d)

0.1

0.01

0.001

Dimensionless bedload transport rate

0.0001

0.03

Dimensionless flow strength

0.3

0.1

0.001

Dimensionless bedload transport rate

0.0001
0.03

Dimensionless flow strength

0.3

0.1

0.01

0.001

6=0.05
0=0.06

Dimensionless bedload transport rate

0.0001

0=0.07
0=0.085

X b & O e

0=0.1
——Eq.(8)

0.03

0.3

Dimensionless flow strength

0.1

*e
m]

0.01

0.001

6=0.05
0=0.055

Dimensionless bedload transport rate

0=0.06
6=0.07
0 =0.085
0=0.1
—Eq®)

Fad
X b & 0O %X @

0.0001
0.03

0.3
Dimensionless flow strength

Figure 2.10. Comparison of the total dimensionless bedload transport rate (Leftolumn 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 rah = 1.
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Figure2.11 shows the effect of changing the coverage ratiopan($.)/¢m for different
flow strengthsFigure2.11 confirms the previous results regarding the coverage ratio and
flow strength effect on the sediment transport distribution. The high valugs ©f¢()/dm
for open channel floWfC = 0) and fully icecovered (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 vajwerdfi (/dm
is in the same range fd= 0.07, 0.085, and 0.1. The presence of border ice caused a decrease
in (dr + dL)/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 flowgstréiman at

higher flow strength.
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Figure 2.11. Coverage ratio effect on {(r + «.)/ «w 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 icecover 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 vertical) 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 resistaniod, eduses

an overall decrease in water velocity and an overall increase in water depth, followed by an
overall decrease in the bedload transport rate. Comparing partiatiyoveeed flow
conditions shows that increasing the border ice coverage rationgifoom Time 2 to Time

4) causes a decrease ¢ ¢ ¢L)/dm. 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 sédtions 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 snowsdeiten spring freshet. The
applied shear stresses are, therefore, also typically lower than at peak flokeliheod

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 experimentdisreiow 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 transporetedtimated.
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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 velcatiesause

border ice to be detached from the bank, causing the removal and transport of frozen bank
and bed materials as well as any washisiad sediment originating from within the border

ice itself(Turcotte et al., 2011Border 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 thesema#dd sediment transport
mechanismsplored. Instead, the focus was on providing the first quantitative results of

bedload transport under partially icevered conditions.

.................

Time 1
Time 2
Time 3
HH Time 4
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 structuressuch as bridge pier§hat is, designing the structures based on the total
sediment transport rate is not always correct beapusemore thamp for the partially ice
covered periodFigure 2.13 shows thatpy can be more than two timesfor a part of the

yearat relatively lower values of flow strengt@onversely, 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 enginedcshave a more accurate estimate of sediment transport

processes throughout the entire year, rather than relying on approximations during the winter.

An experimental study of bedload transport in partiallydogered channels 45



Chapter2 — Paper 1: Experimental investigation of sediment transport in partialiyoieered channels

— e —-0=0.05
- B -0=0.06
-—4-0=0.07

— e =0.]

o /9
\
/

-l _ i - ——
-- et Sle Clulal St

0 0.2 0.4 0.6 0.8 1

Coverage ratio

Figure 2.13. Coverage ratio effect onem/ « for different flow strengths.

Blackburn and She (2019yesented developments to the river ice process model, RiverlD
(She et al., 2009) to accommodate natural channel geometry and includeufresetails

such as border ice formation. The currexiperimental results would be difficult to
incorporate intanedimensionahumerical moded like this because of the cresectional
averaging that occurs, while sediment transport redistribution takes place across the width of
the channel. fiere may be more potential to incorporatedineent experimental resuitgto

two dimensional river icenodek like CRISSP20Shen, 2002) and RIVER2D (Steffler and
Blackburn, 2002).

2.6 Conclusions

The main objective of the current research wasstiedy sediment transporate and
distribution in partially icecoveredrivers. Sediment transport as studied in a controlled

laboratorysetting to find a formula to estimate the sediment transport rate in a partially ice
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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 fetigviesed flow, can

be used to estimate the total crssstionaveraged sediment transport rate for partially ice
covered flow. Empirical coefficients for this equation were calculated using the experimental
results. However, this equation falls shortpredicting the level of sediment transport
redistribution that can occur beneath a partial ice cdesults 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 studiegEssel et al., 2021; Kimiaghalam et al., 2017; Peters, 2d&®onstrated

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 coefficientyaf<€ ¢.)/dm was defined, calculated, and
compared for all the testét dimensionless flow strengths approaching, the effect of

having different coverage ratios on sediment transport distribution across the channel was
minor. At lower values of dimengitess flow strengthit was found that increasing the
amount of border ice cover caused a pronounced redistribution of sediment transport, with
the relativerate near the banks decreasing and the relative rate within the middle section

increasing.
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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 sulfreezing temperatures, as water bodies remain frozea ¢onsiderable part

of the year. While the existing literature includes many studies on sediment transport in open
channel flow and several studies on completelycmesred flow, there is limited research

on sediment transport in partially cevered chnnels. 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 bardee, varying coverage ratios in asymmetric
partially icecovered flow, and changing flow strengths on bedload transport rate and
distribution. Additionally, a comparison was made with symmetric partiahgoeered flow
conditions. The findings indicatbat the presence of asymmetric border ice indeed affected
the bedload transport distribution within the channel, causingindarm bedload transport
distributionacross 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 ratalistribution Despite these pronounced differences in bedload transport rate
across the channel width, the cresstionaveraged bedload transport rate could bgl
estimated utilizing the conventional equations, used for open channel flow, futigueeed

flow, and symmetric partially iceovered flow, with the effect of ice cover accounted for by
incorporating an additional boundary in the calculation ofwb#ed 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 mayfgrtheal
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 coyPeters et al., 2017 Climate change has the
potential to increase the duration of partially-emered flow in northern rivers by delaying
freezeup and increasing the frequency and duration of-wiider thaws. Therefore,
considering the influence of a partial ice covecdraes essential in fully understanding a
river’ s sedi ment budget in specific cases.
on open channel flow and fully iemvered flow, there has been limited investigation into
partially icecovered flow. lItis 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 tif@ark, 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, whachraise safety
concerns in data collectidhyantekyiKwakye et al., 2021)Y0n 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 phenomepaenomengdMajewski, 1992; Peters et al., 20K8niaghalam

et al., 2017Essel et al., 2021Yhese studies involve exploring the effects of border ice on
flow characteristichy Peters et al. (2017jurbulent flow behavioby Essel et al. (2021)

shear stress distributidoy Kimiaghalam et al. (2017)and the influence of beand ice
roughnessgy 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 latefdlow 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 situgtititeama & Daly,

2004) The analysis of partially iceovered 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 ratEttema and Daly (2004rovided qualitative insights into how ice

cover affects sediment transport by developing a set of dimensionless parafiatessn,

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, 19883uggested open water theories applying to lower flow layers-in ice
covered conditionsShen and Wang (1995upported conventional relations for bedload
transport in icecovered 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 rat€Al-Abed, 1989; Muste et al., 200@ttema et al. (200@onducted a study to
assess sediment transport rate and bedforms under the influence of ice. They compared flume
data from various studies, includibgtema et al. (19995ayre an Song (197,%mith and

Ettema (1995)with MeyerP e t er and MarddEenss ei( if@siulay 1950)
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 conduct€aidoyand Tuthill (2012)Kolerski

and Shen (2015Manolidis and Katopodes (2014hang et al. (1994pandKnack (2011)

Knack and Shen (2018)ustrated the development of a coupled model, which integrates a
sediment transport and bed change model with a khyemnatice 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 (2023ayestigated the bedload transport rate in a partiallgasered
channel and showed that the conventional equation describing the bedload transport in open
channel and fully iceovered flow was applicable in estimating the total cemsgion
averaged &dload transport for partially ieeovered 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 beahspdrt
distribution influenced by different extents of ice cover and compared the result with open
channel and fully iceovered flow. In a qualitative experimental stugpuzegar 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 thetedfasymmetric

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, 1.2m-wide flume was constructed using hidansity overlay (HDO) plywood

with a bed slope of 0.26% for the experimefigyure 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 iceverd test, the bubble wrap was nailed to the flume
wall at the appropriate elevatioRigure3.2). 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 mn 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 sem@rate 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 botvéred 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 zeraurieat research did
not explore the impact of varying water temperatures. Further details of the experimental

setup and procedure can be foun®Rouzegar and Clark (2022023a)
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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 icecovered 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 outlinedRguzegar and Clark (2023a)hroughout 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 develogkv 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 ratsulteng 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 tempefatapproximately

1 = 1/ 2 h. Subsequentl vy, the mass of dried
[30]. The sediment volume was calculated knowing that the bulk density of sand was 1.5

glcm?® (m  -), whereG is the collected and dried mass of sediment\{g} the volume of

dried sediment [}, andmis the sand bulk density. The volumetric rate of bedload transport
per unit width(rj} ) was then calculated using Equat[8rl] (Khosravi et al., 2020; Nezu &
Rodi, 1986; Tsai & Ettema, 1994)

n — [3.1]
whereT is the sampling time [s] ardlis 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,

| eaving the morphology in downstr eonmmessecti o
unaffectedBinns & da Silva, 2009Khosravi et al., 2020)The test durations in the current

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

Rouzegar and Clark (2023&pve investigated the effect of flow strength on bedload

transport rate and distribution in a symmetric partiallydoeered 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 ooalelansport rate

and distribution. The test conditions are listed @ble3.1.

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

Test c Dimensionless Flov Q (m¥s) Water Depth  Sand Bed .Borde.r Ice .Border Ice
No. Strengt (m) Slope (%) Width-Right (m) Width -Left (m)
I-L 067 0.05 0.11 0.17 0.1 0.2 0.6

-2 0.67 0.06 0.16 0.22 0.1 0.2 0.6

| -B 0.67 0.07 0.21 0.26 0.1 0.2 0.6

() 0.67 0.10 0.11 0.13 0.26 0.2 0.6

| -6 0.5 0.05 0.10 0.16 0.1 0 0.6

| -6 0.5 0.05 0.10 0.16 0.1 0.15 0.45

| -7 0.5 0.07 0.20 0.24 0.1 0.15 0.45

3.4 Results and Analysis

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

conditions.

3.4.1 CrossSectionAveraged Bedload Transport Rate
For each test, dimensionless flow strength- (——) and crosssection averaged

dimensionless bedload transport raie-s(——— ) were calculatedtq calculatedavg, the

total mass of dry sand within the entire sediment trap was taken into agcotnetret, =
average bed sheseactsitorneasls , avier=a feS), & drstha r stroe
hydraulic radius, S = water surface slope, g = gravitational acceleration, D = particle

di ameter, and A = s - 1 (s = specific gravi
at t he c h)dawalved multiplyidg the tcross ect i on al average she
1.2, as suggested Beters (2015)Peters (2015utilized a loglaw fitting procedure for
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comparable hydraulic conditions within the same experimental setyzegar 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 tfiging

log-law to each velocity profile. Since the results obtained fRm u z e g ar and CI
(2023a)analysis closely matched those reportedPbters et al. (201,/fhe 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 showigure3.3.

Wetted perimeter

lce cover lce cover

lce cover

Salnd Sand Sand

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

Figure3.4 compares the crosectionaveraged dimensionless bedload transport rate derived
from the current set of experiments involving asymmetric border ice with data from previous
studies that examined symmetric partially-cae/ered, fully icecovered, and opechannel

flow conditions. The figure also includes the empirical equation proposéhagk 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
sectionaveraged dimensionless bedload transport rate in asymmetric partiatiyvieed

rivers,similartoRouz egar and fil@ihgs forsynmsnetiicbdd2rdca gonditions.

b=l — — 3.2]

where U and b = empirical coefficients and— = critical dimensionless flow strength.
Equation [3.2)was originally suggested liyhein and Wan (1999Knack and Shen (2015)

empirically determined appropriate values
| ¢ ATIA ¢d).
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It is worth noting that the experimental setup limitations, pkenp capacity, measurable
water depth, and measurable sand quantity, restricted the range of flow strengths. However,
the available data within a |imited range
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 studiefAl-Abed, 1989; Ettema et al., 1999;
Rouzegar & Clark, 2023b; Shen & Wang, 1995; Smith & Ettema, 1999ndKnack and Shenobs
equation.
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3.4.2 Effect of Level of Asymmetry

The effect of the level of asymmetry in partially-cavered flow was investigated through

the examination of three different experiments, wherein varyir{fgdsder ice width on the
right-handside of the channel) and @&order ice width on the leftandside of the channel)

were considered. The data for the symmetric case is derived from the viRokzd#gar and

Clark (2023a) A constant coverage ratio (C = 0.5) and flow strength=(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 Fable3.2. For each test, thsimensionless bedload transport rate in
each bin §) and crossectionaveraged dimensionless bedload transport datg) (were

calculated, ang/¢avgWas obtained.

Figure 3.5 illustrates the bedload transport rate distribution in the aforementioned
experiments. In this figurey, represents the distance from the flume wall, adénotes the

flume width. Also, thick lines correspond to the covered sections, while the dotted line
indicates the open sectiosgure 3.5¢ 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 iceauses lower relative bedload transport close to the banks and greater
relative bedload transport in the middle sectipouzegar & Clark, 2023bAsymmetric

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 aafrittez open flow section rather than

the center of the channel in symmetric border ice flow conditieigsife3.5a,b). The greater

the level of border ice asymmetry, the more asymmetry in bedload transport rate distribution
was observed. Also, the differenceddbavg 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 (d = 0.05) an«at0dki=N6mr(emHt0lbmBel s of
0.45m;and (c) B=0.3m,B=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) whserving in the
downstream direction, for each section, the rati¢/df,gwas calculated and is summarized

in Table3.2. As depicted in the figure adjacentTable 3.2, the first test exhibits no ice

cover in the right section, leading to the hightgta.g ratio among all tests. However, as

the coverage ratio increases in the right sectionpthfa.g ratio decreases. Conversely, in

the middle section, test 1 demonstrates the most substantial ice cover compared to the other
tests, resulting in the lowegti/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

correponding increase in bedload transport rate in the open flow section

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

Tes

No. P Br B C R/ tayg v/ tavg o/ tayg 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

Figure3.6 further separates out the experimental results of the three mentioned tests into the
average, left, middle, and right sections, (i.€, $vg), (L, §), (v, dm), (dr, dr)). In this
figure, the data for the right secgt’i,ont hies
|l eft section by * x “/ and the average 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, consequentty, lower
values. Conversely, for open sections, the trend is reversed, resulting in ¢nighlees.
Moreover, all testsd, ¢avg align with the predicted line, indicating that the equation
effectively estimates the averagesssection 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 vditued 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 tbis overestimated because of an
underestimation in the wetted perimeter calculation. The reaspotintial 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 interfacength 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, 2023band asymmetric conditiong=iQure 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 incrééjseyim the central
section, while it caused a decreaseblfavg 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 opdlow section. Also, as the coverage ratio increased, there was a
greater redistribution in bedload transport, resglin a less uniform f distribution along the

crosssection.
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Figure 3.7. Comparison of bedloadt r ansport rate distribution for consH
different coverage ratios for (a) asymmetric border ice (BB = 1/3); and (b) symmetric border ice
(Br/Bi= 1). (Note: Bold line corresponds to the iceoveredportion, and the dashed lines the open water
portions.)

3.4.4 Effect of Flow Strength

Rouzegar and Clark (2023d¢monstrated 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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bedl oad transport rate in the middle sect]|
However, at low dimensionless flow strengths, the relative bedload transport rates at the sides
were significantly lower than those in the middle. This is presentEgjure3.8, where the

high flow strength experiment has open water aneciered value of/davg of 1.41 and

0.84, respectively; while the lowest flow strength experiment covers a much greater range of

d/davg from 2.57 to 0.2. Careful inspection of all the experiments will reveal that the flow

wasn’'t perfectly symmetric, despite control
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 opemater portions.).

The effect of flow strength in asymmetric partially -mevered flow was studied by
analyzing five distinct experiments, all maintaining a constant coverage ratio (C = 0.67),
constant level of asymmetry (B = 1/3), and different flow strengthiSigure3.9 shows the
bedload transport rate distribution in these experiments. On tkealedt 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 theeaxtof 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 raggi.@fspans
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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 {b#ind side, at the lowest flostrength, 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-tightl &le demonstrates similar results

for ¢/¢avg. Focusing on the middle sections, specifically the regions where 0/33<0.5
(ice-covered flow) and 0.5 &/b < 0.67 (open flow), at the lowest flow strength the
difference in¢/¢avg between these two sections was significaipa(q =0.52 and 2.85).
However, this difference is not as noticeable at the highest flow strepigtiy €1.05 and

1.65), and the distribution appears to be more symmetrical. It is worth noting that each

experiment had a different dation, resulting in a variable total sediment volume.
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Figure 3.9. Comparison of bedload transport ratedistribution for constant coverage ratios (C = 0.67),
constant asymmetric level (R'Bi = 1/3), and different flow strength in an asymmetric partially ice
covered river, (Note: Bold line corresponds to théce-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 coveseTasults

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 crossection would experience the highest sedimemspart. In this study, the
research did not delve into the process of border ice growth, nor did it explore tveneal

impact of sediment transport mechanisms. Instead, the primary focus was on presenting the
initial quantitative results related to bedd transport under asymmetric partially-cmvered
conditions that might happen in reabrld 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 downwarda. addition to the freezap season, the main
section of the channel may open up and result in a partial ice cover during midwinter thaw
events(Figure3.10). It is important to note that partial ice cover is not always symmetrical

in realworld scenarios. Asymmetry can arise due to variations in the river-seoten,
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 ect i on and al ong the river’ s
potentially giving rise to asymmetric partial ice coveigre 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 mes@avolves 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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b)

ntains modified Copemicus Sentineldata 2028

Figure 3.10. Asymmetric partially ice cover in meandering river: (a) Dauphin River, Manitoba,
Canada, Dec 2014 (freezap 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

undesurfaces may be observed, especially in frazil accretion or frgezam 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 (2019nproved the RiverlD river ice model for natural channel
geometry and freezep, incorporating border ice formation. Integrating current experimental
results into RiverlD is challenging due to crgsstional averaging, particularly with
sediment transporredistribution across asymmetric ice cover. Alternatively, better
integration potential exists in twdimensional river ice models, like CRISSP2D $igen
(2002)and RIVER2D bysSteffler 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 conditionstddiye specifically
assessed the applicability of tkKen a ¢ k a n d Sforrauta’fos estimatiddlLthe)total
crosssectionaveraged bedload transport rate in asymmetric partialigagered rivers.
Remarkably, the experimental findings for asymmetric border ice alignedkwébk and
Shen’ s,origibalyldéveloped for open channel and fully-azevered flow, as well as

the findings ofRouzegar and Clark (2028)r symmetric partially iceeovered flow. This
indicates that the empirical equation may be suitable for predicting#eotsnaveraged
bedload transport in rivers with different types of border ice cover. However, this equation
lacks precision in preckting the extent of sediment transport redistribution beneath a partial

ice cover.

According toRouzegar and Clark (2023dhe 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, leadj to further redistribution in the bedload transport rate and
causing a nowmniform distribution of bedload transport across the channel width.
Furthermore, this redistribution is more pronounced at higher flow strengths and less

noticeable at lower flovstrengths. 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 studyprise 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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In partially ice-covered
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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 phenomenothat can persistver substantial portions of the winténereby
influencing the dynamics and geomorphological structure of river chaBeelsnorphology

and dunesplay 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 chaltmes, research on
partially icecoveredand 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 borderaffects bed morphologgnd bedform
features For each experimental condition, including open channel, symmetric and
asymmetric border ice, and fully io®vered 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 partialgoieered rives.
Furthermore, the impact of border ice extent, variations in flow strengths, and asymmetry of
border ice on bedform feature®re also investigatedhe 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 distributibadfeature formation

was markedly pronounced at lower flstvengthswhereas ibecameninimal at higher flow

strengths
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4.2 Introduction

Investigating the influence of ice cover on fluvial systems in cold regions is paramoant for
comprehensive understanding of their hydraulic, sediment transport, and geomorphological
characteristicsDuring the winter months, the formation of ice, particularly border ice along
the rivets banks initiates a series of alterations in hydraulic conditions, including
modifications to flow distribution and velocity profileBorder icethen progressively
extends toward the channel's centegreasing the widthof partial ice cover that
significantly influences riverine behaviqiPeters et al., 2017)With climate change
potentially extending the duration of partial ice cover through later fr@gzeand more
frequent midwinter 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 environn(@faek, 2013; Peters, 2015)

Research focusing on partialige-covered rivers remains limitegespite the considerable
effects of such conditions on hydrodynamic processes and sediment dyfdraictherent
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 studiesThese studies have provided valuable insights into the flow
modifications induced by ice cover, including changes in turbulent flow behavior, shear
stresdlistribution, and thénfluence of different features likeed and ice roughnefBeters

et al., 2018Kimiaghalam et al., 203 Majewski, 1992)

Bedforms in rivers with sand bedreoftenthe foremost factors influencing flow resistance
The processes of their formatigmpwth, andkinematicggovernsediment transpo(Venditti

et al., 2016) Understanding bedform behavior is essential for deciphering the processes
within presentday channels, and it also sheds light on the characteristics of ancient, now

absent channels on Earth and beydwth 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 recatdpend®n the correlation between flow properties and the
dimensions of dunePune sizes estimated via the direct approach serve as quantitative
indicators of roughness height for calculating flow resistanceeatichatingscour depths.
Additionally, numerous equations feediment transport incorporate the dimensions of
duneg(Bradley & Venditti, 2017)

Research on sediment transport and bed morphology-toieed rivers remains sparse.
Wuebben (1986, 1988pnductecan experimental studyn 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 irc@ered situations, where bed
resistance predominantly dictates the fldvaracteristicEttema and Daly (2004pnducted

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 Byrcotte et al. (2011gndEttema (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 analysidfNumerical 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 (2015dndKnack and Shen (2018jand out in

this regard. SpecificallyKnack and Shen (2018)eveloped an integrated model that
combines sediment transport and bedform dynamics with Hidronatice processes. Due

to the absence of detailed field observations under ice conditions, the validation of this model
relied on laboratory experiments clutted in open water, underscoring the need for
empirical studies to enhance the understanding of sediment dynamicsffeated rivers.
Rouzegar and Clark (2033 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 coverThey highlighted how the presence, variability in extent, and positioning of
border ice influence the redistribution of bedload transport r&@shering this line of

inquiry, Rouzegar and Clark (20@Bqualitativelyinvestigated the effect of border ice on
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bedforms. e 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 asyenme
border ice conditions, comparing these outcomes to those observed in open &hdnnel

fully ice-coveredflows. The anticipated outcomes of this research will offer valuable
empirical data to enhance the calibration and validation of noahenodels such aghe

work of Knack and Shen (2018) investigating and determining bedfodimensions.

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 flumieiqure4.1) measuring 14 m in length and

1.2 m in width was constructed using higénsity 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 slyppipe led to a head tank designed
with greater width and depth than the fluntBssipatingturbulence 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 flumeThe occurrence of fully developed flow was vefiby measuring
vertical profiles of streamwise velocigt different distances along the flume length using a
Nortek Vectrino acoustic Doppler velocimet&ive 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 mmm #itial uniform layer of silica sand, 70 mm
thick, with a median diameterggl 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 sad 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 slbpe maintaining a
minimum sand depth of 70 mi@ontrol of the downstream water level was achieved through

a bottommounted, 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, partiabieer Figure4.2). 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 correspofide@nsured the desired ice
coverage ratio and prevented lateral movement of the simulated ice during each pakttially ice
covered test. For fully iceovered conditions, the bubble wrap was affixed to the upstream
end of the flumeFor additional details and images of the experimental seéfier, to
Rouzegar and Clark (2022)he test conditions are listed Trable4.1, 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.

An experimental study of bedload transport in partiallydogered channels 72



Chapterd — Paper 3: An experimental study into the bedform morphology in partialyaeered channels

Figure 4.2. Simulated icecovers for a) symmetric partially icecovered flow, b) asymmetric partially
ice-covered flow, and c) fully icecovered flow.
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Table 4.1. Experimental conditions (note: C = coverage ratio, Q = flow rate)

Border Ice Width  Border Ice Width Dimensionless Water depth
€ Right (8) (m) Left®) (m) flow str QUM 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- N/A N/A 0.064 021 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 ) ,¢ 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 03 03 0.05 0.10 0.16 0.10
0.50 03 03 0.06 0.14 0.20 0.10
Symmetric ) g, 0.3 03 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 ) 55 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
Asymmetric ) 0.2 0.6 0.10 0.11 0.13 0.26
partial ice
0.5 0 0.6 0.05 0.10 0.16 0.1
05 0.15 0.45 0.05 0.10 0.16 0.1
0.5 0.15 0.45 0.07 0.20 0.24 0.1

4.3.2 Experimental procedure and dataacquisition

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 raisgaréventflow before the commencement

of each experimenfdditional details can be found Rouzegar and Clark (2033

After each experiment, water was gradually drained from the fluibequantify the
bedforms, images of the deformed bed were acquired using a Canon EOS Rebel T7i camera
paired with a Canon EFS 5 mm lens. Various scenarios were explored and compared to
identify the optimal number of photos that ensure sufficient operfdnese scenarios
involved experimenting with different quantities of photos and capturing them from diverse
angles. FollowingAgisoft Software (2016yuidelines, 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 stratadly placed on the flume walls to aid in both image

alignment and point cloud scaling/referencikgg(re4.3).
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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-dimemsional point clouds utilizing
Agisoft Photoscan Professional Version 1.@@ditional information about Agisofisage
can befoundin the work of(Rouzegar & Clark, 2028.

4.3.3 Bed elevation data processing

Coordinates werebtainedrom Agisoft, and the analysis focused on the longitudinal profile
along the flumemeasured at 18istinctpoints 0.075m apart, starting from the flume wall.

A filtering method was required to remove the noise from the data, whichesasmedn
different steps. First, data were filteriegised on valid data criteria. In other words, data with
'Y' values outside the valid rangel®m) and data withZ' values lower than the flume bed
were considered invalidin the nexistep high-frequency fluctuations linked to the presence
of very small bed forms were eliminated from the bed elevatiofile. This refinementvas
achievedby utilizing a Fourier transform techniq@&. Singh et al., 2012)ollowing this,
local maxima and minima were identified in the filtered signal, and the differences between
consecutive raxima and nmimas Z' values were computed to ascertain bedform heights.
Ultimately, bedform heights surpassing a specified threshold (threshold =g Wwete
extracted based o081 ngh et rmdthodolsgy. aveldngths were calculated by
determining thestreamwise distandeetween consecutiverestsand consecutivéhroughs

X" values with subsequent computation of their average véfigure4.4). In Figure4.5,

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 obedform profiles: measuring heights and lengths

4.4 Results and Analysis

For each testhe average shear stress along the entire wetted perimeter was determined using
Equation[4.1],wher e T represents the average shear
Rn denotes the hydraulic radius, and S is the slope of the water sUifecehear stress at

the channel bedy) was determined bsultiplying the crosssectional average shear stress

( T ) lBguation[22]), a methodology recommended Bgters (2015)who applied a

log-law fitting to similar hydraulicconditionswithin the same experimentsétup Further
exploration into the effects of ice cover on flow dynamics was undertakBoumegar and

Clark (2023), who measured velocity profiles across various coverage ratios using a Nortek
Vectrino 1l profiling acoustic Doppler velocimeter (ADV) and derived the bed shear stress

distribution by applying the lotaw to each velocity profile. The alignment of thémdings
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with those ofPeters et al. (2017jeinforces the reliability and coherence of the data

validating their application in this research.

T=Yy2 S [4.1]
Tb= 1. 21 [4.2]
Subsequently, for each experiment, the di me

Equation 3, where g signifies gravitational acceleratiois,tBeaveragaliameter of theand

particl es, ani wiihs indicatidgelfe specffic grazity of the sediment

— — [4.3]

Subsequent steps involved a detailed examination of how border ice influences bedform

incorporating an irdepth analysis of diverse factors and conditions.

4.4.1 3D profiles (symmetric border ice)

Figure4.6 presents a visual comparison of 3D bedform patterns under a range of hydraulic
conditions including open channel flonsymmetric partially icecovered, and fully ice
covered.This figure is systematically arranged such tbéath row represents a specific
coverage ratiogemonstrating the impact of ice coverage on bedform charactenshibs,

each column indicates a particular flow strengévealing the influence efon bedform

morphology

Analyzing the bedform patterns at@nstant valuewhile varying thecoverage rati® shows

that an increase in the coverage ratmcally corresponds tomore occurrences of significant
bedforms Delving into thedetails for various flow strengths, the following observations are
made At the minimal flow strength off = 0.05, bedforms are barely noticeable, almost
resembling a flat surfacat the flow strength off = 0.07, it is observed thahe open channel

flow (C = 0) shows the most uniform bed migration across the channel width amongst all of
thevarious coverage ratiassted In this condition, the bedforsare more twalimensional

with dunes aligning nearly perpendicular to the flawdextending across ady the entire
flume crosssection including close to the flume wallslowever, with an increase in the

coverage ratiahe bedfornuniformity seen in open channel flows diminishes, leading to the
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emergence of more complex, thidienensional bedform structurédoreover,under higher
coverage ratioghere's a noticeablbsencef bedforns beneath thece-coveredoortions of

the channel, indicating th&edform generation is hindered by ice coverage and tends to
occur further from the flume wallt a higherflow strengthof d = 0.1, consistent with
observations across other flow strengths, increase in coverage ratio resultsmore
significant bedformsHowever, a distinctive featuref this higher flow regime is the
pronounced irregularity in the shapes of bedforms across all coveatigescenarios.
Interestingly, these irregular bedforms &and not only in the open flow portions of the
channel but also within the iamvered portions of the channel and adjacent to the flume
walls, contrastingconditions at lower flow strengths where such areas typically lacked
bedformformation. Therefore, the impact of changing the coverage ratio is less significant
at higher flowstrengthsThis observation aligns with the findings Biouzegar and Clark
(2023) regardingthe rate of bedload transport.

Additionally, when holding the coverage ratio (C) constant to explore the effects of varying
flow strengthsd), it is found that higher flow strengtesulsin more pronouncededforns,
an increase in theregularity in bedform shapes, and a shift towards more complex; three

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

Figure4.7 comparesymmetric and asymmetric border ice casiis identical flow strength
(6 =0.07)and coverage rati@C = 0.67)but differentborder ice positiondn the symmetric
condition fFigure4.7a),the border ice widths oboththe right(Br) and left B/) are set to
0.4. In contrast, the asymmetric conditions, showikrigure4.7b andFigure4.7c, feature
varied border ice widths, with,Bnd B measuring @5 and 045 meters inFigure4.7b and

0.2 and 06 meters inFigure4.7c, respectively.

Results from experimentgith symmetric border ice demonstrate that the presence of border
ice cansuppress bedform presence beneath the ice ,c@sgiiting in bedformbavingan

offset from the flume wallAs illustrated inFigure4.7a, 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 contragt, the case of asymmetric border,itee offset in the right and

left sidesare not identical because thie unequal border ice widths on the two sides.
instance, inFigure 4.7b, the right side exhibits a 0rh offset corresponding to al® m

border ice width, whereas the left side showarDoffset under a @5m border ice width.

A similar trend is observed frigure4.7c, with a 0.15m offset on the right (B= 02 m) and

a 03 m offset on the leftB; = 0.6 m). This emphasizes the influence of btk position and

extent of border ice on the resulting bedforms charactexistic
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Figure 4.7. Comparison of bedform patterns in a) symmetric, b) asymmetric partially icecovered flow
with Br = 0.15 m and B= 0.45 m, and ¢) asymmetric partially icecovered flow with B = 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 B= 0.6. Observations across these scenarios reveal
that the presence of border ice tends to inhibit bedform formation beneath-towveéced
areas, leading to distinct offsets from the flume wall. These offsets vary in the right and left

sides, reflectinghe 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 iseradhe irregularity

of bedform shapes and a shift towards more tdiseensional bedforms. Again, at a higher

flow strength of—= 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 partiallyice-covered flow with distinct Br =

02mandB=0. 6 m and varied flow strengths a) d = 0.

dimensions are in meters).

4.4.3 Longitudinal bed profiles

After generatinga Digital Elevation Model (DEM) for altasesthe point coordinates were
extracted from Agisoft. Longitudinal profiles at seven distinct distances from the flume wall
(Figure4.9) were then plotted and compared

b b kI AR

LEALAL SRR

TIETTTIT

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 varyindistances from the flume wall were plotted and analyzed on
a single graph to explore the effect of border ice on bedforms across the chanhel widt

Figure4.10 displays these comparisons for various coverage raties(Q(®.25, 0.5, 0.67)
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individually. Thefigure uses data fromne side of the flumenly, due to symmetryit was
confirmed that the results are quite similar for the opposite side of the #ucoastanflow
strengthof d = 0.07 was used in all cases. The choicd ©0.07 wasnadebased on th8D
profile analyses, which indicated that tkisnensionless flow strength resultedtire most
significantdifferences Bedform changes were less evidentoater flow strengthsand at

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

Figure 4.10a depicts the conditions of open channel floWl the profiles uniformly
demonstrate a consistent pattern with an average bedform height of 0.01 m, with the
exception occurring & = 0.15 m,where the average bedform height slightly decreases to
0.006 m This exceptiorhighlightsthe sidewall effe¢ctwhich causearedudion in sediment

transport near the wadind consequently results in a reduced formation of bedforms

Figure4.10b displays theonditionwith a coverage ratio of € 0.25. In this casaheice-
coveredarea (Y = 0.15experience bedforms that are slightly less pronounaegulting
from reduced sediment transpowhereas the opeareassee more sediment transport,
leading to more distinct bedform$he observed trendlustrates that more pronounced
bedforms become evident moving from the flume wall toward the centénliRgure4.10b,

the edge of the border ice¥at= 0.15m exhibits more significant bedforms, with an average
height of 0.012 mgompared td-igure4.10a, where the average bedform height at the same
location is measured 0.006. rihis difference is due to the ¥ 0.15m area displaying
properties similar to the open sections, particularly in termmscogase in sediment transport

leading to more noticeable bedform configurations.

In Figure4.10c andFigure4.10d, corresponding to coverage ratios of G.5 and C= 0.67,
respectively, it isshownthat thearea under cover exhibit less pronounced bedforms,
whereas the opesrea display more distinct bedfornfsor a coverage ratio of 0.5, the peak
bedform height wakl = 0.027 nobserved aty = 0.3 m, athe edgef the border iceAlong

the channel, bedform heights were measured as H = 0.018 m at Y m,(H15 0.022 m at

Y =0.4m,and H=0.021 m at Y = 016, indicating the highest value at therderice edge
This observation is consistent with the findingsHaters et al. (201,/yvho examined shear

stress distribution and discovered that at @5, the highest shear stress values were at the
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ice edge, with a local minimum at the channel's centerlihis. pattern contrasts with other
coverage ratios, where the minimum shear stress occurred at the corners, and the maximum

shear stress wdisund 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 diverseborder ice coverageratios

Figure4.11 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 [ = 0.07). The s el e=x0Q.07 was basdd orbits ability to highlight
significant changes in 3D profiles, making it ideal for assessing border ice difiectasing

the coverage ratio resattin the development of more pronounced bedforms with greater

heights.The figuredemonstrate thatat 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, respeckiasiver,with
higher coverage ratios of C = 0.5 and 0.67, the bedfehowa significant increase in size,
with average heights reaching 0.027 m and 0.022 m, respectitetgover, at a coverage
ratio of C= 0.5, theY = 0.3 m position is at the border ice eddeading to a significant
differentiation between the bedform sizes at @25 and G=0.5.
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Figure41ll.Longi tudi nal profile comparison at d =0.07

coverage ratios (all dimensions are in meters).

4.4.4 Effect of coverage ratio on bedform dimensions

After determining théoedformheights for each scenario, the average bedform height was
computed for every cas&his involvedcomputing the mean value of &lédformheights
across the flums width, obtained from the longitudinal profiles presented in the
methodology sectiarFigure4.12 indicates theelationship between average bedform height
andthe coverage ratio undarange oflow strengthsAt lowerdvalues(i.e.0.05 and 0.0%

there is minimal formation of bedformS&pecifically, with a flow strength of 0.05 and
coverage ratios of 0.25 and 0.5, bedformsaémeostabsent, leading to an average bedform

height that approaches zeFar higher flowstrengthavi t h 6 V& D.088,and 6.1, O .

an increase in coverage ratios is associated with a rise in the average height of bedforms.

An experimental study of bedload transport in partiallydogered channels 86

and



Chapterd — Paper 3: An experimental study into the bedform morphology in partialyaeered channels

0.03

0.025
E
5
2 0.02 X
e
e | oo | ®—=0.05
200153 T e . . 6—=0.06
@ 0 TUmetean T e A
k= el A —=0.07
£ 0.01 f g x—= 0.085
[} —
Z |t 0l

0.005

0 ® =
0 02 04 06 08 1 1.2

Coverage ratio

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 coverages fatidboth—equals

0.07 and 0.1Kigure4.13). It was observed that, within partially io@vered channels, an
increasein coverage ratio generally led to an increase in bedform height for a fixed

longitudinal position (y)a trend consistent for botfivalues examined.

For —=0.07at a constant coverage ratmgving from the vicinity of the flume wall towards

the centdine led to an increase in bedform heights, transitioning frortasered regions

to open water areablowever, for—= 0.1, for a constant coverage ratiwo special trend is
noticeable moving from the flume wall to the centerlift@s 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 prontiigringzbrtant
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to highlight that during the transition from partially icevered to fully icecovered flow
conditions, there's a significant decrease in the average bedform heighttherestdire
channel widthmaking the bedform heights closely resemble those in open channel flow
scenarioswith a coverage ratio of.0rhis observationndicatesthat, for the same flow
strength, bedform development is notably more pronounced in partiaHgovezed

conditions than in either open channel flows or fullyéosered situations.
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4.4.5 Dune scaling relations

In a 2017 studyBradley and Venditttompiled a comprehensive dataset of dune dimensions
and flow characteristics, drawing from various sources that incllasatatory flume
experiments and field observatioitfiey charted the dune height and length data on a graph,
deducing that these parameters conform to a powerHguation[4.4]), which is similar to
Flemming'y1988) equationEquation[4.5]):

H=0.0513, ® [4.4]

H=0.0677, 8 [4.5]

In the current research, all dune heights and lengths from the depicted longitudinas profile
in the methodology sectidor all casesvere calculated anarepresentedn Figure4.14.

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 studiesAdditionally, it allows the analysis to concentrate on laigpgaie bedforms,
while deliberately excluding smallscale variationgVenditti et al., 2016)The resulting
data align with the ranges observed in previous studies, indicating that the proposed

equations pply to partially and fully icecovered flows as well agpen channel flows.
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Figure 4.14. Visualization of dune height as a function of its length

Bradley and Vendits plotted data indicated an upper limit of H = h/2.5, aligning wita's
(1982)findings where almost no data points exceeded this threbofdrarily, the upper

limit in the currentstudy 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 réfigure4.15a).
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Regarding the lengths of dundmth the currentstudy's data an8radley and Venditti's
(2017)compiled dataset indicate thiiie L = 5h relation suggested balin (1964 pligns
with the central tendency of the daba alignment with the constraints identified Bylen
(1982) the data predominantly falls within the limits of L/h = 16 and L/h(Eigure4.15b)
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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 byralin (1964).
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4.5 Discussion

The present study has advanced the engineering capabilities for predictaifpthef ice
cover on sediment transport, serving as a benchmark for future numerical investigations into
sediment dynamics in rivers with partial ice coverdge.t e r s 'researchilidsir&igbe
effectof border ice on river flowrevealing a shift that results in decrealied beneath ice
covered areas and enhanced flowpen ares. Building on thisRouzegar and Clark (2023
2023c)further investigate how border iceaffects the sediment transparatewithin rivers,

a crucial aspect of river dynamics and morphology

Expanding on these insightbe current studgelves into the broader implications of flow
redistribution caused by ice cover, particularly focusing on its effects on bedfohms.
findings suggest that the redistribution of flow not only influences sediment transport but
also contributes tonore prounounced bedform formation aamlincrease in the height of
bedforms in open water areabhis elevation in bedform height is more than just a
morphological change; it significantly influences the flow resistance encountered in open
water sections of the riveAn 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 dynamicsThis complexity is particularly relevant in environments subject to

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

Figure4.16a presents the distribution of blead transport rates as detailed Rguzegar and

Clark (2023c) while Figure4.16b displays the distribution of bedform heights across the
channel width, derived from the current study, under identical experimental conditims.

setup features asymmetric border ice conditions with 82 m and B= 0.6 m, a flow
strength of 0.07, and a coverage ratio of 0®7 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 valuableeference for correlating the sediment transport rates indicated in the
trap with the bedform patterns in the flunfhe graphs reveal a consistency between the
sediment transport rate distribution and bedform formalioareas 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 developmenContinuing the experiment over an extended period could resnlt in
increase in bedform size within the open channel sectpotgntially increasing flow
resistance and reducing the flow rate in these ammad following this, less bedform

formationand less increase in bedform height.
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Figure 4.16. Comparative analysis of a) bedload transport rate distribution and bhedform 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 shoviwo substantial counteptating vortices near the bed at each corAetistinct
pattern emerges in channels with partial ice coveragsealing strong counteotating
secondary circulations at the channel's center, accompanied by eight corner (ligioes

4.17). These core secondary circulatisrwere driven by streamwise vorticity originating
from the edges of the ice covi¥ith a decrease in ice coverage, there's a noitatrieasen

the interactions between the core circulations and the corner vortices beneath the ice, leading
to their eventualnification 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
sedment tranportin channels with partial ice cover compared to open chdlomes (Essel

et al., 2021) Additionally, this interaction can lead to an enhanced formation of bedforms,
starting from thdocation at the vicinity othe border ice edge and extending into the open
water area. Specificallyhe current study's findingkighlight thatat a coverage ratio of 0.5,

the peak ofbedform heightwas observed right at the border ice edgghlighting the
significant influence thahe ice boundary plays in dictating the contours of the underwater

topographiesvithin these transition zones.

Border ice

\ z

Corner secondary currents

Core secondary circulation

Figure 4.17. Schematic of secondary currents in the crossection 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 Ipartial ice cover. Through controlled laboratory experiments,
the study aimed to determine how changes in the ice coveragmflagmce the height and
wavelength of emerging bedformBedform dimensions were evaluated across various
experimental setups, including open channel conditions, symmetric and asymmetric border
ice configurations, and fully ieeovered flows, and compared with theoretical models from
existing literature. This coparison 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 istfiemgth and

the asymmetry of ice formations affect bedform characteriSttus 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 tte coverage ratio increasédlditionally, bedform

heights were found to be diminished benea¢hciover while being more pronounced in open
waterarea. Moreover, a 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, bedfooosurredn an asymmetric pattern, affected by
the ice coverage ratiolhe influence of ice cover on the distribution of bedforms was
particularly pronounced at lower flow strengths, diminishing with higher #tnengths

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&eovered rivers, a topic of significant importance in the context

of alluvial rivers in cold climates his 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 sye&ems.
interaction between sediment dynamics and ice cover, espetialhyg substantial shifts in

flow conditions, plays a crucial role in modifying riverbeds. To address this, controlled
laboratory experiments were conducted to explore bedload transgertand bed

morphology under various partially io®vered conditions.

The thesis begins with a comprehensive literature revie®@hapter 1, discussing key
topics, including the formation of border ice, the hydraulic characteristics of partially ice
covered rivers, and the theories governing sediment transport antbgitiology.

Chapter 2 delves into studying theedoad transportrate and distribution in partially iee
covered rivers. It also examines the effects of varying extents of ice cover and changes in
flow strengths orbedloadtransport distribution, comparing these with conditions observed
under fully icecovered and open channel flows. The experimental results suggest that the
general form of th&knack and Shen's (201®guation intended for open and fully ice
covered flow, is applicable for estimating the total cremstionaveragededloadransport

rate in partially icecovered conditions. However, this equation does not adequately capture
the redistribution ofbedload transport under partial ice covemhe results further
demonstrated than increase in the partial ice coverage ratio reduces thebtd&dad

transport across the channel for a constant discharge
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Prior studies, such as those (Bssel 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, showinththptesence dforder

ice also redistributasedloadransport. A coefficienfpr + ¢.)/pm was defined and calculated

to quantify this redistribution, revealing that differences in coverage ratios minimally
affectedbedloadransport distribution at dimensionless flow strengths near 0.1. However, at
lower flow strengths, an increase in border ice significantly altbeetloaddistribution,
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 peeeviewed journal that provides a comprehensivalysis of sediment
transport in partially iceovered rivers. Historically, investigations into this subject have
been limited to either open channel flow or fully-m@vered flow scenarios. This study
breaks new ground by examining the effects of boideron 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 imovered flows, for use under partially icevered
conditions. This adaptation includes the derivation of an empirical ceeffispecifically
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 infloes 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 bqgrder ice
varying coverage ratios, and different flow strengths influence bedload transport. The study
also included comparisons with symmetricgéytiallyice-covered flow conditions to gauge

differences. A key part of the investigation was assessing the suitabithg Kkhack and
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Shen's (2015ormulafor estimating the total crossectionaveraged 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 aamform distribution across the channel
width, with peak transport rates typically concentrated in the center gbémeflow 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 ndéagdbwer flow strengths.

Despite the marked variability in bedload transport across the channel, the study confirmed
that the crossectionaveraged bedload transport rate could still be effectively estimated
usingKnack and Shen's (2018yuationwith 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 ofignificant asymmetricapartial ice coverage, reliable estimations of
bedload transport can be achieved, enhancing the understanding and management of
sediment dynamics in iegffected rivers.

This chapter continues the investigation on the effects of border ice on sediment transport
rate and distribution in partially ieeovered channels by focusing on the impact of border
ice asymmetryThese findings contribute directly to Research Objective 2, marking this
study as a peeeviewed journal publication that provides detailed insights into the impact
of asymmetric border ice on sediment transport. By systematically examining different
condtions of border ice, this research formulates and diiesmtihe 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 setupsncluding open channebnditions, symmetric and asymmetric border

ice configurations, and fully iceovered flows, and theywere compared with theoretical
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models from the existing literature. This comparison confirmed the applicability of these
models for characterizing bedforfeaturesunder partial ice cover. The study further
examined how the extent of border ileyv strength variations, and border ice asymmetry
impact bedform characteristic3he 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 mooened 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 whet®ine
patterns became more irregular and less predictable. This comprehensive study provides vital
insights intosediment transport dynami@nd bed morphology in cold climate rivers,
enhancing our understanding and informing future river management anteenng

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 wjtatons previously
established for open channel and fully -aowered flow conditions. Including both
symmetric and asymmetric border ice configurations, this research provides unprecedented
insights into bedform distribution across the channel widthamiglly 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 partie# icover 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 firstaepthinvestigation 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 fluenced the scope of the experiments.

Measurable Time The duration of experiments was limited to skierm 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 éxperimens.
3. Thermal Effects

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

variations to better simulate reabrld conditions.

An experimental study of bedload transport in partiallydogered channels 100



Chapters — Conclusions and Future Work

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. Incorporatingifmm

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

The study used uniform sand patrticles, 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 theriexents. 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 ScopeAdditional 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 anddomorphology. These experiments would provide

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

2. Comprehensive LongTerm Experimental Studies with Upstream Sand Supply:
Future studies should integrate letegm 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 thderdong
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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 seichent dynamics over extended periods. Continuous sediment input is
necessary for these lotgrm experiments due to the significantly higher overall
movement of sediment, which provides a more realistic assessment of natural river

conditions

3. Investigation of Bedform MovementVelocity in Channel Width: Future studies
should also focus on investigating tredocity 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 partialbpieed rivers.
Numerical Modeling

4. Model Validation and Expansion: The experimental results obtained from this
study provide a valuable basis for validating #hmensional numerical models
designed to simulate river ice dynamics. These models can be utilized to simulate
various conditions of partially ieeovered flowallowing 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 coer.

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 rpimlogy evolve as border ice
develops, offering valuable insights into $keinteractions' transient and complex

nature
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