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Abstract

The formation of a river ice cover at freaze has several implications on society.
In fast flowing rivers, the formation of an ice cover is highly dynamic; frontal progression
is interrupted by sudden collapses which cause the cover to mechanically thicken. The
attendant flow restriction can lead to rapid flooding and threats to human safety. Thick,
rough ice covers also limit the energy production of hydroelectric generating stations
through the winter season. It is important for engineers to understand the processes

affecting ice cover formation at freemp, and the associated impacts on riveirhaylics.

This thesis investigates this topic by way of field monitoring, laboratory
experiments, and numerical modeling. A field monitoring program was established on the
Dauphin River in central Manitoba, and comprehensive datasets were obtaineédor thr
freezeup periods from 2012018. The data and observations constitute one of the most
detailed freez&ip monitoring programs to date, and aid in the understanding of the
processes of ice cover progression and consolidation. Laboratory experimeats wer
conducted to investigate the effect of freezing air temperatures on the consolidation
resistance of a floating rubble ice cover; the link between thermal and dynamic ice
processes is not well understood, and is often neglected in numerical models. New
formulations were added to the CRISSP2D model to account for effects of thermal
strengthening on mechanical thickening of a forming ice cover. CRI&SP2Dmodel
was applied to the case study of the Dauphin Rivevaluate its ability to simulate ice
cover formation and associated water levels, and to highlight potential areas for future

model development.
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Chapter 1 Introduction

1.1 Background and Motivation

The presence of ice nivers as air temperatures drop is a sure sign of the onset of
winter in northernregions The transition of rivers from open water to andoeered
condition may seem relativeigsignificantat first thought, butiver icehas many societal
implications. Many of these implications are positive; a smooth, competent ice cover
allows for outdoor recreational activities such as ice fishing and skating. Ice roads
constructed across rivers alldar more efficient transportation. A strong ice cover can
also serve as a platform foff-shoreconstruction activities. However, theage also
severadrawbacks to river ice. Ice covemmake ship transportation impossible without
the use of icebreakers. Ice can crafmagingstresses on hydraulic structures such as
bridge piers and dams. River ice also negatively impacts hgdtdel operations; the
reduced channel conveyance with the presence of an ice cover limits electricity production.
Finally, and perhaps most tangible for Manitobans, river ice {duolse the river andreate
rapid water level rises that cause flooding dmeats tohuman safety. As such, it is
important for engineers to understand processes related to river ice cover formation so that

they carbetterpredictand/or mitigate negative consequences of river ice.

The characteristics ofraver ice cover arenherently related to the conditions that
exist as a river transitions from open water to an ice covered state. Meteorological

conditions determine the rate of cooling of the water and, together with hydraulic
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conditions, define the type of ice formatsonhat develop. The following sections
summarize the major processes that occur at the onset of winter, and their impacts on the

formation ofariver icecover

1.1.1 Ice Formation

Ice formation in any water body is facilitated by the net &ddseatfrom thewater
to its environment. Heat can be gained and lost through the-ledenterface or through
the waterair interface; however, the energy exchange is typically dominated by the latter.
Heat exchange at the wafmr interface is governed mainly kshortwave radiation,
longwave radiation, sensible heat flux, and energy exchange due to precipitation and
evaporation processes. By quantifying each of these components, one can solve the full
energy budget equation to determine the net heat flux out @fter Wwody, as shown in

Equation[1.1].

% %o %o %o %o %o [1.1]
where%s is the net heat flux out of the water boy, is the heat flux due tshortwave
radiation, %o is the heat flux due ttongwaveradiation,%o. is the heat flux due to sensible
heat transfero is the heat flux due to latent heat transfer due to evaporatiorioaisd
the heat flux due to precipitatiorDther modes of heat transfer suchtasfrictional heat
flux andenergy exchange with bottom sediments can be added to Equatijahdeemed
significant for a particular location. As applying a full energy budget to a water body is
often impractical due to data constraints, a common atteenia to assume that the heat
flux at the watesir interface is a linear function of the difference in water and air

temperatures, shown in Equatidn2].
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% O Y Y [1.2]
where'O is the linearized heat transfer coefficiet,is the water temperature, aidis
the air temperaturelhe value ofO is site speific and can be determinedth measured
data. Values ofO for a given site may vary due to effects of wind speed and other
factors, but typical values are in the range e2%3N/nt/°C (Prowse, 1995) During open
water conditions prior to freeag, the main heat fluxes are caused by sensible and latent
heat transfersas outgoinglongwave radiation approximately cancels out incoming
shortwave radiation over the course of one (hsshton, 2013) As the onset of winter
brings colder air temperatures, the rate of heat transfer out of the water body increases and
causes water temperatures to decrease. When the water temperature dnepheel

freezing point (0°C for freshwater), ibeginsto form.

Border ice is often the first type of ice to form on a river. The shallow water near
the banks of a river promotes low water velocities and the presence of a thin, supercooled
layer near ta water surfacéClark, 2013) Ice grows laterally from the banks imn sheets
that are oughly parallel to théirection of flow In calm rivers, the velocity in the middle
portion of the channel may be sufficiently low for a similar process to occur; a thin layer
of supercooled water forms at the surface, allowing tlosvidn of ice particles. If the
vertical turbulence intensity of the flow is low enough to allow the ice particles to remain
at the surface, they continue to grow laterally to form skinfGtark, 2013) Skim ice can
be tranported downstream with the flow, which is caleegkim ice run.If hydraulicand
meteorological caditions are favourabldow turbulenceand high rate of heat transfer at
air-water interface), a stationary skim ice cover can form over a river or lake in a single

night.
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In turbulent supercooled flow, frazil ice will form rather than skim ice. Freeil i
typically appearas discoids with a diameter less than 1 mm and thickness varying between
0.5 mm and 0.05 mifAshton, 1986) Frazil ice can be entrained and remain suspended in
the flow if vertical turbulence forces overpower the buoyant forces on the frazil particles.
While the water remains supercooled and framiductioncontinues, the ice particles are
in an active state. Active frazil ice is very sticky, and can adhere to the channel bed to form
anchor ice or to other frazil particles to fopmrousfrazil flocsthat can rage insize from
approximately 5100 mm(Prowse, 1995) As flocs grow, the buoyant force acting upon
them increases, making them less influenced by vertical turbulent eddies. Binag#in
flocs reach the water surface and are exposed to the freezing ambient conditions. At this
stage of development, the frazil iparticles are still only loosely connected to each other
and can easily be broken apart by harthis type of ice igermed frazil slustfProwse,

1995) and is often compared to the consistency of a Slurpee. dimke at the surface,

flocs can combine and grow in size. Water in the interstices of the frazil particles freezes
creating a solid ice layer at the surface. At this stage, therices aremore competent

and are termed frazil pans. Frazil pans collide with each other as they are transported
downstream and take on a roughly circular shape with upturned edgeslaciazil pans

are sometimes referred to as pancake ice. Frazil pans remaining in close contact at the
water surface can freeze together, forming larger competent surface ice formations known
as ice floes.Various forms of frazil ice are often obsedvigether at the water surface

early in the freezeip period, shown ifrigurel.1.
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Figure 1.1. Aerial photograph of frazil slush,pans and floesforming during fr eezeup on
the Dauphin River. View is looking downstream. Photograph taken orthe Dauphin River
on December 14, 2016.

1.1.2 Formation of a River Ice Cover
As mentioned previouslyJ@v-moving rivers can develop a thiskim ice cover
overnight if conditions & favourable. Converselyastmoving rivers havesufficient
water velocitieghatprevert a stationary skim ice cover from forminger the entire river
width. Instead, skim and frazil ice pans are transported downswéhrthe flow. Once
ice is geneted, major engineering issues gagult assubsequent dynamic processes
cause ice floes to jam and create massive accumulations that obstruct thideneatfter,
the terms fAjamo and fAi ce todescebe acumulatidnéob e u s
ice pans afreezeup. In the most general sense, angogeris initiated when ice moving
downstream is impeded by some means. If the ice transport capacity of a river is exceeded,

congestion can occur as ice floes bridge across the river and becaile to move
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downstream. Congestion of ice floes is exacerbated by natural channel constrictions and
meanders, or, during freez®, by lateral growth of border ice which effectively reduces

the top width of the channel. In practice, field data aredeipon to predict likely bridging
locations. Alternatively, if a river culminates at a lake or hydroelectric reservoir with a
stable ice cover, incoming floes may be halted as they contact the competent, thermally

grown ice.

Once ice transport is stped, incoming ice floes can build up and the accumulation
will begin to progress upstream if hydraulic conditions perifiite division between free
drifting ice floes to a stationary ice cover is often called the ice frongaaling edge of
the ice cove Incoming ice floes can either remain at the surface or submerge and be
transported underneath the cover. Submergence typically occurs by underturning, but can
also occur by sinking for very thick or very thin floBB3ow Ambtman et al., 2011)
Submerged blocks may be transported anarfase downstream, or,tiheunderice water
velocity is not sufficiently high, may be deposited on the underside of the cover. |If
hydraulic conditions allow incoming floes to remain at the surface, a surface jam is
established. Theover quickly progreses upstream through juxtaposition and surface
packing of incoming ice floes and does not thicken apprecidhygically, this type of ice
cover has a hummocky appearance, and the frazil pans and floes comprising the cover are
still identfiable as showin Figurel.2. Surface jams can shift downstream intermittently
as they grow in length. Shear lines develop between the surface jam and the bank, where

competent border ice exssind may remain stationgrgs siown inFigurel.3.
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Figure 1.2. Surface jamming of frazil pans and floest the upstreamregion of a forming ice
cover.View is looking upstream.Note the transtion between ice cover and open water (ice
front) at the top of the photograph.Photograph taken onthe Lower Dauphin River on
November 22, 2017

Figure 1.3. Shear line between surface ice cover (right) @competent border ice (left).
View is looking downstream.Photograph taken on he Lower Dauphin River on November
21, 2017
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Thickened jams, which consist of multiple layers of floes, hayeeatereffecton
upstream water levels thaurface jams due tthe keel of the jam and the increased
hydraulic roughness of the underside of the jam caused digbelerlyarrangement of
floes. Thickened jams are classified as either narcbvannel jams or widehannel jams
based on the mechanisms by which thegkidan (Pariset et al., 1966) Narrowchannel
jams are thickesd via the submergence and immediate deposition of incoming floes near
the leading edge. Typically, a critical Froude number approach is used to determine if an
ice floe will entrain or juxtapose, with the criticaldaide number ranging from 0612
(Michel, 1978) The thickness of narreehannel jams is therefore controlled by the
hydraulic conditions present near the leading edge ofdtierc The thickness of wde-
channel jamsis governed by the flow shear stress, channel width and slope, and internal
strength properties of the iceWide-channeljams mechanically thicken in response to
water shear forces on the underside of the covertlaem downstream component of the
weight ofthe ice coveritselfNot e t hat HAmechani cal o-scaldhi cken
thickening of an ice cover as ice floes rearrange in response to applied forces, while
At her mal 6 t hi ckeniohap ice shdekeas svater foeezéshduectk leeati n g
exchange processeddechanically thickened ice covers consist mainly of ice floes that
form a porous accumulation of discrete blocks, with water and slush filling the voids. The
floes can consist dfoth solidice and frazil slushand are collectively called the rubble ice
portion of the jam. The large accumulations of ice can occupy a significant portion of
primary flow area, which decreases the conveyance capacity of the channel. The hydraulic
regime is dered within the jammed reach itself, but also to considerable lengths upstream

and downstream. As a jam forms, the keel (portbrthe ice covelbelow the water
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surface) and additional rough upper boundary decrease discharge underneath the jam,
increasng water levels upstream as water goes into storage. The net result is an increase
in water levels with respect to open water conditions under the same Alaghematic
representation of typical freez river ice processdsading to the formation adn ice

coveris shown inFigure1.4.

Y <CC
0°C isotherm vertical turbulence ice floes progression of ice front  gable ice cover
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Figure 1.4. lllustration of the processes leading to the formation of a river ice cover at
freezeup.

1.1.3 Growth of Solid Crust Layer

Freezeup jams are concurrent with cold air temperatybetow 0°C)that permit
the continual transfer of heat from the water to the atmosph@sean ice front is
progressing upstream, a portion of the cover downstream will be stable and stafitweary.
stationary cover gainstrengthasthe interstitial water between ice floas the surface
freezes to form a solid crust that grows vertically through the rubble accumulaiiose.
growth of the solid crust layen a rubble ice coveis similar to tle growth of a thermal
lake ice coverexcept that the solid ice is growing through a porous accumulation of ice

blocks rather than only water.
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The most basic analytical (SefargE91l)Thier i ce
model is formulagéd around the idea that latent heat released by freezing water at the water
ice interface is conducted upward through the ice layer by a constant temperature gradient
(Lepparanta, 1993) The simplest version of the model assumes: (i) no thermal inertia
within the ice cover, (ii) no internal sources of heat, (iii) a known surface temperature, and
(iv) negligible heat flux from the water. Assuming initially opeater (i.e. no ice thickness

at initial time), the analytical solution to theeigrowth equation is expressed as Equation

[1.3].
Q| WY [1.3]
with
o2 [1.4]
U
% "Y YT Qft [1.5]

whereQ s the level ice thicknesdyis thecumulative degreéays offreezing (also called

the freezing index)Q is the thermal conductivity of ic&, is the density of icd) is the

latent heat of fusion of ic€Y is the melting temperature of ic@°C for freshwateice),

“Yis the temperature at the ice surface, mla dumny variable for the integrationin

practice, the ambient air temperature is commonly used in lieu of the surface temperature

for calculaing "Y This substitution, along with other errors inherent in the assumptions of
Stefanbés | aw, resul t i n| thahisgypicallyen the fangaof c al i b

50-100% of its theoretical valugepparanta, 1993)
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More reliable predictions of thickness with time candotieved by considering
various effects that Fast the tangperdtueecat tikedinderside St e f
of theice layer is assumed to be at the melting temperatdreBy equating the heat flux
through the ice layeio the heat flux from the surface to the atmosphere, and applying a
linear heat transfer approach to the latter, the surface tempeiaturan be eliminated.

The growth rate of an ice layean th@ be calculated with Equatidi.6], following
Ashton(1986)
dQ p O Y Y %o

— = [1.6]
Qo ) — P

whereO is the linearized heat transfer coefficient at theaicenterface. Equation[1.6]
can be modified to include the insulating effects of a snow layer on the surface of the ice

cover.

When a solid ice layer grovisrough an accumulation of rubble icegfragments
and blocks), the growth rate is increased thuthe fact that only water in the interstices

must freeze.Compared to the growth of a level ice sheet (in open water), the growth rate

increases by a factor ef (Ashton and Beltaos, 2013; Calkins, 1978)own in Equation

[1.7].

o) p O Y Y %
"6 "0 0

[1.7]

wherer) is the porosity of the rubble layer ail  is thethickness of the solid ice crust.

Typical rubble ice cover porites range from 040.6, thus the growth rate of the solid

crust layer can be up to 1275 times greater than the growth rate of a level ice sheet.
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Beltaos(2013a)noted that freezingt the scale of voids within an ice cover is complex,
and that Equatiofil.7] represents the spatially averaged crust thickness over a large area.
The solid crust layer is important to consider during the period of ice coverepstan

because it adds nédrictional resistance to collapse and mechanical thickening.

1.1.4 River Ice Cover Consolidation

The term Ariver ice cover consolidati onc
thickening of a previously stable coyerhich cold be a surface jam or thickened cover
from a previous consolidation event. Consolidation evefiesn occuron fastflowing
rivers duringthe progression of the ice coverfegezeup. The continuous supply of ice
generated upstream packs agdinstieading edgef the ice cover As the cover lengthens,
the external forceapplied to itgrow; the shear force of the watwing beneath the ice
cover andthe downstream component of the weight of the ice are transferred in the
downstream direction.Sher stresses caused by wind also act on the suofaite ice
cover. If the strength of the ice coveréxceeded, the cover will collapse ahd leading
edge wi |dbwnstreamo The ice cover will mechanically thicken as the rubble ice
from the peviously stable cover rearranges to form a thicker accumulatitbnhigher
strength.The newly stable ice cover will again lengthen upstream as ice floes pack against
the leading edge. The cycle of ice front progression and consolidation can occal sever
timesover the freezeip period. Consolidation eventare unpredictable, armhuse rapid
changes tavater levels. Upstream, water levels can drop rapidly as the flow resistance
provided by the ice cover is suddenly removed. In the consolidated teacfiidden

mechanical thickening of the ice coveauses water levels to increase almost
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instantaneously. The water released from storage during a consolidation event moves

downstream in the form of a surge, temporarily increasing water levels andrgéscha

Consolidation events are problematic because they often result in veryrdhigk
ice accumulations that constrict channel flow and cause flooflrg Figure 1.5).
Furthermore, they occur rapidly and withovarning, making it difficult to issue flood
warnings or plan emergency evacuations until it is too late. Despitesthmificance
factors affecting the timing and severity of consolidageents are poorly understood.
This is likely due in part to the lack of field data and firbtand observations of the
conditiors during consolidation events. Because of the knowledge gap, numerical models
are notfully capable of simulating the process of ice cover consolidation, limiting their

applicability am usefulness in predicting the freaeze regime of a river.

Figure 1.5. Consolidated river ice cover on the.ower Dauphin River. Photograph taken on
November 22, 2017Note the rough surface caused by thdisorderly arrangement of ice
fragments comprising the cover.
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1.2 Review of Pertinent Literature

1.2.1 Theory of Rubble Ice Strength

It has been established that mechanically thickened ice coamrsonstrict flow
and cause increased water levdlkerefore, iis of interest to understand how gteength
of an ice coverelates to its thickness Note that in this cont e
resistance to mechanical thickening from forces applied in a plane coplanar to the ice
surface, and not to the beagi strength which refers to the ability of an ice cover to
withstand forces applied orthogonally to its surfaées the length of a thickened cover
increases, the forces attempting to push the cover downstream, caused by water shear and
gravity, increase. Ice rubble istraditionally thought to behave as a floating, granular
material, with strengtlyeneratedy frictional interlocking of ice fragments within the
cover. This idea was first proposed ennedy (1958)with reference to the strength of
floating pulpwood Pariset et al. (196@)eveloped the concept that an ice cover is subject
to collapse and mechanical thickening when the forces exceed the stréagtientioned
previously t hey coi ned-chaenéeékrvyusohdne mdnoivb ased o
the mode of thickening.They assumed that the strength of an ice jam formed from ice
rubbleis independent of the rheological properties of the ice itdif.considering the
forces onan ice cover in a rectangular channel, they developed an equation relating the
change in streamwise stress within the ice cover to the external forbey. suggested
that the ice cover collapses and thickens when the streamswess exceeds the maximum
internal stres®f the ice cover. The form of this equation most often found in current

literature is shown in Equatidi.8] (Beltaos, 1995a)
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o =t i wo ff [1.8]

where,, is the average streamwise effective strégs,the ice cover thickness, is the
channel width;t is the shear stress developed between the ice cover and the bank (or
grounded ice near the bank),is the specific gravity of icé€, is the density of watefQis
gravitationalacceleration)Y is the water surface slope, atids theaverage shear stress
caused by water flowing beneath the cover. This force balance is shown schematically in
Figurel.6. An assumption of Equatidi.g] is that the ice thickness is @iant across the

channel, which is a working hypothesis applicable to adamensional case.
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Figure 1.6. Forces on asection of ice cover in a rectangular prismatic channeAdapted
from Beltaos (1996)

Pariset et al. (1966)sedtheory of soil mechanics to develop equations for the
limiting lateral and shear stresses acting on the cover, shown in Equat#jrasnd[1.10]

(Beltaos, 1995a)
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T 0 Q, [1.9]
" Q, [1.10]
whereé is the cohesion between the ice cover and the B@nis the atio of shear to
nomal stress applied at the bawiten assumed to be related to the friction angle of ice
% asQ O A%, and'Q is the ratio of lateral to streanse stresses in the ice cover
Furthermore Pariset et al. (1966ssumed that the maximum streamwise compressive
stress of the ice cover was governed by the confining stress caused by buoyancy through

Equation[1.11] (Beltaos, 1995a)

2 [1.11]

wherev s the ratio of streamwise to vertical stress at the point of faiagmymed to be
equal to thepassive pressure coefficient , which is a function of the angle of internal
friction, and, is the thickness averaged vertical stress caused by buoyancy, given by

Equation[1.12].

Sip 1 p Ao [112

The above analysisllows a MohrCoulomb failure criterion for the case in which
the vertical stress caused by buoyancy is the least principal stress, which was shown to be
a valid assumption byBeltaos (1995a) Beltaos (1995a, 1995bjoted that some
assumptions made Rariset et al. (1966re not quite correct; for example, Equation

[1.17]isony valid if the streamwise normal stre

as shear is developed within the cover indhéplane. If it is assumed thad, “Y, 6, and
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tl are constant in the streamwise direcijequilibrium jam ondition) Equation1.8] can

be simplified to Equatiofil.13] (Beltaos, 1995a)

i p i 7® o001 i” WO ¢00 [1.13]
where the strength coefficient,, combines all coefficients goveng the stress

relationships within the ice cover, defined by Equafibt4].

‘kQQL p N [1.14]
Uzuner and Kennedy (197pliblished their own theoretical model of river ice jams
a decadeafter Pariset et al. (1966)suggsting that the internal strength of a rubble
accumulation is governed by two dimensionless coefficientgndo , as in Equations

[1.15] and[1.16] (Beltaos, 201Q)

., U, [1.15]

T 0, 0 [1.16]

where® relates the shear stress developed at the banks to the avetage effective
stress on the ice coverNotice that Equation$1.15] and [1.16] are very similar to
Equationg1.9] and[1.10] developed byrariset et al. (1966¢xcept thab is not assumed
to be the passive pressure coefficiherefore does not assume thatis a principal
stress)and the side friction depends pnrather than, . Beltaos (1983%3howed thathe

coefficients' ando are related through Equati¢h17].

p no [1.17]
For the case of a prismatic channel, Equafib8] can be combined wit an

equation describing the hydraulic resistance of the underside of the ice cover to determine
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the change in ice thickness with streamwise distance from the head (upstream end) of the
ice cover(Beltaos, 1995a; Uzuner and Kennedy, 197B)is results in a jam configuration
with three distinct regions: upstream transition, equilibrium reach, and downstream

transition as shown irrigurel.7 (Beltaos, 2013a)

|‘ upstream downstream ‘|

“ transition |

equilibrium

reach transition "

Figure 1.7. lllustrat ion of an ice cover configuraion with an equilibrium reach. Adapted
from Beltaos(2013a)

In a naturériver, an equilibrium reach will eventually forihice is conthuously
supplied from upstream. This occurs when the ice cover becomes suffitgcklguch
thatthe gradient in average streamwise stress (first term in Eqiia@pnapproaches zero.
In other words, for a given section of the ice cover (aSigure 1.6), the enirety of the
forces directed in the downstream direction are taken up by friction generated at the banks.
Distinguishing properties of the equilibrium reach thia he watersurfaceslope and bed
slope are equal, and the ice thickness is constant strf@mwise dection. Once formed,
additional ice supplyfrom upstream simply lengthens the equilibrium reach without

changing the maximum water depth or length of the transition re¢8#ig0s, 2013a)

Investigation of River Ice Cover Formation Procesddsreezeaip 18



Chapter I Introduction

The water depth within the equilibrium reach represents the maximum possiblehdepth
can result from the formation of a widbannel jam. Thereforengineers often solve for
the equilibrium jam thickness to assess flooding potential rather than calculate the full

profile of the ice jam.

Parisetet al. (1966)analyzedfield measurements of freezp ice jams on the
Beauharnois Canal iQuebec andleterminé the best fit valuéor the coefficient was
approximately 1.28. Note that this corresponds to a value of 2.18 fissuming a jam
porosity of 0.4. Further, they calculated the produdh 6fto range from 1.41.3 kN/m.
Beltaos(2013a)demonstrated that this finding impli#isat the value o6 would have
ranged from 0.20 kPaand is inversely related to the cover thicknedsch does not seem
physicdly plausible. Beltaos(2013a)alsonoted gveral laboratory testsn accumulations
of small ice blockshatindicaied values 0 of 0.1 kPa or lesge.g.Keinonen and Nyman,
1978; Merino, 1974; UrreAguirre, 1988. Owing to the difficulties insafely taking
measurements ate jam thickness,Beltaos (1983)developed an indirect method to
compute the strength coefficienfrom water level recordsin the analysis of 12 breakup
jams hefound that' varied between 0.6 and 3.5, but most of the computed values were
within the range of 04.3. It was also determined that the cohesive interGeptyas
negligible. h studies where ice thickness could be measaredeakup jams was found
to be in the same rge of 0.91.3 (e.g. Beltaos, 1988, 1984; Neill and Andres, 1984
Because of the apparent negligible cohesion found in breakastudies, it is possible
that thenonrictional resistance identified byariset etl. (1966)was not true cohesion,
but wasinstead the effeadf thefreezing of a solid ice crust at the surface of the ice jam

(Michel, 1978). Freezebonding between adjacent ice blogkscontactcould also have
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this effect(Schaéer and Ettema, 1985)This suggests that, unlike at breakup where the
internalstrength is produced mainly by the frictional interlocking of ice blocks (which can
be represented by an appropriate valuge)pfreezing effects occurring at freeap could

have significant implications on the strength of the ice cover and its ability to resist
mechanical thickenin@which should notbe modeled by a single value @f, butrather

depends on the air tempgure and theumulativeamount of freezing that has occurred)

The strength parameté&r which relates the vertical effective stress caused by
buoyancy to the maximum streamwise effective stress that an ice jam can withstand (see
Equation[1.15]) has been fand to be in the range of 42 through model applications to
equilibrium and norequilibrium breakup jam@eltaos, 201Q) There is no information
on the value ofd for freezeup jams, but since the coefficient only influences the
transitional reaches and not the equilibrium re®@##taos(2013a)has suggested usirag
value inthe range of 1412 as a wiking hypothesis.The value ofQ is typicallyassumed
to be 0.33Tuthill and Mamone, 1998; White, 1999ut can varyn the range of 0.36
0.55(Beltaos, 2010) Reported values of the internal friction an@ehave shown a wide
spread. Values range from as low as 21°, calculatédidhyel (1980)on data from 10 ice
jams to 76° determiad byTimco and Cornet{1999)in laboratory testéWhite, 1999) In
a review of reported values %tfin the literatureBeltaos(2010)suggested that the internal
friction angle istypically between 55.8° and8%° but can be lower depending on the
assumptions made regarding the magnitude of the principal stresses and the side frictional

resistance.

White (1999) reviewed ice jam literature and identified a group of variables

important in thedetermining the thicknessf an ice coveformed throughshoving and
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internal collapse, and the effect on channelraytics. A selection of these variables and
their recommended ranges suggestei\yte (1999)are shown inTablel.1. Note the

wide range of possible values for each parameter.

Table 1.1. Important parameters affecting ice jams and recommended range of values.
Adapted from White (1999)

Property Case Range of Values
Freezeup ice cover 0.01-0.06

Ice coverManningroughnesg¢ ) Freezeup ice jam 0.020.10
groug Breakup (thin ice) 0.020.10

Breakup (thick ice) 0.0350.15
. Freezeup ice jam 9601200 Pa
Cohesior(0) Breakup ice jam 0-100 Pa
Coefficient of internal strengtf) Freezeup orbreakup 1.02.0
. - Frazil 20-45°

0,

Angle of internal friction(%y Rubble 40-60°
o Freezeup ice jam 0.350.45
Porosity( ) Breakup ice jam 0.350.8

1.2.2 Laboratory Investigations on the Strength of Floating Ice Covers

Several laboratory experiments kaveen conducted on ice rubble to evaluate its
apparent resistance to deformation under a variety of conditions, and to assess the ability
of theoretical equations in describing the behaviour of rubble iEkis section will
summarize strength tests perfed on floating ice rubble in laboratory settings. An
emphasis is given to shear and compression tests, as these are the dominant failure modes

of river ice under natural stresses.

Prodanovic (1979)sed a direct shear test to measure the shear strength of saline
ice rubble. The box was suspended in water so that the rubble could float to its natural
level, and shear forcesere exerted on one half of the box while maintaining a constant

normal force. He found that the shear strength showed little dependence on the strain rate,
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and that the shear strength increased approximately linearly with confining pressure. For
rubblecreated from parent ice sheets with thicknesses of 19 mm and 38 mm, the friction
angles were 47° and 53°, and the cohesive intercepts were 0.26 kPa and 0.58 kPa,
respectively. Hellman (1984)also performed direct shear testing, but was unable to
maintain a constant normal stress during the shearing. He did, however, identify three
distinct modes of shearirgf ice rubble. Firstly, the ice pieces will become more densely
packed as the strain increases. Second, the shear stress continues to increase and peaks
when the test sample dilates. The third mode is the continuous shearing of the rubble at
large strans. As pointed out bittema and Urroz (1989it is unclear in most shear box
studies whether peak or continuous shear strengths were actually measured, which could
contribute to some of the scatter seen in the reported values of strength paranestets.

and Sayed (1993joted that the stresses and strains within the sampt®tuaiform in a

direct shear test; results are highly dependent on the apparatus and procedure and could
lead to scatter in reported data. Instead, they usedvdddichamber with two moveable
sidewalls that put the rubble in a state of platrain. It was found that a wide range of
internal friction angles can be used to describe the failure grevdiEpending on the strain

path

Urroz and Ettema (198ferformed strength tests on floating ice rubble with a
simple shear apparatus that had plan dimensions of 530 mm by 609 mm. They investigated
the effects of shear rate, rubble layer thess, and size of ice fragment on the shear
strength of a continuously deforming ice cover with the air temperature set to 0°C. They
used three different sizes of ice blocks, as well as polyethylene blocks that were similar in

size to the medium size icéobks. The shear and normal force applied to the moving wall
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of the simple shear box were measured during the tests. At low shear rates, distinct peaks
could be observed in the force records. At high shear rates the exact point of failure was
not as praounced, and the forces were observed to oscillate around a mean value similar
to the failure valueUrroz and Ettema (198 0pserved that failure coincided with sudden
relative motion of the ice rubble blocks. It was found that the shear and normal stresses at
failure both decreased with increasing shear rate, and increased with increaging cov
thickness. The polyethylene blocks showed no distinct variation in strength with shear
rate, leading the authors to believe that freeaeding was causing this phenomenon in

the ice block tests. In plotting the shear force and normal force at fallwoz and Ettema
(1987)found that the cohesive intercept was very close to zero fotoagk Bizes. This

finding suggests that a continuously deforming ice cover behaves as a cohesionless
material. The average internal friction angles were found to be 36.6°, 51.6°, and 30.5° for
the small, medium, and large ice blocks, respectively. Tigeddriction angle for the
medium blocks was attributed to sharper edges at the corners compared to the small and

large blocks.

Tatinclaux et al. (197 ®erformed tests to determine the compressive strength of a
fragmented ice cover. They used an insulated tank tha®@aswide and0.6 mdeep,
with a floating mass of ice rubble confined in the lateral direction. A plate attached to a
variable speed caage supplied the compressive force, and the force and displacement
were logged for each test. Three different sizes of ice floes were used to create the rubble.
The total thickness of the rubble accumulation varied #alx18.3 cm, and cover lengths
from 0.3-1.8 m were tested. The air temperature during their experiments was 0°C. The

authors considered the first maximum recorded force peak as the failure strength, but noted
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that significant variation in this failure strength was observed for nomiitshtical test
conditions, with larger variation for tests with larger rubble blocks. Therefore, they
performed at least 10 trials for each test condition and reported the average values of the
failure strength. In plotting the stressain curvesTatinclaux et al. (197 7#pund that the
compressive strength and yield strain both decreased as the plate velocity increased. They
concluded that this was csed by melting and refreezing at the particle interfaces under
pressure; lower deformation rates will allow a longer time for this process to occur,
resulting in stronger freeg@onds. They also concluded that the compressive strength was
independent ofite cover length and the rubble floe shape, although they commented that
the latter finding was an unexpected result. They suggested using a wider range of jam

thickness and floe sizes to investigate this further.

Cheng and Tatinclaux (197®8onducted experiments in the same facility as
Tatinclaux et al. (1977)and followed an identical experimental process. The goal of this
set of experiments was to evaluate the effect of preloading on the compressivé sirengt
an ice cover (however some tests with no preload were also performed). Thagingge
ice block size, consistent with onkosen byfatinclaux et al(1977) They also observed
considerable variation in the compressive strength between nominally identical test
conditions, and ran each test an average of eight times to account for this. The failure of
the ice cover was marked by a drop in the foeggstered by the compression plate, and
was found to occur in three different modes. For low plate splsdgtijard.3 mm/$ the
fragmented ice cover did not fracture, but a buckling type of failure was observed due to
increased interparticle bondingdn this failure mode, the force on the plate plateaued and

slowly decreased. For intermediate plate speeds, cracks were observed in the cover and
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the failure was marked by a sudden drop in the recorded force. For high plate speeds
(greater thanl.8 mm/$, the cover was observed to fracture near the driving plate.
Following the initial drop in recorded force, the force on the plate fluctuated over a small
range. Overall, the results indicated that the compressive strength increases as the cover
thicknes increases. The ratio of compressive strength to cover thickness decreases with
increasing deformation rate, but attains a constant value of approximately 157@N/m
plate speeds larger than 3 mm/s. Unlikainclaux et al. (1977)they found that for a
greatercover thicknessl-23 cm, the yield strain increased linearly with increasing plate
speed. For thinner covers, the yield strain decreasedinearly with increasing plate
speed. Cheng and Tatitlaux (1977)attributed this to the mode of failure in each case;
higher ratios of cover length to cover thickness lead to a buckling type failure whereas
lower ratios cause a crushing type failure. This finding suggests that a length to thickness

ratio of less than 4.0 should be used to reduce the risk of buckling failure.

In comparing the results dfatinclaux et al. (1977and Cheng and Tatinclaux
(1977)for similar cover thicknesses, large discrepancies exist (up to 50%), with the former
reporting greater strengths than the latter E8gerel.8). This inconsistency in the results
was attributed to slight deviations in air temperature from 0°C which affected the formation
of the interparticle bonds near the surface. If small variations in air temperature truly
caused such large changesthe compressive strength of the cover, presilyndue to

freezing effects, itd clear that this phenomenon should be investigated more closely.
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Figure 1.8. Influence of plate speed on compressive stretig Data from Cheng and
Tatinclaux (1977)(solid markers) and Tatinclaux et al. (1977)(hollow markers).

Hopkins and Tuhkuri (1999)sed a combination of physical experiments and
numericdsimulations to investigate the compressive strength of floating rubble fields. Ice
floes cut into 400 mm diameter discs were floated in a rectangular channel measuring 6 m
wide by 20 m long. Initially, the ice discs only covered approximately 70%eoivéter
surface. A pusher plate was moved from one end of the channel to compress the ice floes
and record the force required to deform the cover. Pusher speeds of 15 mm/s, 33 mm/s,
and 52 mm/s, and ice thicknesses of 28 mm, 38 mm, and 54 mm were festederical
discrete element model (DEM) was calibrated to replicate the results of the experiments,
and was subsequently used to simulate various conditions (e.g. channel length and width,
floe size, and friction coefficientsjp evaluate their effeain the resistance of the rubble
ice. Three distinct phases were observed during the movement of the pusher plate. First,
the floating ice pieces were herded to one end of the channel and the surface concentration
increased. The force on the pusher plads low during this phase, arising mostly from
the inertia of the accelerating floes. Next, the consolidated surface layer deformed by

mechanisms of underturning and rafting. Thick or rough disks had a higher tendency to
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underturn, while thin or smoottiisks were more likely to raft. The force on the pusher
plate increased gradually during this phase; the force was caused by the resistance to
underturning and rafting, and from frictional contact with the channel edges. Third, when
the entire initial stface layer of floes had failed, the jumbled field of floes continued to
deform. Forces on the pusher plate increased more rapidly during this phase due to the
thickening of the rubble layer. Computer simulations with the DEM showed that reducing
the aspct ratio of the floes or increasing the friction coefficient increased the compressive
resistance of the rubble layer. Increasing the channel width reduced the compressive
resistance, as frictional effects from the channel edges became less impoxdifyink

the size distribution of floes did not have a significant impact on the resistance of the rubble

layer.

In summary, several laboratory investigations have been conducted to test the
strength of a floating rubble ice mass. Results generally agtkeehe MohrCoulomb
theory, which is likely whyit continues to be the accepted method of calculating the
resistance of a rubble ice jaand why satisfactory results can be achieved by appiyeng
theory to real world ice jamsHowever, as noted by my of the studies, there are strain
rate effects on the apparent strength of a rubblenagtationresulting from freezéonds
that can quickly form at contact points between the ice rubble fragmEuatther to this
point, it is known that during the foration of an ice cover at freen@, the advancing ice
cover goes through cycles of frontal progressand collapse During the time that a
portion of the ice cover is stationary, it is exposed to cold ambient air temperatures that
freeze a solid crusttahe surface of the rubble layer. There has not yet been a detailed

laboratory investigation on the effects of a frozen surface crust on the ability of a rubble
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ice cover to resist mechanical thickening, despite its known significageen in their
seninal paper on the dynamics of river ice jarRsyiset et al. (196@)oted the primary
importance of the relationship between meteorological conditemd mechanical
thickening of an ice cover. They suggekthat unde extreme cold weather conditions,
cohesion (or a nofrictional resistance term similar to cohesionjatsa maximum and
allows the formation of thinner and more stable ice covers. Corroborating this notion,
Pariset etl. (1966)noted that the most severe ice conditions initkaudy area itMontreal

correspond to freezap periods with mildair temperatures.

1.2.3 Investigations on the Freezing o& Solid Ice Layer Throughlce Rubble
Sectionl.1.3provided an overview dheoretical equations to calculate the growth
of a solid ice crust through a porous accumulation of ice rubble; this section will provide a

review of literature relevant to this process, including laboratoryialiistudies.

The growth of a frozen layer through an accumulation of ice rubble has received
more attention in sea ice literature than in river ice works. This is perhaps due to the fact
that sea ice can grow much thicker than river ice, thereforviatjosafe access for
researchers. When sea ice ridges form, the keel is initially composed of cold broken ice
rubble. Initially, the cold reserves in the ice rubble cause freezing throughout the entire
volume, creating freezeonds at contact surfac@darchenko, 2008) This process is also
known as sintering. Over time, thermal processes permit the growth of a solid crust layer
vertically downward through the rubble. The solid crust layer is synonymous with the term
Aconsolyiedradt eidn Isaea ice | iterature, but only
for clarity; Afconsolidationd typically ref

mechanically thickening in river ice literaturélgyland et al. (2001performed tests in a

Investigation of River Ice Cover Formation Procesddsreezeaip 28



Chapter I Introduction

model basin at the Hamburg Ship Model Basin and found that sintering durimgtitde

phase was sensitive to the temperature of the level ice from which the rubble was made.
The thickness of the solid crust layer and sintering effects are important from a sea ice
perspective because they can influence the design loads-stiaréstructures and ice
breakers. As mentioned earlier, a very similar process occurs during-tneeteivers;
competent frazil pans comprise a mass of ice rubble, and cold ambient air temperatures can

form a crust that solidifies these pans together.

Lepparanta and Hakala (1998yestigated free floating first year ice ridges in the
Baltic Sea and found thatelsolid crust layer within the ridges (average porosity 0.29) was
1-2 times the thickness of the surrounding level ice. This differential growth rate of solid
crust layer to level ice has been identified in numerous other field studies on sea ice ridges
(e.g.Croasdale, Allyn, and Marcellus (199Qeppéaranta et al. (1995and Kharitonov
(2008). Thegrowth rate of the solid crust layer can vary spatially over an ice ridge;
Shafrova and Hgyland (200Bgrformed mechanical drilling on first year ice ridges in the
Barents Sea and Arctic Ocean in 2005 and 2006, and found that the matdrauenage
thickness ratio of the solid crust layer was ab2.1, while the minimunto-average

thickness ratio was around 0.36.

Timco and Goodrich (198&)vestigated the rate of solid crust growth in freshwater
and saline ice rubble in a laboratory settibgep rubbleaccumulations were created, and
allowed to refreeze under ambient air temperatures ranging5Wnto-18°C. Ice block
size, ambient air temperature, and wind speed were varied to determine their effects on the
solid crust growth rate. Thermocoupl&kea were used to log temperature profiles in

rubble ice accumulations to quantitatively estimate the location of the solid crustlinent.
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solid crust was allowed to grow through the rubble accumulation for durations ranging
from 27120 hours, resultingn solid crusts that were 1ZB cm thick. Visual inspections

of the final location of the solid crust layer were compared with the temperature data. The
authors found that the macro porosity and orientation of rubble blocks caused variability
in the sold crust growth rates, and that ttreist depth®btained with the thermocouples
were at the lower end of the visually observed ranges of crust depths. The crust depth was
found to be linearly related to the square root of the freezing index (producteofitid
temperature) and that good fits were obtained by using either the air temperature or the
surface temperature in the freezing index calculation. In all cases, the surface ice
temperature was measured to be warmer than the ambient air temperaised.oB best

fit lines using the air temperature freezing index, the growth of the solid crust layer through

the rubble was 1.7 times as quick as the growth of an adjacent level ice sheet.

Toyotaand Koda (2016gxamined the solidification of saline grease ice (sea ice
term for frazil ice grown in turbulent conditions). An insulated tank was placed in a cold
room with air temperaturesanging from -10°C to-20°C, and a stirrer promoted the
formaion of grease ice. A second identical tank was placed in the same room, but without
a stirrer. Once the nestirred tank grew a sheet of ice approximately 5 cm thick, the stirrer
was stopped and the grease ice floated to the surface to create a layensgiply 10 cm
thick. Measurements from a string of thermocouples spaced at 1 cm intervals were used to
identify the rate of growth of the solidified layer through the grease ice. Porosity of th
grease ice ranged from 0:R744. Results showed thaetsolidification through the grease

ice was rapid; the upperztcm of grease ice solidified within two hguafter the stirrer
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was stopped, and by the time the columnar ice grew to 10 cm thick, the solidified portion

of the grease ice was also 10 cmkhic

Croasdale, Allyn, and Marcellus (199f)veloped a numerical model (ICEGROW)
to predict the solid crust growthroughrubble ice. They considered the major sources of
heat transfer to be sensible heat flux andorewaveradiation, and modified the thermal
properties of the water such atelat heat of fusion and thermal conductivity based on the
salinity. The air temperature was found to largely influence the growth rate, while wind
speed was important up to a speed of 5 m/s (beyond which any change was less influential).
The insulating #ects of a snow cover were also evident, with a snow cover of 10 cm
cutting the crust growth rate in half. The porosity of the ice rubble was also found to
significantly affect the crust growth rate as was found by other autfidre numerical
model wazompared with field observations in the Beaufort Seacbuld not accurately
predictthe solid crust thickness of the ice rubble. The authors attributed this to a lack of
data on the initial conditions such as rubble porosity and depth of snow odvenre
controlled experiment was performed in the Esso @peite basin where rubble ice was
allowed to refreeze under atmospheric conditions. Using measured values of rubble
porosity and sail height, the ICEGROW model simulated the growth of thecaadidayer
reasonably well, although the authors did not include their method of measuring the depth
of the solid crust layer.Croasdale, Allyn, and Marcellus (1996&)ncludced that a solid
understanding ahe rubble accumulatigmorosityis crucial to predicting its crust growth

rate.
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1.2.4 Strength of Solid Crust Layer

The onedimensional resistance provided by an ice cover can be broken down into
the resistance from the solid ice crust and the resistance from the porous ice accumulation
Using the equation for maximum internal streamwise streggoped byPariset et al.
(1966)(Equation1.11]), the total resistance per unit width can be calculatedBygjtiation
[1.18]. The porous layer resistance is exprdssethe product of thetrengthcoefficient
0 , and the average vertical effective stress caused by buoyancy. Note that the porous ice
resistance is a function of its thickness (i.e. a greater thickness increases the buoyant force,

thus increasinghe maximum possible resistance).

Y o, Q 0, O [1.18]
where'Y is the total resistance force per unit width, is the compressive strength of

the solidcrust layer, an@? s the thickness of the solid crust layer.

In-situ field tests on freshwater ice performed Witoratos and Kry (1979)
indicated that the uniaxial compresssteength ranged from 1-8.0 MPa depending on
the temperature of the ice. Using typical valok&2 for0 and 0.4 fom , representative

a freezeup ice jam(Beltaos, 2013a)and lower limit insitu field measurements of the

compressive strength of solid ice, Equatidri8] reduces t&cquation[1.19].
Y pu Tk C®o [1.19

whereYisin — andQ andoare in [m]. It is evident that evesith a substantial

porous ice thickness, the solid crust resistance dominates the total resistance provided by
the ice coverMichel (1978)made a similar comparison, and also concluded that the solid

crust dominates the total resistance. He noted that a frozen crust can grow and join the ice

Investigation of River Ice Cover Formation Procesddsreezeaip 32



Chapter I Introduction

pieces over a relatively short time during cold weather; ther#iersolid crust resistance

is a very important term to consider during freepe

Andres (1999)examined theggrowth of the solid crust layer as it relates to the
progression and collapse ofarhing ice cover at freeagp. He assumedhat the internal
frictional resistance of the ice piecasd shear resistance at the bawkse negligible
compared to the strgth of the solid crust layer. The rate of growth of the externally
applied forces was equated to the growth rate of the resisting forces due to freezing of the
solid crust layer to obtain a stability numfder that differentiated between a juxtaposing
or consolidating ice cover, as shown in Equafib2Q].

YHQ
0°Y” 0

I [1.20
whereD is the discharge upstream of the progressing ice coMee stability numbef, ,

is a function of several variables that include bed and ice cover roughness, strength of the
solid crust layer, thickness and porosity of the juxtaposed cover and incoming icthBioes,
celerity of the advancing ice front, and tineat transfer coefficient at the ie@ interface.
Andres (1999oted that for typical values of the aforethened variable$, could range

from 0.000020.001. Using data and observations of juxtaposed and consolidated freeze
up ice covers on the Peace River in northern Alberta, he deduced a value of 0.0Q03 for
and back calculated the strength of thedsaliust layer to be approximately 1.2 MPa
although the value could plausibly be in the range-®fMPa based on the data provided.
Andres (1999noted that more work is required to investigate the failure mechanism of

progressing ice covers at freeze, particularly the effect of planform channel

characteristics such as meanders that likely limit the longitudoraes transmitted
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downstream and may promote the formation of a juxtaposed cd¥eltaos(2013a)
substituted typical values for ice and water propediesg with the value of 0.0003 for

to arrive at Equatiofil.2]].

— T8 q pTm [1.2]]

wherern is the unit discharge. Substituting in typical values for the Lower Dauphin River
of 2 n?/s for  and 0.0016 fof'Y shows that the air temperature would need to be
impossibly low for a juxtaposkice cover to develop. HE equation can be more useful in
determining the water surface slope at which point a juxtaposed cover could develop; at an

air temperature ofL0°C,"Y would need to be less than 0.00012.

1.2.5 Field Monitoring of Freeze-up Consolidation Events

Field investigations are a useful approach to study and understand the ice processes
of a particular region; data collected overesaV years can be usedpredictthe ped ice
elevationsor estimate return periods of icelated flooding eventsDatasets collected
through field monitoring programs can also be usedaiaate current theory on ice
dynamics andeffects on channel lyaulics. Detailed field measurements provide
calibration and validation datasets for numerical models, increasing their accuracy and
capabilities. Unfortunately, planning and executing a field monitoring progesnmany
challenges. HNrthern rivers oftn run through remote locations, making access difficult.
Cold weather is often unpleasant to work in, and adequate housing and shelter is required
for multi-day monitoring. Instrumentation such as pressure transducers to measure
changing water levels arsometimes challenging to install in the river during open water

season. Further, dynamic ice processes can damegginstrumentsr move them from

Investigation of River Ice Cover Formation Procesddsreezeaip 34



Chapter I Introduction

their deployed locatian Lastly, and perhaps most importantly, several sought after
parameters are @i unsafe or impossible to accurately measure. Ice jams are inherently
unstable, and navigating on their surface to perform drilling for thickness or discharge
measuremeris dangerous. Field monitoring programs must be carefully planned out and
executedand even still, the data collected is often incomplete. Still, measurements of real
world ice jam properties is worth the effort, and can provide full scale infanmétat is

simply not reprodudile in a laboratory setting.

Several field studies haleen conducted to investigate breakup ice processes and

dynamics (e.gBeltaos et al., 199@eltaos and Carter, 200Beltaos et al., 201 Beltaos

et al.,, 2012) Field datasets most commorniiyclude water surface elevatiorgsther as
surveyed instantaneous water surface profiles or as time series collectadstetied
pressure transduceigkely due to the relative ease of this measuremérg.thicknesses

are often inferred from watéevel rises or indirectly measured from shear wall remnants
that remain attached to the barkier an ice jam has clearedn general,breakup
observations are consistent with traditional MGmulomb theoryf ice jam dynamicsas

evidenced by the relatly small range of found byBeltaos(1983)

Less attention has been given to freepace monitoring, perhaps because breakup
ice jams can occur more rapidind pose higher risk of floodingvichel (1984)reviewed
five datasetscollected on the St. Lawrence River (194948, 19491950), Beauharnois
Canal (19511952, 19531954), and La Grande River (191978). Each dataset included
ice thickness profiles and observations of the mode of ice cover formafarthe St.
Lawrence River, it was found that shoves

of warm weather wich the author suggested caused thermal weakening of the cover and
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subsequent collapse. Regions where shove events occurred had much greater ice
thicknesses (in excess of 3 m thick in some areas) than regions where surface juxtaposition
occurred (thicknesof approximately 0.5 m). In the Beauharnois Canal, the ice cover was
observed to form in 1951952 by frontal progressiowith minimal packing. In
19531954, some shoves and packing were observed to occur typically in the morning after
a discharge inease from a nearby powerplant operationthe La Grande River, the ice

cover formation occurred during a period of continuously cold weather, and no shoves were
detected.Michel (1984)concluded that, in general, shoves were prone to occur during a
thawing period or an artificial rise in water level. He compared the shoving process to a
breakup event, as the rise in temperature and/or rising water levels tendkienwe

destroy the solid crust layer and lead to collapse and mechanical thickening.

Andres (1995summarized a variety of freezg data collected on the Peace River
from 19701988 including water surface profiles, ice thickness measurenants)der
ice velocity profile, and descriptions of ice front celerities and characterigtiesaverage
winter dischargencreased to approximately four times the natural flows since regulation
of the Peace River in 1972. The higher flows cduke sloving process to dominate ice
cover progression, leading to higher freepewater levels and thicker, rougher ice
accumulations. A typal water surface gauge record waesented, with several
characteristics that are indicative of the ice cover fownatequence. First, the backwater
effect of an ice cover progressing via surface juxtaposition and packing reaches a site and
the level bginsto rise. When the ice front passes the site, thervexel plateaus at a
temporarilystablelevel. A suddenncrease in stage can occur if the ice cover collapses

and shoves due to the thickening of the ice cover and the attendant surge of water released
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from storage. The water level tends to decrease gradually from its peak level as the
underside of the ice ger is smoothed and because a portion of the flow is being abstracted
as the ice front continues to move upstream. Using measured water surface elevations, the
internal strength coefficient,, was estimated for a range of flow conditions. It was found
that at the lower range of discharges (less than 120§),nthe value of ranged from
1.52.0 or higher. Andres (1995kuggested that the lower flows allowed the downward
freezing of the solid crust layer to add strength to the ice caahicing the likelihood of
shoves and increasing the apparent valués dit higher flows (greater than 150G/s),

the value of was in the range of 0-85 as the shoving process dominated ice cover
formation. The author recommended that values of the range of 0-8.0 should be

used if the shoving process dominates. Additiondiéy suggested that the quateady

winter discharge should be increased by 28%n employing the theoretical equatidos
account for the surges associated with dyicaice events that can temporarily increase

flow and shear forces on the forming ice cover.

Andres et al. (2003)oted that the triggering of consolidation events iswelt
understood, but three conditiotisat appear to promote their occurrence are (i) rapid
advancement of the leading edge which incresisesses without attendant thermal growth
of a surface crust, (i) a sudden increase in discharge, and (iii) aaptémperature
fluctuations that can quickly weaken the solid crust and compromise the resistance of the
ice cover. The authors furthedifferentiated betweeifiprimaryd consolidation events,
which occur early in the ice cover formation before significamterstitial freezing
develops, andisecondary consolidation events, whicare the collapse of an existing

consolidated or juxtaposed ice cover and affect a larger reach of the Aindres et al.
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(2003)reviewed over 20 years of freemp data on the Peace Riwghich includedice

front celerities, air temperatures, discharges, and occurrence of secondary consolidation
events. The celerity of the ice front generallycreased with colder air temperatures, and
was nearly zero when the air temperature was warmer-t@G€. They found that
consolidation events occurred over the entire range of measured ice front celerities, and
could be caused by any of the three ctads previously listed.The authors analyzed
water level changes during consolidation events and found that the water released from
storage during an ice cover collapse created unsteady flow at downstream gauges that
temporarily increased discharge artear stress. Additional details of this study are
included in Sectior2.3.2 Andres et al. (2003goncluded that consolidation events can
significantly affect the flows in a river, and that numerical ice models are not currently
capable of predicting the transient hydraulic properties caused by secondary

consolidations.

In generalfield observations during freezg have shown thathoving @ents can
lead to very thick ice accumulations that can severely constrict flow and lead to staging
that can cause flooding. Furthermore, ayic ice formation processes have been shown
to cause unsteady flow conditions that may apply greater stresaderiming ice cover
than may be expected from tkeearly) steady winter dischargeWhile past research
efforts have certainly been fruitful and have resulted isolid understanding of these
processes,ditional field datasets are requireditbin t he knowledge gapdn particular,
a detailed field monitoring program with measurements of water levels and descriptions of
ice cover characteristics at a high spatial and temporal resolution on a reach that is prone

to consolidation eventsould be usefu Firsthand observations ofi¢ progression of a
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surface janor the sequence of events occurring during a consolidation event halpld
to confirm and/or advancthe ability to predict iceaffected water levels and flooding

potential.

1.2.6 Numerical Modeling of River Ice

In the 1970s,the American Society of Civil Engineers published a paper
highlighting the research needs regarding the study of rivéABEE Task Committee on
Hydromechanics of Ice, 19745ince then, great progress has been made in several areas
of river ice research, furthering the state of knalgke on the subject. The concurrent
advance in computing power has led to the development of several numerical models that
can be used to simulate compteser ice phenomena attide effects on channel hydraulics.
Numerical modelsrethe most economicand efficient method to assess the impacts of
river ice; the modeler can specify a suite of expected conditions and relatively quickly get
a resultfrom the comfort othe office. The properties and features of specific numerical
river ice models are dren by the needs of the modeligrerefore, models vary in terms of
complexity. The most basic models are steady anddonensional, and simply compute
the effect of an ice cover on theter surface profile ia channel. Conversely, the most
advanced maels can simulate the thermal cooling of water, production of ice, unsteady
dynamic interactions between ice pieces, transient effects on river hydraulics, and other
relevant processes. All models have underlying assumptions and are limited in one way or
another by the current state of understanding of river ice processes. The following
paragraphs are intendeda@senanon-exhaustiveselectiorof river ice model$o provide

context on the common traits of these models and areas where they differ
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TheU.S. Army Corps of EngineeksydrologicEngineering Center River Analysis
System (HECERAS) model is a onrdimensional model that can perform both steady and
unsteady open water computatiqisS. Army Corps of Engiregs, 2002) The model
employs the standard step method to solve the energy equation to determine water surface
profiles and velocities along a reach. Channel roughness is defined with a Manning number
that can vary along the reach within the same cigs section in thenain channel and
overbank areas. HERAS can also account for energy losses associated with common
hydraulic structures such as bridge piers and culverts. The mqulddlicly available for
download, andincludes a graphical user intece to facilitate model construction,
calibration, and interpretation of result§he effects of river ice can be simulated in two
ways. First, HEERAS can simulate the hydraulicsfofed ice covered reaches with user
prescribed ice roughness and kmess. Alternatively, he program can simulate the
thicknessof a wide-channeljam under steady flovby solving the force balance equation
with the jam stability criteri@eveloped byPariset et al. (196&@ndUzuner and Kennedy
(1976) The user can specify material properties of the ice jam such as porosity and interna
friction angle at each cross section. The HEAS model does not incorporate processes
related to the thermal growth and decay of ice, or the transport and unsteady dynamics of

jamming ice.

The SIMGLACE mode{RousseauSauve, Warren, Inc. and Hyd@uebec, 1983)
originally conceived in 1977, is a owmmensional steady state model that simulates the
processes of water cooling, ice generation, ice cover formation, and ice cover bisakup.
each cross section, fourakility conditions are used to define the ice thickn@s=ryk,

1995) (i) frontal progression (narrow jam), (ii) shoving (wide jam), (iii) border ice
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stability, and (iv) erosion of the ice covérhe user inputs bathymetry, bed roughness, and

ice properties such as porosity. Forcing data includes discharge, meteorological
condifons, and water temperature at the upstream boundary of the nRI&GLACE
calculates heat loss through consideration of major $mates and sinks, or through a
linearized heat transfer approach. When the water temperature reaches 0°C, the volume of
frazil ice that forms is calculated using the latent heat of fusion of Tt® model can

produce outpwsuch as mean water velocities, water levels, and ice cover thickness.

The RiverlDhydrodynamicmodel was developed at the University of Alberta
(Hicks and Steffler, 1992)The model solves the mass and momentqguagons with the
CharacteristiedDissipativeGalerkin (CDG) finite element method.The model includes
thermal and dynamic ice process modulesteady state ice jam profile component, based
upon stability equations that follow the theoryRdriset et al. (1966and Uzuner and
Kennedy (1976)is usedcalculate ice janprofiles and associated water surface profiles
(She and Hicks, 2006)Andrishak and Hicks (200&)escribe the thermal ice components
which consider water cooling, frazil ice formation and floatation, surface ice transport, and
thermal ice growth anchelt. She et al. (2009)escribeanotheRiverlD model component
which simulates the dynamics of ice jam formation using a purely Eulerian reference frame.
Mass and momentum conservative equations &t vater and ice are solved using the
CDG finite element method in an uncoupled sequence. A new constitutive model was
implemented byShe et al. (20090 determine the internal resistance within anjé&e
based on the strain rate of ttheforming ice The RiverlD model can be used to simulate
the configuration of an ice jam and corresponding water surface profile for unsteady flow

conditiors, such as those experienced dutwygro-peaking operatiasyShe et al., 2012)
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The RICE model was developed by Hung Tao Shen and his collaborators at
Clarkson University in the 19803 he river hydrauts component of the modsblvesthe
onedimensional unsteady flow equatiohsl and Shen, 2007sing a fowpoint implicit
finite difference schem@etryk, 1995) The RICE model includesdditionalcomponents
to simulate water temperature and ice cotragion, formation of bordeskim, and frazil
ice,undercover transport and accumulation (based on critical velocity criterdipermal
growth and decay of an ice covek unique feature of the RICE model is thag transport
of ice is considered to occur in two layersswaface layer and suspendd layer. The
model considers the surface juxtaposition of an ice cover using the critical Froude number
criterion, when the critical Froude number is exceeded, the cpvegressesn the
hydraulic thickening (narrow jam) mode as definedPlayiset et al. (1966)The shoving
mode forwide-channeljam formation is also considered by solving the force balance
eguation based on the theoryR&riset et al. (196&ndUzuner and Kennedy (19767 he
model also includes a stability criteria for ice covers that includes contributiong of th
rubble (granular) ice, frazil ice, and solid crust layers that can be used to simulate the onset
of mechanical breakup. However, this component has not been tested in field applications.
An advanced version of the model, RICEN, was based upon theR¢@El. The major
improvements include (i) the ability to simulate the supercooling phenomenon and anchor
ice formation, (i) computation of undercover transport based transporicapacity
formulation, and (iii) inclusion of wind effects, artificial ibeeaking, and flow resistance

due to the moving ic€Shen et al., 1995)

The ICESIM computer model was developed in 1973 by Acres International

Limited to study river ice problesnand has been under continual development since then
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It has been applied to hydroelectric design problems on the Nelson River in northern
Manitoba, as well as to problems involving ice jams on several other Canadian Rivers
(Carson and Groenevelti997) The ICESIM modeis onedimensional and can simi#a
steady state flow conditions and the effects of river ice on backwater surface profiles. The
model computes thaaily volumeof iceentering the domainsingheat transfer theory and
mean ddy temperaturesor the user can simply input the ice volufiRetryk, 1995)
Border ice is calculated using the empirical formula proposeddwbury (1968)r by a
userdefined open water fractiorice cover progression through surf@etaposition and
hydraulic thickeningare considered with a critical Froude number criterion. Meidal
thickening through shoving is handled in the model by numerically integrating the external
forces and internal stressing along the cover, and allowing the ice cover at a given section
to thicken such that it can just withstand the applied sfiRetsyk, 1995) The computation

is performed from upstream to downstream, aedakal volume of ice required to thicken

all unstable sections is calculated. This volume of ice is taken from the upstream portion
of the ice cover, resulting in the recession of the leaduige. Another model, called
ICEPRO, is very similar to ICESIMis Rick Carson was the principal author of both
programs(Carson et al., 2011) ICEPRO includes some minor improvements to the
shovng process over ICESIM, as well as the incorporation of a Manning roughness of an
ice jam that is a function of its thicknegss an extension to the ICESIM model, a dynamic
version called ICEDYN was developed which considers the transient effects of
hydropower peaking operations and other varying river flows on the dynamics of river ice
(Carson and Groeneveld, 1997) ICEDYN solves the St. Venant equations for

hydrodynamics through a weighted feuoint implicit finite difference scheme. The ice
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mechanics moduleare similar in form to ICESIM, andre loosely coupled with the

hydrodynamics module.

Development of the RIVICE model began in 1988 through a collaborative effort
between Environment Canada and several other government and privatéesagenc
(Lindenschmidt, 2017) RIVICE is a onalimensional comprehasive numerical model
that can simulate dynamic river ice processes under a set of hydraulic, meteorological, and
bathymetric datgMartinson et al., 1993) The modeluses an implicit finite difference
scheme andccounts for several processes related to river ice including water cooling, ice
generation, transport, cover formation, shoving, thickening, erosion, melting, and breakup
initiation. The RIVICE model can sintate the generation of skim ice or frazil ice in open
water. Border icgrowth can be calculatagsing a variety of methods, including a user
defined relatioship between cumulative degrdays of freezing or thMatousek (1984)
method. Ice cover evolution and breakup modules are implemented on regions with a
stable ice cover, depending on the applicatibme fundameratl premise of RIVICE is that
the calculations of ice generation and evolution can be separated from the calculation of
hydrodynamics if they are perined witha small enough time stégnvironment Canada,

2013) This Al oosely coupledd method is empl

simplify the computational procedure.

The ICEJAM modeWas developed to compute the ice thickness and water surface
profile over theentire length of avide-channejam with a floating to€Flato and Gerard,
1986) Themodel uses the theory Bfriset et al. (196@ndUzuner and Kennedy (1976)
for calculating the thickness of a cohesionlgsanular mass of ice. The program solves

for the thickness profile of the ice jam using an approach similar to the one employed by
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HEC-RAS. First, an ice thickness is assumed at the head of the jam and an estimated
thickness profile is obtained using @ward difference scheme (calculations move from

the head of the jam to the toe). The standard step method is then used to compute the depth
at each cross section (calculations move from the toe to the head). Using the newly
computed depth profile, thaitkness profile is recalculated. This calculation procedure
repeats until the solution converges. Consideratoealso made foice erosion using a

critical velocity criterion. Seepage through the interstitial voids within the ice éever

neglected

RIVJAM is a onedimensional steady state model developed by Dr. Spyros Beltaos.
It is applicable primarily to breakup ice jams, where thickness is governed by the balance
between internal resistance and external I¢@asson et al., 2011)The thickness of the
wide-channelice jam is calculated based on the theorpafiset et al. (196@ndUzuner
and Kennedy (1976) The thickness relationship is coupled with the hydraulic
computations for wiar depth, resulting in a system of two differential equations with two
unknowns which are solved using a Rus¢éta solution techniqguéealy, 1997) An
important feature of RIVJAM is that it considers seepage flow of water through the voids
of an ice jam(Beltaos, 1993) Thisis an important consideration near the toe of an ice jam

where the thickness and wasenface slope are higBeltaos, 1999)

River2Dis a twadimensionaldepthaveragedydrodynamic model developed at
the University of Alberta(Steffler and Blackburn, 2002) It is available in the public
domainand is under continual development. River2D is a finite element model and uses
the conservative Petre@alerkin upwinding formulation to compute riveydraulics The

model is able to simulate flow under a floating ice cover with adeskned thicknesand
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roughness. The current version of the model does rsnulate ice dynamics or the
generatiorof ice via thermal processes, however these processes are to be incorporated in

River2D in the futurdWojtowicz, 2010)

MIKE -ICE was developed as an aiidnodule to the MIKE11 model of the Danish
Hydraulic Institute to study the effects of a hydroelectric project by H@lrebec
(Theriault et al., 2010)The MIKE11 model applies the six point Abbdtinescumplicit
finite differencescheme to solve the owemensional StVenant equationsThe MIKE-

ICE model enablesnsteadynedimensional simulationghatincorporate several thermal

and dynamic processes related to river ice. These include: supercooling of water and frazil
generation, formation of surface ice pans, progression of the leading edge via surface
juxtaposition, transport and deposition of ice under a stable ice cover, border ice growth,
static ice cover growth and melt, and the development of open water atleapresence

of warm (greater than 0°C) water and/or during warm weather eyEn¢siault et al.,

2010) Anice jam module can also be activated, which calculates the ice thickness profile

through a force balance method, following the theorafiset et al. (196&@ndUzuner

and Kennedy (197§)Carson et al., 2011)

The DynaRICE model is a twdimensional numerical model focussed on
simulating the dynamic transport and jamming of surfaceliégeunique in that it employs
two reference frames for treating hydrodynamics and ice dynamics. Hydrodynamics are
modeled using theepthaveraged\avier Stokes equations solved using the streamline
upwind PetrovGalerkin approach on an Eulerian finite eletner@sh. Ice dynamics are
calculated using the Discrete Parcel Mthod (DPM) and Smoothed Particle

Hydrodynamics(SPH) on a Lagrangian reference frame. Trhajor advantage of this
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method is that it avoids the numerical diffusion associated with an Euieitardifference
method(Shen et al., 2000b)The hydrodynamic and ice dynamic components are loosely
coupled; ice propéies such as thickness and velocity are transferred to the finite element
nodes at each coupling interval. DynaRICE includes seepage discharge through the porous
ice layer in the hydrodynamic equations allowing for more accurate simulation of grounded
ice jams. The DynaRICE model does not account for any thermal procesEes two
dimensional river ice model, CRISSP2D, was built upon DynaRICE to incorporate thermal
processes. CRISSP2Ddgee of the most comprehensive river ice numerical models in the
world, and is able to simulate most pramsgelated to river hydrodynamics, ice dynamics,
and breakup. Its capabilities include: (i) simulation of unsteady flow conditions including
supercritical and subcritical flows, and dmet bed conditions, (ii) deulation of heat
transfer using linearized equationsamomplete energy budget based on weather data, (iii)
water temperature calculations and supercooling events, (iv) simulation of-fygeze
processes includingeneration offrazil ice, anchor ice, lsder ice, andoccurrence of
surface ice runs, (v) simulation of undercover transport and deposition of ice, (vi)
simulation of dynamic transport of surface ice and ice jam evolution, (vii) simulation of
thermal growth and decay of ice covers, as well ashar@cal breakup conditiorfkiu et

al., 2006) The CRISSP2D model is employed andaleped in this research, with the
specific goal of simulating the processes of ice cover consolidation tlermal
strengtheningluring freezeup. A more detailed description ofetlfCRISSP2D model is

provided inChapter 4

Although severahumerical river ice models exist, the majority of them are based

on classical theory of ritte ice cover strength bariset et al(1966) and Uzuner and
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Kennaly (1976) Very few distinguish between breakup and fregzscenarios, and those

that do typically simply apply a cohesion value to the rubble strength to account for thermal
processes that provide additional ffaotional resistance. Thgrowth of asurface crust

on an ice covemwhich depends on a variety of factors including ice cover porosdion

and deformation of the ice cov@ndsurface heat transfer rate, is an imporfaoicess that
affects the formation of a river ice cover at freepe Incorporating this process into a
numerical model would increase model robustness, and enhance its ability to predict the
rate of ice cover progression, likelihood of consolidation events, final ice cover thickness,

ice-affected water levels, and potiah toe locations of freezep ice jams.

1.3 Research Objectives

As evidenced in the previous sections, river ice has several implications on
humanity. Ice-affectedstagingcan lead to flooding and result in damage to infrastructure,
emergency eva@tion d communities, and evehreat to human safetyce conditions on
fast flowing rivers during freezeip can be highly dynamic due to the shoving and
mechanical thickening of a forming ice cover. Consolidation events cause rapid changes
in water levethatcan cause flash flooding without warningactors influencing the timing
and severity of consolidation events are still not completely understood, partially due to
the lack of detailed field data and observations of the consolidation process. Numerical
modelling capabilities have advanced over the last several decades, however the link
between thermal strengthening of an ice cover and the consolidation process is an area that

requires further study and development. The objectives of this resgasdfoll ows:
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1.

3.

Obtain a better understanding of the processes associated with river ice cover
formation on fasmoving rivers through field research. wulti-year field
programwill be conductedo monitor freezaip river ice processes on a reach
prone to conslidation evets. Detailed quantitative datasets including water
levels, topof-ice elevations, and ice cover thickness will be collected, in addition
to meteorological dataQualitative observations tfie shoving process witllso

be documentedThesedata will be useful in advancing the understanding of the
interdependencies of thermal and ice dynamic processebs the associated
impact on river hydraulics during the freeze period Additionally, collected
datasets will be useful in assessingdhdity of stateof-the-art numerical models

in simulating the freezap regime of the selected river.

Investigate the effect of surface freezing of interstitial water on the consolidation
resistance of a floating rubble ice cover through a series ofotledttaboratory
experiments. The test series will assess the effect of freezing index (degree
minutes of freezing) on the ability of an ice cover to resist mechanical thickening.
Results will be used in conjunction with field observations to inform micale

model development.

Advance the capabilities of a numerical river ice model by incorporating the
process of ice cover strengthening due to thermal processes. Subroutines will be
added to theCRISSP2Dmodelto simulatethe link between thermal andgmic
processes as they relate to mechanical thickening of ice covers during the freeze
up period. The newCRISSP2D formulationsvill be testedon an idealized

channel to assess their functionality at a conceptual level.
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4. Evaluate the applicability of threvised numerical model to the river selected for

the field monitoring program. i®ulationswill be run for multiple freezeup

seasons, anthe model will be evaluated on its ability to capture processes related

to the progression, collapse, and thickgnai the ice cover as observed in the

field. Model results will be compared to field measurements of water levels, ice

elevations, and ice thicknesses.

1.4 Organization of Thesis and Contributionsof the Author

Chapter 2of this thesis presestwork related tahe field monitoring program that
was undertaken to further the understanding of dynamic ice processes atifreeigo
papers are included i n Fteld menitotng afpsécendary
consolidation events and ice cover progression during fneezm the Lower Dauphin
River, Manitoba, is an extendediersion of gpaper published in the journal Cold Regions
Science and Technology in 2018. The papewujgplemented with data from the 201
2018 monitoring season, which occurred after the original publicatidwditional
historical data is also included to provide conteXhe author was part of the group of

three, including Dr. Shawn Clark (program -advisor) and Alexander Wall (lab

technician), that deployed the instrumentation and visited the study site on several

The

occasions over the three monitoring seasons. The author contributed to the installation of

equipment and selection of monitoring techniques and sites. The author prausssed

analyzed the collected data independently, with guidance and suggestions from Dr. Clark.

The paper was written solely by the author of this thesis, again with comments and

revisions suggested by Dr. Clarkhe paper was accepted for publication inutay 2018
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The second paper @hapter 2  t iEffect® al freézaip consolidation event surges on

river hydraulics and ice dynamics on the Lower Dauphin Rivewa s al so wr i tt e
the author of thishesis, with reviews from Dr. Clark and Dr. Jarrod Malenchak (program
co-advisor). The author independently analyzed water level data collected during the 2016
2017 field monitoring season, which made up the primary content of the paper. The paper

was acepted for publication in September 2018.

Chapter Jpresentdaboratory experiments that were performed to understand the
impacts of thermal processes on the ability of an ice cover to resist mechanical tigickeni
The apparatus and experimental methods were designed primarily by the author, with
guidance from the program -@alvisors. The author independently conducted the
experiments and analyzed the results. The
consolidation resistance of a rubble river
was written solely by the author, with revisions and suggestions provided by the program

co-advisors. The paper waacceptedor publicationin October2018.

Chapter 4presents work on the incorporation thie processes observed in the
preceding chapters into a twdimensional numerical river ice model, CRISSP2D. An
overview of the capabilities of CRISSP2D is providedngl with the current model
formulations for ice dynamics. A revised formulation is proposed, which enables the
simulation of thermal strengthening of a forming ice cover at frapz& he functionality
of the revised formulations is demonstrated thradghlized simulations on a rectangular,
straight channelThe base and revised modelsten applied ta case study of the Lower

Dauphin River and results are compared with field measurements.
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Chapter 5sumnarizes the major findings and contributions of this research.
Suggested topics for future work related to field monitoring, laboratory experiments, and

numerical model development are also presented.
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Chapter 2 Field Monitoring of River
ce Cover Formation at
—reeze-up

2.1 Introduction

A primary objective of this research was to design and execute a detailed field
monitoring program that centred around data collection related tytf@micformation
of an ice cover at freeagp and the occurrence of consolidation esenthis chapter

includes two papers relatedttee field program.

The first paperpresented in SectioR.2, outlines the methodology for the field
program, including the selected study site of the Lower Dauphin River anghiesitation
and monitoring techniques employed. Data from two monitoring seasonsZ@0éand
20162017)wereincluded in the original publicatiorData from the 201-2018 moritoring
season wasdded in Sectior2.2 to provde an additional field dataset for comparison
purposes.The paper is focussed on tatects of dynamic consolidation events on water
level records and ice cover characteristics through the frgeseason.Detailed first
hand observations of the progsen and collapse of the ice cover were documeritad.
spatial and temporal resolution of the data and observatmmstituteone of the most
detailed and complete studies of freegeprocesses in the literature to date. The collected
datasets advardhe state of knowledge on consolidation events and their impact on the

final configuration of a river ice cover. Furthermore, the detail of the monitoring program
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provides an excellent test case for evaluation of -statke-art numerical models, which
could highlight deficiencies in these models and areas for future develophrenpaper
wasaccepted in January 2018 amablished in the peeeviewed journal Cold Regions

ScienceandTechnology(doi:10.1016/j.coldregions.2018.01.014).

The second papgrresented in Sectidh3, examines the effect afe consolidation
events on river hydraulics Specifically, the paper uses an analysis method previously
published in the literature to determine the hydraulic propertiesri@ins monitoring sites
based on theneasuredvaveform of surges originating from the collapsedbrmingice
cover. This work builds off the sug=of the field monitoring progrgnand is a novel
study in estimating the unsteady hydraulic propertiethe flow in a reaclprone to
consolidation events. The work highlights the importance of dynamic ice events on the
final ice configuration and peak water levels, and suggests that using the steady state winter
dischargeand a simplified calculation ohé equilibrium jam thicknessiay notalways
provide accurate prediction3he paper waacceptedo the journal Cold Regions ®tice

and Technology in September 2Qt®i:10.1016/j.coldregions.2018.09.003

2.2 Paper 1: Field monitoring of secondary consolid@on events and
ice cover progression during freezaip on the Lower Dauphin

River, Manitoba

2.2.1 Abstract
Dynamic freezeup processes orfiastmoving rivers determine the ultimate

thickness of the ice cover and the associateehfiszted water levels. Secongar
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consolidation events, the shoving and mechanical thickening of a progressing ice cover at
freezeup, can cause rapid water level rises that can flood land unexpectedly. Additionally,
they can lead to ovehickening of an ice cover beyond that calcudateith a steady
discharge. The lack of field data and observations of secondary consolidations in the
literature results in a poor understanding of the conditions that affect the timing and severity
of these events. In this study, data pertinent to éurthe understanding of secondary
consolidation events were collected otheeefreezeup monitoring seasons on the Lower
Dauphin River. The high spatial resolution of pressure transducers and trail cameras, along
with first-hand observations of consddiibn events, provide a dataset that was used to
analyze the extent of several secondary consolidation events and their effect on water levels
throughout the 12 km reach. The most significant event caused a water level increase of
2.5 m over a span @&minutes when approximately 7.5 km of ice cover consolidated to a
length of 4.7 km. An unmanned aerial vehicle was used to obtain aerial imagery of the ice
front, which advanced through a series of localized shoves as incoming ice packed against
the statioary cover. Other data collected includes-tdfice elevations, ice thickness
estimations, and meteorological data. Collectively, the dataset provides a relatively
complete account dhreefreezeup seasons on the Lower Dauphin River, including the
proaesses of ice cover advancement and consolidation that play an important role in the
peak iceaffected water levels and flooding potential. The dataset can be used by ice
researchers to assess the ability of current-sfatiee-art numerical models in sumating
dynamic freezaip processes, and highlight areas for future research and model

development.
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2.2.2 Introduction

Freezeup ice jams irfastmovingrivers can cause water levels to rise far beyond
open water elevations, which can lead to flooding and scwmmmic concerns. The
thickness of a rubble ice jam has historically been modeled using theory derived from soil
mechanics; the ice is thought to behave as a granular material with strength resulting largely
from frictional interlocking of the ice blocks.The ability of an ice cover to resist
mechanical thickening under external forces of gravity and water shear is proportional to
the confining pressure due to buoyafBgltaos, 1995a)Although they are often modeled
the same way, freeag ice jams differ from breakup jams in that the air temperature is
below 0°C, causing continubkat loss from the rivéMichel, 1991) which adds strength
as interstitial water freezes near the surfale.an ice cover progresses upstream during
freezeup, a portion of it may unexpectedly shove and consolidate, creating a thicker
accumul ation with a greater backwater eff e
mobilization of a stationary iceower that is in the process of collapsing, and
Aconsolidationo will refer to the mechani c:
processes often occur simultaneously. Factors influencing the magnitude, frequency, and

extent of consolidation evenare poorly understood.

Several field studies have been conducted to investigate breakup ice processes and
dynamics (e.gBeltaos et al., 199@eltaos and Carter, 200Beltaos et al., 201 Beltaos
et al., 2012 However, the number of field studies during freepds more limited (e.qg.
Michel, 1984 Andres, 1999Robichaud and Hicks, 200Andres et al., 20Q3ui et al.,
2005. It has been observed in the field that ambient air temperatures duringupeaze

linked to ice dynamics, and can control whether an ice cover is more prone to frontal
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progression or consolidation @&wvs (Andres, 1999; Michel, 1984) Michel (1991)

suggested that shoving is much less likely during fregzdue to freezing effects, unless

the stationary front progressesery quickly. Andres et al. (2003)bserved ice
consolidation events at freemep on t he Peace River. They
consolidati on o frequentskofes that acour veriearly snitha formation
peri od, before the freezing of interstitdi
consolidationo to refer to the coll apse
consolidated or juxtaposed ice cov&econdary consolidations were found to produce the
highest freezaip levels due to the effects of the surge sent downstream, resulting4n over
thickening of the ice cover. The conditions that are thought to trigger secondary
consolidation events are (gpid advancement of the stationary front, (ii) sudden increases

in discharge, and (iii) dramatic changes in atmospheric conditions (e.g. air temperature and
solar radiation) that can deteriorate or hinder the growth of the solid tthstsurface of

the ice cove(Andres et al., 2003)

The Dauphin River inentral Manitoba has been observed to undergo secondary
consolidation events during freeap in the past that have causediiekated staging of up
to 45 m or more(Clark and Wall, 2016) Lindenschmidt et al. (2012applied the
numerical model RIVICE to simulate ice thicknesses anaifexted water levels for the
20102011 freezaup season on the Dauphin River, but the quantity and completeness of
field data with which to compare numericahsilation results was limited. Further, only
final ice elevations at the end of freage were used to calibrate model parameters and the
ability of the model to simulate timgependent variations in water levels that are greatly

influenced by secondary gsolidation events was not shown. More comprehensive field
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datasets on the timing and magnitude of secondary consolidation events are required to
advance the current understanding of fregzece dynamics and the factors that trigger

these events.

The oljective of this paper is to present data collected dutimge freezeup
monitoring €asons on the Dauphin River ientral Manitoba, with a specific focus on the
processes of ice cover advancement and secondary consolidation events in the steeper,
lower reach. Novel to this study is the completeness, quantity, and variety of collected
data; the spatial and temporal resolution of measurements captured dynamic conditions of
ice cover progression and consolidation events to an unprecedented degreeta$éts da
sheds light on processes that lead to very thick, consolidated ice jEsenovingrivers,
and implores further study of how atmospheric conditions affect timing and severity of
consolidation events at freemp. Visual observations of ice cotidns before, during,
and after secondary consolidation events, paired with quantitative data collected from
deployed instrumentation (including water levels and meteorological variables), provide a
unique dataset that advances the current state of pedblifleezeup field data.
Collectively, the data also provides other ice researchers with ade@limented case
study with which to evaluate the ability of statiethe-art numerical models in simulating

secondary consolidation events and their effectshamnel hydraulics.
2.2.3 Methodology

2.2.3.1 Study Siteand Historical Data
The Dauphin River is located irtral Manitoba, appximately 250 km north of

the aty of Winnipeg, and is the final river in the water network connecting Lake Manitoba
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to Lake Winnipeg (se&igure 2.1). The outflow of Lake Manitobatravels along the
Fairford River to Lake Pineimuta, then to Lake St. Martin. The natural outlet to Lake St.
Martin is the Dauphin River, which is approximately 52 kmgland drains to Lake
Winnipeg. Water levels on Lake Manitoba are regulated by the Fairford River Water
Control Structure (FRWCS) which has been in operation since IB&d stoplog control
structure is currently operated to maintain the water [@&edke Manitoba between 810.5
812.51(240.0247.7 m), and to avoid sudden changes in water levels onRiakanuta

and Lake St. Martin. Tedhrrange was lowered to 816802.0 t (246.9247.5 m) for a period

of five years beginning in 2013 in response toc@memendation in the 2013 report of the
Lake Manitoba/Lake St. Martin Regulation Review Commiftdanitoba Infrastructure,

2015)
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Figure 2.1. Map of Dauphin River study area.Monitoring loc ations are shown with shaded

circles. The Fisher Branch meteorological station, Environment Canada gauge 05LMO006,
and the Fairford River Water Control Structure (FRWCS) are shown for reference.

An interesting property of the Dauphin River is the abrupinclel slope change
that occurs approximately 11.2 km upstream of the outlet to Lake Winnipeg. The upper
reach has a slope of approximately 0.029% over its 40 km length, while the lower reach

has a slope of 0.16%; roughly 5.5 times steeper than the uggugT(€lark and Wall,
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2016) The upper reach is characterized by numerous channel meanders and a wider top
width with shallow banks; conversely, the lower reach is much straighter and has steeper
banks. The width of the loweeach typically varies from about 1180 m. The steeper

slope of the lower reach causes the open water velocity in certain areas to exceed 1.5 m/s.
The turbulentfastmoving water can generate significant volumes of frazil ice during
freezeup. Historcally, this has led to the formation of a hanging dam at the outlet to Lake
Winnipeg as the entrained frazil ice is deposited under the thermal lake ice(K®&r

Group and North/South Consultants, 2014hick ice jams composed of frazil ice pans

form in the steeper reach as the cover advances upstream from Lake Winnipéfgriesl

water levels in this reach can risé&s4n or more above open water conditi¢g@tark and

Wall, 2016)

Environment Canada operates a discharge and water level gauge on the Dauphin
River (gauge 05LMO006) that is located abouk&bupstream of the outlet (sEgure2.1).
A percentile analysis of the recorded flows during theaitected season from 192D17
is presented ifrigure2.2, showing hat the flows from 2015 to 201@ere generally higher
than average. The averatjecharges in 20123016,20162017, and 20172018during the
period of ice cover advancement up the lower reach in each fupeseason were

approximately 13@n%s,210 n¥/s,and 220m?%/s, respectively.
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Figure 2.2. Historical flows during ice-affected period on thke Dauphin River from 1977
2018 Data from Environment Canada gauge 05LMO006Bars indicate period of ice cover
progression up the Lower Dauphin River in each monitoring season.

Figure 2.3 shows the historical variatmoin average Dauphin River floawver the
months of November and December, and the water level on Lake Manitoba. As shown,
levelson Lake Manitoba have been higher than average in the past decade, and the average
flow on the Dauphin River during the time of ice cover formatias increased from

approximately 43 dis prior to 2005to 186 ni/s after2005.
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Figure 2.3. Historical variation of a) average Dauphin River discharge during months of
November and December, and b) Lake Manitoba water levels.

Water levels at gauge 05LM006 have been recorded since Eafire2.4 shows

the average air temperature during the fragzeperiod and the peak water level at

05LMO006 each year back to 200Z.h e

A-ipeprei odo was

assumed

over which thalegreedays offreezing DDOF) increased from 50 to 400As shown, the

peak water levels at gauge 05LMO0O06 increased in 2005, corresponding to the time at which
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the average flow on the Dauphin River increased. However, a direct relationship between
peak water level and average flow does@ast. For example, the flow was highest in
2011, but the peak water level at 05LM006 was not the highest on record. In the years
2016 and 2017, the average discharge was similar, but the peak stage at 05LMO006 in 2017
wasthe highest on record, anglerone metre higher than in 2016he variability is caused

by the dfects of freezaup iceaccumulations on flow conveyance, which differ in severity
from year to year. The average air temperature from the Fisher Branch meteorological
station is also showin Figure2.4; the average temperatures during the periodeo€over
formation from 2002017 varied from18°C to-7°C. The severity of ice accumulations

at a specific location along the rivideely depend on complex relatiships between flow

and meteorological conditions at the time of @oformation. Thus, prediction of peak
staging requires sophisticated numerical models rather than a simple relationship between
flow and stage. These models rely odetailedfield obsevations for development and

calibration.
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Figure 2.4. Peak stageat gauge 05LM006and average air temperatureduring freezeup
periodsfrom 2002-2017.
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2.2.3.2 Overview of Monitoring Efforts

A summary of instrumenypes and deploymettcations for the 20+2016,2016

2017 and 20172018seasons is shown rable2.1. The number of monitoring sites was

increased in the second monitoring season due to the apparent sutbes20df52016

season and need for higher resolution data.

sequentially
DRLLO2, etc. from Lake St. Martin to Lake Winnipeg (d€gure2.1). Sites added in

subsequent yeamgere appended with a letter to denote thesitmn between original

sites.

as

DRLLO1

Monitoring sites were originally named

(where

ADRLLO

Table 2.1. Instrumentation deployed and retrieved in the20152016, 20162017, and 2017

2018monitoring seasons.
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Two site visits were conducted on December 9, 2016 and Decemiid;, 2016
during the 2018017 season to coincide with ice cover progression up the Lower Dauphin
River. Similarsite visits were conducted from Nawber 2023, 27 and from December
13-14, 201 7or the 20172018 monitoring seasorVisual observations of shoving events
during these visits aided in comprehending the data collected from the loggers and trail
cameras. Surveys of the nesdwore topof-ice profiles were amducted on March 224,

2016, February 2122, 2017 and February 223, 2018for each respective monitoring

season

For the 20162017 season, neahore transect surveys of ice elevations and ground
elevations were conducted duringesuisits on March 186, 2017 and May 1436, 2017
to quantify the thickness of the ice grounded along the channel [finkilar transect
surveys were performed on OctoberZBl 2017 (ground) and February-23, 2018 (ice)
for the 20172018 season.A schematic illustration of the evolution of the ice cover in the
spring is shown ifFigure2.5. Warm air temperatures and increased flows caused the ice
cover to decay in the middle of the channel. The water leogiped with the increased
conveyance and caused the ice cover to rest along the Rk set otransect surveys
were conducted during this time to obtain relamre topof-ice elevations. The secosdt
of transect surveys were conducted when the oserchad fully cleared to obtain ground
elevations at the same locations. Shear cracks were often observed near the bank during
theice transect survey, but they typically did not extend to the ground and therefore did

not provide a good estimate of tle ithickness.
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a)

b)
/shear crack
/thermal ice grounded ice
| }

Figure 2.5. Schematic of the river transition at breakup based upon visual observations at
DRLLO5a; a) full ice covered condition, b) ice grounded at banks at onset of breakup, and
c) open wder condition. Surveys were timed to obtain topof-ice elevations (hollow
triangles) as the ice cover was resting on the channel bank and ground elevations (solid
squares) when the ice had fully cleared.

2.2.3.3 Equipment Specifications and Deployment Methods

Water levels were recorded using pressure sensors (Levelogger Model 3001,
Solinst, USA). These instruments are capable of measuring water level vaitclaacy
of £0.003 m. Theloggers were fastened to 7575 315 mm iron angles and the assembly
was seared to the bed of the river using rebar. Each logger had a cloth membrane wrapped
around the pressure sensor for protection from fine sediments. At certain locations, the
iron angles were attached to 1,000 kg tensile strength steel slings which wehedrand
anchored to large trees or bolted to bedrock at the channel banks. One barometric pressure
sensor (Barologger Model 3001, Solinst, USA) was installed on a tree at site DRLLO6 to
allow compensation of the water level loggers for atmosphericyseeflsictuations. A

different pressure sensor was installed at DRMET for the -2016 and 20172018
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seasons(HOBO MX2001, Onset Computer Corps., USA), which had the added benefit of
Bluetooth capabilities and its own barometric pressure logger forcaaibensation.
Typically the water level loggers were installed within 5 m of the channel Har2017%

2018, additional Solinst loggers were installed near sites DRLLO6 and DRLLO7. These
additional loggers were programmed to sample at a higher freq(sampling interval of

1 minute versus-80 minute sampling interval of typical installations) in an attempt to

capture finer details of water level fluctuations.

Time-lapse photographs of ice conditions were taken hourly with Moultric 80i
trail cameas mounted to mature trees. During site visits, aerial imagery was taken using a
UAV (unmanned aerial vehicle, Phantom 2 Vision+ and Phantom 3 Professional, DJI,
China) to validate trail camera images and to provide scale and perspective of sites. All
UAV flights were flown in accordance with the exemptions outlined in the Canadian
Aviation Regulations (SOR/9633) or under approved special flight operators certificates
(SFOC) approved by Transport Canada to be compliant with updated Canadian Aviation

Requlations.

The meteorological station at DRMET consisted of a 3 m high tripod (UT10,
Campbell Scientific, Canada) mounted with an air temperature and relative humidity
sensor (HCZS3L, Rotronic, Canada; temperature accuracy #0.1°C), wind monitor
(0510310, RM Young, USA), barometric pressure sensor (CS106, Vaisala, USA), net
radiometer sensor (NRLITE2, Kipp & Zonen, USA), and data logger (CRX000
Campbell Scientific, Canada). A second tripod was set up with a high resolution outdoor
camera (CC5MPX, Cankell Scientific, Canada) nal water temperature probe

(RBRwvirtuoso T, RBR, USA; accuracy £0.002°C) linked to a satellite modem (9552B
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Iridium, Campbell Scientific, Canada) to relay daily pictures and water temperature to a
website accessible from the offic@he daily updates were used to time site visits during

freezeup.

Surveys were carried out using a complete L1 GPS post process kinematic (PPK)
system (R3 GPS L1, Trimble, USA) in 202616, and a GNSS real time kinematic (RTK)
system (VIVA GS 14 / CS20.eica, USA) in 20182017 and 20172018 Each unit is
capable of achieving stdentimetre elevation accuracy depending on satellite orientation
throughout the day and proximity to obstructions. All surveyed elevations were recorded
in metres above seaVel using the Canadian Geodetic Vertical Datum 1628

(CGVD1928.
2.2.4 Results

2.2.4.1 Meteorological Data

Meteorological data were collected from the meteorological station at DRMET
beginning on December 8, 2015. Prior to this, meteorological data from the riingimb
Canada station at Fisher Branch were used, which is approximately 100 km from the Lower
Dauphin River (se€igure2.1). In general, the air temperature recorded at Fisher Branch
matched well with the measunents at DRMET. Air temperatures during the 22036
20162017 and 20172018 freezeup periods are shown figure2.6. The average air
temperatures during ice cover advancement up the Lower Dauphin Rivémo(nelLake
Winnipeg to DRLLO4) in20152016, 20162017, and 201-2018were-9°C, -21°C, and-
9°C, respectively.Average wind speeds recorded while the ice cover was progressing up

the Lower Dauphin River for both the 202816 and 2012017 seasons were
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approximately 1.6 m/swhile for 20172018 the average wind speed was approximately
2.0 m/s The average net radiation (including béshgwaveand shortwave) recorded

while the cover was progressing up the Lowauphin River in 201£2016,20162017,

and20172018 was21 W/nv, -45W/m?, and-27 W/m? respectively.

40
Y uB

() — Y Q<]
° 20 - Y B
3
©
o 0 Ny
o
IS
2 -20 -
< 40 —2015-2016 —2016-2017 —2017-2018

Nov 01 Nov 11 Nov 21 Dec 01 Dec 11 Dec 21 Dec 31

Figure 2.6. Air temperature s during freezeup 20152016,20162017, and 20172018 Bars
indicate period of ice cover advancement up the Lowddauphin River in each season.

Figure2.7 shows the DDOF of the three monitoring seasons compared to historical
data from the Fisher Branch weather station. For years back to 2002, the timing of the peak
water level at Environnm# Canada gauge 05LMO006 are also sho@n.average, the peak
water level at 05LMO006 corresponds to 3Ztday. In 20152016, 20162017, and 2017

2018, the peak at 05LMO006 corresponded to 3d-tay, 219 °C-day, and 358°C-day,

respectively.
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Figure 2.7. Comparison of DDOF of monitored seasons to historical data from Fisher
Branch weather station.

2.2.4.2 Water Level Data

The water surface elevations recorded as the ice cover progressed up the Lower
Dauphin River dting the 20152016, 20162017, and 201-2018 seasonare shown in
Figure2.8, Figure2.9, andFigure2.10, respectively. TheorrespondindDOF for each
season are also shown. Detailed plots of specific consolidation events are presented in

Section2.2.5
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Figure 2.8. Water surface elevations during freezeip 20152016.
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Figure 2.9. Water surface elevations during freezeip 20162017.
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Figure 2.10. Water surface elevations during freezaup 20172018
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