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Abstract 

The formation of a river ice cover at freeze-up 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 freeze-up, and the associated impacts on river hydraulics. 

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 obtained for three 

freeze-up periods from 2015-2018.  The data and observations constitute one of the most 

detailed freeze-up monitoring programs to date, and aid in the understanding of the 

processes of ice cover progression and consolidation.  Laboratory experiments were 

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.  The CRISSP2D model 

was applied to the case study of the Dauphin River to evaluate its ability to simulate ice 

cover formation and associated water levels, and to highlight potential areas for future 

model development.
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Nomenclature 

ὥ dimensionless coefficient relating average water depth to water surface elevation 

above a known datum 

ὄ channel width 

ὧ empirical coefficient in calculation of atmospheric emissivity 

ὅ cloudiness of sky measured in tenths 

ὅ celerity of surge wave 

ὅ cohesion between ice cover and river bank 

ὅ celerity of surge wave leading edge 

ὅ coefficient relating bank shear stress to average vertical effective stress in an ice 

cover  

ὅ celerity of surge wave peak 

ὧ wind drag coefficient at ice surface 

ὧ water drag coefficient at underside of ice cover 

Ὠ empirical coefficient in calculation of atmospheric emissivity 

Ὡ vapour pressure 
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Ὂ friction force at model land boundary 

Ὂ  normal force to land boundary 

Ὂ force due to water shear 

Ὃ shear modulus 

Ὃ force due to gravity 

Ὣ gravitational acceleration 

Ὄ  linearized heat transfer coefficient at the ice-air interface 

Ὄ  linearized heat transfer coefficient at the water-air interface 

Ὄ  linearized heat transfer coefficient at the water-ice interface 

Ὤ average water depth 
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Ὤ sheet ice thickness (Section 3.2) 

Ὤ  critical solid crust thickness in CRISSP2D model 

Ὤ  thickness of the solid crust layer 

Ὤ level ice thickness  

Ὤ  thickness of the porous ice layer 

Ὤ snow depth 

ὑ elastic modulus 

ὑ  passive earth pressure coefficient 

ὑ  ratio of maximum streamwise stress to average vertical stress in an ice cover 

Ὧ ratio of shear to normal stress on an ice cover at the bank 

Ὧ ratio of lateral to streamwise stresses in an ice cover 

Ὧ thermal conductivity of ice 

ὒ latent heat of fusion of ice 

ὰ smoothing length used in SPH method 

ὓ mass density of ice parcel 

ά dimensionless coefficient to modify variation in celerity along surge waveform 

(Section 2.3) 

ά mass of ice parcel 

ὔ areal concentration of ice parcel 

ὲ Manning roughness of channel bed 

ὲ composite Manning roughness 

ὲ Manning roughness of underside of ice cover 

ὖ vertical buoyant stress 

ὖ horizontal hydrostatic pressure 

ὴ porosity of ice rubble 

ὗ water discharge 

ή water discharge per unit width 

ή water discharge per unit with of unperturbed flow 

Ὑ total resistance force per unit width 

Ὑ hydraulic radius 
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Ὑ force due to internal resistance 

Ὑ  hydraulic radius of bed-affected portion of flow 

Ὑ hydraulic radius of ice-affected portion of flow 

ὶ position of ice parcel 

Ὓ cumulative degree-days of freezing 

Ὓ friction slope 

Ὓ water surface slope prior to passage of surge wave 

Ὓ  water surface slope 

ί specific gravity of ice 

Ὕ air temperature  

Ὕ  melting temperature of ice 

Ὕ temperature at the ice surface 

Ὕ  water temperature  

ὸ ice cover thickness 

ὸ time 

ὸ ice parcel thickness 

ὸ  coupling time interval in CRISSP2D 

Ὗ average streamwise water velocity 

ὠ velocity of ice parcel = όǶὺǶ 

ὠ water velocity vector 

ὺ  critical ice parcel velocity in numerical model 

ὡ interpolation kernel used in SPH method 

ὡ wind velocity vector at 10 m height 

ώ water surface elevation  

ώ water surface elevation prior to arrival of a surge wave 

ώ peak water surface elevation during passage of a surge wave 

‌ coefficient in Stefanôs Law 

‌ albedo of ice cover 

‍ stability number for juxtaposed ice covers 

‎ specific weight of ice 
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‐ strain 

‐ strain rate 

‒ bulk viscosity 

– water surface elevation 

– shear viscosity 

‗ seepage flow coefficient 

‘ strength coefficient for ice cover 

‚ clear sky atmospheric emissivity 

‚ cloudy sky emissivity 

‚ surface emissivity 

” density of water 

” density of air 

” density of ice 

„ Stefan-Boltzmann constant (5.67e-8 W/m2/K4) 

„ȟȟ principal stresses 

„ convergent stress 

„  compressive strength of the solid crust layer 

„ divergent stress 

„  normal stress (Ὥ Ὦ) or shear stress (Ὥ Ὦ) 

„ average streamwise effective stress 

„ average vertical effective stress 

„ average lateral effective stress 

† dummy variable used in calculation of cumulative degree-days of freezing 

† bed shear stress 

†  consolidation force per unit area of ice cover 

†Ӷ average shear stress on underside of ice cover caused by flowing water 

†  shear stress between ice cover and river bank 

‰ internal friction angle for rubble ice 

‰ᶻ net heat flux out of the water body 

‰  heat flux due to longwave radiation 
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‰  friction angle between ice and channel bank 

‰  heat flux due to latent heat transfer due to evaporation 

‰  heat flux due to sensible heat transfer 

‰  heat flux due to shortwave radiation 

‰  heat flux due to precipitation 

‰  heat flux at the ice-water interface 

… constant used in linearized heat transfer approach 
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Chapter 1 Introductio n 

1.1 Background and Motivation 

The presence of ice in rivers as air temperatures drop is a sure sign of the onset of 

winter in northern regions.  The transition of rivers from open water to an ice-covered 

condition may seem relatively insignificant at first thought, but river ice has 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 allow for more efficient transportation.  A strong ice cover can 

also serve as a platform for off-shore construction activities.  However, there are also 

several drawbacks to river ice.  Ice covers can make ship transportation impossible without 

the use of icebreakers.  Ice can create damaging stresses on hydraulic structures such as 

bridge piers and dams.  River ice also negatively impacts hydroelectric operations; the 

reduced channel conveyance with the presence of an ice cover limits electricity production.  

Finally, and perhaps most tangible for Manitobans, river ice jams choke the river and create 

rapid water level rises that cause flooding and threats to human safety.  As such, it is 

important for engineers to understand processes related to river ice cover formation so that 

they can better predict and/or mitigate negative consequences of river ice.  

The characteristics of a river ice cover are inherently 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 formations that develop.  The following sections 

summarize the major processes that occur at the onset of winter, and their impacts on the 

formation of a river ice cover. 

1.1.1 Ice Formation 

Ice formation in any water body is facilitated by the net loss of heat from the water 

to its environment.  Heat can be gained and lost through the water-bed interface or through 

the water-air interface; however, the energy exchange is typically dominated by the latter.  

Heat exchange at the water-air interface is governed mainly by shortwave 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 of a water body, as shown in 

Equation [1.1]. 

 ‰ᶻ ‰ ‰ ‰ ‰ ‰  [1.1] 

where ‰ᶻ is the net heat flux out of the water body, ‰  is the heat flux due to shortwave 

radiation, ‰  is the heat flux due to longwave radiation, ‰  is the heat flux due to sensible 

heat transfer, ‰  is the heat flux due to latent heat transfer due to evaporation, and ‰  is 

the heat flux due to precipitation.  Other modes of heat transfer such as the frictional heat 

flux and energy exchange with bottom sediments can be added to Equation [1.1] if deemed 

significant for a particular location.  As applying a full energy budget to a water body is 

often impractical due to data constraints, a common alternative is to assume that the heat 

flux at the water-air interface is a linear function of the difference in water and air 

temperatures, shown in Equation [1.2]. 
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 ‰ᶻ Ὄ Ὕ Ὕ  [1.2] 

where Ὄ  is the linearized heat transfer coefficient, Ὕ  is the water temperature, and Ὕ is 

the air temperature.  The value of Ὄ  is site specific and can be determined with measured 

data.  Values of Ὄ  for a given site may vary due to effects of wind speed and other 

factors, but typical values are in the range of 15-25 W/m2/°C (Prowse, 1995).  During open-

water conditions prior to freeze-up, the main heat fluxes are caused by sensible and latent 

heat transfers, as outgoing longwave radiation approximately cancels out incoming 

shortwave radiation over the course of one day (Ashton, 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 drops below the 

freezing point (0°C for freshwater), ice begins to 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 the water surface (Clark, 2013).  Ice grows laterally from the banks in thin sheets 

that are roughly parallel to the direction 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 the growth 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 skim ice (Clark, 2013).  Skim ice can 

be transported downstream with the flow, which is called a skim ice run.  If hydraulic and 

meteorological conditions are favourable (low turbulence and 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.  Frazil ice 

typically appears as discoids with a diameter less than 1 mm and thickness varying between 

0.5 mm and 0.05 mm (Ashton, 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 frazil production continues, 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 form porous frazil flocs that can range in size from 

approximately 5-100 mm (Prowse, 1995).  As flocs grow, the buoyant force acting upon 

them increases, making them less influenced by vertical turbulent eddies.  Buoyant frazil 

flocs reach the water surface and are exposed to the freezing ambient conditions.  At this 

stage of development, the frazil ice particles are still only loosely connected to each other 

and can easily be broken apart by hand.   This type of ice is termed frazil slush (Prowse, 

1995), and is often compared to the consistency of a Slurpee drink.  Once 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, the ice forms are more 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 edges.  Circular frazil 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 observed together at the water surface 

early in the freeze-up period, shown in Figure 1.1. 
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Figure 1.1. Aerial photograph of frazil slush, pans, and floes forming during fr eeze-up on 

the Dauphin River. View is looking downstream. Photograph taken on the Dauphin River 

on December 14, 2016.  

1.1.2 Formation of a River Ice Cover 

As mentioned previously, slow-moving rivers can develop a thin, skim ice cover 

overnight if conditions are favourable.  Conversely, fast-moving rivers have sufficient 

water velocities that prevent a stationary skim ice cover from forming over the entire river 

width.  Instead, skim and frazil ice pans are transported downstream with the flow.  Once 

ice is generated, major engineering issues can result as subsequent dynamic processes 

cause ice floes to jam and create massive accumulations that obstruct the river.  Hereafter, 

the terms ñjamò and ñice coverò will be used interchangeably to describe accumulations of 

ice pans at freeze-up.  In the most general sense, an ice cover is 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 become unable to move 
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downstream.  Congestion of ice floes is exacerbated by natural channel constrictions and 

meanders, or, during freeze-up, by lateral growth of border ice which effectively reduces 

the top width of the channel.  In practice, field data are relied upon 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 stopped, incoming ice floes can build up and the accumulation 

will begin to progress upstream if hydraulic conditions permit.  The division between free-

drifting ice floes to a stationary ice cover is often called the ice front, or leading edge of 

the ice cover.  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 floes (Dow Ambtman et al., 2011).  

Submerged blocks may be transported and resurface downstream, or, if the under-ice 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.  The cover quickly progresses upstream through juxtaposition and surface 

packing of incoming ice floes and does not thicken appreciably.  Typically, this type of ice 

cover has a hummocky appearance, and the frazil pans and floes comprising the cover are 

still identifiable as shown in Figure 1.2.  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 exists and may remain stationary, as shown in Figure 1.3.   
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Figure 1.2. Surface jamming of frazil pans and floes at the upstream region of a forming ice 

cover. View is looking upstream. Note the transition between ice cover and open water (ice 

front)  at the top of the photograph. Photograph taken on the Lower Dauphin River on 

November 22, 2017. 

 

Figure 1.3. Shear line between surface ice cover (right) and competent border ice (left). 

View is looking downstream. Photograph taken on the Lower Dauphin River on November 

21, 2017. 
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Thickened jams, which consist of multiple layers of floes, have a greater effect on 

upstream water levels than surface jams due to the keel of the jam and the increased 

hydraulic roughness of the underside of the jam caused by the disorderly arrangement of 

floes.  Thickened jams are classified as either narrow-channel jams or wide-channel jams 

based on the mechanisms by which they thicken (Pariset et al., 1966).  Narrow-channel 

jams are thickened 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 critical Froude number ranging from 0.06-0.12 

(Michel, 1978).  The thickness of narrow-channel jams is therefore controlled by the 

hydraulic conditions present near the leading edge of the cover.  The thickness of wide-

channel jams is governed by the flow shear stress, channel width and slope, and internal 

strength properties of the ice.  Wide-channel jams mechanically thicken in response to 

water shear forces on the underside of the cover and the downstream component of the 

weight of the ice cover itself.  Note that ñmechanicalò thickening refers to the macro-scale 

thickening of an ice cover as ice floes rearrange in response to applied forces, while 

ñthermalò thickening refers to thickening of an ice sheet as water freezes due to heat 

exchange processes.  Mechanically 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 of both solid ice and frazil slush, and 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 altered within the jammed reach itself, but also to considerable lengths upstream 

and downstream.  As a jam forms, the keel (portion of the ice cover below the water 
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surface) and additional rough upper boundary decrease discharge underneath the jam, 

increasing 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 flow.  A schematic 

representation of typical freeze-up river ice processes leading to the formation of an ice 

cover is shown in Figure 1.4. 

 

Figure 1.4. Illustration  of the processes leading to the formation of a river ice cover at 

freeze-up. 

1.1.3 Growth of Solid Crust Layer 

Freeze-up jams are concurrent with cold air temperatures (below 0°C) that permit 

the continual transfer of heat from the water to the atmosphere.  As an ice front is 

progressing upstream, a portion of the cover downstream will be stable and stationary.  The 

stationary cover gains strength as the interstitial water between ice floes at the surface 

freezes to form a solid crust that grows vertically through the rubble accumulation.  The 

growth of the solid crust layer in a rubble ice cover is similar to the growth of a thermal 

lake ice cover, except 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 model for ice growth is Stefanôs law (Stefan, 1891).  This 

model is formulated 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 

(Leppäranta, 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 open water (i.e. no ice thickness 

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

[1.3].   

 Ὤ ‌ЍὛ [1.3] 

with 

 ‌
ςὯ

”ὒ
 [1.4] 

 Ὓ Ὕ Ὕ† Ὠ† [1.5] 

where Ὤ is the level ice thickness, Ὓ is the cumulative degree-days of freezing (also called 

the freezing index), Ὧ is the thermal conductivity of ice, ” is the density of ice, ὒ is the 

latent heat of fusion of ice, Ὕ  is the melting temperature of ice (0°C for freshwater ice), 

Ὕ is the temperature at the ice surface, and † is a dummy variable for the integration.  In 

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

for calculating Ὓ.  This substitution, along with other errors inherent in the assumptions of 

Stefanôs law, result in the use of a calibrated coefficient ‌ that is typically in the range of 

50-100% of its theoretical value (Leppäranta, 1993).   
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More reliable predictions of thickness with time can be achieved by considering 

various effects that are neglected in Stefanôs law.  First, the temperature at the underside 

of the ice layer is assumed to be at the melting temperature, Ὕ .  By equating the heat flux 

through the ice layer to the heat flux from the surface to the atmosphere, and applying a 

linear heat transfer approach to the latter, the surface temperature, Ὕ, can be eliminated.  

The growth rate of an ice layer can then be calculated with Equation [1.6], following 

Ashton (1986). 

 
ὨὬ

Ὠὸ

ρ

”ὒ

Ὄ Ὕ Ὕ ‰

ρ
 [1.6] 

where Ὄ  is the linearized heat transfer coefficient at the ice-air interface.  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 grows through an accumulation of rubble ice (ice fragments 

and blocks), the growth rate is increased due to the 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 of  (Ashton and Beltaos, 2013; Calkins, 1979), shown in Equation 

[1.7].   

 ὴ
ὨὬ

Ὠὸ

ρ

”ὒ

Ὄ Ὕ Ὕ ‰

ρ
 [1.7] 

where ὴ is the porosity of the rubble layer and Ὤ  is the thickness of the solid ice crust.  

Typical rubble ice cover porosities range from 0.4-0.6, thus the growth rate of the solid 

crust layer can be up to 1.7-2.5 times greater than the growth rate of a level ice sheet.   
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Beltaos (2013a) noted that freezing at the scale of voids within an ice cover is complex, 

and that Equation [1.7] represents the spatially averaged crust thickness over a large area.  

The solid crust layer is important to consider during the period of ice cover progression 

because it adds non-frictional resistance to collapse and mechanical thickening.   

1.1.4 River Ice Cover Consolidation 

The term ñriver ice cover consolidationò refers to the rapid collapse and mechanical 

thickening of a previously stable cover, which could be a surface jam or thickened cover 

from a previous consolidation event.  Consolidation events often occur on fast flowing 

rivers during the progression of the ice cover at freeze-up.  The continuous supply of ice 

generated upstream packs against the leading edge of the ice cover.  As the cover lengthens, 

the external forces applied to it grow; the shear force of the water flowing beneath the ice 

cover and the downstream component of the weight of the ice are transferred in the 

downstream direction.  Shear stresses caused by wind also act on the surface of the ice 

cover.  If the strength of the ice cover is exceeded, the cover will collapse and the leading 

edge will ñshoveò downstream.  The ice cover will mechanically thicken as the rubble ice 

from the previously stable cover rearranges to form a thicker accumulation with higher 

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 occur several 

times over the freeze-up period.  Consolidation events are unpredictable, and cause rapid 

changes to water levels.  Upstream, water levels can drop rapidly as the flow resistance 

provided by the ice cover is suddenly removed.  In the consolidated reach, the sudden 

mechanical thickening of the ice cover causes 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 and discharge. 

Consolidation events are problematic because they often result in very thick, rough 

ice accumulations that constrict channel flow and cause flooding (see Figure 1.5).  

Furthermore, they occur rapidly and without warning, making it difficult to issue flood 

warnings or plan emergency evacuations until it is too late.  Despite their significance, 

factors affecting the timing and severity of consolidation events are poorly understood.  

This is likely due, in part, to the lack of field data and first-hand observations of the 

conditions during consolidation events.  Because of the knowledge gap, numerical models 

are not fully capable of simulating the process of ice cover consolidation, limiting their 

applicability and usefulness in predicting the freeze-up regime of a river.  

 

Figure 1.5. Consolidated river ice cover on the Lower Dauphin River. Photograph taken on 

November 22, 2017. Note the rough surface caused by the disorderly 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 covers can constrict flow 

and cause increased water levels.  Therefore, it is of interest to understand how the strength 

of an ice cover relates to its thickness.  Note that in this context, ñstrengthò refers to the 

resistance to mechanical thickening from forces applied in a plane coplanar to the ice 

surface, and not to the bearing strength which refers to the ability of an ice cover to 

withstand forces applied orthogonally to its surface.  As the length of a thickened cover 

increases, the forces attempting to push the cover downstream, caused by water shear and 

gravity, increase.  Ice rubble is traditionally thought to behave as a floating, granular 

material, with strength generated by frictional interlocking of ice fragments within the 

cover.  This idea was first proposed by Kennedy (1958) with reference to the strength of 

floating pulpwood.  Pariset et al. (1966) developed the concept that an ice cover is subject 

to collapse and mechanical thickening when the forces exceed the strength.  As mentioned 

previously, they coined the terms ñnarrow-channel jamò and ñwide-channel jamò based on 

the mode of thickening.  They assumed that the strength of an ice jam formed from ice 

rubble is independent of the rheological properties of the ice itself.  By considering the 

forces on an ice cover in a rectangular channel, they developed an equation relating the 

change in streamwise stress within the ice cover to the external forces.  They suggested 

that the ice cover collapses and thickens when the streamwise stress exceeds the maximum 

internal stress of the ice cover.  The form of this equation most often found in current 

literature is shown in Equation [1.8] (Beltaos, 1995a). 
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ὄ
† ί”ὫὛὸ †Ӷ [1.8] 

where „ is the average streamwise effective stress, ὸ is the ice cover thickness, ὄ is the 

channel width, †  is the shear stress developed between the ice cover and the bank (or 

grounded ice near the bank), ί is the specific gravity of ice, ” is the density of water, Ὣ is 

gravitational acceleration, Ὓ  is the water surface slope, and †Ӷ is the average shear stress 

caused by water flowing beneath the cover.  This force balance is shown schematically in 

Figure 1.6.  An assumption of Equation [1.8] is that the ice thickness is constant across the 

channel, which is a working hypothesis applicable to a one-dimensional case. 

 

Figure 1.6. Forces on a section of ice cover in a rectangular prismatic channel. Adapted 

from Beltaos (1996). 

Pariset et al. (1966) used theory of soil mechanics to develop equations for the 

limiting lateral and shear stresses acting on the cover, shown in Equations [1.9] and [1.10] 

(Beltaos, 1995a). 
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 † ὅ Ὧ„ [1.9] 

 „ Ὧ„ [1.10] 

where ὅ is the cohesion between the ice cover and the bank, Ὧ is the ratio of shear to 

normal stress applied at the bank, often assumed to be related to the friction angle of ice, 

‰, as Ὧ ÔÁÎ‰, and Ὧ is the ratio of lateral to streamwise stresses in the ice cover.  

Furthermore, Pariset et al. (1966) assumed 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). 

 „ ὑ„ ὑ„ ÔÁÎ
“

τ

‰

ς
„ [1.11] 

where ὑ  is the ratio of streamwise to vertical stress at the point of failure, assumed to be 

equal to the passive pressure coefficient, ὑ , 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]. 

 „
ρ

ς
ίρ ί ρ ὴ ”Ὣὸ [1.12] 

The above analysis follows a Mohr-Coulomb 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 by Beltaos (1995a).  Beltaos (1995a, 1995b) noted that some 

assumptions made by Pariset et al. (1966) are not quite correct; for example, Equation 

[1.11] is only valid if the streamwise normal stress is a principal stress, which isnôt the case 

as shear is developed within the cover in the ὼᾀ plane.  If it is assumed that ὸ, Ὓ , ὄ, and 
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†Ӷ are constant in the streamwise direction (equilibrium jam condition), Equation [1.8] can 

be simplified to Equation [1.13] (Beltaos, 1995a). 

 ‘ίρ ί”Ὣὸ ὄ†Ӷ ί”ὫὛὸ ςὅὸ [1.13] 

where the strength coefficient, ‘, combines all coefficients governing the stress 

relationships within the ice cover, defined by Equation [1.14]. 

 ‘ḳὯὯὑ ρ ὴ  [1.14] 

Uzuner and Kennedy (1976) published their own theoretical model of river ice jams 

a decade after Pariset et al. (1966), suggesting that the internal strength of a rubble 

accumulation is governed by two dimensionless coefficients, ὑ  and ὅ, as in Equations 

[1.15] and [1.16] (Beltaos, 2010). 

 „ ὑ„ [1.15] 

 † ὅ„ ὅ [1.16] 

where ὅ relates the shear stress developed at the banks to the average vertical effective 

stress on the ice cover.  Notice that Equations [1.15] and [1.16] are very similar to 

Equations [1.9] and [1.10] developed by Pariset et al. (1966), except that ὑ  is not assumed 

to be the passive pressure coefficient (therefore does not assume that „ is a principal 

stress), and the side friction depends on „ rather than „.  Beltaos (1983) showed that the 

coefficients ‘ and ὅ are related through Equation [1.17]. 

 ‘ ρ ὴ ὅ [1.17] 

For the case of a prismatic channel, Equation [1.8] can be combined with 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, 1976).  This results in a jam configuration 

with three distinct regions: upstream transition, equilibrium reach, and downstream 

transition, as shown in Figure 1.7 (Beltaos, 2013a). 

 

Figure 1.7. Illustrat ion of an ice cover configuration with an equilibrium reach. Adapted 

from Beltaos (2013a). 

In a natural river, an equilibrium reach will eventually form if  ice is continuously 

supplied from upstream.  This occurs when the ice cover becomes sufficiently thick such 

that the gradient in average streamwise stress (first term in Equation [1.8]) approaches zero.  

In other words, for a given section of the ice cover (as in Figure 1.6), the entirety of the 

forces directed in the downstream direction are taken up by friction generated at the banks.  

Distinguishing properties of the equilibrium reach are that the water surface slope and bed 

slope are equal, and the ice thickness is constant in the streamwise direction.  Once formed, 

additional ice supply from upstream simply lengthens the equilibrium reach without 

changing the maximum water depth or length of the transition regions (Beltaos, 2013a).  
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The water depth within the equilibrium reach represents the maximum possible depth that 

can result from the formation of a wide-channel jam.  Therefore, engineers often solve for 

the equilibrium jam thickness to assess flooding potential rather than calculate the full 

profile of the ice jam.   

Pariset et al. (1966) analyzed field measurements of freeze-up ice jams on the 

Beauharnois Canal in Quebec and determined the best fit value for the coefficient ‘ was 

approximately 1.28.  Note that this corresponds to a value of 2.13 for ὅ assuming a jam 

porosity of 0.4.  Further, they calculated the product of ὅὸ to range from 1.1-1.3 kN/m.  

Beltaos (2013a) demonstrated that this finding implies that the value of ὅ would have 

ranged from 0.3-20 kPa and is inversely related to the cover thickness, which does not seem 

physically plausible.  Beltaos (2013a) also noted several laboratory tests on accumulations 

of small ice blocks that indicated values of ὅ of 0.1 kPa or less (e.g. Keinonen and Nyman, 

1978; Merino, 1974; Urroz-Aguirre, 1988).  Owing to the difficulties in safely taking 

measurements of ice jam thickness, Beltaos (1983) developed an indirect method to 

compute the strength coefficient ‘ from water level records.  In the analysis of 12 breakup 

jams he found that ‘ varied between 0.6 and 3.5, but most of the computed values were 

within the range of 0.9-1.3.  It was also determined that the cohesive intercept, ὅ, was 

negligible.  In studies where ice thickness could be measured in breakup jams, ‘ was found 

to be in the same range of 0.9-1.3 (e.g. Beltaos, 1988, 1984; Neill and Andres, 1984).  

Because of the apparent negligible cohesion found in breakup jam studies, it is possible 

that the non-frictional resistance identified by Pariset et al. (1966) was not true cohesion, 

but was instead the effect of the freezing of a solid ice crust at the surface of the ice jam  

(Michel, 1978).  Freeze-bonding between adjacent ice blocks in contact could also have 



Chapter 1 ï Introduction 

Investigation of River Ice Cover Formation Processes at Freeze-up 20 

 

this effect (Schaefer and Ettema, 1985).  This suggests that, unlike at breakup where the 

internal strength is produced mainly by the frictional interlocking of ice blocks (which can 

be represented by an appropriate value of ‘), freezing effects occurring at freeze-up could 

have significant implications on the strength of the ice cover and its ability to resist 

mechanical thickening (which should not be modeled by a single value of ὅ, but rather 

depends on the air temperature and the cumulative amount of freezing that has occurred).   

The strength parameter ὑ  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 found to be in the range of 10-12 through model applications to 

equilibrium and non-equilibrium breakup jams (Beltaos, 2010).  There is no information 

on the value of ὑ  for freeze-up jams, but since the coefficient only influences the 

transitional reaches and not the equilibrium reach, Beltaos (2013a) has suggested using a 

value in the range of 10-12 as a working hypothesis.  The value of Ὧ is typically assumed 

to be 0.33 (Tuthill and Mamone, 1998; White, 1999), but can vary in the range of 0.36-

0.55 (Beltaos, 2010).  Reported values of the internal friction angle, ‰, have shown a wide 

spread.  Values range from as low as 21°, calculated by Michel (1980) on data from 10 ice 

jams, to 76° determined by Timco and Cornett (1999) in laboratory tests (White, 1999).  In 

a review of reported values of ‰ in the literature, Beltaos (2010) suggested that the internal 

friction angle is typically between 55.8° and 58.6° 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 the determining the thickness of an ice cover formed through shoving and 
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internal collapse, and the effect on channel hydraulics.  A selection of these variables and 

their recommended ranges suggested by White (1999) are shown in Table 1.1.  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 

Ice cover Manning roughness (ὲ) 

Freeze-up ice cover 0.01-0.06 

Freeze-up ice jam 0.02-0.10 

Breakup (thin ice) 0.02-0.10 

Breakup (thick ice) 0.035-0.15 

Cohesion (ὅ)  
Freeze-up ice jam 960-1200 Pa 

Breakup ice jam 0-100 Pa 

Coefficient of internal strength (‘) Freeze-up or breakup 1.0-2.0 

Angle of internal friction (‰) 
Frazil 20-45° 

Rubble 40-60° 

Porosity (ὴ) 
Freeze-up ice jam 0.35-0.45 

Breakup ice jam 0.35-0.8 

 

1.2.2 Laboratory Investigations on the Strength of Floating Ice Covers 

Several laboratory experiments have been 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 ice.  This section will 

summarize strength tests performed 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) used 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 forces were 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 

rubble created 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 shearing of 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 strains.  As pointed out by Ettema and Urroz (1989), it 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 parameters.  Løset 

and Sayed (1993) noted that the stresses and strains within the sample are not uniform in a 

direct shear test; results are highly dependent on the apparatus and procedure and could 

lead to scatter in reported data.  Instead, they used a bi-axial chamber with two moveable 

sidewalls that put the rubble in a state of plane-strain.  It was found that a wide range of 

internal friction angles can be used to describe the failure envelope depending on the strain 

path. 

Urroz and Ettema (1987) performed 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 thickness, 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 ice blocks.  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 pronounced, and the forces were observed to oscillate around a mean value similar 

to the failure value.  Urroz and Ettema (1987) observed 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 increasing cover 

thickness.  The polyethylene blocks showed no distinct variation in strength with shear 

rate, leading the authors to believe that freeze-bonding was causing this phenomenon in 

the ice block tests.  In plotting the shear force and normal force at failure, Urroz and Ettema 

(1987) found that the cohesive intercept was very close to zero for all block sizes.  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.  The larger friction angle for the 

medium blocks was attributed to sharper edges at the corners compared to the small and 

large blocks.   

Tatinclaux et al. (1977) performed tests to determine the compressive strength of a 

fragmented ice cover.  They used an insulated tank that was 0.9 m wide and 0.6 m deep, 

with a floating mass of ice rubble confined in the lateral direction.  A plate attached to a 

variable speed carriage 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 from 6.1-18.3 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 nominally identical 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 stress-strain curves, Tatinclaux et al. (1977) found that the 

compressive strength and yield strain both decreased as the plate velocity increased.  They 

concluded that this was caused 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 freeze-bonds.  They also concluded that the compressive strength was 

independent of the 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 (1977) conducted 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 compressive strength of 

an ice cover (however some tests with no preload were also performed).  They used a single 

ice block size, consistent with one chosen by Tatinclaux 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 force registered by the compression plate, and 

was found to occur in three different modes.  For low plate speeds (less than 0.3 mm/s) the 

fragmented ice cover did not fracture, but a buckling type of failure was observed due to 

increased interparticle bonding.  In 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 than 1.8 mm/s), 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 

thickness increases.  The ratio of compressive strength to cover thickness decreases with 

increasing deformation rate, but attains a constant value of approximately 1570 N/m3 for 

plate speeds larger than 3 mm/s.  Unlike Tatinclaux et al. (1977), they found that for a 

greater cover thickness (15-23 cm), the yield strain increased linearly with increasing plate 

speed.  For thinner covers, the yield strain decreased non-linearly with increasing plate 

speed.  Cheng and Tatinclaux (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 of Tatinclaux et al. (1977) and Cheng and Tatinclaux 

(1977) for similar cover thicknesses, large discrepancies exist (up to 50%), with the former 

reporting greater strengths than the latter (see Figure 1.8).  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 changes to the compressive strength of the cover, presumably due to 

freezing effects, it is clear that this phenomenon should be investigated more closely. 
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Figure 1.8. Influence of plate speed on compressive strength. Data from Cheng and 

Tatinclaux (1977) (solid markers) and Tatinclaux et al. (1977) (hollow markers). 

Hopkins and Tuhkuri (1999) used a combination of physical experiments and 

numerical simulations 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% of the water 

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 tested.  A numerical 

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 coefficients), to evaluate their effect on 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 plate was 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 smooth disks 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 surface 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 aspect 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 important.  Modifying 

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 agree with the Mohr-Coulomb 

theory, which is likely why it continues to be the accepted method of calculating the 

resistance of a rubble ice jam, and why satisfactory results can be achieved by applying the 

theory to real world ice jams.  However, as noted by many of the studies, there are strain 

rate effects on the apparent strength of a rubble accumulation resulting from freeze-bonds 

that can quickly form at contact points between the ice rubble fragments.  Further to this 

point, it is known that during the formation of an ice cover at freeze-up, the advancing ice 

cover goes through cycles of frontal progression and 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 crust at the 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 



Chapter 1 ï Introduction 

Investigation of River Ice Cover Formation Processes at Freeze-up 28 

 

ice cover to resist mechanical thickening, despite its known significance.  Even in their 

seminal paper on the dynamics of river ice jams, Pariset et al. (1966) noted the primary 

importance of the relationship between meteorological conditions and mechanical 

thickening of an ice cover.  They suggested that under extreme cold weather conditions, 

cohesion (or a non-frictional resistance term similar to cohesion) is at a maximum and 

allows the formation of thinner and more stable ice covers.  Corroborating this notion, 

Pariset et al. (1966) noted that the most severe ice conditions in their study area in Montreal 

correspond to freeze-up periods with mild air temperatures. 

1.2.3 Investigations on the Freezing of a Solid Ice Layer Through Ice Rubble 

Section 1.1.3 provided an overview of theoretical 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 laboratory and field studies. 

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, therefore allowing safe 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 freeze-bonds at contact surfaces (Marchenko, 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 

ñconsolidated layerò in sea ice literature, but only the former will be used in this document 

for clarity; ñconsolidationò typically refers to the process of an ice jam shoving and 

mechanically thickening in river ice literature.  Høyland et al. (2001) performed tests in a 
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model basin at the Hamburg Ship Model Basin and found that sintering during the initial 

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 of off-shore structures and ice 

breakers.  As mentioned earlier, a very similar process occurs during freeze-up of rivers; 

competent frazil pans comprise a mass of ice rubble, and cold ambient air temperatures can 

form a crust that solidifies these pans together. 

Leppäranta and Hakala (1992) investigated free floating first year ice ridges in the 

Baltic Sea and found that the solid 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 (1990), Leppäranta et al. (1995), and Kharitonov 

(2008)).  The growth rate of the solid crust layer can vary spatially over an ice ridge; 

Shafrova and Høyland (2008) performed mechanical drilling on first year ice ridges in the 

Barents Sea and Arctic Ocean in 2005 and 2006, and found that the maximum-to-average 

thickness ratio of the solid crust layer was around 2.1, while the minimum-to-average 

thickness ratio was around 0.36. 

Timco and Goodrich (1988) investigated the rate of solid crust growth in freshwater 

and saline ice rubble in a laboratory setting.  Deep rubble accumulations were created, and 

allowed to refreeze under ambient air temperatures ranging from -5°C to -18°C.  Ice block 

size, ambient air temperature, and wind speed were varied to determine their effects on the 

solid crust growth rate.  Thermocouple rakes were used to log temperature profiles in 

rubble ice accumulations to quantitatively estimate the location of the solid crust front.  The 
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solid crust was allowed to grow through the rubble accumulation for durations ranging 

from 27-120 hours, resulting in solid crusts that were 10-28 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 solid crust growth rates, and that the crust depths obtained 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 (product of time and 

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 temperature.  Based on 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.   

Toyota and Koda (2016) examined 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 temperatures ranging from -10°C to -20°C, and a stirrer promoted the 

formation of grease ice.  A second identical tank was placed in the same room, but without 

a stirrer.  Once the non-stirred 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 layer approximately 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 the 

grease ice ranged from 0.27-0.44.  Results showed that the solidification through the grease 

ice was rapid; the upper 4-5 cm of grease ice solidified within two hours after 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 cm thick. 

Croasdale, Allyn, and Marcellus (1990) developed a numerical model (ICEGROW) 

to predict the solid crust growth through rubble ice.  They considered the major sources of 

heat transfer to be sensible heat flux and net longwave radiation, and modified the thermal 

properties of the water such as latent 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 effects 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 authors.  The numerical 

model was compared with field observations in the Beaufort Sea, but could not accurately 

predict the 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 cover.  A more 

controlled experiment was performed in the Esso open-air ice 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 the solid crust layer 

reasonably well, although the authors did not include their method of measuring the depth 

of the solid crust layer.  Croasdale, Allyn, and Marcellus (1990) concluded that a solid 

understanding of the rubble accumulation porosity is crucial to predicting its crust growth 

rate.  
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1.2.4 Strength of Solid Crust Layer 

The one-dimensional 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 stress proposed by Pariset et al. 

(1966) (Equation [1.11]), the total resistance per unit width can be calculated with Equation 

[1.18].  The porous layer resistance is expressed as the product of the strength coefficient, 

ὑ , 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 increasing the maximum possible resistance). 

 Ὑ „ Ὤ ὑ„ὸ [1.18] 

where Ὑ is the total resistance force per unit width, „  is the compressive strength of 

the solid crust layer, and Ὤ  is the thickness of the solid crust layer. 

In-situ field tests on freshwater ice performed by Vittoratos and Kry (1979) 

indicated that the uniaxial compressive strength ranged from 1.5-3.0 MPa depending on 

the temperature of the ice.  Using typical values of 12 for ὑ  and 0.4 for ὴ, representative 

a freeze-up ice jam (Beltaos, 2013a), and lower limit in-situ field measurements of the 

compressive strength of solid ice, Equation [1.18] reduces to Equation [1.19]. 

 Ὑ ρυππ Ὤ ςȢφ ὸ [1.19] 

where Ὑ is in  and Ὤ  and ὸ are in [m].  It is evident that even with a substantial 

porous ice thickness, the solid crust resistance dominates the total resistance provided by 

the ice cover.  Michel (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 
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pieces over a relatively short time during cold weather; therefore the solid crust resistance 

is a very important term to consider during freeze-up.   

Andres (1999) examined the growth of the solid crust layer as it relates to the 

progression and collapse of a forming ice cover at freeze-up.  He assumed that the internal 

frictional resistance of the ice pieces and shear resistance at the banks were negligible 

compared to the strength 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 number, ‍, that differentiated between a juxtaposing 

or consolidating ice cover, as shown in Equation [1.20]. 

 
ȿὝȿὄὯ

ὗὛ”ὒ
‍ [1.20] 

where ὗ is the discharge upstream of the progressing ice cover.  The stability number, ‍, 

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 ice floes, the 

celerity of the advancing ice front, and the heat transfer coefficient at the ice-air interface.  

Andres (1999) noted that for typical values of the aforementioned variables, ‍ could range 

from 0.00002-0.001.  Using data and observations of juxtaposed and consolidated freeze-

up ice covers on the Peace River in northern Alberta, he deduced a value of 0.0003 for ‍, 

and back calculated the strength of the solid crust layer to be approximately 1.2 MPa, 

although the value could plausibly be in the range of 1-2 MPa based on the data provided.  

Andres (1999) noted that more work is required to investigate the failure mechanism of 

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

characteristics such as meanders that likely limit the longitudinal forces transmitted 
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downstream and may promote the formation of a juxtaposed cover.  Beltaos (2013a) 

substituted typical values for ice and water properties along with the value of 0.0003 for ‍ 

to arrive at Equation [1.21]. 

 
ȿὝȿ

ήὛ
πȢτςρπ [1.21] 

where ή is the unit discharge.  Substituting in typical values for the Lower Dauphin River 

of 2 m2/s for ή and 0.0016 for Ὓ  shows that the air temperature would need to be 

impossibly low for a juxtaposed ice cover to develop.  The equation can be more useful in 

determining the water surface slope at which point a juxtaposed cover could develop; at an 

air temperature of -10°C, Ὓ  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 over several years can be used to predict the peak ice 

elevations or estimate return periods of ice-related flooding events.  Datasets collected 

through field monitoring programs can also be used to validate current theory on ice 

dynamics and effects on channel hydraulics.  Detailed field measurements provide 

calibration and validation datasets for numerical models, increasing their accuracy and 

capabilities.  Unfortunately, planning and executing a field monitoring program has many 

challenges.  Northern rivers often 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 are sometimes challenging to install in the river during open water 

season.  Further, dynamic ice processes can damage these instruments or move them from 
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their deployed location.  Lastly, and perhaps most importantly, several sought after 

parameters are often unsafe or impossible to accurately measure.  Ice jams are inherently 

unstable, and navigating on their surface to perform drilling for thickness or discharge 

measurement is dangerous.  Field monitoring programs must be carefully planned out and 

executed, and 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 information that is 

simply not reproducible in a laboratory setting. 

Several field studies have been conducted to investigate breakup ice processes and 

dynamics (e.g. Beltaos et al., 1996; Beltaos and Carter, 2009; Beltaos et al., 2011; Beltaos 

et al., 2012).  Field datasets most commonly include water surface elevations, either as 

surveyed instantaneous water surface profiles or as time series collected with installed 

pressure transducers, likely due to the relative ease of this measurement.  Ice thicknesses 

are often inferred from water level rises or indirectly measured from shear wall remnants 

that remain attached to the banks after an ice jam has cleared.  In general, breakup 

observations are consistent with traditional Mohr-Coulomb theory of ice jam dynamics, as 

evidenced by the relatively small range of ‘ found by Beltaos (1983).   

Less attention has been given to freeze-up ice monitoring, perhaps because breakup 

ice jams can occur more rapidly and pose higher risk of flooding.  Michel (1984) reviewed 

five datasets, collected on the St. Lawrence River (1947-1948, 1949-1950), Beauharnois 

Canal (1951-1952, 1953-1954), and La Grande River (1977-1978).  Each dataset included 

ice thickness profiles and observations of the mode of ice cover formation.  On the St. 

Lawrence River, it was found that shoves and ñheavy shovesò corresponded with periods 

of warm weather which 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 (thickness of approximately 0.5 m).  In the Beauharnois Canal, the ice cover was 

observed to form in 1951-1952 by frontal progression with minimal packing.  In 

1953-1954, some shoves and packing were observed to occur typically in the morning after 

a discharge increase from a nearby powerplant operation.  In the 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 tend to weaken or 

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

Andres (1995) summarized a variety of freeze-up data collected on the Peace River 

from 1970-1988 including water surface profiles, ice thickness measurements, an under-

ice velocity profile, and descriptions of ice front celerities and characteristics.  The average 

winter discharge increased to approximately four times the natural flows since regulation 

of the Peace River in 1972.  The higher flows caused the shoving process to dominate ice 

cover progression, leading to higher freeze-up water levels and thicker, rougher ice 

accumulations.  A typical water surface gauge record was presented, with several 

characteristics that are indicative of the ice cover formation sequence.  First, the backwater 

effect of an ice cover progressing via surface juxtaposition and packing reaches a site and 

the level begins to rise.  When the ice front passes the site, the water level plateaus at a 

temporarily stable level.  A sudden increase 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 cover 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 1200 m3/s), the value of ‘ ranged from 

1.5-2.0 or higher.  Andres (1995) suggested that the lower flows allowed the downward 

freezing of the solid crust layer to add strength to the ice cover, reducing the likelihood of 

shoves and increasing the apparent values of ‘.  At higher flows (greater than 1500 m3/s), 

the value of ‘ was in the range of 0.8-1.5 as the shoving process dominated ice cover 

formation.  The author recommended that values of ‘ in the range of 0.8-1.0 should be 

used if the shoving process dominates.  Additionally, he suggested that the quasi-steady 

winter discharge should be increased by 25% when employing the theoretical equations to 

account for the surges associated with dynamic ice events that can temporarily increase 

flow and shear forces on the forming ice cover. 

Andres et al. (2003) noted that the triggering of consolidation events is not well 

understood, but three conditions that appear to promote their occurrence are (i) rapid 

advancement of the leading edge which increases stresses without attendant thermal growth 

of a surface crust, (ii) a sudden increase in discharge, and (iii) rapid air temperature 

fluctuations that can quickly weaken the solid crust and compromise the resistance of the 

ice cover.  The authors further differentiated between ñprimaryò consolidation events, 

which occur early in the ice cover formation before significant interstitial freezing 

develops, and ñsecondaryò consolidation events, which are the collapse of an existing 

consolidated or juxtaposed ice cover and affect a larger reach of the river.  Andres et al. 
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(2003) reviewed over 20 years of freeze-up data on the Peace River which included ice 

front celerities, air temperatures, discharges, and occurrence of secondary consolidation 

events.  The celerity of the ice front generally increased with colder air temperatures, and 

was nearly zero when the air temperature was warmer than -10°C.  They found that 

consolidation events occurred over the entire range of measured ice front celerities, and 

could be caused by any of the three conditions 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 and shear stress.  Additional details of this study are 

included in Section 2.3.2.  Andres et al. (2003) concluded 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 general, field observations during freeze-up have shown that shoving events can 

lead to very thick ice accumulations that can severely constrict flow and lead to staging 

that can cause flooding.  Furthermore, dynamic ice formation processes have been shown 

to cause unsteady flow conditions that may apply greater stresses to a forming ice cover 

than may be expected from the (nearly) steady winter discharge.  While past research 

efforts have certainly been fruitful and have resulted in a solid understanding of these 

processes, additional field datasets are required to fill in t he knowledge gaps.  In 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 events would be useful.  First-hand observations of the progression of a 
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surface jam or the sequence of events occurring during a consolidation event would help 

to confirm and/or advance the ability to predict ice-affected 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 river ice (ASCE Task Committee on 

Hydromechanics of Ice, 1974).  Since then, great progress has been made in several areas 

of river ice research, furthering the state of knowledge on the subject.  The concurrent 

advance in computing power has led to the development of several numerical models that 

can be used to simulate complex river ice phenomena and the effects on channel hydraulics.  

Numerical models are the most economical and efficient method to assess the impacts of 

river ice; the modeler can specify a suite of expected conditions and relatively quickly get 

a result from the comfort of the office.  The properties and features of specific numerical 

river ice models are driven by the needs of the modeler; therefore, models vary in terms of 

complexity.  The most basic models are steady and one-dimensional, and simply compute 

the effect of an ice cover on the water surface profile in a channel.  Conversely, the most 

advanced models 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 intended to present a non-exhaustive selection of river ice models to provide 

context on the common traits of these models and areas where they differ. 
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The U.S. Army Corps of Engineers Hydrologic Engineering Center River Analysis 

System (HEC-RAS) model is a one-dimensional model that can perform both steady and 

unsteady open water computations (U.S. Army Corps of Engineers, 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 or within the same cross section in the main channel and 

overbank areas.  HEC-RAS can also account for energy losses associated with common 

hydraulic structures such as bridge piers and culverts.   The model is publicly available for 

download, and includes a graphical user interface to facilitate model construction, 

calibration, and interpretation of results.  The effects of river ice can be simulated in two 

ways.  First, HEC-RAS can simulate the hydraulics of fixed ice covered reaches with user-

prescribed ice roughness and thickness.  Alternatively, the program can simulate the 

thickness of a wide-channel jam under steady flow by solving the force balance equation 

with the jam stability criteria developed by Pariset et al. (1966) and Uzuner and Kennedy 

(1976).  The user can specify material properties of the ice jam such as porosity and internal 

friction angle at each cross section.  The HEC-RAS 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 model (Rousseau, Sauve, Warren, Inc. and Hydro-Quebec, 1983), 

originally conceived in 1977, is a one-dimensional steady state model that simulates the 

processes of water cooling, ice generation, ice cover formation, and ice cover breakup.  At 

each cross section, four stability conditions are used to define the ice thickness (Petryk, 

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

ice properties such as porosity.  Forcing data includes discharge, meteorological 

conditions, and water temperature at the upstream boundary of the model.  SIMGLACE 

calculates heat loss through consideration of major heat sources 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 ice.  The model can 

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

The River1D hydrodynamic model was developed at the University of Alberta 

(Hicks and Steffler, 1992).  The model solves the mass and momentum equations with the 

Characteristic-Dissipative-Galerkin (CDG) finite element method.  The model includes 

thermal and dynamic ice process modules.  A steady state ice jam profile component, based 

upon stability equations that follow the theory of Pariset et al. (1966) and Uzuner and 

Kennedy (1976), is used calculate ice jam profiles and associated water surface profiles 

(She and Hicks, 2006).  Andrishak and Hicks (2008) describe the thermal ice components 

which consider water cooling, frazil ice formation and floatation, surface ice transport, and 

thermal ice growth and melt.  She et al. (2009) describe another River1D model component 

which simulates the dynamics of ice jam formation using a purely Eulerian reference frame.  

Mass and momentum conservative equations for both water and ice are solved using the 

CDG finite element method in an uncoupled sequence.  A new constitutive model was 

implemented by She et al. (2009) to determine the internal resistance within an ice jam 

based on the strain rate of the deforming ice.  The River1D model can be used to simulate 

the configuration of an ice jam and corresponding water surface profile for unsteady flow 

conditions, such as those experienced during hydro-peaking operations (She et al., 2012). 
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The RICE model was developed by Hung Tao Shen and his collaborators at 

Clarkson University in the 1980s.  The river hydraulics component of the model solves the 

one-dimensional unsteady flow equations (Lal and Shen, 2007) using a four-point implicit 

finite difference scheme (Petryk, 1995).  The RICE model includes additional components 

to simulate water temperature and ice concentration, formation of border, skim, and frazil 

ice, undercover transport and accumulation (based on critical velocity criteria), and thermal 

growth and decay of an ice cover.  A unique feature of the RICE model is that the transport 

of ice is considered to occur in two layers: a surface layer and a suspended 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 cover progresses in the 

hydraulic thickening (narrow jam) mode as defined by Pariset et al. (1966).  The shoving 

mode for wide-channel jam formation is also considered by solving the force balance 

equation based on the theory of Pariset et al. (1966) and Uzuner and Kennedy (1976).  The 

model also includes a stability criteria for ice covers that includes contributions of the 

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 the RICE model.  The major 

improvements include (i) the ability to simulate the supercooling phenomenon and anchor 

ice formation, (ii) computation of undercover transport based on a transport-capacity 

formulation, and (iii) inclusion of wind effects, artificial ice breaking, and flow resistance 

due to the moving ice (Shen et al., 1995).   

The ICESIM computer model was developed in 1973 by Acres International 

Limited to study river ice problems, and 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 Groeneveld, 1997).  The ICESIM model is one-dimensional and can simulate 

steady state flow conditions and the effects of river ice on backwater surface profiles.  The 

model computes the daily volume of ice entering the domain using heat transfer theory and 

mean daily temperatures, or the user can simply input the ice volume (Petryk, 1995).  

Border ice is calculated using the empirical formula proposed by Newbury (1968) or by a 

user-defined open water fraction.  Ice cover progression through surface juxtaposition and 

hydraulic thickening are considered with a critical Froude number criterion.  Mechanical 

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 stress (Petryk, 1995).  The computation 

is performed from upstream to downstream, and the total 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 leading edge.  Another model, called 

ICEPRO, is very similar to ICESIM as Rick Carson was the principal author of both 

programs (Carson et al., 2011).  ICEPRO includes some minor improvements to the 

shoving process over ICESIM, as well as the incorporation of a Manning roughness of an 

ice jam that is a function of its thickness.  As 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 four-point implicit finite difference scheme.  The ice 
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mechanics modules are similar in form to ICESIM, and are 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 private agencies 

(Lindenschmidt, 2017).  RIVICE is a one-dimensional, comprehensive numerical model 

that can simulate dynamic river ice processes under a set of hydraulic, meteorological, and 

bathymetric data (Martinson et al., 1993).  The model uses an implicit finite difference 

scheme and accounts 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 simulate the generation of skim ice or frazil ice in open 

water.  Border ice growth can be calculated using a variety of methods, including a user-

defined relationship between cumulative degree-days of freezing or the Matousek (1984) 

method.  Ice cover evolution and breakup modules are implemented on regions with a 

stable ice cover, depending on the application.  The fundamental premise of RIVICE is that 

the calculations of ice generation and evolution can be separated from the calculation of 

hydrodynamics if they are performed with a small enough time step (Environment Canada, 

2013).  This ñloosely coupledò method is employed by several other numerical models to 

simplify the computational procedure.   

The ICEJAM model was developed to compute the ice thickness and water surface 

profile over the entire length of a wide-channel jam with a floating toe (Flato and Gerard, 

1986).  The model uses the theory of Pariset et al. (1966) and Uzuner and Kennedy (1976) 

for calculating the thickness of a cohesionless, granular 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 a forward 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, the thickness profile is recalculated.  This calculation procedure 

repeats until the solution converges.  Considerations are also made for ice erosion using a 

critical velocity criterion.  Seepage through the interstitial voids within the ice cover is 

neglected.   

RIVJAM is a one-dimensional 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 loads (Carson et al., 2011).  The thickness of the 

wide-channel ice jam is calculated based on the theory of Pariset et al. (1966) and Uzuner 

and Kennedy (1976).  The thickness relationship is coupled with the hydraulic 

computations for water depth, resulting in a system of two differential equations with two 

unknowns which are solved using a Runge-Kutta solution technique (Healy, 1997).  An 

important feature of RIVJAM is that it considers seepage flow of water through the voids 

of an ice jam (Beltaos, 1993).  This is an important consideration near the toe of an ice jam 

where the thickness and water surface slope are high (Beltaos, 1999).   

River2D is a two-dimensional, depth-averaged hydrodynamic model developed at 

the University of Alberta (Steffler and Blackburn, 2002).  It is available in the public 

domain and is under continual development.  River2D is a finite element model and uses 

the conservative Petrov-Galerkin upwinding formulation to compute river hydraulics.  The 

model is able to simulate flow under a floating ice cover with a user-defined thickness and 
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roughness.  The current version of the model does not simulate ice dynamics or the 

generation of ice via thermal processes, however these processes are to be incorporated in 

River2D in the future (Wojtowicz, 2010).   

MIKE-ICE was developed as an add-in module to the MIKE11 model of the Danish 

Hydraulic Institute to study the effects of a hydroelectric project by Hydro-Quebec 

(Theriault et al., 2010).  The MIKE11 model applies the six point Abbott-Ionescu implicit 

finite difference scheme to solve the one-dimensional St. Venant equations.  The MIKE-

ICE model enables unsteady one-dimensional simulations that incorporate 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 areas in the presence 

of warm (greater than 0°C) water and/or during warm weather events (Theriault et al., 

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

through a force balance method, following the theory of Pariset et al. (1966) and Uzuner 

and Kennedy (1976) (Carson et al., 2011). 

The DynaRICE model is a two-dimensional numerical model focussed on 

simulating the dynamic transport and jamming of surface ice.  It is unique in that it employs 

two reference frames for treating hydrodynamics and ice dynamics.  Hydrodynamics are 

modeled using the depth-averaged Navier Stokes equations solved using the streamline 

upwind Petrov-Galerkin approach on an Eulerian finite element mesh.  Ice dynamics are 

calculated using the Discrete Parcel Method (DPM) and Smoothed Particle 

Hydrodynamics (SPH) on a Lagrangian reference frame.  The major advantage of this 
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method is that it avoids the numerical diffusion associated with an Eulerian finite difference 

method (Shen et al., 2000b).  The hydrodynamic and ice dynamic components are loosely 

coupled; ice properties 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 processes.  The two-

dimensional river ice model, CRISSP2D, was built upon DynaRICE to incorporate thermal 

processes.  CRISSP2D is one of the most comprehensive river ice numerical models in the 

world, and is able to simulate most processes related to river hydrodynamics, ice dynamics, 

and breakup.  Its capabilities include: (i) simulation of unsteady flow conditions including 

supercritical and subcritical flows, and dry-wet bed conditions, (ii) calculation of heat 

transfer using linearized equations or a complete energy budget based on weather data, (iii) 

water temperature calculations and supercooling events, (iv) simulation of freeze-up 

processes including generation of frazil ice, anchor ice, border ice, and occurrence 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 as mechanical breakup conditions (Liu et 

al., 2006).  The CRISSP2D model is employed and developed in this research, with the 

specific goal of simulating the processes of ice cover consolidation and thermal 

strengthening during freeze-up.  A more detailed description of the CRISSP2D model is 

provided in Chapter 4. 

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

on classical theory of rubble ice cover strength by Pariset et al. (1966) and Uzuner and 
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Kennedy (1976).  Very few distinguish between breakup and freeze-up scenarios, and those 

that do typically simply apply a cohesion value to the rubble strength to account for thermal 

processes that provide additional non-frictional resistance.  The growth of a surface crust 

on an ice cover, which depends on a variety of factors including ice cover porosity, motion 

and deformation of the ice cover, and surface heat transfer rate, is an important process that 

affects the formation of a river ice cover at freeze-up.  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 potential toe locations of freeze-up ice jams.   

1.3 Research Objectives 

As evidenced in the previous sections, river ice has several implications on 

humanity.  Ice-affected staging can lead to flooding and result in damage to infrastructure, 

emergency evacuation of communities, and even threat to human safety.  Ice conditions on 

fast flowing rivers during freeze-up can be highly dynamic due to the shoving and 

mechanical thickening of a forming ice cover.  Consolidation events cause rapid changes 

in water level that can cause flash flooding without warning.  Factors 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 research are as follows: 
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1. Obtain a better understanding of the processes associated with river ice cover 

formation on fast-moving rivers through field research.  A multi-year field 

program will be conducted to monitor freeze-up river ice processes on a reach 

prone to consolidation events.  Detailed quantitative datasets including water 

levels, top-of-ice elevations, and ice cover thickness will be collected, in addition 

to meteorological data.  Qualitative observations of the shoving process will also 

be documented.  These data will be useful in advancing the understanding of the 

interdependencies of thermal and ice dynamic processes, and the associated 

impact on river hydraulics during the freeze-up period.  Additionally, collected 

datasets will be useful in assessing the ability of state-of-the-art numerical models 

in simulating the freeze-up regime of the selected river. 

2. Investigate the effect of surface freezing of interstitial water on the consolidation 

resistance of a floating rubble ice cover through a series of controlled laboratory 

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 numerical 

model development. 

3. 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 the  CRISSP2D model to simulate the link between thermal and dynamic 

processes as they relate to mechanical thickening of ice covers during the freeze-

up period.  The new CRISSP2D formulations will be tested on an idealized 

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

the field monitoring program.  Simulations will be run for multiple freeze-up 

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

to the progression, collapse, and thickening of 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 Contributions of the Author  

Chapter 2 of this thesis presents work related to the field monitoring program that 

was undertaken to further the understanding of dynamic ice processes at freeze-up.  Two 

papers are included in this chapter.  The first, titled ñField monitoring of secondary 

consolidation events and ice cover progression during freeze-up on the Lower Dauphin 

River, Manitobaò, is an extended version of a paper published in the journal Cold Regions 

Science and Technology in 2018.  The paper is supplemented with data from the 2017-

2018 monitoring season, which occurred after the original publication.  Additional 

historical data is also included to provide context.  The author was part of the group of 

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

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

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

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

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. Clark.  The paper was accepted for publication in January 2018.  
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The second paper of Chapter 2, titled ñEffects of freeze-up consolidation event surges on 

river hydraulics and ice dynamics on the Lower Dauphin Riverò was also written solely by 

the author of this thesis, 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 accepted for publication in September 2018. 

Chapter 3 presents laboratory experiments that were performed to understand the 

impacts of thermal processes on the ability of an ice cover to resist mechanical thickening.  

The apparatus and experimental methods were designed primarily by the author, with 

guidance from the program co-advisors.  The author independently conducted the 

experiments and analyzed the results.  The paper, titled ñLaboratory investigation of the 

consolidation resistance of a rubble river ice cover with a thermally grown solid crustò, 

was written solely by the author, with revisions and suggestions provided by the program 

co-advisors.  The paper was accepted for publication in October 2018. 

Chapter 4 presents work on the incorporation of the processes observed in the 

preceding chapters into a two-dimensional numerical river ice model, CRISSP2D.  An 

overview of the capabilities of CRISSP2D is provided, along 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 freeze-up.  The functionality 

of the revised formulations is demonstrated through idealized simulations on a rectangular, 

straight channel.  The base and revised models are then applied to a case study of the Lower 

Dauphin River and results are compared with field measurements. 
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Chapter 5 summarizes 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 

Ice Cover Formation at 

Freeze-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 to the dynamic formation 

of an ice cover at freeze-up and the occurrence of consolidation events.  This chapter 

includes two papers related to the field program. 

The first paper, presented in Section 2.2, outlines the methodology for the field 

program, including the selected study site of the Lower Dauphin River and instrumentation 

and monitoring techniques employed.  Data from two monitoring seasons (2015-2016 and 

2016-2017) were included in the original publication.  Data from the 2017-2018 monitoring 

season was added in Section 2.2 to provide an additional field dataset for comparison 

purposes.  The paper is focussed on the effects of dynamic consolidation events on water 

level records and ice cover characteristics through the freeze-up season.  Detailed first-

hand observations of the progression and collapse of the ice cover were documented.  The 

spatial and temporal resolution of the data and observations constitute one of the most 

detailed and complete studies of freeze-up processes in the literature to date.  The collected 

datasets advance the 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 state-of-the-art numerical models, which 

could highlight deficiencies in these models and areas for future development.  The paper 

was accepted in January 2018 and published in the peer-reviewed journal Cold Regions 

Science and Technology (doi:10.1016/j.coldregions.2018.01.014). 

The second paper, presented in Section 2.3, examines the effect of ice consolidation 

events on river hydraulics.  Specifically, the paper uses an analysis method previously 

published in the literature to determine the hydraulic properties at various monitoring sites 

based on the measured waveform of surges originating from the collapse of a forming ice 

cover.  This work builds off the success of the field monitoring program, and is a novel 

study in estimating the unsteady hydraulic properties of the flow in a reach prone 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 

discharge and a simplified calculation of the equilibrium jam thickness may not always 

provide accurate predictions.  The paper was accepted to the journal Cold Regions Science 

and Technology in September 2018 (doi:10.1016/j.coldregions.2018.09.003). 

2.2 Paper 1: Field monitoring of secondary consolidation events and 

ice cover progression during freeze-up on the Lower Dauphin 

River, Manitoba 

2.2.1 Abstract 

Dynamic freeze-up processes on fast-moving rivers determine the ultimate 

thickness of the ice cover and the associated ice-affected water levels.  Secondary 



Chapter 2 ï Field Monitoring of River Ice Cover Formation at Freeze-up 

Investigation of River Ice Cover Formation Processes at Freeze-up 55 

 

consolidation events, the shoving and mechanical thickening of a progressing ice cover at 

freeze-up, can cause rapid water level rises that can flood land unexpectedly.  Additionally, 

they can lead to over-thickening of an ice cover beyond that calculated with 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 further the understanding of secondary 

consolidation events were collected over three freeze-up monitoring seasons on the Lower 

Dauphin River.  The high spatial resolution of pressure transducers and trail cameras, along 

with first-hand observations of consolidation 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 of 8 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 stationary cover.  Other data collected includes top-of-ice elevations, ice thickness 

estimations, and meteorological data.  Collectively, the dataset provides a relatively 

complete account of three freeze-up seasons on the Lower Dauphin River, including the 

processes of ice cover advancement and consolidation that play an important role in the 

peak ice-affected water levels and flooding potential.  The dataset can be used by ice 

researchers to assess the ability of current state-of-the-art numerical models in simulating 

dynamic freeze-up processes, and highlight areas for future research and model 

development. 
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2.2.2 Introduction  

Freeze-up ice jams in fast-moving rivers can cause water levels to rise far beyond 

open water elevations, which can lead to flooding and socioeconomic 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 buoyancy (Beltaos, 1995a).  Although they are often modeled 

the same way, freeze-up ice jams differ from breakup jams in that the air temperature is 

below 0°C, causing continual heat loss from the river (Michel, 1991), which adds strength 

as interstitial water freezes near the surface.  As an ice cover progresses upstream during 

freeze-up, a portion of it may unexpectedly shove and consolidate, creating a thicker 

accumulation with a greater backwater effect.  Hereafter, the term ñshoveò will refer to the 

mobilization of a stationary ice cover that is in the process of collapsing, and 

ñconsolidationò will refer to the mechanical thickening of the collapsing cover.  These two 

processes often occur simultaneously.  Factors influencing the magnitude, frequency, and 

extent of consolidation events are poorly understood.  

Several field studies have been conducted to investigate breakup ice processes and 

dynamics (e.g. Beltaos et al., 1996; Beltaos and Carter, 2009; Beltaos et al., 2011; Beltaos 

et al., 2012).  However, the number of field studies during freeze-up is more limited (e.g. 

Michel, 1984; Andres, 1999; Robichaud and Hicks, 2001; Andres et al., 2003; Sui et al., 

2005).  It has been observed in the field that ambient air temperatures during freeze-up are 

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

suggested that shoving is much less likely during freeze-up due to freezing effects, unless 

the stationary front progresses very quickly.  Andres et al. (2003) observed ice 

consolidation events at freeze-up on the Peace River.  They used the term ñprimary 

consolidationò to refer to the small, frequent shoves that occur very early in the formation 

period, before the freezing of interstitial water.  They used the term ñsecondary 

consolidationò to refer to the collapse and mechanical thickening of an existing 

consolidated or juxtaposed ice cover.  Secondary consolidations were found to produce the 

highest freeze-up levels due to the effects of the surge sent downstream, resulting in over-

thickening of the ice cover.  The conditions that are thought to trigger secondary 

consolidation events are (i) rapid 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 crust at the surface of 

the ice cover (Andres et al., 2003). 

The Dauphin River in central Manitoba has been observed to undergo secondary 

consolidation events during freeze-up in the past that have caused ice-related staging of up 

to 4-5 m or more (Clark and Wall, 2016).  Lindenschmidt et al. (2012) applied the 

numerical model RIVICE to simulate ice thicknesses and ice-affected water levels for the 

2010-2011 freeze-up season on the Dauphin River, but the quantity and completeness of 

field data with which to compare numerical simulation results was limited.  Further, only 

final ice elevations at the end of freeze-up were used to calibrate model parameters and the 

ability of the model to simulate time-dependent variations in water levels that are greatly 

influenced by secondary consolidation 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 freeze-up ice dynamics and the factors that trigger 

these events. 

The objective of this paper is to present data collected during three freeze-up 

monitoring seasons on the Dauphin River in central 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 degree.  This dataset 

sheds light on processes that lead to very thick, consolidated ice jams in fast-moving rivers, 

and implores further study of how atmospheric conditions affect timing and severity of 

consolidation events at freeze-up.  Visual observations of ice conditions 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 published freeze-up field data.  

Collectively, the data also provides other ice researchers with a well-documented case 

study with which to evaluate the ability of state-of-the-art numerical models in simulating 

secondary consolidation events and their effects on channel hydraulics. 

2.2.3 Methodology 

2.2.3.1 Study Site and Historical Data 

The Dauphin River is located in central Manitoba, approximately 250 km north of 

the city of Winnipeg, and is the final river in the water network connecting Lake Manitoba 
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to Lake Winnipeg (see Figure 2.1).  The outflow of Lake Manitoba travels 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 km long and 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 1961.  The stoplog control 

structure is currently operated to maintain the water level of Lake Manitoba between 810.5-

812.5 ft (240.0-247.7 m), and to avoid sudden changes in water levels on Lake Pineimuta 

and Lake St. Martin.  The range was lowered to 810.0-812.0 ft (246.9-247.5 m) for a period 

of five years beginning in 2013 in response to a recommendation in the 2013 report of the 

Lake Manitoba/Lake St. Martin Regulation Review Committee (Manitoba 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 05LM006, 

and the Fairford River Water Control Structure (FRWCS) are shown for reference.  

An interesting property of the Dauphin River is the abrupt channel 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 upper reach (Clark 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 lower reach typically varies from about 110-160 m.  The steeper 

slope of the lower reach causes the open water velocity in certain areas to exceed 1.5 m/s.  

The turbulent, fast-moving water can generate significant volumes of frazil ice during 

freeze-up.  Historically, 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 cover (KGS 

Group and North/South Consultants, 2014).  Thick ice jams composed of frazil ice pans 

form in the steeper reach as the cover advances upstream from Lake Winnipeg; ice-affected 

water levels in this reach can rise 4-5 m or more above open water conditions (Clark and 

Wall, 2016).   

Environment Canada operates a discharge and water level gauge on the Dauphin 

River (gauge 05LM006) that is located about 25 km upstream of the outlet (see Figure 2.1).  

A percentile analysis of the recorded flows during the ice-affected season from 1977-2017 

is presented in Figure 2.2, showing that the flows from 2015 to 2018 were generally higher 

than average.  The average discharges in 2015-2016, 2016-2017, and 2017-2018 during the 

period of ice cover advancement up the lower reach in each freeze-up season were 

approximately 130 m3/s, 210 m3/s, and 220 m3/s, respectively. 
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Figure 2.2. Historical flows during ice-affected period on the Dauphin River from 1977-

2018. Data from Environment Canada gauge 05LM006. Bars indicate period of ice cover 

progression up the Lower Dauphin River in each monitoring season. 

Figure 2.3 shows the historical variation in average Dauphin River flow over the 

months of November and December, and the water level on Lake Manitoba.  As shown, 

levels on 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 formation has increased from 

approximately 43 m3/s prior to 2005, to 186 m3/s after 2005.   

0

100

200

300

400

500

Nov Dec Jan Feb Mar

D
is

ch
a

rg
e

 [
m3

/s
]

Month

2015-2016

2016-2017

max
75th percentile
mean

25th percentile
min

Apr

2017-2018

ὗ ςςπ 

ὗ ςρπ 

ὗ ρσπ 



Chapter 2 ï Field Monitoring of River Ice Cover Formation at Freeze-up 

Investigation of River Ice Cover Formation Processes at Freeze-up 63 

 

 

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 2002.  Figure 2.4 shows 

the average air temperature during the freeze-up period and the peak water level at 

05LM006 each year back to 2002.  The ñfreeze-up periodò was assumed to span the time 

over which the degree-days of freezing (DDOF) increased from 50 to 400.  As shown, the 

peak water levels at gauge 05LM006 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 not exist.  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 05LM006 in 2017 

was the highest on record, and over one metre higher than in 2016.  The variability is caused 

by the effects of freeze-up ice accumulations on flow conveyance, which differ in severity 

from year to year.  The average air temperature from the Fisher Branch meteorological 

station is also shown in Figure 2.4; the average temperatures during the period of ice cover 

formation from 2002-2017 varied from -18°C to -7°C.  The severity of ice accumulations 

at a specific location along the river likely depend on complex relationships between flow 

and meteorological conditions at the time of cover formation.  Thus, prediction of peak 

staging requires sophisticated numerical models rather than a simple relationship between 

flow and stage.  These models rely on detailed field observations for development and 

calibration. 

 

Figure 2.4. Peak stage at gauge 05LM006 and average air temperature during freeze-up 

periods from 2002-2017. 
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2.2.3.2 Overview of Monitoring Efforts  

A summary of instrument types and deployment locations for the 2015-2016, 2016-

2017, and 2017-2018 seasons is shown in Table 2.1.  The number of monitoring sites was 

increased in the second monitoring season due to the apparent success of the 2015-2016 

season and need for higher resolution data.  Monitoring sites were originally named 

sequentially as DRLL01 (where ñDRLLò indicates ñDauphin River Level Loggerò), 

DRLL02, etc. from Lake St. Martin to Lake Winnipeg (see Figure 2.1).  Sites added in 

subsequent years were appended with a letter to denote their position between original 

sites.   

Table 2.1. Instrumentation deployed and retrieved in the 2015-2016, 2016-2017, and 2017-

2018 monitoring seasons. 
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2015-2016                  

Water Level ƺ ǒ ǒ ǒ  ǒ   ƺ   ǒ  ǒ  ǒ ǒ 

Trail Camera ǒ ǒ  ǒ  ǒ   ǒ   ǒ  ǒ   ǒ 

Barometric Pressure         ǒ    ǒ     

Meteorological Data             ǒ     

2016-2017                  

Water Level  ǒ ǒ ǒ ǒ ǒ  ǒ ǒ ǒ ǒ ǒ ǒ ǒ ǒ ǒ ǒ 

Trail Camera  ǒ ǒ ƺ  ǒ  ƺ ǒ   ǒ ǒ ƺ ǒ  ǒ 

Barometric Pressure         ǒ    ǒ     

Meteorological Data             ǒ     

2017-2018                  

Water Level  ǒ ǒ ǒ ǒ ǒ ǒ ƺ ǒ ǒ ǒ ƺ ǒ ǒ ǒ ǒ ǒ 

Trail Camera   ǒ  ƺ ǒ ƺ ǒ ǒ ǒ ǒ ǒ ǒ ǒ ǒ  ƺ 

Barometric Pressure         ǒ    ǒ     

Meteorological Data             ǒ     

Note: ǒ retrieved 

 ƺ lost/malfunctioned 
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Two site visits were conducted on December 9, 2016 and December 12-14, 2016 

during the 2016-2017 season to coincide with ice cover progression up the Lower Dauphin 

River.  Similar site visits were conducted from November 20-23, 2017 and from December 

13-14, 2017 for the 2017-2018 monitoring season.  Visual observations of shoving events 

during these visits aided in comprehending the data collected from the loggers and trail 

cameras.  Surveys of the near-shore top-of-ice profiles were conducted on March 23-24, 

2016, February 21-22, 2017, and February 21-23, 2018 for each respective monitoring 

season.   

For the 2016-2017 season, near-shore transect surveys of ice elevations and ground 

elevations were conducted during site visits on March 15-16, 2017 and May 15-16, 2017 

to quantify the thickness of the ice grounded along the channel bank.  Similar transect 

surveys were performed on October 24-26, 2017 (ground) and February 21-23, 2018 (ice) 

for the 2017-2018 season.   A schematic illustration of the evolution of the ice cover in the 

spring is shown in Figure 2.5.  Warm air temperatures and increased flows caused the ice 

cover to decay in the middle of the channel.  The water level dropped with the increased 

conveyance and caused the ice cover to rest along the bank.  One set of transect surveys 

were conducted during this time to obtain near-shore top-of-ice elevations.  The second set 

of transect surveys were conducted when the ice cover had fully cleared to obtain ground 

elevations at the same locations.  Shear cracks were often observed near the bank during 

the ice transect survey, but they typically did not extend to the ground and therefore did 

not provide a good estimate of the ice thickness.  
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Figure 2.5. Schematic of the river transition at breakup based upon visual observations at 

DRLL05a; a) full ice covered condition, b) ice grounded at banks at onset of breakup, and 

c) open water condition. Surveys were timed to obtain top-of-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 with an accuracy 

of ±0.003 m.  The loggers were fastened to 75  75  315 mm iron angles and the assembly 

was secured 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 were trenched and 

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 DRLL06 to 

allow compensation of the water level loggers for atmospheric pressure fluctuations.  A 

different pressure sensor was installed at DRMET for the 2016-2017 and 2017-2018 
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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 for self-compensation.  

Typically the water level loggers were installed within 5 m of the channel bank.  In 2017-

2018, additional Solinst loggers were installed near sites DRLL06 and DRLL07.  These 

additional loggers were programmed to sample at a higher frequency (sampling interval of 

1 minute versus 8-10 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 Moultrie M-1100i 

trail cameras 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/96-433) or under approved special flight operators certificates 

(SFOC) approved by Transport Canada to be compliant with updated Canadian Aviation 

Regulations. 

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 (HC2-S3-L, Rotronic, Canada; temperature accuracy ±0.1°C), wind monitor 

(05103-10, RM Young, USA), barometric pressure sensor (CS106, Vaisala, USA), net 

radiometer sensor (NRLITE2, Kipp & Zonen, USA), and data logger (CR1000-XT, 

Campbell Scientific, Canada).  A second tripod was set up with a high resolution outdoor 

camera (CC5MPX, Campbell Scientific, Canada) and water temperature probe 

(RBRvirtuoso 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 office.  The daily updates were used to time site visits during 

freeze-up. 

Surveys were carried out using a complete L1 GPS post process kinematic (PPK) 

system (R3 GPS L1, Trimble, USA) in 2015-2016, and a GNSS real time kinematic (RTK) 

system (VIVA GS 14 / CS20, Leica, USA) in 2016-2017 and 2017-2018.  Each unit is 

capable of achieving sub-centimetre elevation accuracy depending on satellite orientation 

throughout the day and proximity to obstructions.  All surveyed elevations were recorded 

in metres above sea level using the Canadian Geodetic Vertical Datum of 1928 

(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 Environment 

Canada station at Fisher Branch were used, which is approximately 100 km from the Lower 

Dauphin River (see Figure 2.1).  In general, the air temperature recorded at Fisher Branch 

matched well with the measurements at DRMET.  Air temperatures during the 2015-2016, 

2016-2017, and 2017-2018 freeze-up periods are shown in Figure 2.6.  The average air 

temperatures during ice cover advancement up the Lower Dauphin River (i.e. from Lake 

Winnipeg to DRLL04) in 2015-2016, 2016-2017, and 2017-2018 were -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 2015-2016 and 2016-2017 seasons were 



Chapter 2 ï Field Monitoring of River Ice Cover Formation at Freeze-up 

Investigation of River Ice Cover Formation Processes at Freeze-up 70 

 

approximately 1.6 m/s, while for 2017-2018 the average wind speed was approximately 

2.0 m/s.  The average net radiation (including both longwave and shortwave) recorded 

while the cover was progressing up the Lower Dauphin River in 2015-2016, 2016-2017, 

and 2017-2018 was -21 W/m2, -45 W/m2, and -27 W/m2 respectively.   

 

Figure 2.6. Air temperatures during freeze-up 2015-2016, 2016-2017, and 2017-2018. Bars 

indicate period of ice cover advancement up the Lower Dauphin River in each season.  

Figure 2.7 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 Environment Canada gauge 05LM006 are also shown.  On average, the peak 

water level at 05LM006 corresponds to 321 °C-day.  In 2015-2016, 2016-2017, and 2017-

2018, the peak at 05LM006 corresponded to 317 °C-day, 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 during the 2015-2016, 2016-2017, and 2017-2018 seasons are shown in 

Figure 2.8, Figure 2.9, and Figure 2.10, respectively.  The corresponding DDOF for each 

season are also shown.  Detailed plots of specific consolidation events are presented in 

Section 2.2.5.

0

100

200

300

400

500

600

700

800

900

1000

01 Oct 15 Oct 29 Oct 12 Nov 26 Nov 10 Dec 24 Dec 07 Jan 21 Jan

D
D

O
F

 [°C
-d

a
y
]

1994-2014

2015-2016

2016-2017

2017-2018

Peak at 05LM006

average DDOF at peak = 321 °C-day



Chapter 2 ï Field Monitoring of River Ice Cover Formation at Freeze-up 

Investigation of River Ice Cover Formation Processes at Freeze-up 72 

 

 

Figure 2.8. Water surface elevations during freeze-up 2015-2016. 
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Figure 2.9. Water surface elevations during freeze-up 2016-2017. 
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Figure 2.10. Water surface elevations during freeze-up 2017-2018.




















































































































































































































































































































































































































































































































































