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Rapid flow fluctuations induced by hydropeaking operations may significantly 

affect the stability of a river’s ice cover, which in mid-winter is likely to result in 

mechanical breakup. Additional releases of discharge from a hydropower plant 

can subject the ice cover to increased water pressure.  At some point, large 

fractures can form in the ice cover causing the cover to fail. In this work, 

hydraulic field conditions under various hydropeaking scenarios downstream of 

the Coteau Creek Hydropower Station on the South Saskatchewan River, 

Saskatchewan are explored through numerical simulations using the RIVICE 

software. Two conceptual models for river ice breakup, namely the Side 

Resistance Criterion and the Boundary Constraint Criterion, are applied to assess 

the risk of breakup taking different hydraulic conditions into consideration. The 

spatial distribution of the susceptibility to ice cover breakup along the river 

channel has been mapped in ArcGIS. The results underpin the importance of ice 

thickness in sustaining hydropeaking. Another finding is that higher freeze-up 

water levels may decrease the risk of ice breakup with the same hydropeaking 

flow rate. Future work is planned to quantify the threshold values for each of the 

applied criterion and simulate hydropeaking scenarios with different duration and 

frequency of flow releases.  



1. Introduction 
The hydraulic regime is one of the critical factors affecting the physical, chemical and biological 

conditions of a river system. Although the natural flow regime of a river exhibits a broad range of 

variation in both the quantity and timing (Allen and Castillo 2007), anthropogenic flow alterations, 

such as those caused by the operation of hydroelectric facilities, may induce flow fluctuations 

significantly greater in magnitude, duration and timing (Harby and Noack 2013).  Flow 

fluctuations result in changes to several other hydraulic parameters, including water depth, flow 

velocity, bed shear stress and water surface width (Beltaos 2008). All of the aforementioned 

variables also play crucial roles in river ice processes. Hydropeaking can be assessed in terms of 

magnitude, time and frequency (Sauterleute and Charmasson 2014).  

 

Rapid flow fluctuations may significantly affect the stability of a river’s ice cover, which in mid-

winter is likely to result in mechanical breakup of the cover. Thermal effects (i.e. reduction in 

thickness, strength, and areal extent of an ice cover by heat) and hydromechanical effects (i.e. 

excess water pressure induced by increases in river flow) are the two main drivers of ice cover 

breakup. In the context of mid-winter hydropeaking, thermal effects are considered to be less 

important. Mechanical breakup, referring to the situation where an ice cover collapses even while 

not sufficiently weakened by thermal effects, is more severe and tends to induce ice jamming and 

ice-induced flooding (Beltaos 2008). 

 

The formation of an ice cover complicates the hydraulic behavior of the flow in a river channel. It 

results in larger wetted perimeters, hydraulic radii and overall channel friction, all of which may 

lead to an elevated water stage and scouring of channel bottom sediments (White 2004). Once 

floating ice is sufficiently thick, it no longer moves at the same speed as the water, hence 

significant shear stresses can be exerted by the water on the ice-cover underside and the channel 

banks, which decreases the flow rate and induces an upstream backwater effect. With 

hydropeaking, an ice cover may affect the propagation of the dam-release waves by modifying the 

wave celerity and attenuation (Daly 1995). 

 

With the mutual influences of flow fluctuations and ice conditions, hydropeaking operations 

during winter may induce severe and far-reaching consequences to downstream ice covers. Large 

flow variations may disintegrate competent ice covers resulting in severe ice jam flooding, which 

threatens public safety, infrastructure and facilities and even human lives. She et al. (2012) used a 

1-D numerical model to explore how hydropeaking influences freeze-up consolidation processes 

and demonstrated that hydropeaking primarily cracks fragile ice covers, which may result in severe 

ice jam. To minimize the impact of hydropower operations, some hydropower stations, such as the 

Coteau Creek Hydro station at Gardiner Dam, reduce the variation of the discharge releases during 

freeze-up and the subsequent ice-covered period in order to avoid disturbing the established ice 

cover. This mode of operation results in reduced production of hydropower, which has to be 

compensated by offsetting non-renewable power sources such as thermal power (Wigle et al 1990). 

As pointed out in Wigle et al (1990) and reiterated in Beltaos (1997), the key issue for the 

hydropower industry is maximization of winter electricity production without causing ice-related 

damages downstream. This issue has yet to be fully resolved (Beltaos 2004, Nzokou et al 2011, 

She et al 2012). 

 



Understanding the breakup behaviour of river ice caused by discharge fluctuations during winter 

is imperative to bolster water safety and flood prevention. By determining a safe range of winter 

discharge, the hydropower station could increase revenue from the power generated from 

hydropeaking to cover swings in demand. Further, increasing hydropower productivity and 

efficiency can reduce power produced by non-renewable sources as well as relieve demand for the 

development of more hydropower stations. 

 

This study aims to assess the impact of various hydropeaking scenarios upon the ice cover stability 

downstream of the Gardiner Dam of the South Saskatchewan River. The numerical model RIVICE 

is used to simulate hydropeaking scenarios. By applying two existing ice cover breakup criteria on 

the outputs of the RIVICE simulations, the risks of breakup for various discharge and ice thickness 

scenarios, as well as freeze-up conditions, are evaluated.  

 

2. Study site 

Lake Diefenbaker, a reservoir created by the construction of the Gardiner Dam and Qu’Appelle 

Dam, has been an important water resource for Saskatchewan since the late 1960s. Gardiner Dam 

is the dominant control of the reservoir’s water outflows, by which electricity is produced at the 

Coteau Creek Hydroelectric Station (Figure 1).  

 

Operation of the reservoir at Gardiner Dam has reduced peaking variation of the discharge during 

winter. Ice is on the river typically from November to mid-April. To avoid disturbing the 

downstream ice cover, the station operates at an average discharge of around 250 cms, e.g. the 

discharge from the dam during the 2012 – 2013 winter shown in Figure 2. 

 

Extreme summer releases occurred in mid-June 2011 due to heavy rainfall. Operation guidelines 

require a minimum flow of 42.5 cms at Saskatoon. Ice thickness records are not available for the 

river, hence it was assumed that the ice cover thickness is 20 cm at freeze-up and can reach up to 

60 cm at breakup. 

 

3. Methodology 

 

3.1 RIVICE Modelling 

RIVICE is a one-dimensional hydrodynamic computer model developed by Environment Canada. 

It loosely couples ice dynamics with river hydraulics as outputs of meteorological and river 

bathymetrical input parameters. The river of interest is constructed as a series of cross sections 

obtained from channel surveys. Ice cover formation, thickening, and transport are simulated at 

every cross-section and time step. Targeted mainly at simulating formation of ice covers and ice 

jams, RIVICE cannot directly predict breakup of ice covers (KGS 2010), no model can. In this 

study, a series of freeze-up and hydropeaking scenarios were simulated in RIVICE, whose outputs 

include channel width at the water surface, maximum water depth, water surface slope and ice 

thicknesses. These outputs were then applied in the analysis using the breakup criteria to be 

discussed in Sections 3.2 and 3.3. This study uses cross sections provided by the Water Security 

Agency. 

 

The freeze-up scenarios were simulated at two different freeze-up flow rates (i.e. 200 cms, and 

300 cms). They were carried out using an atmospheric temperature to -30 ºC to promote sufficient 



frazil ice generation and assuming an ice pan thickness of 0.2 m. As for the hydropeaking process, 

the atmosphere temperature was set to 0 ºC to inhibit frazil ice generation. The hydropeaking 

simulation procedure was carried out in three stages: (i) the RIVICE model was run for open 

channel conditions for several days to stabilize the flow regime throughout the entire channel; (ii) 

a continuous ice cover of predefined thickness was introduced to the river section from Outlook to 

the downstream model boundary just upstream of Saskatoon and simulated for several days until 

the flow regime again reached a steady state; (iii) the dam flow release was increased by a certain 

percentage and run for several days to ensure the flow conditions throughout the channel reached 

a steady state. Subsequent analyses were carried out using the output variables channel width at 

the water surface, water surface slope, maximum water depth and flow velocity along the river 

chainage extracted from the simulation end-time. 

 

Hydropeaking can be characterized by the magnitude of flow fluctuation, duration of fluctuation 

and frequency of flow fluctuation intervals. As a starting point and proof of concept, the 

hydropeaking scenarios simulated in this study were considered as a one-time increase from a 

certain flow rate until the river’s flow regime reached its steady state.  

 

The increments of flow increase were simulated at 10%, 20%, and 30% from the base flows of 

200 cms and 300 cms, respectively. Thickness of ice cover was set at 0.2, 0.4 and 0.6 m. Both ice 

thickness and ice porosity are considered to be homogenous along the channel section during 

hydropeaking.  

 

The changes on the hydraulic conditions is reflected in the outputs from RIVICE simulations. 

These outputs were then investigated applying two criteria to evaluate the susceptibility of ice 

cover to breakup: the Side Resistance Criterion and the Boundary Constraint Criterion. 

 

3.2 Side Resistance Criterion 

Ferrick et al (1986) developed a theoretical framework to quantify the hydraulic forces required to 

be applied to the ice cover to break it up. The framework proposes that ice cover breakup occurs 

when the sum of the hydraulic forces are greater than the resistive forces applied at points of ice 

cover support (i.e. side resistance). Guo (2002) investigated the applicability of this criterion and 

formulated it in terms of ice shear stress (Tb) at the hinge cracking location: 
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where Wi is ice sheet width after hinge cracking, which was estimated by deducting water surface 

width at ice cover freeze-up by (2 × 11.6 η0.75); γ is the specific weight of water; nb and ni are the 

Manning’s roughness coefficients for the river bed and the bottom surface of the ice cover, 

respectively; y is the average flow depth; Sf and Sw are energy slope and water surface slope, 

respectively, and were assumed to be equal in this study; η is the thickness of the ice cover; and 

si refers to the specific gravity of ice. 

 

In this study, the values of nb and ni were 0.028 and 0.027, respectively, as determined from the 

HEC-RAS modeling. Manning’s roughness coefficients were assumed not to change during 



simulations. The specific weight of water γ and the specific gravity of ice si are 9.81 kN/m3 and 

0.917, respectively.  

 

As the ice cover properties were assumed to be uniform, areas that undergo higher shear stress 

are more susceptible to breakup. 

 

3.3 Boundary Constraint Criterion 

The Boundary Constraint Criterion proposed by Beltaos (2008) considers the river geometry for 

the passage of cracked ice chunks (Equation 2). It evaluates the total forces acting on the ice 

cover for the situations when curved ice sheets passing through a straight channel section, and 

when relatively straight ice sheets passing through a meandering section.  
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where β is a dimensionless coefficient; σfH is the flexural strength of ice in horizontal bending; Wb 

is water surface width at ice cover breakup; and m is a dimensionless radius of curvature, which is 

obtained by dividing the radius of curvature of the ice cover by the width of ice cover between 

hinge cracks. The term βσfH is used as the value in the following analysis because β is unknown, 

which reflects the uncertainty of the force being transferred between adjacent ice sheets. The range 

of values for m was set to be 3 to 30: channel sections with m > 30 can be regarded as straight, 

while those with m < 3 are taken to be sharp bends. 

 

Similarly, as the ice cover property was assumed to be uniform, areas that undergo higher 

horizontal bending are more susceptible to breakup. 

 

3.4 Breakup mapping 

The geomorphic variables of the South Saskatchewan River were derived using data from the 

1:50,000 scale CanVec database and 1:50,000 Canadian digital elevation model (CDEM) data. A 

centerline was added to the river shapefile, on which stations were created at 50 m intervals. The 

breakup criteria were applied at each centerline points of the river section and then were mapped 

in ArcGIS. 

 

4. Results and Discussions 

 

4.1 Side Resistance Criterion 

The profile of Tb values of the river in various hydropeaking scenarios is illustrated in Figure 3a. 

Figure 3b zoomed in to the area near Pike Lake (refer to Figure 1). Because the portion of the river 

immediately downstream of the Gardiner Dam is open water in the simulation, the upper stream 

portion of the study area is displayed in green where Tb = 0 (no ice cover). The Tb curves in Figure 

3a show that the shear stress is higher when hydropeaking occurred with lower ice cover thickness; 

Tb values are highest when η = 0.2 m and lowest when η = 0.6 m. In Figure 3b, the amount of 

hydropeaking on the magnitude of the shear stress is not consistent: on the left hand side of the 

diagram, the higher hydropeaking increment results in higher shear stress values; however, on the 



right hand side, this trend is reversed. The former trend is more prevailing as displayed in Figure 

3a and the latter occurs only when Tb begins to fall after a sharp peak.  

 

Figure 4 depicts the shear stress values of ice cover formed at 200 cms with the discharge increased 

to 220 cms but with different thickness of ice cover during hydropeaking. The diagram shows that 

thinner ice covers undergo substantially higher stresses along their edges at the banks than thicker 

covers. Thickening of the ice cover enhances the resistance of the ice cover to fracturing. Figure 5 

depicts the side stress applied to the ice cover at the same thickness (i.e. 0.4 m) but with different 

amounts of hydropeaking increment. Although several locations along the channel display higher 

levels of stress, the differences among the three scenarios are minimal. 

 

The Side Resistance Criterion focuses on the lateral shear stress on the ice cover close to the banks, 

(i.e. the side resistance of banks). It considers the effects of channel width, slope, water depth, ice 

thickness and friction (although the latter two variables were assumed to be uniform in this study). 

The derived Tb values in this model range from 1100 Pa to a maximum value of 11,000 Pa. 

However, the threshold value of Tb for ice cover breakup to occur is site specific and still needs to 

be determined for this area of study. Guo (2002) obtained a Tb value of around 700 Pa when 

breakup occurred along the Mississippi River at Anoka, Minnesota. However, most sections along 

the South Saskatchewan River are much wider (ranging from 200 to 1000 m) than the section of 

the Mississippi River studied by Guo (2002) ( 200 m), hence a different breakup threshold may 

be expected. Beltaos (1985) calculated Tb values within the range from 500 to 6,500 Pa. Most of 

the Tb values obtained in this study fall within the same range. 

 

4.2 Boundary Constraint Criterion 

The profile of horizontal flexural strength βσfH values of the river for various hydropeaking 

scenarios is illustrated in Figure 6a. For clarity, Figure 6b plots the same area as in Figure 3b but 

zooms to a shorter longitudinal distance. Because the portion of the river immediately downstream 

of the Gardiner Dam is simulated as open water, the upper stream portion of the study area is 

displayed in green where βσfH = 0 when there is no ice cover. The βσfH curves in Figure 6b indicate 

that the horizontal flexural strength is higher when hydropeaking occur along the river with a 

thinner ice cover; βσfH values are highest when η = 0.2 m and are lowest when η = 0.6 m. Since 

many factors play in the result of βσfH such as river meandering, slope, and bathymetry, it is 

difficult to detect a trend for the change in the βσfH value for different hydropeaking increment.  

 

Figure 7 depicts the βσfH values profile for the scenario when discharge increases from 300 to 390 

cms during hydropeaking but with different ice cover thickness. Thinner ice covers bear higher 

stresses with notably more portions of the river channel being at highest risk (i.e. red) especially 

for the 0.2 m ice cover thickness case. Allowing more time for the ice cover to thicken over the 

course of winter can enhance the resistance of the ice cover to ice movement. Figure 8 spatially 

depicts the horizontal flexural strength of ice covers with the same thickness (i.e. 0.4 m) but with 

different increasing increments of dam flow releases. Several locations along the channel have 

higher levels of breakup risk with higher discharge increments. This, again, supports the statement 

that ice breakup is more sensitive to ice thicknesses with thinner ice being at higher breakup risk. 

Larger hydropeaking discharge increments can further elevate this risk.  

 



Overall, the spatial variation in the βσfH values along the channel resembles that of the Side 

Resistance Criterion, especially for the section upstream of the Pike Lake and Moon Lake areas. 

Again, the threshold of βσfH leading to ice movement is site-specific and still needs to be 

determined for this stretch of the South Saskatchewan River.  

 
4.3 Effects of freeze-up discharge 

The water depth at freeze-up is of importance to the severity of breakup (Beltaos, 2008). An 

analysis of breakup risk at various freeze-up discharge and water level scenarios is summarised in 

the maps of the two cirteria in Figure 9 and Figure 10. Three scenario maps are shown in 

juxtaposition in each of the two figures with subplots (a) and (b) have the same freeze-up 

discharge/water level but different incremental increases in flow releases at hydropeaking and, 

subplots (a) and (c) having the same percentage of discharge increment at hydropeaking but 

different freeze-up discharges/water levels and subplots (b) and (c) showing differences in the 

freeze-up discharge/water levels with the same incremental hydropeaking flow release. 

 

The difference amongst the three subplots in Figure 9 is fairly small, which indicates that the Side 

Resistance Criteria is not sensitive to freeze-up conditions.  

 

The Boundary Constraint Criterion provides some interesting results shown in Figure 10. By 

comparing Figure 10 (a) with10  (c), slightly higher risk were obtained for the higher freeze-up 

discharge scenario, although the difference is still fairly small. The notebly higher risk in Figure 

11 (b) compared to Figure 11 (c) demonstrates that higher freeze-up discharges will largely 

reduce the risk of breakup for the same amount of hydropeaking flow release. 

 

5. Summary 

This paper applied the RIVICE model to simulate scenarios of hydropeaking with various freeze-

up discharges/water levels, hydropeaking flow release increments and ice cover thicknesses. These 

simulations provide parameters of the entire modelled river section for two ice cover breakup 

criteria analyses, the Side Resistance Criterion and the Boundary Constraint Criterion. Using these 

two criteria, the spatial variations of areas with high to low breakup susceptibility were mapped. 

Although the threshold value above which actual breakup will happen still needs to be determined, 

it is possible to pinpoint high risk areas in the studied river stretch. The results also underpin the 

importance of ice thicknesses to the ice cover breakup process. Thicker ice covers are more 

resistant to fracturing and ice movement, which suggests that allowing the ice cover to thermally 

thicken during the early part of winter will allow additional hydropeaking amplitudes to be applied. 

The Side Resistance Criterion shows that larger increments of hydropeaking flow releases lead to 

a higher breakup risk. The Boundary Constraint Criterion shows that the effect of hydropeaking is 

complicated by other factors such as water surface slope, channel sinuosity and river bathymetry. 

The analysis indicates that a higher freeze-up discharge may decrease the risk of ice breakup for 

the same hydropeaking flow rate.  

 

The study presented here is a first step in evaluating the effect of hydropeaking on ice cover 

stability. Future work will consider hydropeaking scenarios including different durations and 

frequency of hydropeaking, as well as discharge fluctuations in the form of waves. Field 

measurements and monitoring to verify the results of the risk map as well as estimating the 

threshold value that may result in ice cover fracturing and movement will be carried out. 
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Figure 1. The South Saskatchewan River between Gardiner Dam and Saskatoon 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 2. Hourly discharges from Gardiner Dam during the 2012-2013 winter. 

 





 
Figure 3. Shear stress Tb for various hydropeaking scenarios with longitudinal distance from the 

Gardiner Dam along the x-axis: (a) the whole simulated river section; (b) zoom to the 

highlighted section of the river. 



Figure 4. Mapping of shear stress Tb applying the Side Resistance Criterion for hydropeaking 

discharge increased from 200 to 220 cms with ice cover thicknesses of (a) 0.2 m, (b) 0.4 m and 

(c) 0.6 m. 

 

 



 

Figure 5. Mapping of shear stress Tb applying the Side Resistance Criterion for ice thickness at 

0.4 m and hydropeaking discharge from 300 cms to: (a) 330 cms, (b) 360 cms and (c) 390 cms. 



 
 



 
Figure 6. Profile of horizontal flexural strength βσfH for various hydropeaking scenarios with 

longitudinal distance from the Gardiner Dam along the x-axis: (a) the whole simulated river 

section; (b) zoom in to the highlighted section of the river. 



 

Figure 7. Mapping of the horizontal flexural strength applying the Boundary Constraint Criterion 

for dam discharge of 390 cms and ice cover thicknesses of (a) 0.2 m, (b) 0.4 m and (c) 0.6 m. 



 
 

Figure 8. Mapping of the horizontal flexural strength applying the Boundary Constraint Criterion 

for ice cover thickness at 0.4 m and hydropeaking discharges of (a) 220 cms, (b) 240 cms and 

(c) 260 cms. 



 
 

Figure 9.  Shear stress Tb for different freeze-up conditions: 

(a) freeze-up Q = 200 cms, hydropeaking discharge increases from 200 to 260 cms, η = 0.6 m; 

(b) freeze-up Q = 200 cms, hydropeaking discharge increased from 200 to 390 cms, η = 0.6 m; 

(c) freeze-up Q = 300 cms, hydropeaking discharge increases from 300 to 390 cms, η = 0.6 m. 



 
 

Figure 10. Horizontal flexural strength βσfH for different freeze-up conditions:  

(a) freeze-up Q = 200 cms, hydropeaking discharge increases from 200 to 260 cms, η = 0.6 m;  

(b) freeze-up Q = 200 cms, hydropeaking discharge increased from 200 to 390 cms, η = 0.6 m;  

(c) freeze-up Q = 300 cms, hydropeaking discharge increases from 300 to 390 cms, η = 0.6 m

 


