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An ice boom was installed upstream of Gull Rapids on the Nelson River in
northern Manitoba to minimize the volume of ice that could be transported and
deposited at the Keeyask Generating Station construction site. With lower
expected ice volumes associated with the ice boom, the expected water level
staging at the construction site was significantly reduced, allowing for the
construction of lower cofferdam crests. After the ice boom failed, water levels
began to rise, resulting in the imminent danger of the cofferdams overtopping
and a significant risk of damages and costly schedule delays. This paper
describes the mitigation measures that were used to reduce the risk of
overtopping the cofferdams. The mitigation measures employed can be
classified as structural (cofferdam top-up, groin extensions), operational
(lowering of water level in downstream reservoir) and on-ice measures (cutting
upstream border ice to form an ice bridge).

1. Introduction
Manitoba Hydro and four Cree Nations known collectively as the partner First Nations:
Tataskweyak Cree Nation and War Lake First Nation (working together as the Cree Nation
Partners); Fox Lake Cree Nation and York Factory First Nation have formed the Keeyask
Hydropower Limited Partnership (KHLP) to design, construct and operate the Keeyask
Generating Station. The Keeyask Generating Station is a seven unit, 695 MW hydroelectric
station currently under construction at Gull Rapids on the lower Nelson River immediately
upstream of Stephens Lake in northern Manitoba (Figure 1). The energy produced from the
project will be sold to Manitoba Hydro and integrated into the provincial electric system. It is
anticipated that the annual energy production will be approximately 4 400 GW-hours.

Figure 1. Keeyask Generating Station general project location.
Working in a northern environment on a large river has presented many construction challenges
related to the management of water and ice. One of the most significant challenges has been
managing the ice processes in the river and the associated ice-induced water level staging.
During the planning and design stages of the generating station, it was recognized that ice
processes will play a critical role in the design of the river management structures during
construction.
As with most northern rivers, in the fall as the air temperatures cool and the water temperature
reaches its freezing point, frazil ice will begin to form in the river. As the frazil floats down the
river it begins to flocculate and form ice pans on the surface of the river. These pans continue to
grow in size as they collect more frazil and continue to strengthen as the cold air freezes
everything together. These pans will eventually form an ice cover as they accumulate against a
lake ice cover or a river constriction (e.g. border ice growth, narrow river channel, bridge piers,
ice boom). Once the ice cover is initiated, the incoming pans begin to accumulate at the leading

edge and the ice cover advances upstream. The rate of ice cover advancement depends on the
volume of ice being supplied from upstream and the velocity of the water at the leading edge.
From historical observations of the Nelson River in the vicinity of the Keeyask construction site,
it was noted that the majority of the time, an ice cover would initiate upstream of Gull Rapids.
Figure 2 shows one of the typical locations of the ice cover initiation locations. Once the ice
cover forms, only limited volumes of frazil ice are transported over Gull Rapids. It was also
observed that in several years, an ice cover did not form at all or formed quite late in the season.
In those years, the frazil ice that had formed in the 50km of open water upstream of Gull Rapids
was deposited into a large hanging ice dam between the rapids and the ice cover on Stephens
Lake. This resulted in water level staging over 8-9 m above normal open water levels just
downstream of Gull Rapids.

Figure 2. RADARSAT satellite image from 2006 showing one of the typical locations of the ice
cover initiation upstream of Gull Rapids and the location of the hanging ice dam extending into
Stephens Lake.
Keeyask planners and designers were aware of the significant impacts that ice has on water
levels as this extensive hanging ice dam would be forming immediately adjacent to the
cofferdams protecting the construction areas. Two options were considered on how to mitigate
against the potential for this hanging frazil ice dam to overtop the cofferdams: raise cofferdam
crests or install an ice boom.
After evaluating each option, installing an ice boom upstream of Gull Rapids was the preferred
method to protect against the impacts of higher ice-induced water levels. Increasing the crests of
the cofferdams was estimated to be over 3 times the cost of installing an ice boom. Also,
increased cofferdam crest levels would require additional rockfill disposal areas, the footprint of
the cofferdamed areas would be much larger, the significant increase in earth and rockfill
requirements would become a greater issue and the additional maintenance on the cofferdams
due to the increased seepage and thicker/rougher ice cover would be a concern.
In the summer of 2014, an ice boom was constructed upstream of Gull Rapids at the same time
that the Powerhouse Cofferdam was being constructed in the river. On November 9, 2014,

several spans of the ice boom released allowing frazil ice to begin accumulating downstream of
Gull Rapids causing water levels at the Powerhouse Cofferdam to start to rise. This paper
describes the mitigation measures that were taken to prevent ice and water from overtopping the
cofferdams which would have led to significant costs and delays in the Keeyask Generating
Station construction schedule.
2. Ice Boom Construction and Release
The ice boom installed upstream of the Keeyask Generating Station construction site (Figure 3)
consisted of 14 spans and 30 anchors. The spans of the ice boom ranged in width from 36 m to
86 m. On November 9, 2014, during the first significant period of frazil ice production, the four
most northern spans of the ice boom released (Abdelnour, 2016, Abdelnour, 2017), leaving a
240 m wide opening. This allowed all the frazil ice that was forming in the 50 km of open water
upstream of the boom to pass around the remaining sections of the boom and begin depositing
downstream of Gull Rapids adjacent the Powerhouse Cofferdam.

Figure 3. 2014 Keeyask Ice Boom axis and Powerhouse Cofferdam configuration as of
September 2014.
Almost immediately after the ice boom released, the frazil ice being deposited in the hanging ice
dam caused water levels against the Powerhouse Cofferdam to rise. At the time of the ice boom
release, the Powerhouse Cofferdam was protecting active excavation activities. Although there
was no infrastructure (ie, poured concrete, formwork, etc.) constructed inside the protected areas,
overtopping of the cofferdam would have resulted in significant costs, mostly due to the loss of a
construction season and the impact to the construction schedule.
With the significant consequences associated with the imminent risk of overtopping the
cofferdams, several ice mitigation measures were implemented. The next section describes the
different measures that were used.

3. Ice Mitigation Measures
Immediately after the ice boom released, water levels started to increase at the Powerhouse
Cofferdam. Without any intervention, it was expected that the cofferdams would be overtopped
within a week, causing major delays to the construction schedule. To prevent overtopping,
several different ice mitigation measures were initiated. The mitigation measures can be
classified as Operational, Structural, and On-Ice. Figure 4 shows the timing of the mitigation
measures in relation to the increasing water levels.

Figure 4. Timeline of water levels and crests levels of the Powerhouse Cofferdam and timing of
ice mitigation measures.
3.1

Operational Ice Mitigation Measures

Immediately downstream of the Keeyask construction area is Stephens Lake which is used as a
short term (weekly) storage reservoir for the Kettle Generation Station and the other downstream
generation stations. Under open water conditions, the water level on Stephens Lake is essentially
the water level at the Powerhouse Cofferdam. With an ice cover in-place, the water level at the
Powerhouse Cofferdam is higher than Stephens Lake due to the additional headloss from the
rough ice cover.
When the ice boom released on November 9, the Keeyask construction team requested that
Stephens Lake be lowered to bring down the water levels at the Powerhouse Cofferdam. From
November 11-19, Stephens Lake was drawn down 1.5 m. Although this action did not lower the
water level at the Powerhouse Cofferdam, it did prevent the water levels from rising for several
days. The lowering of the lake was essentially offset by the deposition of frazil ice in the

hanging ice dam. This temporary relief in rising water levels was long enough for other
mitigation measures to be implemented.
3.2

Structural Measures

3.2.1 Cofferdam Top-up
The original design concept of the Powerhouse Cofferdam included a compacted central till
impervious core to elevation 145.8 m to protect against design winter water levels of 143.8 m
with 2.0 m of freeboard. These design elevations assumed that the ice boom would function as
intended. Unfortunately, due to construction delays, at the time of the release of the ice boom,
the Powerhouse Cofferdam was only constructed to an elevation of 142.0m.
With air temperatures significantly below zero, the use of compacted till in the core of the
cofferdam was not feasible, so an emergency re-design was undertaken to replace the compacted
till core material with silty sand. Within 2 days of the ice boom release, construction of the
redesigned cofferdam was initiated.
After the Powerhouse Cofferdam was built-up to the original design level of 145.8 m, the water
levels were still increasing. Based on the size and concentration of the incoming ice pans, there
was hope that an ice bridge would form anytime. But to ensure water levels didn’t overtop the
cofferdam, numerical modelling (Groeneveld, 2017) using observed ice and water levels were
updated regularly to estimate the magnitude of the hanging ice dam and associated water level to
help decide how high to top-up the cofferdam. On November 17, work began to top-up the
Powerhouse Cofferdam to 151.8 m. This second top-up was completed before the construction
site was shut down for the Christmas Break. Figure 5 shows the state of the cofferdam on
Dec 1. Note the ice pushed onto the crest. With water levels at 149.0 m and still rising after the
Christmas Break, a third top-up to elevation of 153.0 m was constructed.

Figure 5. Keeyask Powerhouse Cofferdam on Dec 1, 2014.

Constructing the Powerhouse Cofferdam under emergency conditions led to several challenges.
At times, water levels were rising as fast as the cofferdam crest was rising. There were even
moments when the river levels locally exceeded crest elevations. As a result, the materials used
and the placement methodologies could not always follow ideal construction specifications.
Sourcing of appropriately graded material to properly function as a core material for the
cofferdam was difficult and at times the material was outside the specified gradation. This
resulted in some areas having courser material that had higher permeability. There were also
areas, such as the access road to the cofferdam, which were not intended to act as an
impermeable structure, but still required to be topped up to prevent overtopping. With
approximately 7m of head on the silty sand cofferdam core and sections of the permeable access
road, managing seepage and the appearance of sinkholes were on-going concerns.
3.2.2 Rock Groin
A second structural mitigation measure used at Keeyask was the construction of a rock groin
pushed into the river (Figure 6) at the head of Gull Rapids in mid December. The purpose of the
groin was to raise water levels upstream of the rapids in an attempt to slow the upstream water
velocity enough to allow ice pans to lodge either in the gap left in the ice boom or in natural
constrictions in the river. Figure 6 shows that large ice pans, almost the width of the open water
areas were coming down the river. Although the water levels upstream of the groin increased
approximately 1 m, the current was still too fast, the ice pans were not competent enough and the
constrictions in the river were too wide for the ice to lodge and initiate an ice cover. It’s likely
that with significant border ice growth along the river upstream of the groin, flows were
concentrated in the open channel, increasing the water velocities.

Figure 6. Location of the Ice Boom, Rock Groin and Powerhouse Cofferdam on Jan 24, 2015.
3.3
On-Ice
With the failure of the ice boom, frazil ice produced upstream was accumulating downstream of
Gull Rapids, raising water levels and threatening to overtop the Powerhouse Cofferdam. If an
ice cover were to form upstream, the supply of frazil would be substantially reduced, water
levels would stop rising (and may decrease), the risk of overtopping the Powerhouse Cofferdam

would be significantly reduced, the costly cofferdam top-up activities could stop and the seepage
management issues associated with building the crests under duress wouldn’t worsen. This
would allow the fleet of equipment working on the cofferdam top-up to return to their scheduled
construction activities.
To promote the formation of an upstream ice cover, it was proposed to cut a large enough section
of border ice several kilometers upstream of Gull Rapids, push it into the flow and have it lodge
in a constriction in the river channel. Once the cut ice piece was lodged, incoming ice pans
would accumulate at the leading edge, forming an ice cover. This concept was used
(unsuccessfully) during the construction of the Kettle Generating station on the Nelson River in
the late 1960’s (Hopper, 1968) and is discussed in several other references (USACE, 2006,
Haehnel, 1998) as a method for creating an ice bridge.
There were two attempts at creating an ice cover by cutting and mobilizing a large section of
border ice and a third attempt was planned but not implemented.
3.3.1 Ice Cutting Attempt #1
Ice cutting Attempt #1 started on Dec 7, 2014 with the mobilization of the ice cutting equipment
and personnel. The main piece of equipment used was a remote controlled tracked Bobcat
equipped with pontoons and an ice cutting saw mounted on the front as shown in Figure 7. The
Bobcat was borrowed from the Province of Manitoba and was operated by a crew from North
Red Community Water Maintenance Inc, who normally operate the equipment for the Province’s
river ice cutting program.

Figure 7. Remote controlled ice cutting Bobcat with pontoons and ice cutting chain saw.
Photos: Province of Manitoba
With the Bobcat weighing over 18 000 lbs, it was not possible to sling the equipment with a
helicopter, therefore the location of the ice cutting needed to be accessible by walking the
equipment in from the Keeyask construction site. The selected site was therefore on the north

side of the river and required the equipment to be driven 8km along the shoreline around Gull
Lake, at times only meters from the open water edge (Figure 8).
The Nelson River is a large river. The “narrow” section of the river immediately downstream of
the cut site, which was selected to “catch” the cut section of ice, was approximately 325 m wide.
It was critical that the dimensions of the ice to be mobilized were large enough so that it
wouldn’t slip through this 325 m wide constriction in the river. The cut lines were selected to
give a maximum dimension of 425 m on the mobilized ice which would allow for some of the
edges of the mobilized ice and the edges of the shorefast ice to crumble or buckle while the ice
was becoming lodged.

Figure 8. Location and shape of ice cutting Attempt #1.
The shape of the cut was also important to ensure that it would become free and be carried into
the main flow. The downstream cut was selected to allow the mobilized ice to slide out into the
flow. The upstream cut was sloped upstream to allow for the mobilized ice to rotate. Overall
the length of the cut was 1500 m. Based on the experience of the cutting crew, it was estimated
that it could take 4-8 hours of cutting with the Bobcat. Given the weight of the Bobcat and the
uncertain strength of the ice at the water’s edge, the last 20 m of the ice (at locations labeled A
and D in the inset on Figure 8) was to be cut by hand using chain saws.
Hydraulic modelling indicated that there was flow under the ice, which was confirmed while on
site. Average velocities were estimated to be in the 0.1‐0.3 m/s range. Based on the area of the
cut piece of ice, the frictional drag coefficient of the ice and the velocity of the water flowing
under the ice, it was conservatively estimated that 34 kN (7600 lbs) of force would be initially
applied to the cut piece of ice. To provide additional force to move the ice, several underwater
drift socks were installed under the ice, but with velocities in the 0.3 m/s range, the force on each
sock was not significant. To prevent the ice from mobilizing before the Bobcat was safely away

from the cut line, the cut ice was “stitched” back to the shorefast ice in several locations as
shown in Figure 9. When the Bobcat completed its last cut and was in a safe location, the plan
was to cut the stitching cables to free the ice.

Figure 9. Stitching ice to prevent premature movement of the ice sheet.
On December 11, the Bobcat began cutting near the water’s edge on the upstream cut (A on
Figure 8) and worked back toward the shore (B). The Bobcat easily cut through the ice and was
able to complete the first leg in a few hours. As the machine was being walked to the water’s
edge on the downstream cut (D), the Bobcat crossed intersecting cracks in the ice and broke
through (Figure 10) the 0.5 m thick ice cover. Fortunately the pontoons prevented the machine
from sinking to the bottom of the river, but were unable to bring the machine back onto the ice
surface. Although the machine was recovered the next day by Manitoba Hydro’s Line
Maintenance crews with relatively minor damage, the ice cutting procedure was halted.
It is possible that the cracks in the ice were caused by warm air temperatures that started the
night before. With air temperatures hovering around 0 °C, it is believed that anchor ice
approximately 30 km upstream, at the outlet of Clark Lake, released causing an influx of water.
The increase in flow caused water levels to rise at the ice cutting site by almost 0.5m. The
anchor ice formation and release at Clark Lake is currently being studied (Nguyen, 2017).
Crack due to weight
of machine

Existing cracks in
the ice cover

Figure 10. Ice cutting machine broke through the ice cover at the intersection of two cracks.

3.3.2 Ice Cutting Attempt #2
With frazil ice still forming in the river and depositing in the hanging ice dam, water levels at the
Powerhouse Cofferdam were still rising. Using lessons learned from the first ice cutting attempt,
smaller ice cutters were used. Instead of an 18 000 lbs Bobcat, two 1800 lbs Ditch Witch
trenchers equipped with carbide teeth were used (Figure 11). The use of lighter weight
machines meant that they could be slung in with helicopters, which opened up cutting site
options on the south side of the river. A site on the south side of Gull Lake (Figure 12) was
selected as the preferred site as the ice cover was relatively smooth, a short distance from the
Keeyask Construction site for slinging the machines, and was accessible by snowmobile from the
town of Gillam. A cutting plan similar to Attempt #1 was used, with a similar cutting shape and
hand cutting at the water’s edge.

A

B

Figure 11. A) Ditch Witch Trencher with carbide teeth used as an ice cutter. B) Ice cutter
followed by a snow blower to remove dry "tailings".

Figure 12. Location of Ice Cutting for Attempt #2.

The smaller trenchers were significantly slower (<50 m/hour) than the Bobcat and air
temperatures were -40°C. With several days of cutting required, had the trenchers cut all the
way through the ice on the first pass, the trenches would have re-frozen by the time they
completed the 1500m of cuts. Therefore on the first cutting pass, the ice was initially cut to a
depth of approximately 0.6m, which was more than half the thickness of the ice cover. Every
100m, the ice cutting bars were lifted to leave a check dam (Figure 13) of ice to isolate the
trenches which would prevent the entire trench from flooding had the cutting bar penetrated
through the ice cover.
With the slow cutting rates of the trenchers, it would have been extremely difficult to complete
the second pass the remaining depth through the ice cover in one day. As the final cuts had to be
completed in one day to prevent the trench from freezing over, it was decided to action the
contingency plan which was to use explosives. Testing in a nearby gravel pit determined the
optimum load to achieve a clean cut in the ice with minimal fracturing was 3 lengths of 400
grain/foot detonating cord as shown in Figure 14.
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Figure 13. A) Cutting a 0.6m deep dry trench. B) Check dams created to prevent flooding of the
entire trench.

Figure 14. Installing 3 lengths of detonating cord in the ice trench.

On the final day of the operation (Jan 20, 2015), the ice at the water’s edge was cut by hand, the
trenchers started near the water’s edge and worked back toward land and the middle cut was
loaded with explosives. Aquatic consultants were called in to listen for tagged fish in the area
and determined the fish were far enough from the blast zone, but mini detonations were still used
immediately before the main detonation to scare fish away from the site. With about 1 hour
before detonation (and 1.5 hours before nightfall), it was determined that the ice cutter’s blade on
the downstream cut line was not fully deployed and was leaving sections of the cutline still
attached to the shorefast ice. Attempts were made to re-cut these ice connections, but frozen
“tailings” (mounds of frozen slush around the cut line as shown in Figure 15) prevented the ice
cutters from re-cutting the trenches. With the wheels of the cutter riding on the rough uneven
surface formed from the frozen slush, the cutter blade could not be re-aligned into the trench.
The blasters who were responsible for the explosives were not comfortable leaving the
explosives in the trenches overnight, so the detonation went ahead as scheduled.

Figure 15. Frozen slush tailings produced during the final “wet” cuts. These frozen slush
tailings prevented the ice cutters from aligning the blades back into the trench to attempt a re-cut.
The explosives were quite effective, leaving a 1m wide swath of broken ice (Figure 16) but
didn’t appear to crack the surrounding ice cover. Limiting the extents of the fractured ice was
important to maintain the width of competent ice that could get lodged in the downstream
constriction. Immediately after detonation, the entire ice sheet appeared to rotate out into the
flow. The gap on the upstream cut line opened up about 0.3 m, but the downstream cut line,
where the ice cutter did not completely cut through, did not move.
With the extreme cold temperatures refreezing the cuts, the inability to re-insert the cutters into
the trenches due to the frozen slush tailings and the uncertainty of working safely near ice that
was just blasted, it was decided to call an end to the ice cutting operations once again.

Figure 16. Results after detonating 3 detonator cords in the ice trench.
3.3.3 Ice Cutting Attempt #3
By the time the third attempt at cutting the ice was being developed in March, the water level
staging at the Keeyask Construction site had stabilized. An ice cover had formed several
kilometers upstream of the ice cutting sites, possibly with the help of the rock groin that was
constructed in December. Although there was still frazil ice forming in the river downstream of
the ice bridging location, the impact of the incoming supply of frazil ice was offset by erosion
and smoothing of the hanging ice dam. The net result was decreasing water levels at the
Powerhouse Cofferdam.
Although the water levels at the Powerhouse Cofferdam were dropping, it was still decided to
attempt a third ice cutting operation to prepare for any future requirements for creating an ice
bridge such as another ice boom failure. After re-examining what was learned from Attempt #1
and Attempt #2, it was determined that the cutting process with either the ditch witch machines
or a combination of the machines and explosives worked quite well (as long as the blades of the
machines were fully extended). The question remained on whether the cut ice could be mobilized
into the main flow of the channel. Attempt # 3 was to use the two Ditch Witch trenchers at the
same site as Attempt #2 and test different ways to mobilize the cut section of ice.
Several methods of moving the cut sheet of ice were considered. Some methods were initially
considered but were not included in the final plans due to logistic and safety concerns. These
included using a cable to pull from the opposite side of the river and jacking the ice using
hydraulic jacks or inflatable bag jacks.
Ultimately three methods were set to be tested in the field during Attempt #3. These included
1) changing the slope of the downstream cut to be as parallel as possible to the main channel
flow, 2) cutting ice into smaller pieces but still with the required dimensions, 3)using cables and
winches to pull the ice along the cut line.

Unfortunately at the last minute, it was decided to cancel Attempt #3. At the time, work was
progressing on the construction of the Spillway Cofferdam and there was concern that if the cut
pieces of ice slipped through the constriction that it may negatively impact the construction
activities. Given that water levels were stabilized and work was progressing on the cofferdam
placement, the risks associated with continuing the ice cutting outweighed the reward of proving
out the ice moving methodologies.
4.
Summary
Understanding and managing ice at the Keeyask Generating Station construction site is critical in
maintaining construction schedules and budgets. When the ice boom that was intended to
minimize the impacts of ice failed in 2014, several mitigation measures were attempted to ensure
that cofferdams would not be overtopped and construction activities would not be significantly
delayed. Using multiple mitigation approaches such as structural, operational and on-ice
provided the best opportunity to deal with the impacts of the rising water levels.
The weeks and months that followed the ice boom failure were extremely dynamic. Developing
action plans to mitigate the rising water levels involved trade-offs between costs, risks and
consequences. Dealing with fast rising water levels, imminent overtopping and extreme changes
in weather conditions which influenced ice formation rates, flows and water levels made the
planning even more challenging.
This paper only discussed the highlights of the mitigation response efforts. Working with large
equipment on the ice and near the water’s edge in fast flowing freezing water is hazardous work.
Prior to the implementation of any of the on-ice measures, safety plans, safe work procedures,
and communication plans were developed along with environmental and regulatory approvals.
There were also daily tailboard meetings to ensure that everyone was aware of the hazards,
followed safe working procedures and had the appropriate safety equipment. Environmental
concerns were also considered and mitigated, such as establishing refueling sites with
appropriate spill response kits and ensuring safe storage of fuel.
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