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ABSTRACT 

The various causes, the physical mechanisms involved, and the complex geometries that 
are important to ice jam formation processes means that ice jams are complex phenomena. 
The importance of river geometry also means that they are site specific, and variations 
between ice jam locations will be significant. In this report, approximate parametric 
relationships are developed to predict the formation of two common ice jam types using 
the most important physical parameters: river flow velocity, ice thickness, ice roughness, 
and river width, depth, and curvature. The parametric relationships are developed from an 
analysis of the important physics of these processes, and are used to roughly determine if 
an ice jam will form under a given set of conditions. 

In developing these theories, several descriptive terms are introduced to help clarifY 
discussion. Then the processes responsible for causing a breakup ice jam to thicken are 
investigated. Thickened ice jams are divided into two general categories, based on their 
primary formation mechanism: ice block submergence and ice cover collapse. A new 
method for calculating submergence velocity based upon experimental data of pressure 
coefficients for flow around a block is presented and tested. In addition, using a 
2-dimensional mathematical disk model and physical reasoning, a stability coefficient is 
developed to estimate the conditions necessary for the collapse of a fragmented ice cover. 
Finally, the newly developed parametric relationships are tested against six case study ice 
jams. Considering the approximations inherent in developing these relations, the results of 
the applications are surprisingly good. 
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1. INTRODUCTION 
Since the beginning of civilization, mankind has attempted to understand (i.e. find the 
order to) the occurrences of nature. While this quest probably had its origin in natural 
human curiosity, it has evolved into several branches of science which have, as an 
objective, to predict natural disasters and thereby reduce or eliminate losses to society. 

In that vein, hydrologists have attempted to understand the frequency and magnitude of 
flooding on rivers. Much of this work focused on storm and snowmelt runoff, and the 
resulting flood levels of rivers. Work in the United States eventually lead to the FEMA 
(Federal Emergency Management Agency) studies, which were conducted in the 1960's 
and 1970's. These studies estimated 100-year flood levels along many rivers and streams 
in the United States. The purpose of these studies was to provide a basis for managing 
ll;lnd use and controlling development in floodplains, and to provide an estimate of flood 
risk, so that flood insurance could be provided for flood plain areas that have already 
been developed. 

The FEMA studies investigated flooding which results from open-water discharges. In 
many areas of the country, these studies provide a reasonable estimate of 100-year flood 
levels. In areas of the United States where ice forms on rivers in the winter, however, ice 
jams and ice-cover resistance to flow can cause more frequent, and more severe flooding 
than estimated for open-water discharges (Ashton, 1986). Consequently, in these areas 
of the country, the FEMA studies may underestimate the frequency andlor severity of 
flooding at any given location. A recent example is given in Figure 1. 1, where the intact 
ice cover on the Red River of the North in April, 1989 caused record flooding in places, 
even though discharges never approached records. Figure 1.2 shows one of the many 
bridges rendered unusable by this flooding. 

In April 1965, an ice jam on the Mississippi River caused record flood levels in Anoka, 
Minnesota. These levels were higher than the flood levels reached five days later when 
the river crested at (what continues to be) the record discharge. The previous record 
flood stage at that location (in 1957) was also attributed to an ice jam (Johnson, 1966). 
Figures 1.3 and 1.4 show some of the impact of this flooding on the City of Anoka, MN 
(Johnson, 1966) 

Recent studies have shown that under moderate discharges, ice jams can cause flood 
levels that are higher than those caused by major open water discharges (Andres et at, 
1984, Prowse, 1986). On several rivers in Canada, ice jams regularly produce flood 
levels far in excess of the open water flood levels for the same locations. The same 
observations can be made when reviewing stage and discharge records of the USGS for 
many rivers in Minnesota and other states of the northern pa11 of the United States. 

In 1974, the Task Committee on Hydromechanics ofIce published a report (1974) on the 
state-of-the-art and research needs related to river ice problems. The report indicated 
that previous engineering efforts had been directed toward development of ad-hoc 
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Figure 1.1 In-place ice cover on Red River of 
the North with flooding out of banks. 

Figure 1.2 Bridge partially submerged on Red 
River of the North. 
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Figure 1.3 Flooding in Anoka, MN caused by 
ice jam on the Mississippi River 
in 1965 (from Johnson, 1~~~). 

Figure 1.4 Cleanup after flooding in Anoka 
in 1965 (from Johnson, 1966). 
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solutions to specific river ice problems in a sporadic and somewhat uncoordinated 
manner. It concluded that the highest research priorities should be assigned to the 
following topics: (1) Formation processes of river ice; (2) ice jams; (3) ice forces; and (4) 
heat exchange processes and thermal enrichment. In discussing ice jams, the Task 
Committee indicated that most previous work had been confined to qualitative 
observations. Work of a quantitative nature had been confined primarily to 
one~dimensional situations, and the results were generally expressed in terms of a flow 
Froude number. The study suggested that two approaches to developing quantitative 
description of ice jam phenomena seemed logical: (1) application of continuum 
mechanics to fragmented ice covers, in order to develop predictors for stress distributions 
and geometric configurations in ice jams; and (2) study sites that experience reoccurring 
ice jams to determine the hydrologic and physiographic stream characteristics associated 
with high j aroming potential. 

Since 1974, research on ice jams has become increasingly quantitative in nature, but with 
continuing use and application of flow Froude numbers to describe jamming processes. 
Flume model studies have yielded some interesting results, and observations of 
reoccurring ice jams have consolidated some of the ideas about the channel 
characteristics that are conducive to ice jams. Ice jam processes, however, are still 
incompletely understood, and even ice jam terminology has not yet been standardized. 

One example is the definition of an ice jam. Figure 1.5 shows an ice accumulation that 
would undoubtedly be called an ice jam by all definitions. In contrast, an unbroken ice 
cover over a stream in midwinter, that was not causing unusual stages, would probably 
not be classified an ice jam by any definition. Between these two conditions, are ice 
accumulations that may be called ice jams by some but not by others. Figure 1.6 shows 
an in-place ice cover that has become fractured and shoved up on the bank, but has not 
thickened, or moved very far from its original position, and the individual ice blocks are 
still in their original positions, relative to each other. This is an example of an ice 
accumulation that mayor may not be called an ice jam, depending on definition. 

The US Army Corps of Engineers' (1982) definitions are as follows: 
Ice Jam •• "a stationary accumulation of fragmented ice or frazil". 
Ice Cover -. Ita significant expanse of ice of any form on the surface of a body of 
water." 

In this study, an ice jam is distinguished from an ice cover by the following definition: 
An ice jam is a significant accumulation of ice that is either 

1) significantly thicker than a normal ice cover (thereby restricting flows), 
including piled-up fragmented ice, and hanging (frazil) dams; or 
(2) consisting of fragmented ice (as opposed to frazil) that may be only as thick as 
a normal ice cover, but was carried downstream from its point of origin to its 
point of stoppage. 
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Figure 1.5 Ice Jam by any definition. 

Figure 1.6 Toe of ice jam by definition herein. 
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The ice in Figure 1.6 has moved from its original position,and it is fragmented. Just 
downstream, the ice cover is more intact (less fragmented), and upstream the ice cover is 
more fragmented. Figure 1.6 illustrates the toe (or downstream limit) of an ice jam by 
the above definition. 

The factors leading to the formation of an ice jam are site~specific and 
weather~dependent (Johnson, 1966), so prediction of jams will probably never be an 
exact science. Development of a reliable method for predicting where and when an ice 
jam is likely to occur has therefore proven elusive. 

Continuous historical records of ice~related flooding would be the best evidence for 
estimation of the frequency and severity of ice-related flooding on rivers. In most areas, 
newspapers record the only long~term data. Used as a starting point, these records can 
direct attention to the most troublesome locations. Since newspapers only report 
newsworthy events, however, if ice-related flooding does not attract attention, (i.e. cause 
problems) it will not be reported. Consequently, much ice-related flooding is probably 
not reported, particularly in undeveloped areas. Thus, newspaper records are of limited 
value in establishing ice~related flood frequencies and severities. In addition, news 
reports of ice~related flooding often state that the cause was ice jams, but it can not be 
determined from the reports whether the ice actually restricted flow, or simply applied 
fiictional resistance to the discharge. 

We are therefore left with laboratory experiments and the few accurate field observations 
that exist to provide the information required to fit predictive parametric relations for ice 
jams to real ice jams. This lack of information is further complicated by the ice jams 
themselves, because they are inherently messy and complex. The flow velocity, the size 
and thickness of the ice chunks, the roughness of the ice, the river width and d,epth, the 
ice friction along the river banks, and the curvature of the river are an incomplete list of 
the independent parameters that contribute to ice jam formation. With such a list, 
sophisticated models of ice jams may not be warranted because of the uncertain 
parameters involved in the process. It is therefore useful to develop reliable, 
approximate indicators of ice jam formation that use a parametric relation and the best 
laboratory and field data to fit the constants required for prediction. 

This research is undeltaken in an effort to develop such approximate indicators, so that 
others might apply them as needed to assess the ice jam forrtlation potential of specific 
locations. In addition, the indicators are applied to actual ice jam cases in Minnesota, 
and conclusions regarding the efficacy bfthe indicators are drawn. 

The ability to predict, with any accuracy, the probable ice jam locations on a river would 
benefit society because (1) it would allow assessment of ice jlUTI flood potential in areas 
proposed for development where no records of jams are available due to remoteness of 
location, and (2) it would allow evaluation of methods for mitigating ice jam problems to 
reduce or prevent property damage losses resulting from ice jams at specific locations. 
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2. BACKGROUND 
Flooding caused by ice jams is of concern to many people who live along rivers and 
streams in regions of the world that have rivers with seasonal ice covers. To understand 
ice-related flooding, one must examine the hydraulic factors which enable it to happen. 

There are two common types of ice jams ~~ freeze-up ice jams and breakup ice jams. 
Freeze-up ice jams usually OCCUI' in early winter, or during an extremely cold period of 
winter. Breakup ice jams tend to occur during a warming period, usually in the spring 
(Ashton, 1986), when an existing ice cover breaks and is conveyed downstream. Such an 
ice jam is called floating if it is in contact only with the channel sides, and grounded if it 
is also in contact with the channel bottom. An ice cover will also induce a stage increase 
in a river. These three ice~related river stage increasing events (ice covers, freez~up 
jams, and breakup jams) will be reviewe~ in this chapter. 

2.1. Ice Cover Induced Stage Increases: 
In a stream without an ice covel', frictional resistance to the flow is exerted by the 
bottoms and sides of the stream. With the formation of an ice cover, additional frictional 
resistance is exerted by the ice on the flow. Discharge in a stream without an ice cover 
can be described by Manning's Equation: 

Q = 1.:9AR~St Eq.1 

where Q = discharge in cfs 
n ;:: roughness coefficient . 
A = cross-sectional area of the flow in sq. ft. 
k ::: hydraulic radius of the flow (i.e. the cross-sectional area of the flow, 

divided by the wetted perimeter of the flow) 
S = slope of the energy grade line (often taken as the water surface slope), 

With the addition of an ice cover, the hydraulic radius changes (approximately in half), 
assuming a free-floating ice cover. If we assume that n for the ice is the same as n for 
the channel bottom, the composite roughness coefficient n is unchanged. Then, assuming 
that S does not change with the addition of the ice covel', Equation I reduces to the 
following equation: 

Eq.2 

The change in coefficient (from 1.49 to 0.94) demonstrates that an ice-covered channel 
can convey only about 63% of the discharge as the same channel with a free-surface and 
the same flow depth. To understand this change clearly, the hydraulic radius R (shown 
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t stage increase with same 
cross-seetio. nal area of flow 

'\ open waler ~ =~yoveJ~ 
~ea1=Areq2 ~ 

discharge1 = Q discharge2;::: 0.63 Q 

Figure 2.1 Channel Conveyance Reduction due to 
Ice Cover Friction (with equal cross~ 
sectional flow areas and resistance 
coefficients.) 

Total Stage Increase due to Ice Cover 

~ 
increase due to ice volume 

¥ 
Increase dU', to added frictional 

------~~= .. ~~~~~~~ 

resistance 

discharge ;::: discharge 

Figure 2.2 Ice Cover~Induced stage Increases. 
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in Equation 1) is approximately halved, while the other components are assumed to 
remain unchanged. This results in the following proportionate change in Q: 

(1/2)~Q ;::: O.63Q 

Consequently, for a given discharge, the water depth in a stream channel must rise under 
ice-cover conditions. It should also be noted that, for a given cross-sectional flow area, 
the piezometric water level (i.e. flood stage) could be significantly higher for ice-covered 
flow than for a free surface discharge (due to the volume of water displaced by the ice); 
Figure 2.1 shows schematically, the increase in stage and decrease in discharge 
associated with an ice cover. The contribution of these factors to stage increases is 
shown schematically in Figure 2.2. 

In summary, then, both the frictional resistance of an ice cover and the thickness of the 
ice cover contribute to the increased stage associated with an ice-covered stream. These 
factors can result in attainment of flood stage at a significantly lower discharge than 
would be required under free-surface conditions. Consequently, flood studies based on 
discharge-frequency curves may understate the risk of flooding along rivers and streams 
in areas subjected to winter ice-cover conditions. 

2.2. Frazil Ice Jams 
When freezing air causes open-water areas to be cooled to slightly below the freezing 
point for water, and the water is slightly super-cooled, ice crystals begin forming in the 
water. If the water is sufficiently turbulent to mix the ice crystals with water below the 
water surface, frazil ice (ice slush) may form in the moving water. As long as the water 
remains in a super-cooled state, the frazil ice is termed active frazil, because the crystals 
are actively growing. Such active frazil may become frozen to the bottom of the stream, 
resulting in what is termed anchot ice. If the water temperature returns to the freezing 
point, from the heat input of ice production, the frazil ice is termed passive frazil, and is 
no longer in an actively growing state. As the frazil ice is cal'ried along by the moving 
water, the ice crystals begin to flocculate, with the flocs continuing to gt·ow until they are 
buoyant enough to stay on the surface of the turbulent water. Once on the surface, the 
flocs are shaped by various forces, eventually into the shape of 'pans' (rounded disks that 
are tens of inches across). These pans continue moving with the water until they 
eventually freeze together and form an ice cover over the moving water (Ashton, 1986). 
When this freeze-up process results in flooding, this cover is called a freeze-up jam. 

Figure 2.3 shows a steady stream of frazil and pans floating down the open-water 
channel between ice covers extending from both sides (formed of fi'azil accumulations). 
Notice that the channel is completely covered upstream, and the frazil is coming out from 
under the cover at the open-water lead. This December 1991 frazil ice jam caused 
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Figure 2.3 

Figure 2.4 

; .. ' 

., "':'''' 
',' 

steady stream of frazil and pans on 
Mississippi River in Minneapolis, MN. 

Pans frozen together forming an 
ice cover. 
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Figure 2.5 Frazil ice choked Pelican River in 
Pelican Rapids, MN. 

Figue 2.6 Flooding caused by frazil ice jam in 
Pelican Rapids, MN. 
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Figure 2.7 Frazil accumulating under ice cover and on 
bottom, partially blocking the flow. 



Figure 2.8 Frazil ice forming on Granite Falls 
dam spillway, Granite Falls, MN. 
(from Knutson, 1990) 

Figure 2.9 Frazil ice jam has engulfed the crane 
cab as shown in Figure 2.8. 
(from Knutson, 1990) 
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Figure 2.10 Fraz~l ice jam nearly reached the 
walkway of the pedestrian bridge in 
Granite Falls, MN (from Knutson, 1990) 

Figure 2.11 Pedestrian bridge shown in Figure 
2.10 (above) as seen in summer, 
Granite Falls, MN. 
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flooding of the Minneapolis City Water Treatment Plant, shown on the right bank. 
Figure 2.4 shows an area off to the side, where pans froze together. 

Active frazil adheres to everything it touches, including rocks and gravel on the channel 
bottom, and debris in the stream (anchor ice), If the active frazil ice is carried under an 
ice sheet, it can adhere to the sheet bottom, blocking a part of the flow area to create a 
hanging dam. The resulting problems can be significant. Figure 2.5 shows a small 
stream (the Pelican River) in the City of Pelican Rapids. When a frazil jam formed here 
during a dam rehabilitation project in 1988, flooding affected several buildings near the 
river as demonstrated in Figure 4.6. 

On the other hand, passive frazil may deposit on the bottom of a downstream ice cover in 
lower-velocity regions, where it will tend to recrystalize over time, becoming secure to 
the cover. If enough frazil (of either type) is generated and accumulated in a channel, it 
can partially block off the flow, as illustrated in Figure 2.7. 

Frazil ice jams commonly occur downstream of open water reaches kept open by highly 
turbulent water, because the turbulence prevents cover formation while the water 
supercools and frazil ice forms. Rehabilitation of the Granite Falls dam in 1984 resulted 
in formation of large amounts of frazil at the dam spillway, as shown in Figure 2,8. 
Eventually, the entire channel was nearly filled with ice, and the crane shown in Figure 
2.8 was submerged to the top of the cab, as shown in Figure 2.9. The walking bridge, 
shown in Figures 2.10 (during the ice jam) and2.11 (after the jam) was nearly encased in 
ice. In addition to an increase in river stage, frazil ice commonly causes problems with 
the operation of navigation locks, and with water intake structures for hydro-power 
stations, power-plant cooling, and for domestic use (Skarbom 1980, Gevay 1979, Foulds 
1974, Dean 1983). 

Frazil ice jams can often be associated with anthropological factors, such as: 

I) The operation of dams -- The reservoir behind a dam is normally deeper and wider 
than the natural river. This increased cross section leads to a decrease in stream 
velocity in the reservoir, compared with the natural stream channel. The decrease in 
velocity allows an ice cover to form earlier and at warmer air temperatures than in 
the natural channel. Consequently frazil ice is not likely to form in a reservoir, 
because the reservoi!' would likely be covered by an ice cover. 

However, a spillway can produce a considerable amount of frazil ice in winter if the 
discharge is well-mixed with the outside air, and the water temperature of the 
reservoir is at the freezing point. Reservoirs that are maintained at full depth in 
winter are likely to establish an ice cover and prevent frazil ice formation, and 
tempetatures in the reservoir are likely to be slightly above free#ng. The heat in the 
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water may be enough to prevent frazil ice formation during the discharge over the 
spillway if mixing with the freezing outside air is limited. In contrast, if a reservoir 
is drawn down prior to freeze-up, and a solid ice cover is not established, the 
temperature of the water in the reservoir can be at freezing. In going over the 
spillway, tremendous volumes of frazU ice can be formed, which will be deposited 
downstream, possibly causing a frazil ice jam. 

Alternately, establishment of an ice cover over a reservoir could be a causal factor in 
the formation of frazil ice jams at another location. At the point where a stream 
enters a reservoir, frazil ice generated in the stream can become attached to the 
underside of the reservoir ice cover. If accumulations of frazil ice become large 
enough to restrict flow, a frazil ice jam occurs. 

2) Wastewater treatment facility and power plant operation -- Depending on the 
circumstances, operation of these facilities can either reduce or increase the chance 
for ice jams. 

Treated wastewater and river water used for cooling are normally warmer than 
freezing temperature. If they are discharged (and mixed) into a stream where frazil 
ice would otherwise tend to form, the temperature of the receiving stream may be 
raised enough to prevent the formation of frazil ice. In locations where a solid ice 
cover normally forms, the heat injected by a plant could have the effect of melting a 
continuous ice cover earlier than normal and thereby reduce the potential for 
breakup ice jams at that location. Discontinuation of plant discharges, however, 
could allow frazil ice formation in the open-water areas, and possibly frazil ice jams, 
in areas not normally subjected to such threat. 

In addition, discharging plant effluent to an otherwise dry ditch or stream in winter 
may result in significant ice accumulations over the winter, which could then result 
in flooding during the spring melt when the ditch or stream has to carry away the 
melt-water. 

3) Construction activities -- During the construction of facilities adjacent to, or across a 
river, temporary structures and channel modifications often must be implemented. 
Some of these temporary changes may serve to increase the stream velocity locally, 
preventing formation of an ice cover, but can. result in frazil ice generation and ice 
jam formation. 

2.3. Breakup Ice Jams 
Breakup ice jams tend to be the more dynamic type of ice jam, commonly occurring 
during the spring when ice covers on rivers break and move downstream to a point where 
its passage is blocked. When the ice stops, it applies a shear stress to the flow beneath, 
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resulting in the stage increases shown in Figure 2.2. This ice jam, composed of a single 
layer of fractured ice as shown in Figure 2.12 is herein termed a .single-Iayer ice jam. It 
is also called a single layer ice cover (Mayer, 1989), an ice stoppage (Crissman, 1990), or 
a juxtaposed ice cover (Jain, et aI1993). 

If conditions are right, the ice accumulations can thicken (through combination of 
shoving and accumulation of ice on the bottom of the ice cover), blocking a greater part 
of the flow area. In addition, the roughness of the cover will increase, thereby resulting 
in even greater flood stages. Such an ice jam, shown in Figure 2.13, is herein called a 
thickened ice jam. 

The upstream water levels rise until the hydraulic head behind the jam is high enough to 
anow the incoming flows to pass under or around the jam. If the forces become great 
enough, the ice jam may become grounded, or if its toe is destabilized it may collapse, 
resulting in a surge of water and ice chunks that can cause flooding and other damage 
downstream. 

The natural conditions leading to the formation and worsening of breakup ice jams 
include the following: 

1) A barrier that prevents floating ice chunks from passing, fonning a single-layer ice 
jam. The barrier could be: 

a) A stable ice sheet downstream from the supply of breakup ice -- this commonly 
occurs where a river enters a lake or reservoir, at a bend in river where the 
channel deepens, or where ice is soHdly frozen to the channel bottom (usuaUy 
where many rocks and boulders cover a shallow bottom), 

b) A shallow river section where floating ice can become grounded, or 

c) A location in a river where there are obstructions that can catch the floating ice, 
preventing its passage, such as trees and branches, and boulders. 

2) A rise in river stage, usually caused by discharge increases from snowmelt and/or 
rainfall, or from upstream dam storage release. The increase in river stage breaks up 
the ice cover, sending it downstream to ice jam-prone locations. 

3) Cold winter temperatures until just before breakup, reSUlting in thick, hard ice in the 
river at the time of breakup. 
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4) Channel velocities which are high enough to submerge ice at the leading edge of an 
in~place ice cover or single-layer ice jam, possibly forming a submergence thickened 
ice jam, often called a narrow river ice jam. 

5) A combination of channel slope, discharge, length of the straight river section, and 
roughness and extent of ice cover upstream of the ice jam location, which allows the 
shear forces transferred from the water to the ice cover to accumulate to the point 
that ice downstream begins to shove under the cumulative stresses, forming a 
collapse thickened ice jam, often called a wide river ice jam. As the ice cover 
thickens, it is better able to resist the compressive forces. Eventually it reaches an 
equilibrium thickness where the strength of the thickened ice mass is able to resist 
the cumulative stresses exerted on it by the moving water. 

6) Channel geometry that includes fairly steep channel banks which lend stability to a 
stable ice mass, provide lateral stability to a forming ice jam, and prevent river 
discharges from circumventing the jam. 

In addition to natural conditions which may lead to the formation of ice jams, 
anthropologic factors may contribute to the formation of jams at specific locations, 
including: 

7) The operation of dams .- During breakup, a reservoir ice cover is generally thicker 
than the river ice cover, and it tends to break up later than the river ice cover. Ice 
carried downstream in the river can pile up at the edge of the unmoving reservoir ice 
cover, forming a breakup ice jam. If the dam was operated to rapidly fluctuate the 
level of the water in the reservoir prior to the time of river breakup, however, the 
reservoir ice cover would tend to break up early, and go downstream. Thus it may 
be possible to prevent ice jams at the edge of the reservoir. 

8) Wastewater treatment facility and power plant operation -. Depending on the 
circumstances, wastewater treatment facilities can either reduce or increase the 
chance for breakup ice jams, for the same reasons given under Section I1.B, Frazil 
Ice Jams. 

9) Constructed facilities such as dams and bridges on a river -~ Structures such as dams 
and bridges can act to restrain the passage of ice dudng breakup, and serve asa 
stabilizing influence on a winter ice cover during breakup. The bridge piers (and in 
some cases bridge girders), and dam structures hold back the in~place ice cover, or 
capture large chunks of ice from upstream, initiating the formation of breakup ice 
jams. 
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10) Construction activities ~~ During the construction of facilities adjacent to, or across a 
river, temporary structures and channel modifications often must be implemented. 
Some of these temporary changes may serve as physical barriers to the passage of 
ice, causing breakup ice jams. 

2.4. Past Research 
Most of the past reseal'ch on ice jams has involved qualitative analysis of the causes of 
ice jams, or has focused on individual components of the ice jam process. Several 
researchers have looked into the cause of ice cover breakup on rivers and streams. 
Ashton (1986) stated that ice cover breakup does not occur simultaneously in a river, but 
rather, the ice cover breaks up in sections. Rising river stage, deterioration of the ice 
cover, and melting along the banks tend to free the ice, leading to an ice run. Donchenko 
(1975) concluded that solid ice covers break up following water level fluctuations of 3~4 
times the ice thickness. This would be expected to commonly occur during the 
increasing stages associated with spring snowmelt, and could also result from a surge of 
water associated with an ice jam disintegration (Ferrick et al. 1989, Beltaos, 1989). 

Causes of ice jams vary. Breakup ice jams commonly occur at locations of obstructions 
.such as bridge piers or sand bars (Andres and Doyle, 1984, Tatinclaux et. al. 1978), 
change in channel gradient (Andres and Doyle, 1984, Tatinclaux 1978), at locations 
where rivers widen allowing shallowing of depth (Andres and Doyle, 1984), areas with 
high steep banks (Andres and Doyle, 1984), in areas following rapids sections separated 
by long low-velocity stretches (Andres and Doyle, 1984), and where a river enters 
another water body (a river confluence, or a delta outlet into a lake or reservoir) with a 
solid ice cover (Prowse 1986, Andres and Doyle, 1984). 

Other factors which affect ice jam formation and strength are trees on the channel banks 
which can add stability to a jam (Calkins 1983), and hard thick ice (Andres and Doyle 
1984, Calkins 1983, Prowse 1986). 

Studies of actual ice jams have shown that, in most cases at least, seepage through the 
jam can be neglected, as nearly all of the flow goes under or around the jam (Wong 
1985). In addition, only a small amount of the total ice supply may actually make up an 
ice jam, with the rest melting, passing under the jam, or going overbank (Prowse 1986). 

Tatinclaux (1978), and Ackermann (1983) looked at the flow conditions required to 
cause jamming at a channel constriction (Le. channel bridging), conducting their studies 
in laboratory flumes. While researchers have indicated that most ice jams are at least 
partially grounded (Andres and Doyle 1984, Wong 1985), the mechanics of grounding 
has not been studied in detail. 
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2.5. Terminology once-Induced Rive~ Stage Increase 
Ice-induced river stage increase may be characterized in syveral categories. The primary 
categories and sub-categories are illustrated in Figure 2.14. Those that have not been 
fully defined as of yet will be discussed in Chapter 3. 
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3. BREAKUP ICE JAM THEORY 

3.1. SINGLE-LAYER ICE JAMS 

A single-layer ice jam is simply an accumulation of broken ice floating on a stream, only 
a single layer thick (j.e. not shoved or thickened). As noted earlier, this type of jam is 
considered an ice covel' (not an ice jam) by some researchers (Ettema, 1993) while it is 
considered an ice jam by others (Gerard, 1990). As described in the previous section and 
illustrated in Figure 2.12, single-layer ice jams affect the stage by occupying part of the 
cross-sectional area of the stream, and by exerting additional frictional resistance on the 
moving water which increases the slope of the hydraulic grade line. These factors 
combine to increase the stage upstream. If the ice accumulations extend far enough 
upstream, a new equilibrium stage will eventually be reached, deeper than under 
open-water conditions, with the same channel and discharge. 

In order for a single-layer ice jam to form, the following are required: 

1. An upstream supply of ice that moves downstream with the flow. 

2. An obstruction to halt the downstream movement of the ice. 

3. Low stream velocity that is insufficient to cause ice from being swept under 
or around the obstruction. 

As many streams and rivers form ice during the winter (item #1 above), and since low 
stream velocities (item #3 above) are common in many of the same streams and livers 
during the winter, channel obstructions would appear to be the determining factor in the 
formation of single-layer ice jams. Further, obstructions must be at (or near) the surface 
of the water at the time of ice movement. 

During frigid winters, streams and rivers traditionally have low rates of discharge. Ice in 
a channel is frozen to the banks, and to boulders and debris in the channel. When the 
snowmelt occurs, discharges increase, and the stage begins to rise. Fluctuations in water 
level causes cracks to fOlm in the ice cover. If breakup occurs rapidly, the ice that is 
frozen to the banks may rotate, still frozen to the banks at the original water surface 
elevation, but tumed up vertically. Figure 3.1 shows ice in a ditch channel, still frozen to 
the banks, and rotated about 45 degrees. Figure 3.2 shows the ice on the Red lliver of 
the North, with the center portion of ice floating, but the ice at the channel banks still 
frozen to the banks and rotated vertically. 

Eventually the ice breaks free, and is transported downstream (an "ice run"), All of the 
ice does not move downstream at once, however. At channel bends, an ice covel' may 
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Figure 3.1 Ice in ditch frozen to banks and 
rotated about 90 degrees toward 
vertical. (Near Red River of the 

Figure 3.2 Red River of the North, with center 
ice floating free, and ice near banks 
still frozen to banks and rotated 
vertically. 
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wedge against the channel sides. Low bridges, bridge SUPPOltS, and channel boulders can 
also prevent downstream movement of an ice cover. In such cases, the ice cover itself 
becomes a barrier to downstream transport of ice. Figures 3.3 and 3.4 show a steel 
bridge on the Red River of the North holding the ice cover in place. 

If the potential for a single-layer ice jam exists, then further examination is required to 
determine whether such a jam could be transformed into a thickened ice jam, as 
described in the following sections. If thickening will not occur, the estimated flood 
stage can be evaluated using a standard backwater curve ana1ysis, assuming 
gradually-varied flow, and incorporating the additional wetted perimeter of the ice and 
the ice roughness. Many water surface profile computation codes (e.g., HECw2) have 
incorporated this capability. 
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Figure 3.3 Bridge on Red River of the North 
holding ice cover in place. 

Figure 3.4 Same bridge as in Figure 3.3, holding 
ice cover in place. 
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3.2. TIDCKENED ICE JAMS 

Thickened ice jams begin as single-layer ice jams and are subsequently transformed into 
accumulations of ice that are greater than one ice block in thickness. There are two ways 
in which single-layer ice jams may be transformed into thickened ice jams -- through 
submergence of ice floes (individual chunks of ice), and through compression-force 
shoving and collapse of accumulated ice. Although these processes may occur together, 
or alternately during the formation of an actual thickened ice jam, they are separated 
here, for purpose of discussion and analysis: 

1. Submergence Thickened Ice Jams -- Ice floes are entrained in the flow at the 
leading edge of an ice cover, carried under the cover, and deposited on the 
bottom-side of the cover, thereby causing it to thicken. This type of ice jam 
is sometimes called a "narrow-river" ice jam (after Pariset and Hausser, 
1961) because this type of jam process tends to occur where a nalTOW, 
fast-moving stream enters a slower-moving stretch. The physical process is 
illustrated in Figure 3.5 

2. Collapse Thickened Ice Jams -- Moving water exerts a shear force on the 
underside of an ice cover. This force accumulates over distance downstream 
to the point that individual ice blocks become unstable. This results in 
shoving and collapse of the ice cover, thereby causing it to thicken. This 
type of ice jam is sometimes called fl "wide-channel" ice jam (after Pariset 
and Hausser, 1961), because forces must accumulate over a distance in order 
to be sufficient to cause shoving of the cover, and such force accumulation 
would not be possible in a narrow channel. The physical process is 
illustrated in Figure 3.6. 

Static equilibrium of ice jams was first described in the literature by Pariset and Hausser 
(1961), Uzuner and Kennedy (1976) then generally improved upon this work with 
thickening through the submergence process, in addition to allowing for nonuniform 
thicknesses. Be1taos (1983) concluded that ice jam formation through submergence 
"should be rare occurrences in nature." Uzuner and Kennedy (1976) and Beltaos (1983) 
both calculated an equilibrium thickness of ice jams that would be reached when the ice 
accumulation has thickened sufficiently to, in combination with channel bank resistance, 
resist the shear force applied by the stream on the ice. Michel (1985), however, made it 
clear that the force-balance equations related to cover formation are not the same as for 
ice jam formation, because scale effects differ, with small-scale effects being important 
for cover formation, but not for ice jam formation. 
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3.2.1. Submergence Thickened Ice Jams 
In order for a thickened ice jam to form through submergence, the stream velocity must 
be high enough to entrain ice in the flow passing under the ice sheet. The forces acting 
on an ice block as it approaches a stationary ice cover are: 

1. Gravity -- a downward force, 
2. Buoyancy -- an upward force, 
3. Shear forces from the velocity of the eddy between the stationary ice cover 

and the approaching ice block, 
4. Shear forces from the velocity of the eddy that develops at the trailing edge 

of the ice block as it slows down in approaching the stationary ice cover, 
5. Bottom shear forces that develop on the under-side of the ice block as it 

slows down in approaching the stationary ice cover, and 
6. Pressure changes under the ice block which develop as the block slows, and 

the water velocity under the block increases. 

These forces are shown schematically in Figure 3.7. 

In order to submerge the ice block, the forces acting on the block must, at minimum, be 
sufficient to submerge the block beneath the edge of the stationary ice cover. The only 
forces that would tend to do this are: (1) the eddy forces at the leading and trailing edges 
of the ice block as it approaches the ice cover, which tend to rotate the front of the block 
downward; or, (2) pressure differences that develop under the ice block due to velocity 
changes in the flow under the block as it is stopped by the ice cover. 

The eddy forces affect small ice chunks (or frazil), causing them to be swept by the 
Cl,l1Tent under the ice cover. It was observed at several of the case study ice jams 
(Mississippi River in Minneapolis in 1991, Minnesota River at Browns Valley in 1990, 
and the Red Lake River east of Crookston in 1989) , that ice blocks of the same thickness 
as the cover have enough buoyancy to resist the eddy forces up to the point that they are 
stopped by the cover (at which time, the frontal eddy force is gone.) Consequently, only 
ice chunks of very small size (relative to the ice cover thickness) can be submerged in 
this manner, and typical blockage ice jams would not typically be formed by these forces. 
Thus, the negative pressure on the under-side of the block (loss of buoyancy) is the 
primary submergence process which contributes to thickened ice jam fOlmation. 

3.2.1.1. Review of Submergence Theory 
When flow through an open channel encounters a downstream ice cover, the flow 
contracts and the velocity of the flow increases. Also, the streamlines of the flow change 
to negotiate the ice cover. The result of these changes in the flow is a decrease in 
pressure under the ice. As discussed by Michel (1984), this pressure loss may be large 
enough to overcome the buoyancy of the ice. 
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Bernoulli's equation, applied to open channels is: 

where: 

VZ P VZ P 
2; + "/ + hI = 2; + ; + energy head losses Eq. 3 

Vl = average stream velocity at upstream point 1 
P 1 = pressure at upstream point 1 
hI = height (above datum) at upstream point 1 
'Y;: specific weight of water 
g = gravity 

Vz = average stream velocity at downstream point 2 
p 2 = pressure at downstream point 2 
hz = height (above datum) at downstream point 2 

When water is flowing in a uniform open channel, the individual terms of the equation 
remain constant. When a channel's hydraulic characteristics change, such as at the 
(upstream) leading edge of a downstream ice cover, the individual terms of the equation 
change. 

In the case of an ice cover, the ice occupies a portion of the cross-sectional area of the 
channel, and applies additional friction to the flow. As a result, the depth of the flow 
under an ice cover will tend to be greater than it would be without an ice cover. As the 
cover extends upstream, the depth approaches normal depth for the ice-covered section. 
Immediately upstream from the ice cover, the depth will be the approximately the same 
as under the ice cover, but considerably deeper than normal depth (under a mild water 
bottom slope) for the free-surface section. 

When the open-channel flow reaches the head of the ice cover, several changes must 
occur. Since the ice occupies part of the cross-sectional area of the channel, the average 
velocity of the water under the ice block must increase as the flow goes under the ice . 

. Energy losses also take place at the transition. As the depth remains essentially constant, 
(based on Equation 5) the pressure on the bottom of the ice block must decrease. 

When an ice floe, free-flowing with the surface of an open channel, is stopped by a 
downstream ice cover, changes must occur under the floe. The velocity under the floe 
must increase, and the pressure decrease relative to that upstream, as described above. 
Then, if the supporting pressure under the ice floe becomes less than the weight of the ice 
(per unit surface area), the ice wil1 l sink" and be carried under the ice cover. Actually, to 
say that the ice "sinks" is a simplification. 

With the changing momentum of water and ice, and dynamic pressure ch4tlges associated 
with such events, some researchers (e.g. Pariset and Hausser 1961, Ashton 1974) 
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believed that only slight rotation (to the point of water spilling over the leading edge of 
the ice) would signal incipient instability, as mustrated in Figure 3.8. This criteria may 
be slightly conservative, but it can be justified by the fonowing rationale: as a dynamic 
process, once an ice block begins to rotate and goes past this point, water weight on the 
top of the ice, and increasing loss of pressure on the bottom of the ice will tend to 
perpetuate and accelerate the rotation, resulting in submergence. Since the point of 
spillage (and incipient instability) is at very small degrees of rotation, the effect of this 
rotation can be neglected, and the actual rotational process can be simplified to one of 
simple sinking, for purposes of calculation. 

A simple calculation demonstrates the approximate magnitude of velocity required to 
submerge an ice block as described above. Based on an infinitely wide ice block, and 
neglecting energy loss, submergence velocity can be calculated from Eq. 3 as: 

where: 

V2 _ V2 = 2gtice(Pwater - Pice) 
2 1 pwater 

tice = thickness of ice 
Pice = density of ice 
pwater = density of water 

Eq.4 

Under the cover, the velocity profile of the flow changes. Prior to encountering the ice 
cover, the maximum velocity in the flow was at or near the surface, decreasing with 
depth. Under the cover, the maximum velocity increases and moves downward toward 
the center of the flow (between the bottom of the cover and the bottom of the channel). 
Just below the bottom of the cover, velocities approach zero. 

When an ice floe is carried under the cover, it accelerates in the direction of the flow. As 
its velocity increases toward the velocity of the moving water, the pressure under the 
moving block will increase. Thus it tends to regain buoyancy} and it lises toward the 
bottom of the ice cover. As it rises toward the cover, the ice floe enters increasingly 
slower-moving water and loses velocity and, therefore, buoyancy. If it reaches the 
bottom of the cover, the floe will tend to slide along the bottom-surface of the cover (as a 
result of the shear force applied by the stream flow). If the floe is ever stopped by a 
protrusion, the relative water velocity around it will increase and buoyancy will again 
decrease. In addition, drag on the back, and velocity head on the front, provide a 
rotational moment that tends to rotate the floe around such obstructions. As a result, 
most submerged floes will pass under the cover and will not add to the ice jam mass. 
Beltaos (1983) made calculations to show that ice jams formed through this mode 
"should be rare occurrences in nature. I! 
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If an ice floe reaches an area of larger cross section, as when entering a reservoir, the 
velocity decreases and it may lodge, increasing the velocity at that location (toward the 
velocity of the higher-velocity locations under the cover). In general, however, ice 
carried under an ice cover by submersion tends to be flushed through the constriction 
(Ashton, 1978, Prowse, 1986). Beltaos (1983) notes that, from theoretical 
considerations, it could be shown that for a prismatic channel, the thickness of a 
narrow-river ice jam should not change in the downstream direction (from the head). 
Consequently, ice that submerges at the head of an ice jam affects the flow under the ice 
(and, therefore, flooding stage) to the extent that it provides additional resistance and net 
reduction incross-sectional area as it skitters and bumps its way along under the ice 
cover. 

The amount of "permanent" ice cover thickening that occurs through this process is not 
well established. Tatinclaux (1977) found in flume experiments that a screen, located 
well below the ice cover, was required to establish a model ice jam by the process of 
submergence and to prevent ice (that was carried under the simulated ice cover) from 
being flushed all the way through. Thus, it appears that thickening from submergence 
accumulations tends to occur mainly where the channel section changes, resulting in 
slower velocities. This could occur where a river enters a reservoir or a lake, resulting in 
slower velocities due to increasing cross-section. (Such accumulations would have the 
effect of increasing the stage near the toe of the ice jam, while not significantly affecting 
the stage some distance upstream.) It would not tend to occur in channels of more 
uniform cross-section. 

Ashton (1974) noted that it is difficult to estimate pressure changes that occur under an 
ice floe when it is stopped by an ice cover. Several investigators have developed 
equations for calculating a critical submergence velocity -. a stream velocity sufficient to 
cause submergence of an ice floe in front of an ice cover or ice jam. Kivisild (1959), 
Pariset (1966), and Ashton (1974) attempted to determine the rate and extent of upstream 
progression of a forming ice cover, and thus, were dealing with porous pans and floes. 

Kivisild (1959) apparently first used the concept of a critical Froude number, F to 
characterize submergence of ice in a stream. With the observation that F = 0.06 - 0.08 

_ 1 

in large rivers where F = Vc/(gH)"'i he concluded that maximum submergence velocity, 
Vc could be described by Equation 5: 

_ 1 

Vc = 0.08(gH)2" Eq.5 

where: 

H = depth of stream (upstream from the ice) 
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Vc =cross-sectional mean velocity at the point of submergence 

Pariset and Hausser (1961) used Bernoulli's equation, together with the condition that 
water at the front of the cover could not spHl onto the cover, to arrive at an equation 
showing the thickness of ice cover progression. The pressure under the ice blocks was 
computed from the acceleration of the flow into a more narrow channel, a blockage 
effect. Assuming vertical sinking as the mode of submergence, and simplifying, resulted 
in Equation 6: 

or Eq.6 

where F d is a densimetric Froude number at ice submergence, and 

Ashton (1974) developed a force-balance equation based on an ice block underturning, 
with the underturning pressure forces computed from a blockage effect, and with the 
same no-spill condition used by Pariset and Hausser (1961). After simplification, it 
became Equation 7: 

2[I-t~;) 
F d = ------''---------''---

r 5 - 3 [ 1 - I; ) 21 ~ 
Eq.7 

Tatinclaux (1977) attempted to calculate the stability of an ice block after it impacted the 
head of an ice jam. He developed a method for predicting the critical flow submergence 
velocity for ice blocks, utilizing potential and kinetic energy, and laboratory-derived 
(flume study) coefficients. Description of his method is too lengthy to be included here. 

Daly and Axelson (1990) have shown that the no-spill assumption is not precisely correct 
by considering a balance between underturning moments and hydrostatic righting 
moments. The underturning moment was determined by using data from flume studies 
conducted by others. The Froude number was based on average upstream velocity and 
the thickness of the ice. This Froude number was then equated with a Froude number 
describing the limit of rotational stability based on coefficients developed from the 
laboratory data. After rearranging terms, the result is Equation 8: 
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Eq.8 

where Z is a function of tfcelL, and L is ice block length (Daly and Axelson, 1990) 

and a and b are laboratory~derived coefficients: 

a = 0.77 + 2.93(tlceIL) 
a :;::: 1.28 + 0.75(tfceIL) 
b = 3.27 

t;celL ~ 0.234 
tlcelL ~ 0.234 
(constant) 

For the parameters typical of broken ice cover, ticelL < 0.2 and Picel pwater > 0.9, Z is 
roughly 1.0. 

As discussed before, Coutermarsh and McGilvary (1993) measured the pressure 
distribution on the bottom of a simulated ice block in a flume, at various attack angles to 
the flow, and at various thickness-to-depth ratios. Froude numbers were then developed 
to determine block stability based on a static analysis of the righting and underturning 
moments. This is probably the most detailed analysis to date, although still considering 
only static forces. By measuring the underturning moment and comparing to the 
hydrostatic righting moment, the data points in Figure 3.9 were developed, where Fa 

must be less than Fr'" in order to have block stability, and ex is a non~dimensional righting 

coefficient. The conclusions reached were that the critical densimetlic Froude number at 
both t/H=0.10 and 0.13 was roughly 2.35, while the critical Froude number at t/H=0.20 
was 0.96. Additional pressure data on the block at other values of tIH are necessary 
before this technique is fully applicable, because of the need to compute underturning 
moments from pressure measurements. When the data have been collected, however, 
Coutermarsh and McGilvary's technique will have the strongest physical basis of the 
existing submergence criteria. 

An unsuccessful attempt was made to find any tests that may have been conducted to 
verify any of the above methods for real ice jams. (A well-documented ice jam was 
found in the literature and is used to test the above methods later in this section.) In an 
effort to better estimate the pressure changes associated with the nearly instantaneous 
loss of velocity by an ice floe as it is stopped by an obstruction in the channel, the work 
of Leuthesser (1965) was applied to this problem. 

3.2.1.2. New Parametric Relation for Submergence 
The pressures measured around any object are typically expressed as a pressure 
coefficient 
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where 

Eq.9 

P ::local measured pressure 
V =local velocity outside the boundary layer of the block 
Po =ambient pressure in undisturbed flow 
Vo ::::approach velocity 
p ::::density of the flowing fluid 

This pressure coefficient represents the change in pressure that occurs due to the high 
local acceleration and deceleration of the fluid around the object. The change in the 
cross-sectional mean velocity is not a good indicator of the pressures around the object 
because the effects are local in nature. In fact, the measurement of pressure coefficients 
are normally performed such that the change in mean velocity (blockage effects) are 
insignificant. 

Leuthesser (1965) measured the pressures on a cube that was immersed to varying 
degrees in a turbulent smooth-plate boundary layer. He then calculated the pressure 
coefficient based on Equation 9. Locations of the taps on the cube are shown in Figure 
3.10. The resulting graphs of pressure coefficient are shown in Figures 3.11 and 3.12. 

The pressure coefficients (determined for the cube by Leuthesser) can be used to estimate 
the pressures on an ice block at the leading edge of an ice cover. In a stream where an 
ice block is stopped by an ice cover, the velocity profile just upstream from the ice block 
is as shown in Figure 3.13. This is similar to the case, in Leuthesser's experiments, 
where the boundary-layer thickness to height-of-cube ratio is small (i.e. olh < 0.2). The 
velocity profile just upstream from the cube is illustrated in Figure 3.14. 

Loss of pressure on the bottom of an ice block occurs as a result of separation of the flow 
from the ice block's lower leading corner. This can be compared with the separation 

. which occurs at the top of the cube. This separation occurs because the fluid, as it flows . 
around the comer of either block, has momentum which tends to pull it away from the 
comer, resulting in separation. Therefore, it is the velocity of the fluid in the region of 
the separation surface that is important in comparing the ice block case with the cube. 
The free-stream velocity in Leuthesser's study, then, is comparable to the velocity in the 
upper few feet of flow in the ice block case. Thus, Leuthesser's pressure coefficients on 
the cube can be applied to the ice block, representing a change in pressure even when 
there is no significant change in the mean flow velocity. 

Ap,plying Leuthesser's Data: 
The measured pressure coefficients (where oth < 0.2, shown on Figure 3.11, were 
plotted against location on the cube (Figure 3.10), and then graphically averaged across 
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the top of the cube (Figure 3.15) to estimate the average pressure coefficient (on the top 
of the cube). The resulting av~rage pressure coefficient was found to be: 

C ~a\.e := ~0,60 for the top of the cube, 

The prime on the C PIIV. parameter indicates that blockage effects have not been 
incorporated, 

This pressure coefficient, in combination with the density of water, and the velocity of 
water near the surface, was then applied to Equation 9 to estimate the average pressure 
change on the bottom of an ice block in a deep channel, resulting in Equation 10: 

AP:= C ~(lVePwater V~ 
2 

Eq.lO 

As Leuthesser's data indicates, there was no reattachment of the flow to the test block It 
is assumed here that there is no reattachment of the flow to the bottom of ice blocks. This 
assumption is only possible for fractured ice blocks, and could not be justified for ice 
sheets, where reattachment would likely occur, 

The surface velocity, Vo, must be adjusted to the average stream velocity in order to be 
comparable with the submel'gence velocities calculated by others. Assuming a 
power~law velocity profile, vlV:= (y1H)#; where V is the cross~sectional mean flow 
velocity, Olsen {1973) gives 

where 
and 

Blockage Effects 

.~ := 1 + 1.33Jj 
V 

1 
f =the bottom friction factor s:; 8gn21H'3 
n =Manning's roughness coefficient. 

Eq.ll 

For a large value of tlH (>0.1), blockage effects become important, and Cpa,. must be 
adjusted for the higher velocity created by blockage of the flow. From continuity, the 
adjusted local velocity under the ice block can be estimated as, 

Eq.12 
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where V'is the velocity without adjustment for flow blockage. Therefore, Eq. 9 
becomes 

Eq.l3 

or Eq.14 

where C~ is the pressure component computed without blockage effects. We can 
similarly compute a Cpave with blockage effects as 

If we use the C~a"" value computed from Leuthesser's data, Eq. 15 becomes 

Eq.16 

Finally, an estimated mean pressure drop under the ice block may be computed from 
Eqs.9, 11, and 14 . 

1:;-,.2 r;. 2 2 
AP:= -zpwaterV (1 + 1.33",'1) (1.6(1 - ticelH)- - 1) Eq.17 

Eq. 17 may be equated to the mean buoyancy pressure of the ice block to give a no-spill 
submergence criteria: 

Vc}:;:::; r 2gtice(1 - PfaelPwater) 1 ! Eq. 18a 
(1 + 1.33 JJ)2(1.6(1 - ttaiH) -2 - 1) 

or ~= . g 1 

(1 + 1.33 Jl) r 1.6(1 - ti(J(tIH) -2 - 11'2 
Eq.18b 

where V(J is the clitical cross-sectional mean velocity at which submergence begins. 

Using typical values for f (0.017), Pi(JelPwater (0.92), and g (9.8 mls), Eq. 18 may be 

given in the form 

Vc(mls) := 1.07 ji;; 1 

[1.6(1 - tt(lelH)-Z - 1]2 
Eq.19a 
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- 1.94 Jttoe 
or Vcifps) = J r 1.6(1 - t(oelH) -2 - 112 
where blockage effects are included. 

Neglecting blockage effects is the same as assuming that ticelH = O. 
Equation 18 becomes 

F - 1.83 d- . 
1 + 1.33Jj 

Eq.19b 

In this case, 

Eq.20 

Again using the typical values for f, PicelPwater, and g given above, the critical 

cross-sectional mean velocity becomes 

or 
Vc(mls) = 1.38Jtiae(m) 

Voifps) = 2.5 Jtiae(jeet) 

Eq.21a 

Eq.21b 

It should be noted that Equations 18 and 20 are based on a number of approximations. 
With the variability of depth, velocity, roughness, etc, from stream to stream, and the 
variability of shape, length, and contact point orientation between ice blocks, however, 
these approximations are necessary in order to reach a simple relationship between ice 
thickness and submergence velocity. Based on the physics of the submergence process, 
ice thickness and near-surface water velocities appear to be the most important factors. 

Figure 3.16 shows the relationship between thickness of the ice block and submergence 
velocity (as calculated by Eqs. 19 and 21) assuming that the ice block and the ice cover 
have the same thickness, and based on a 6-meter deep upstream channel. When 
neglecting blockage effect~, the estimated submergence velocities are higher than those 
calculated using the methods of Kivisild (1959), Pariset and Hausser (1961), and Ashton 
(1974), Tatinclaux (1977), and Daly and Axelson (1990). Including blockage effects, 
this method produces a submergence velocity similar to those calculated by the equations 
of Pariset and Hausser (1961), Ashton (1974), and Daly and Axelson (1990) with 
t/L=1.0. 

While a 6-meter deep upstream channel is typical of the breakup ice jams discussed, the 
(above described) methods of estimating submergence velocity were also compared, 
based on an upstream channel depth of3-meters. As shown in Figure 3.17, the blockage 
effect would be expected to cause a reversal in the trend toward larger submergence 
velocities for thicker ice in shallow (high tlH ratio) channels. This trend reversal appears 
to be shown in the data of Coutermarsh and McGilvary (1993), which indicates a sharp 
drop in Va between tlH = 0.13 and 0.2. Although Coutermarsh and McGilvary's data are 
the most detailed to date, additional data are probably necessary to verify this trend. One 
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important consideration is that all of their data were collected using a block with Llt=8, 
and with only two tlH ratios. While L/t=8 is a typical ratio for some ice jams, it is not 
typical for jams involving ice that is 0.6 meters or more in thickness. In those cases, 
based on observations in this study, the ice is usually fractured into pieces that are about 
3 meters in length maximum. Consequently, these data may not be representative of ice 
blocks of greater thicknesses. 

The Relevance of Blockage in Ice Submergence 
The importance of blockage in ice submergence is dependent upon the width of the ice 
block (relative to the channel width). In laboratory flume studies, the 
block~width/channel~width ratio is fairly close to 1, and blockage effects on ice block 
submergence should be significant. The acceleration of the cross~sectional mean velocity 
will be impOliant, reducing the cross-sectional mean pressure. 

In a river, however, the authors believe that these blockage effects are not significant. A 
plan view of an ice cover with submergence occurring is illustrated in Figure 3.18. The 
leading edge of the ice cover tends to follow a half-oval shape. An ice block that is to be 
submerged covers only a small portion of the river width, and blockage by a single ice 
block would be insignificant. Blockage by the entire ice cover would normally become 
impOliant only as the flow submerges under the cover. Thus, the authors believe that, 
while there would be local acceleration effects on the ice block pressure distribution, the 
cross-sectional mean velocity would not increase significantly from the blockage of a 
single ice block. For this reason, it is believed that Equation 21, which does not 
incorporate a blockage effect, is a more realistic criteria for ice block submergence that 
Equation 19. 

Field Verification 
An attempt was made to discover any field work that could test the above methods. The 
only applicable information that could be found was contained in the measurements of an 
actual ice jam which froze in place, allowing detailed measurements as documented by 
Beltaos (1988). The upstream-most 1.4 kilometers of the jam was an accumulation of 
surface ice (i.e. a single-layer ice jam.) The leading edge of the jam was stable, not 
submerging, with ice floes 0.2-003 meters thick, and with an average velocity of up to 
0.68 meters per second. Upstream channel depth was 6 meters. These data were inserted 
into Figure 3.16 for comparison with the theories. 

Figure 3.16 indicates that most previous methods of calculating submergence velocity 
predict submergence of all of the ice, even the thickest ice, in the highest-velocity 
section. In actuality, however, an ice cover did form (i.e. some, and possibly all, of the 
blocks did not submerge). This means that, even in the highes~velocity section, the ttue 
submergence velocity was higher than the actual stream velQcities, at least for the larger 
ice blocks. Based on this comparison, it can be concluded that most previous methods 
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underestimate submergence velocity under the real breakup ice jam conditions reported 
by Beltaos. 

The method presented here, (Le. Equation 21) predicts submergence of only the thinnest 
ice, in only the highest-velocity region when neglecting the blockage effect; thus it 
predicts the formation of an ice cover. Since an ice cover did form, it appears that this 
method more accurately describes true submergence velocity than most previous 
methods, at least in the case described by Beltaos. Based on Beltaos data, Equation 21 
more accurately predicts the formation of an ice cover than Equation 19, which includes 
blockage effects. It was hypothesized above that blockage effects are not as important in 
natural rivers as they are in laboratory flumes. Since river channels are much wider than 
an individual ice block, and water blocked by an individual ice block does not cause a 
proportionate increase in velocity directly under the block. It is therefore concluded that, 
for relatively wide channels, the blockage effect is not important and Equations 20 and 
21 are applicable. 

No other submergence data could be found in the literature to compare with the curves in 
Figure 3.17. Thus, the various methods can not be evaluated for the case of the 3-meter 
deep channel (as they could for a 6~meter deep channel). 

In summary, Equations 20 and 21 provide a simple method for estimating submergence 
velocities, relying solely on the thickness of the ice blocks. It appears to be the best 
predictor of submergence velocity in the real ice jam case documented by Beltaos (1988). 
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3.2.2. Collapse Thickened Ice Jams 
Thickened ice jams can also occur when the shear forces on the under-side of an ice cover 
accumulate (in the downstream direction) to the point that the cover becomes structurally 
unstable, and then begins to collapse, thicken and shove downstream. Shoving will cause 
an ice block to ride on top of, or under, the ice in front of it, thereby thickening the cover, 
and blocking a part of the flow area under the cover. Such an ice jam is herein termed a 
Collapse Thickened Ice Jam. 

Several investigators have mathematically described the forces associated with the 
equilibrium section of a collapse thickened ice jam (e.g., Pariset et al. 1966, Uzuner and 
Kennedy 1976, Calkins 1983, Beltaos 1983). These investigators utilized friction 
coefficients ofice to ice, ice to channel banks, and a cohesion factor between ice blocks to 
develop relationships between ice and river parameters and the equilibrium ice jam 
thickness. The resulting equations were similar to those resulting from analyses done on 
forces in grain bins, or stresses in granular soil under a foundation load. 

This section, instead, focuses on the transition conditions, wherein a single-layer ice jam 
becomes transformed into a collapse thickened ice jam. These transition conditions are 
important because, without them, it is not possible to know when and where a single-layer 
ice jam will begin thickening. It is theorized here that the equilibrium analyses noted 
above do not apply to a single layer of ice, because friction between ice blocks is not the 
determining factor. Instead, the individual ice blocks are mechanically supported through 
contact points with other blocks, and can be considered to be totally confined in the lateral 
direction (up to the point that shoving occurs). While a single-layer ice jam acts like an 
accumulation of incompressible blocks, the grain in a grain bin, or soil in the ground acts 
more like a compressible material, compacting under force. The ice cover could be 
likened to a layer of granite blocks unQer force and confined laterally. Forces within the 
accumulation are transmitted through small points of contact, and can be analyzed through 
statics. 

Up to the point of transition (from a single-layer ice jam to a collapse thickened ice jam), 
the ice is not moving with respect to the channel sides. Consequently the stresses within 
the individual ice blocks transmitting the forces are being carried as though the ice is 
totally confined, through angular contact points between individual blocks (i.e. 
geometrically-controlled transmission). 

Friction acts at the interface between ice blocks and the channel banks. According to 
Hough (1969), for granular materials such as sand and gravel, the internal angle of friction 
cf> varies from 30 to 42 degrees: 
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It should be noted, that for blocks against blocks, ¢ could be much larger. 

In previous work (pariset and Hausser 1961, Beltaos 1988, Ettema and Urroz 1989), it 
was assumed that a friction coefficient applied at the ice-bank interface. Instead, it 
sometimes occurs that shear planes develop in the ice on both sides of the channel such 
that slippage is along the relatively smooth planes, with ice contacting ice (Ettema, 1990). 
Such a slippage plane is visible in the ice cover shown in Figure 2.3. In breakup ice jams, 
slippage planes are unusual, and it could be assumed, that when ice blocks are in intimate 
contact with sand and gravel, slippage is a result of the slippage of the sand and gravel 
against itself. In that case, the internal angle of friction of the bank materials would 
determine the friction that could develop between the ice and the banks. 

The maximum friction that could be developed between the ice and the banks can be 
described by the equation: 

R =Np. Eq.22 

where R ;::the resisting friction force 
N =the normal force against the channel bank 
p. :=the coefficient of friction between the channel bank and the ice. 

and 
Jlr = tan¢ Eq.23 

It should be noted, that the normal force is ordinarily a combination of the horizontal force 
applied to the ice by the current, the streamwise weight of the jam ice, and the weight of 
the ice on the ground where it is grounded. There is no way of knowing how much effect 
the weight of the ice (shoved up on the banks) would have from one ice jam to another. If 
the median value for ¢ is assumed, (Le. ¢ ;:;:=36°), then 

p. = tan36° = 0.73 

If the ice blocks are assumed to act as uniform disks with only point contacts (to distribute 
the stresses), we find that an applied stress in the ice cover is transmitted toward the banks 
at 30 degrees from the channel alignment (see Figure 3.19). If the ice blocks were not so 
neatly arranged, and not the same size and shape, the angle of transmission would vary 
through the broken ice cover. However, the mean angle of transmission would, because 
of the randomness of the ice block size and shape, still be close to 30 degrees. 

At an angle of30 degrees, the normal force at the bank N can be calculated: 

N = Ftan 30° = O.S8F Eq.24 
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and the shear force resistance that could be carried by the banks is: 

R ;::: Np. ;::: 0.58Fp. ;::: 0.42F Eq.25 

Thus~ we find that the shear force that could be carried by the banks is calculated to be 
approximately 42 percent of the longitudinal force at the banks. 

3.2.2.1. Development of l~D Stress Model 
To get a general understanding of the theoretical stress in a non-broken ice cover, a 
one-dimensional stress model was developed for a stream channel. If we define: 

T = shear stress load per unit area (i.e. N/m2) 
b = width of channel (i.e. m) 
F T = total accumulated longitudinal force in the ice 0. e. N) 
N ;::: F rtan 30° ;::: normal force on the channel banks per unit length (Le. N) 
x = distance downstream from open-water 

Then, by balancing the forces along the channel axis, (neglecting the streamwise 
component of ice weight): 

2Np.dx _ Tbdx + dFT dx = 0 
b dx 

This force balance is shown schematically in Figure 3.20. 

Dividing by Tbdx gives: 

Now, assigning the dimensionless variables: 
" FT FT =-

A X x=-
b 

Tb 2 

Equation 27 becomes 

54 

Eq.26 

Eq.27 



i b;;1 
f 

, '1bdx NfJdx t t NfJdx dx 
b -b ! 

FtdFT 
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Eq.28 

Substituting N = FTtan300 = FT/ j3. 

" " 2JlF T _ 1 + dF T = 0 
J3 ax 

Eq.29 

Rearranging terms and integrating: 

" J3 [ .::3ci ) FT = 2p, 1 - e J3 Eq.30 

Returning to original terms: 

Eq.31 

Equation 31 estimates the accumulation of total axial force in the ice cover at any distance 
downstream from the open-water edge (i.e. N) based on the I-D model. There are three ,.. 
dimensionless parameters that are important in Eqs. 30 and 31: FT = FT/(1'b2) , x = x/b, 

and It. The value of JL chosen here is p, = tan 36° ::= 0.73. The range of JL noted in the 

literature is between tan300 and tan 42° , or:p, :=; 0.58 to 0.90. The :tnaJrimum value of 

FT inEq. 31 would vary by an average of ±22% with these extremes. 

3.2.2.2. Development of 2-D Disk Model 
In reality. stresses applied to ice in a river are not transmitted to the channel banks until 
some distance downstream. To estimate the actual stress distribution ina broken ice 
cover. a computational model was developed in a spread-sheet code. The model 
simulated identically sized and shaped two-dimensional disks. nested as shown in Figure 
3.19. The shear force of the water flow on each disk is represented as 1 unit shear stress 
force per disk. The model then calculates (disk-by-disk) accumulated forces in the 
downstream direction from the (upstream) open water edge of the cover. 

Thus, the resistive force required by the solid ice cover. downstream of the broken ice 
cover for the example given in Figure 3.19, would be 5.0 e1'e(area of each block), where 
T is the shear stress of the water flow on the broken ice cover per unit area. The 
computations are for a straight channel reach, where longitudinal force is reduced bychear 
force at the channel banks. 
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It should be noted, that the forces in the model are per unit area, while frictional force is 
withdrawn from the model only in every second row of disks. In order to correct the rate 
of friction force withdrawn from the model, the unit frictional force (at each withdrawal 
point) must be multiplied by the bank length (in unit lengths against which it is applied. 
Thus, in the computational model, a correction factor (1.73) is multiplied by the friction 
force (as calculated by Equation 25) to correct for the length of the bank between 
frictional force absorption points. 

It should also be noted that this model does not include rotational forces, which (if used) 
would require solution through a more complex iteration process. However, with all of 
the assumptions and simplifications made in creating the 2~D disk model, the additional 
level of detail (as provided by addition of rotational forces to the disk model) would not 
be expected to significantly improve the accuracy of the 2~D model in simulating forces in 
a real ice cover. 

The accumulated stress in the ice cover (at various distances from the center of the 
channel) was then plotted against the distance downstream (in channel widths) from the 
open water edge. This plot is shown in Figure 3.21. It is interesting to note (in Figure 
3.21) that stresses do not vary greatly across an ice cover, except near the channel banks. 
This observation will later be applied in estimating the transition point, from a surface ice 
jam to a collapse thickened ice jam. Another interesting point of Figure 3.21 is that, 
beyond roughly 5 channel widths in a broken ice cover, virtually all ofthe additional force 
is taken by the channel banks for a straight river reach. 

In a channel with significant curvature, most of the stress forces would be immediately 
absorbed by the river banks, and stress accumulation (building up to any downstream 
point in the channel) would begin at the farthest point upstream that a straight line would 
reach in the channel. 

3.2.2.3. Comparison of the 2-D Model with the 1-D Model 
The total stress calculated using the one~dimensional theoretical model can be compared 
with the sum of the stresses (total stress) in the ice cover as modeled by the 
two~dimensional disk model. A comparison of the results, as shown in Figure 3.22, 
demonstrates that the 1~D model and the 2~D disk model give similar results, although the 
1 ~D model estimates lower stresses in the cover. This is because, at any point along the 
channel length, the one .. dimensional model removes 0.42 of the stress in the channel at 
that location. 

In reality, mechanics dictate that the stress in the channel at any location is not transmitted 
outward to the channel banks until some distance downstream. The 2-D disk model 
simulates the mechanics which result in this lag distance, where the forces must be 
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transmitted to the banks before they are removed. This does not occur for the center disk 
until a distance equal to 0.86b downstream. Consequently the stress in the channel, as 
estimated by the 2~D model, would be expected to be larger, and more representative of 
real ice floes than that calculated by the 1 ~D model. This comparison demonstrates that 
the 2~D disk model generates results which seem plausible based on the l~D theory, and 
which are probably more accurate than the 1 ~D model. 

3.2.2.4. Fitting an Equation to 2-D Model Results 
The transition from a single-layer ice jam to a collapse thickened ice jam can take place 
only if the stresses in the ice exceed a stability thresbhold. To describe mathematically the 
accumulation of stress in the channel, a curve was visually fit to the total stress in the 
channel, as calculated by the 2~ D disk model. The result of this fitting is graphed in Figure 
3.23, and resulted in Equations 32a and 32b: 

Eq.32a 

or Eq.32b 

where b=10 disk lengths in the disk model. Note the similarity between Eq. 32b and 31, 
which was developed from a one-dimensional theory. . 

The transition between Equation 32a and Equation 32b can best be understood through an 
application. If we have two channels 10m and 100 m in width, with identical broken ice 
buildup in the channels, the second channel would have accumulated forces that are 10 
times the first channel because more "disks" are contributing to the accumulation of stress 
forces. In addition, the total accumulated force sums the forces across the channel, so that 
we are summing across 1 0 times more disks in the second channel. Thus, the total 
accumulated force in the second channel would be 1 00 times that in the first channel, 
proportional to bZ• 

As shown in Figure 3.23, which compares the results of the disk model with Equation 32, 
the equation is a reasonable approximation of the 2~D disk model. The average stress per 
foot width of the channel can be calculated by dividing Equation 32b by the width. Then 
to estimate the average stress in any channel per unit width (in N/m or lb/ft), the result 
must be multiplied by the actual shear stress and channel width: 

Eq.33 

3.2.2.5. Calculation of Stresses in a Channel 
To apply Equation 33 to any particular ice cover, one must know the unit shear stress 
applied by the moving water to the under-side of the ice cover. For calculation purposes, 
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it is assumed that the stress is equally applied, both transversely and longitudinally, along 
the channel (i.e. r is uniform) ... an important assumption. 

The shear stress 7 applied by moving water to an object can be calculated by the following 
relationship for fully rough flow: 

- (V)2 Pwaterf(V )2 
T - pwate,.Cw - U = -8- - u Eq.34 

where: T = shear stress per unit area 

v = velocity of water 

u = velocity of object 

where: Cw = dimensionless drag coefficient 

f = Darcy~ Weisbach friction factor of the ice. 

SimplifYing Equation 34 under the condition of non~moving ice (u ;:= 0) in a channel of 

uniform velocity, and assuming water temperature is at 0° C, 

where 

Example: 

Given: 

r = 125JV2 

T = shear stress in N/m2 

v = water velocity in mls. 

channel width 
Water velocity 
Flow depth 
Water surface slope 
Friction factor 

w = 317 meters 
V = 0.6 mls 
1) = 5.5 meters 
S = 0.00012 
f= 0.044 

Required: Calculate stress in broken ice cover 1384 meters downstream. 

Calculation: 

first applying Eq. 35: 7 = 125(0.044)(0.6)2 = 1.98 N/m2 (total) 
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second, calculate distance downstream in channel widths: 

1384m = 4 37 
317m . 

or: x;::;: 4.37 (location downstream in channel widths) 

third: Apply Equation 33: 

Fave = 1.9(1.98)(317)(1 ~ e-(O.67)(4.37» = 1190 N/m width 

An average longitudinal pressure, P L, may be computed by dividing F ave by the ice 

thickness: 

If the above ice cover were 0.3 meters thick, then the average longitudinal pressure in the 
ice would be 4000 N/m2, If the ice was 0.6 meters thick, the average longitudinal pressure 
in the ice would be 2000 N/m2• This compares with the compressive strength of ice (at 
OOC), which varies from about 210,000 - 12,000,000 N/m2, with average values of about 
700,000 N/m2 under (long-term) ice jam conditions (Ashton, 1986). This indicates that 
compression failure of the ice itself is likely not a usual cause of ice cover shoving and 
collapse. 

3.2.2.6. Development of Stability Coefficient 
As longitudinal forces accumulate in the downstream direction, an instability may be 
reached eventually, where shoving can occur. Factors which would be expected to 
determine the stability of the cover (under a specific force) are ice thickness, ice strength 
and the shape of the ice contact points. 

Ice strength and the shape of the ice contact points are important when compression 
failure of the ice could result in shoving. Since the compression strength of solid ice is 
many times greater than the forces likely to be found in an ice jam, it can be assumed that 
compression of ice is not the predominant mode of failure and shoving. What remains, 
then, is shoving which results from instability of the ice blocks in the vertical direction, i.e. 
the balance maintained between gravity and buoyancy. 

It seems reasonable that the stability of this balance (between gravity and buoyancy) is 
directly related to ice block size. Ice thickness would seem to be the best indication of 
stability, since for shoving to occur, buoyancy must be overcome in one block or another. 
If the stability of a broken ice cover is directly related to its thickness, then ice covers of 
different thicknesses have different abilities to remain stable under any specific force. It 
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therefore is assumed that the ability of the broken ice cover to resist shoving is directly 
related to its thickness. (It should be noted that this discussion deals with a single-layer 
ice jam~ not a thickened ice jam, i.e. the ice blocks are in contact only at their edges~ and 
there has not yet been any slipping or over-riding.) 

Figure 3.24 illustrates this concept, where two broken ice covers have different 
thicknesses. The first cover, with thickness tl can resist a vertical force f,. which results 
from an average longitudinal force (per unit width) F avet. The second cover, with a 
thickness 2tl can resist a vertical force 2f,. which results from an average longitudinal force 
(per unit width) 2Fave1 . Then a stability coefficient could be determined, which predicts 
stability or instability from one cover to another, based on ice cover thickness and average 
force Fave' 

Data which relate ice thickness to ice stability are not available in the literature. The ice 
jam documented by Beltaos (1988), however, can be analyzed to get two data points 
relating thickness to stability. 

In Beltaos' ice jam, there were two long straight reaches (longer than 6 channel widths), 
which had different ice jam characteristics. Since both reaches exceeded 6 channel widths 
in length, it can be assumed that, at the downstream end of each reach, stresses had 
accumulated to the maximum extent possible based on the theoretical stress accumulation 
curves in Figure 3.22. The upper-most reach was a single-layer ice jam, while the 
downstream reach was a somewhat thickened jam (approximately 2 ice-block 
thicknesses). Assuming that the ice qualities (ice strength, roughness--i.e. drag coefficient, 
shape, and density) of the two sections were similar, stability coefficients can be estimated 
which describe the combinations of stream velocity, stream width, and ice thickness which 
resulted (or did not result) in shoving. These stability coefficients can then be extrapolated 
to other ice jams, if similar ice qualities are assumed. 

Combining Eq. 33 and 35 results in: 

Fave = 238jbcP(1 - e-O.67x) N/m width Eq.36. 

Now, assuming that there is a stability coefficient which, multiplied by ice thickness as 
illustrated in Figure 3.24, can define the relative stability of the ice: 

Eq. ~7. 

for a reach with a single layer ice jam. Finally, inserting data from Beltaos' ice jam for the 
upper-most reach (X>6, b=85 meters, U=0.6 mps, t=0.25 meters), together with the 
knowledge that this reach was of single-layer type (i.e. no shoving occured), Equation 37 
can be solved to get a lower boundary on C stab: 
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Eq.38. 

Using the same method on the lower reach (x>6, b=84 meters, U=0.7 mis, t=0.25 
meters), together with the knowledge that in this reach, shoving apparently did occur: 

Combining Equations 38 and 39: 

29, OOOf::;; Cstab S 39,000f N/m2 

(}r 

Eq.39. 

Eq.40a. 

Eq.40b. 

Applying the definition of Cstab in Equation 37 and l' in Equation 3S to Equation 33 
results in Equation 41, which calculates the stability, STAB, at any location: 

S'T'A D _ Fave _ 238flPb(1 - e-O.67x) ( • ) 
U)JJ - - - metoc 

Cstabt 34,000f * t Eq.41a. 

or 

STAB;:::: 0.007tPb(1 - e-O.67x)lt (metric units) Eq.41b. 

STAB;:::: 6.4xl0-4rPb(1 - e-O.fi7x)lt (British units) 

Finally, by applying the velocities, channel widths, and ice thicknesses (as observed by 
Beltaos) to Equation 41b, a criteria for ice stability against shoving is developed. 

STAB::;; 0.87;::::} No shoving or collapse thickening Eq.42a 

STAB ~ 1.13 => Shoving and collapse thickening Eq.42b 

Then, for any specific ice jam location under investigation, the values of velocity, channel 
width, distance downstream from the leading edge of ice (in channel widths), and ice 
thickness are inserted in Equation 41 b, and the result is applied to the criteria in Equation 
42 to determine whether shoving may be expected. 

Then if any computed STAB is less than 0.87, shoving would not be expected at that 
location. Conversely~ if it exceeds 1.13, we would expect a certain amount of shoving. 
Between STAB=0.87 and 1.13 is the unknown. 
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It should be noted that Equations 40 and 41 are based on only two data points (data from 
only one ice jam, and only two reaches). Consequently more data may be required to 
accurately estimate the ranges of the stability coefficient. In additio~ the application of 
Equation 41b assumes that the roughness of all single-layer ice jams, at the moment that 
shoving begins, is the same as the ice jam studied by Beltaos (1988). This theory, 
therefore, does not depend upon the computation of a shear stress. The authors believe 
that the estimation of these shear stresses could introduce far greater errors than assuming 
a similarity between the roughness of Bel taos' ice jam and any other single-layer ice jam. 

3.2.2.7. Example Application of Stability Coefficient 
The case study discussed in Section 4.1, i.e. the Mississippi River ice jam of 1965, is used 
as an example here, to demonstrate the application of the collapse thickened ice jam 
theory presented in this section. 

On April 11, 1965, it is estimated that the following conditions were present: 

ice thickness t = 0.76 m = 2.5 ft 
channel velocity U = 0.49 mls =:: 1.6 fils 
channel width b = 244 m = 800 ft 

Solving Equation 41b in metric units, and assuming the ice cover was long (i.e. longer 
than six channel widths), STAB is calculated to be: 

STAB = 0.007(0.49)2(244)/0.76 = 0.54 

As STAB is less than 0.87 (the minimum value which may indicate instabUity), we would 
predict that no shoving would occur. Based on observations made on that day, the ice 
cover is believed to have been stable, verifYing the prediction capability of the theory. 
Later, at 6:00 a.m. on April 12, 1965, it is estimated that the velocity, D, had increased to 
0.77 mls (2.52 ft/s). 

Solving Equation 41b in British units, and assuming the ice cover was long (i.e. longer 
than six channel widths), STAB is calculated to be: 

STAB = 6.4x10-4(2.52)2(800)/2.5 = 1.30 

As STAB is greater than 1.13 (the maximum stability threshold value), we would predict 
that shoving would occur. At that time of day, a shoving front was observed in the ice 
cover upstream from the Coon Rapids dam. This front continued to move downstream to 
the dam, and then flushed on through, dispersing the single-layer ice jam. As the front 
never became stable, a collapse thickened ice jam never formed. However, the ice cover 
was apparently unstable, verifYing the predictive capability of the theory. 
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4. APPLICATIONS 
Chapter 3 of this report grouped breakup ice jams into three categories: 

Single-layer ice jam: accumulation of floating ice chunks that has not thickened 
beyond one ice layer in thickness, 

Submergence thickened ice jam: a surface ice jam that has thickened through 
the submergence process to block a portion of the flow area, 

Collapse thickened ice jams: a surface ice jam that has thickened through the 
shoving process to block a portion of the flow area. 

Relationships were developed in Chapter 3 to predict the onset of submergence 
thickening and collapse thickening after a single-layer ice jam has formed. The present 
section demonstrates the manner by which the predictive relationships can be applied to 
actual situations to evaluate ice jam potential, or as a forensic engineering technique to 
determine the cause of past ice problems, as a prerequisite to developing mitigative 
measures for future ice jams. Six case studies will be addressed in a forensic engineering 
exercise to detetmine the type of ice jam that occurred at the six locations. 

The first requirement for the formation of an ice jam is the capture of ice as it moves 
downstream during breakup. The most common baniers in a channel that captures ice 
are described in Section lIb. Utilizing this information, it is possible to evaluate 
individual locations to detelmine the existance of such baniers. Such a study may 
include late winter fieldwork to determine locations of ice that is late to go out. Other 
information to be gained from fieldwork are locations along the channel banks where 
trees are scarred (indicating ice jam locations and elevations). The study also should 
include the hydraulic capacity of btidges (compared with anticipated spling discharges 
and stages) and the existance of abrupt bends at the end of long straight channel sections. 

If any of the tests result in conditions that are favorable for ice capture, stream velocity 
should be evaluated to detetmine if it will be adequate to cause submergence of ice at the 
leading edge of the cover (as detennined using Equation 21), and applied to an 
appropriate ice thickness. If velocities are likely to cause submergence, the ice can be 
expected to go downstream until velocities are reduced. Such a reduced-velocity reach 
could support a submergence thickened ice jam. If anticipated velocities are not high 
enough to cause submergence, a surface ice jam could form at that location. 

In addition, Equation 39 can be used to tentatively evaluate the jam for possible 
formation of a collapse thickened ice jam for a relatively straight channel. If calculations 
indicate that thickening is likely, the thickness to be achieved by such a blockage ice jam 
can be estimated by anyone of several methods (in the literatul'e) developed to estimate 
equilibrium thickness of ice jams (Uzuner and Kennedy (1976), Beltaos (1983)). The 
documentation of the individual applications is given in British units. Therefore the 
British unit form of Eq. 21 and 41 will be applied. 
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4.1 CASE STUDY: Mississippi River at Coon Rapids Dam, April 12, 1965 
4.1.1. INTRODUCTION 

On April 12, 1965, an ice jam occurred on the Mississippi River above the Coon Rapids 
dam, causing flooding in Anoka, MN. In places, this flooding was of greater stage than 
that caused by the record 1965 (open-water) discharge which occurred five days later. It 
is not known whether a surface jam, a submergence blockage ice jam, or a compression 
blockage ice jam occun'ed. To compare the l'ecorded data with ice jam theory, the ice 
jam was reenacted through computer simulation. 

Evidence of the ice jam include the river stage records collected at the Anoka-Champlin 
Bridge, and peak flooding elevations observed along the river in Anoka which show a 
flat river profile Johnson (1966). Figures 4.1.1 and 4.1.2 (obtained from Johnson, 1966) 
show the stage changes at the bridge, and the river profile through Anoka during the ice 
jam. 

Figure 4.1.1 shows a stage peak at an elevation of 843.65 feet at 9:45 AM on April 12, 
followed by a rapid (less than 1 day) drop in stage to approximately 837.9, and then a 
gradual rise up to the record run-off peak. of 843.35 in April 17. The first sharp peak is 
due to the ice jam. 

Figure 4.1.2 shows peak flood elevations along the river in Anoka during the ice jam. 
These elevations, with the exception of the elevation at the Anoka-Champlin Bridge, 
were determined after-the-fact by finding physical evidence of flooding on the ground 
after the peak had passed, and then measuring the elevations at those locations. The 
elevation at the Bridge was measured first hand, during the event. 

Descriptions of the flood event indicate that there was an in-place ice sheet located on the 
upstream side of the dam. Approximately 1/2 mile upstream of the dam, the ice sheet 
became fractured. Further upstream was, presumably, the ice-capture area. We do not 
know· how far upstream from the dam the fractured ice cover ended and open water 
began. A location map is shown in Figure 4.1.3. 

To simulate the water surface profile during the ice jam in the reach between the Coon 
Rapids Dam and the Anoka-Champlin Bridge, the following information was compiled: 

1. Channel geometry 
2. Channel roughness (Manning's In' for channel) 
3. Water surface elevations (profile) of the ice jam 
4. Discharge through the reach 
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Also, to simulate water surface profiles on ice-covered streams, HEC-2 requires the input 
of the following additional items: 

5. Ice Roughness (Manning's 'n' for the underside of the ice) 
6. Ice Thickness (or thickness of the ice accumulation) 
7. Location of ice cover 

These three items were varied in the modeling process in an attempt to simulate the 
resulting flood stages known to exist at the time of the event. 

4.1.2 AVAILABLE DATA 
4.1.2.1 Channel Geometry 

USGS Quad maps (scale 1"::::::2000') were used to determine cross-section width at 
1000-foot intervals. Field data collected with sonar in 1988, in combination with USGS 
topo information, was used in preparing the channel cross-sections used in modeling the 
reach from the Coon Rapids Dam to the Anoka-Champlin Bridge under vruious flow 
conditions. 

4.1.2.2 Channel Roughness 

The channel roughness (Manning's 'n') was estimated through application ofHEC-2 with 
no ice cover, a known (downstream) discharge and a ,corresponding stage at the 
Champlin bridge. Using a discharge of 91,000 cfs, it was determined that n=0.0215 with 
the stage reaching 843.65 at the Blidge. This value was rounded off to 0.022 when 
modeling the lower discharges. 

4.1.2.3 Water Surface Elevations at Ice Jam Location 

Stage measurements over time were made at the Anoka-Champlin Bridge, and at the 
Coon Rapids Dam, but not in the areas between. Figure 4.1.4 shows the stage 
measurements taken at the Bridge during the ice jam event by several different observers 
using several different gages. The original data is shown in Appendix B on sheets 
labeled lA, 1B, 2, 3, 4, and 5 Figure 4.1.4 is a plot of all of the data, corrected to USGS 
1929 (Adjusted) Datum, with the discharge. In addition, on the timeline are several 
events noted in the original City notes about the ice going out on the Crow River 
upstream from Anoka. 
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No published data could be found which documented flood elevations downstream from 
Anoka. When it was detelmined that these elevations were important to analyze the jce 
jam, a door~to~door survey was conducted to find someone who was living by the river 
between Anoka and the Coon Rapids Dam at the time of the ice jam, and who knew what 
the approximate level of flooding was. Mrs. Clara Butlel' (Butler, 1989) was able to 
estimate the maximum flood level reached in her back lawn from memory. She indicated 
that her offspring have pictures taken at the time. The location of flooding was then 
verified with a neighbor who had seen the aforementioned pictures, and estimated the 
flood level near that indicated by Mrs. Butler, although somewhat lower than her 
estimate (based on having viewed the pictures). Mrs. Butler's home is located 
approximately 12,500 feet upstream from the Coon Rapids Dam, and the level of 
maximum flooding at that point, as estimated by Mrs. Butler, corresponds to an elevation 
of approximately 839 feet. 

4.1.2.4 Discharge through the Reach 

In addition to stage information shown on Figures 4.1.1 and 4.1.2, discharge data in the 
Mississippi River during the period was collected by a gaging station located 
approximately 1~1/2 miles downstream from the Coon Rapids Dam, about 7 miles 
downstream of the Anoka-Champlin bridge. 

On the day of the ice jam, the average discharge in the river was 38,200 cfs at the gaging 
station. As discharges were increasing steadily throughout the occurrence of the ice jam, 
it is estimated that the noon discharge was approximately equal to the average discharge 
for the day, 38,200 cfs. 

As the discharge was changing during the time of the ice jam, it is important to estimate 
the travel time between the bridge and the gaging station where discharge measurements 
were made. From a USGS map, it was determined that the river channel width between 
the gaging station and the Anoka~Champlin Bridge is approximately 800 feet wide, 
Using an average depth of 12.38 feet (the gage height corresponding to 45,800 cfs on 
April 12), a width of 800 feet, a discharge of 45,800 cfs, and a distance of 6.5 miles, the 
travel time from the Anoka~Champlin Bridge to the gaging station can be calculated to be 
approximately 2.1 hours. 

The peak stage at the bridge occun'ed at 9:45 am, 2:25 hours before the discharge is 
estimated to be 38,200 cfs at the gaging station. Neglecting the change in discharge that 
may have occurred between the Bridge and the gaging station (i.e .. assuming the Rum 
River enters above the bridge instead of just below it, and othel' discharges in that reach 
are negligible), the discharge at the bridge at the time of peak stage can be estimated at 
38,200 cfs. 
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4.1.2.5 Ice roughness 

Manning's In' for an ice cover has been studied by several researchers. Shen, et al. (1986) 
modeled the changing In' during the winter, and found that just prior to breakup, ripples 
develop under the ice, increasing the In' value. In the St. Lawrence River, the upper limit 
for 'n' was found to be approximately 0.03. Typically, values at the time of breakup 
range from 0.01 to 0.15 (Shen, et a1. 1986). 

The value of Manning's "n" for ice jams ranges from 0.04 to 0.15, with the higher 
numbers found closer to the front (toe) of the ice jam, and the smaller numbers found at 
the upstream accumulation area. Composite roughness values to use for ice jam analysis 
are typically in the range of 0.04 to 0.10 (Shen, et.al. 1986) 

4.1.2.6 Ice thickness 

During the winter of 1965, the Coon Rapids Dam reservoir was kept full, to facilitate 
hydroelectric power production. With discharges in the river between 3000~3500 cfs, a 
thick ice cover (similar to that found on a lake) was likely to have formed. Lakes in this 
part of Minnesota form an ice cover between 36-40 inches thick in a normal winter. 
Consequently it could be expected that much of the ice found in the reservoir just prior to 
breakup could have been about the same thickness. 

This estimate is somewhat verified by the fact that in the winter of 1988-1989 (during 
which, the reservoir was maintained at a level 7-8 feet lower than in the winter of 1965) 
ice formed at the sides of the reservoir reached over 30 inches in thickness even though 
the center channel opened up several times during the winter. Observations of the ice in 
the reservoir at the time of breakup noted that the ice was 2~3 feet thick, and deep blue in 
color (i.e .. not noticeably deteriorated) For purposes of this analysis, it was assumed that 
the ice was 33 inches (2.8 feet) thick. 

4.1.2.7 Location of ice cover 

As previously described, the toe of the ice accumulation was against the Coon Rapids 
dam. The ice extended upstream from there, past Mrs. Clara Butler's home. The 
upstream end of the accumulation was somewhere between Mrs. Butler's home and the 
Champlin bridge. 

4.1.3 HEC-2 MODELING 

The purpose of the HEC-2 modeling was to simulate the conditions before, during, and 
after the ice jam event. All simulations included here were based on variations of the 
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previously-described HEC-2 model, calibrated by the peak runoff event in 1965. By 
changing the discharge in the HEC-2 input data file to the discharge known to exist at 
different times~ along with the corresponding ice conditions, the model can simulate 
water surface profile conditions known to exist before, during, and after the ice jam. 

First, the channel roughness was determined, based on the known flood level at the 
Champlin Bridge at the time of the peak discharge. Then the other conditions for which 
we have data were simulated. Finally, the ice cover conditions were simulated, based on 
assumed ice cover (upstream) extents and roughness. These assumptions were necessary 
because there were no reported observations of the (upstream) extent of the ice cover. 

4.1.3.1 Simulation of Peak Open-Water Discharge Flood 

The peak open-water discharge of 91,000 cfs was reached on April 17, five days after the 
ice jam peak. Simulation of the resulting stage profile resulted in calibration of the 
channel roughness coefficient (n=0.022). This profile is shown in Figure 4.1.5 

4.1.3.2 Simulation of Open-Water Discharge After Ice Jam 

About 6 hours after the peak ice jam stage, the ice was gone, and the discharge had 
increased to 42,500 cfs, while the stage had dropped about 6 feet. Figure 4.1.6 shows the 
simulation of open-water conditions with a dischal'ge of 42,500 cfs, together with data 
points at the dam and bridge. The simulated elevation at the Bridge fairly well represents 
the actual (measured) elevation. Consequently it can be assumed that the model does a 
fairly accurate job of modeling open-water profiles in this stretch of the river, at least 
between the stages already modeled. 

Having calibrated and verified the model for open water flow, the ice parameters were 
added. It is known that there was an in-place, intact ice cover just upstream of the dam 
until shortly before the ice jam collapsed and disappeared downstream. Upstream of the 
intact ice cover was the ice jam, comprised of a floating accumulation of ice chunks. 
There is no information on the thickness of the accumulation, roughness of the 
accumulation, or the upstream extent of the ice cover (how far upstream the ice cover 
extended). 

4.1.3.3 Simulation of Large Thickened Ice Jam at Fractured Ice Front 

Reports indicated that a moving ice jam was located 3/4 mile upstream of the Dam at 
6:00 am on April 12, 3-314 hours before the peak ice jam stage was reached in Anoka. 
Based on the descriptions, it was a breaking front, where ice was shoving and pushing 
and collapsing. It never reached an equilibrium state (where it could sustain the forces 
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exerted on it by the water), so eventually the moving front reached the dam and was 
flushed through. This moving front was <;1escribed as about 15 feet in height, and holding 
10 feet of water behind it (Guo, et al., 1989). 

In simulating this moving front of ice, it was assumed that the thickened moving front 
was still in place 3-3/4 hours later, at 9:45 a.m. on April 12. It was also assumed that the 
accumulation of ice was 15 feet thick, and extended upstream from 3.00.0 feet upstream of 
the Dam to 5000 feet upstream from the Dam, with Manning's n=0 . .o7. Upstream of the 
ice jam, it was assumed that ice was only one layer (2.8 feet) thick, and it extended 
another 2.000 feet upstream with an In' value of .040. 

It can be seen from the profile shown in Figure 4.1.7, that the water level in this 
simulation rises exactly 1.0 feet between the beginning and the end of the 'ice jam'. The 
water surface rises another .0.54 feet before the fractured ice cover ends and open water 
begins. From that point, to the Bridge located about 22,00.0 feet upstream, the profile is 
quite flat, only rising 0.84 feet. 

This profile corresponds fairly well with the flood profile measured in Anoka and shown 
in Figure 4.1.2. The problem with this profile is that, between Station 12 and Station 13 
(where Mrs. Butler lives), the stage would have been about 4 feet higher than it actually 
was. If this had been the profile, the Butler's home would have been flood-damaged, 
while in actuality, there was about 3 feet of freeboard. 

What this shows is that the eyewitness accounts of the size of the ice accumulation were 
probably exaggerated. The blockage and frictional effects of the breaking front were 
probably small in relation to the frictional effect of the fractured ice accumulation 
upstream. Consequently the probability of a large thickened ice jam can be discounted, 
and instead, it can be assumed that the flooding in Anoka resulted mainly from frictional 
resistance of the ice accumulation over a long distance, and possibly to a lesser extent 
from a thickened ice jam. 

4.1.3.4 Simulation of Single-Layer Ice Jam From the Dam to Bridge 

To find a lower limit for fractured ice cover roughness in the reach, a fractured ice cover 
was simulated, from the in-place ice sheet by the dam, all the way to the bridge. (It 
should be noted that, based on observations, the ice accumulation never did extend all the 
way to the bridge.) The value "n" was varied until the model simulated the flood level at 
both the dam and the bridge. This limit was found to be n=0.03. 

The calculated profile shown in Figure 4.1.8 is lower than the actual profile of flooding 
(through most of Anoka) shown in Figure 4.1.2. At the south edge of the City, measured 
flood levels were about 843.5, whereas this simulation calculates a flood elevation of 
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about 841. Also, this profile shows an elevation at Mrs. Butler's home of 837.5, about 
1.5 feet lower than it is known to have been. Based on this information it appears that 
the fractured ice cover had a higher roughness coefficient than 0.03, and the ice did not 
extend all the way to the Bridge, 

4.1.3.5 Simulation of Single-Layer Ice Jam Upstream from the Dam 

Based on previously described simulations, it was determined that the known flood 
profile was not caused by a large blockage located about 112 mile upstream from the 
Dam, and it was not caused by a fractured ice cover extending all the way to the Bridge. 
The next step is to estimate the most likely location for the upstream edge of the 
fractured ice accumulations, assuming that the ice accumulations were a single layer 
thick (i.e. a single-layer ice jam). 

The upstream end of an ice jam is normally a single layer of ice. Consequently it 
represents the ice that floated downstream from other breakup areas, and then collected 
upstream of an obstruction. Individual pieces may be shoved and broken as the pieces of 
ice become consolidated into a more-or-less continuous ice cover, but the thickness of 
this cover is only as thick as the thickest pieces. 

According to the U.S. Army Corps of Engineers (1982), at the upstream end of ice jams, 
the composite roughness coefficient (for ice and stream channel combined) is about 0.04. 
Another study (Shen, et al., 1986) found a composite roughness coefficient of 0.04, with 
a channel roughness coefficient of 0.035. The corresponding ice roughness coefficient 
would be about 0.045. Based on this information, and the previous calculation, it is 
assumed that the ice roughness coefficient for a single layer of ice would be between 
0.030 and 0.045. 

Now, by varying the location of the leading edge of the ice cover and the roughness 
coefficient (of the ice cover), the simulated water surface profile can be calibrated to 
known water surface elevations. 

4.1.3.6 Simulation ofIce Conditions Before Ice Jam Flood Peak 

At about noon on April 11 the discharge was approximately 15,900 cfs. According to 
observations made at the time, there was an intact ice cover immediately upstream of the 
dam, with a broken ice accumulation beginning further upstream. Assuming an intact ice 
cover with 1\=0.030 for 3000 feet upstream of the dam, and then a fractured ice cover 
with n=0.041 for a distance of 13000 feet upstream from there, the HEC-2 model 
generates the results shown in Figure 4.1.9. There are only two data points available at 
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this time--at the dam, and at the bridge. As can be seen in Figul'e 4.1.9, this simulation 
matches the data points fairly well for this point in time. 

4.1.3.7 Simulation ofIce Cover Conditions At Time OfIce Jam Flood Peak 

Approximately 22 hours later, the ice jam flood stage reached its peak. In the 
intervening hours, the discharge had continuously increased, and ice floes had continued 
to go under the bridge (and, presumably, to accumulate in the jam). At 9:45 a.m. on 
April 12, 1965 the discharge was approximately 38,200 cfs when the peak flood stage 
was reached. At this point in time, we have stage data collected by the City of Anoka 
within the City limits, and data of the stage at the dam. In addition, we have the data 
point supplied by Mrs. Butler's recollection of the flood elevation in her back yard. In 
this simulation, it was assumed that the intact ice cover still existed upstream from the 
dam, but the fractured ice accumulation now extended upstream an additional 7000 feet 
(i.e. a total of approximately 2000 feet, 2300 feet from the dam.) With these 
assumptions, the resulting HEC-2 profile matches the data points fairly well, as shown in 
Figure 4.1.10. 

4.1.4 SUMMARY 

Using the HEC-2 computer progtam, it was found that several combinations of ice In' and 
ice location would satisfy the measured stage relationships at the Champlin Bridge during 
the ice jam. Using an ice covet thickness that is in the range of what would be expected 
to be found in the reservoir at the time of breakup, the roughness values calculated for 
the ice jam fell in the range of roughness normally associated with a single layer ice jam. 

With an ice cover thickness of only one ice layer thick, and roughness coefficients 
comparable with those normally found in a single layer ice jam, it appears that the 
flooding in Anoka was caused by a single layer ice jam. It would certainly be possible to 
assume one or more small thickened ice jams in the simulation at some point (or points), 
and get similar correlation to the known flood elevations. The known flood levels, 
however, preclude the possibility that there was a large thickened ice jam at some 
location during the flood peak. 

4.1.5 APPLICATION OF THEORY 

The foregoing analysis of an ice jam will now allow the previously proposed theory to be 
tested. It has been assumed (in section 4.1.4) that this ice jam was a single layer ice jam. 
Consequently it is assumed that that submergence was never a major process in this ice 
jam, but that collapse shoving may have finally OCCUlTed at the time of the peak ice jam 
stage. 
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4.1.5.1 Application of Submergence Theory 

To estimate upstream channel velocity, Figures 4.1.6 and 4.1.10 were used, along with 
the average channel width of 800 feet, and average depth of flow of 12.38 feet (at 45,800 
cfs) as measured on April 12, 1965. First, it is assumed that, based on similar ice 
conditions, there is insignificant difference between stages when discharge is varied 
between 45,800 cfs and 42,500 cfs. Then the profile shown in Figure 4.1.6 can be 
equated with an average stage of 12.38 feet. 

The difference between flood elevations under ice cover conditions with 38,200 cfs 
(shown in Figure 4.1.10), and no ice cover with 42,500 cfs are then calculated for station 
24, (where the leading edge of the ice cover is assumed to have been located). Adding 
12.38 feet (of depth with no ice cover) results in an estimate of the approach depth at the 
leading edge of the ice jam of 20.38 feet. Multiplying depth by channel width, channel 
cross-sectional area is estimated. Finally, diScharge is divided by cross-sectional area to 
get velocity. This calculation results in an estimated approach velocity of 2.34 fps. 

Equation 21 indicates that with 2.34 fps (and 20 feet of upstream depth), the theory 
would not predict submergence of any ice thicker than about 0.8 feet (10 inches). Since 
it is assumed that the ice was substantially thicker than that, the theory would predict that 
submergence would not playa significant role in ice jam formation i11 this case. 

4.1.5.2 Application of Collapse Theory 

On April 11, 1965 the ice cover is presumed in this thesis to have been stable. Applying 
the conditions present at that time (i.e. t=2.5 ft., U=1.6fps, b=800 ft.), a stability STAB 
of 0.52 can be calculated, using Equation 41b. This is less than the minimum instability 
threshold value of 0.87 in Equation 42a, indicating that the cover should be stable. 

At 6:00 a.m. on April 12, 1965, a shoving front was observed upstream from the dam. If 
this front had become stable, it would have constituted a small collapse thickened ice 
jam. It never did become stable, however, but continued to move downstream until it 
reached the dam, and then flushed on through. At the time that this shoving front was 
first observed, the velocity under the ice cover can be calculated to have been 
approximately 2.52 fps with a discharge of approximately 32,500 cfs. Applying 
Equation 41b, a stability STAB of 1.30 is calculated. This value is above the maximum 
stability threshold value of 1.13 shown in Equation 42b, indicating that the cover would 
be expected to be unstable based on the theory. Thus shoving would be expected based 
on the theory, and shoving did occur. Because the shoving front was never arrested, a 
collapse thickened ice jam could not form, and an equilibtium ice jam was never 
realized. 
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4.2. CASE STUDY: Little Minnesota River in Browns Valley, MN, March 26,1989 

4.2.1. INTRODUCTION 

As the Little Minnesota River winds through the eastern part of South Dakota and the 
western part of Minnesota, it is crossed by Traverse County State Aid Highway 106 in 
the City of Browns Valley, Minnesota. Prior to 1987, an old two-span concrete bridge 
(Bridge No. L5505) had served the area. In 1987, this bridge was replaced by a new 
single-span bridge (Bridge No. 78505) with a concrete deck supported by steel I·beams. 
Figure 4.2.1 shows the bridge location in Browns Valley. Prior to bridge replacement, 
there had never been an ice jam at the bridge (in over 70 years, based on the memories of 
some of the oldest City residents). 

One year after the new bridge was constructed, on March 26, 1989, an ice jam did occur 
at the bridge. The river was flowing full as a result of snowmelt runoff, and according to 
Mr. Gary Klempke, City Chief of Police, ice and debris carried down the channel and 
began hitting the bottom of the bridge supports. As the river stage continued to increase, 
Mr. Klempke anticipated an ice jam and remained at the site. At about 9:00 p.m., an ice 
jam formed. As the ice blocked the channel, the backwater rose rapidly, left the banks, 
and flooded the northwest part of town. Flood levels caused by the ice jam were high 
enough to carry many ice blocks through town, ramming into houses, cars, etc. The ice 
jam was broken up that night (at about 3:00 am on March 27), when a large hydraulic 
excavator (backhoe) was able to reach under the bridge and break up the jam of ice and 
debris wedged between the bridge supports. After the jam had dispersed, the stage 
receded to the point that flood waters were no longer hitting the bottom of the bridge, 
and the jam did not re-form. 

This case study investigates the ice jam causes and the replacement bridge design, and 
demonstrates that several engineering errors were made during the design process. These 
errors, and failure to consider obvious signs of ice problems in the Little Minnesota 
River, resulted in a bridge design that was too low, and had too little hydraulic capacity 
to pass the discharge of water and ice on March 26, 1989. 

4.2.2. INVESTIGATION 

4.2.2.1. Ice Jam Inspection 

The day after the ice jam formed, a site visit produced photographs of the new 
(replacement) bridge~ and flood area, as shown in Figures 4.2.2 - 4.2.5. Interviews with 
City residents directed attention to the construction of the replacement bridge 1-112 years 
before. The general feeling among residents was that the new bridge was lower than the 
old bridge. According to the City residents, the County Engineer had assured them that 
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Figure 4.2.2 Replacement bridge over Little 
Minnesota River in Browns Valley, 
MN. (3/27/89) 

~iour~ 4.2.3 Channel approaching bridge in 
Browns Valley, MN (3/27/89) 
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Figure 4.2.~Ice in street west of bridge in 
Browns Valley, MN. ( (3/27/89) 

Fi~ure 4.2.5 Ice in yards in Browns Valley, MN. 
(3/27/89) 
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the new bridge was as high as the old bridge, and had a greater capacity for conveying 
discharges. 

4.2.2.2. Discharge Measurement by USGS (4 Days After the Ice Jam) . 

Another question raised was whether the discharge which resulted in the ice jam and 
resulting flooding was caused by an "act of God", i.e. a discharge greater than the 
50-year design discharge. This question was posed to Mr. Jack Little, Huron S.D. USGS 
office. The gaging station just upstream from Browns Valley had been out of operation 
for about 9 years, so personnel from Mr. Little's office went to the site on March 31, 
1989, and measured the discharge using Pigmy meters. At this time the stage was 2.8 
feet below the lowest bridge support member, and the measured discharge was 648 cfs. 
While this discharge is an indication that the discharge, at the time of the ice jam, was 
probably less than the design discharge for the bridge (5754 cfs), a more accurate 
discharge figure is required to apply the ice jam theory to this case. 

4.2.2.3. Channel Inspection and Bridge Measurement 

The channel upstream of the City of Browns Valley was visually inspected in June, 1989, 
for a distance of about 6 miles. It was determined that the river is a series of pools and 
riffles. These pools and riffles can be seen in Figure 4.2.1 upstream from Browns 
Valley. Pictures of representative riffles at the end of pool sections are shown in Figures 
4.2.6 and 4.2.7. The pool sections tend to develop thick, strong ice, much like the ice 
found in lakes in Minnesota. The riffle sections are characterized by boulders and would 
tend to remain partially open (uncovered by ice) during the winter. During cold periods, 
frazil ice forming in the riffles may attach itself to the bottom of the ice in the pools 
downstream, making the pool ice even thicker than lake ice. 

Also found in the channel upstream were many toppled trees that had fallen into the 
channel due to undercutting of the banks by the river erosion. Ice piling up against these 
trees would tend to force them into the flow, and thereby increase the number of trees 
transported downstream. Trees hitting the bottom of the bridge, could jam under the 
bridge. Consequently trees that fall into the river channel could also playa role in the 
formation of ice jams at this location. 

The river banks are steep in many locations, allowing rapid buildup of water stage behind 
grounded ice (as would tend to occur at the boulder sections) to the height of the banks 
(10 feet or more in places). Near Browns Valley, and in town, the channel has nearly 
vertical banks, approximating a rectangular channel. 

During breakup, it appears that ice may be held in place behind the boulders in the riffles 
until the water levels are high enough to force the ice over the boulders blocking the 
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Figure 4.2.6 

-"-, 

Figure 4.2.7 

Channel of Little Minnesota River 

upstream from Browns Valley, MN. 
Notice pools and riffles. (6/89) 
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Channel of Little Minnesota River 

upstream from Browns Valley, MN. 
Notice pool and riffle. (6/89) 
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channel. Upon release, a wall of water and ice would cascade downstream to the next 
riffle section where ice may still be in place. At that point, the jam may re-form, or the 
momentum of the water and ice may be great enough to carry the in-place ice 
downstream. This sequence of events would lead to considerable mechanical destruction 
of the large ice chunks; hence the thick, relatively small-diameter chunks left in the wake 

.. of the ice jam in Browns Valley. 

It is important to note that ice movement during the formation of an ice jam, or during 
the breakup (release) of an ice jam often leaves scars on the bark of trees that get hit by 
the ice. The ice tends to rip the bark off the trees on the upstream and river sides of the 
trees. These scars, then, can provide physical evidence of the height of the ice during an 
ice jam, and also evidence that an ice jam occurred. Since ice jams tend to reoccur at the 
same locations, trees that have been scarred by ice often show evidence of multiple ice 
jams, where bark regrowth has begun to cover a wound, only to be hit again by an ice 
jam a few years later. 

Immediately upstream from the bridge, ice scalTing (previous to last March's scarring) 
was evident on two different trees. This scal1ing was determined to be 1.0 foot and 2.1 
feet above the bottom of the replacement bridge. This physical evidence was available at 
the site to indicate to the bridge designers that ice and debris would be LIKEL Y to hit the 
new blidge as designed. The old bridge, lying higher than the new bridge, was better 
able to pass these materials. 

In order to accurately determine the channel bridge hydraulic opening, the bridge 
opening was measured. The results are shown in Figure 4.2.8. The cross-sectional flow 
area provided by the new bridge was found to be approximately 441 square feet. 

4.2.2.4. Discharge Estimate for Time of Ice Jam 

In order to estimate the discharge at the time of the ice jam, it is assumed that discharge 
depths and flow conditions (at the time of the ice jam, and at the time of the flow 
measurement 4 days later) are close enough that Manning's Equation can reasonably 
describe the differences in discharge between them. It was further assumed that the slope 
and channel roughness coefficient were the same for both conditions. With these 
simplifications, Manning's Equation can be used to estimate the discharge at the time of 
the ice jam. 

For the measured stage and discharge case, and with the above assumptions, Manning's 
Equation simplifies to: 

2 

648cjs = CA}RI Eq.4.2.1 

where C is a constant for both situations, and 
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Figure 4.2.8 Cross-section of ~eplacement Bridge 
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c;::: 1.49Sk 
n 

From the cross-sectional measurements in Figure 4.2.8, the area and hydraulic radius can 
be estimated for both cases. Then, applying the corresponding values to Equation 4.2.1, 
the constant C can be found. 

Eq.4.2.2 

Inserting C with the corresponding area and hydraulic radius values for the ice jam flow 
conditions, an estimate of discharge (at the time of the ice jam) can be made. 

2 

Q = O. 763A2R~ Eq. 4.2.3 
Assuming a flow depth of 2 feet above the bottom of the lowest bridge support member, 
at the time of the ice jam, the discharge is estimated to be approximately 1630 cfs. As 
this is considerably less than the design discharge (5754 cfs), it appears that this ice jam 
was no "act of God". 

4.2.2.5. Analysis of Construction Plans for Replacement Bridge 

In order to determine what mistakes may have been made in the design process, 
construction (design) plans for the replacement bridge were obtained. These·plans also 
contained information on the old bridge, and hydraulic recommendations made by the 
State Hydraulic Engineer for the bridge design. The following notes and conclusions 
were reached, based on review of these plans: 

1. Sheet 27: Apparent Highwater Elevation is indicated to be 980.9, at a flood level 
(Maximum Flood of Record) of 4730 cfs. The Design Flood (50-year frequency) is 
indicated to be 5754 cfs (Le. higher than the Maximum Flood of Recol'd). Based on this, 
we would expect the Design Highwater Elevation to be higher than the Apparent 
Highwater Elevation; however it is indicated to be 980.35, LOWER than the Apparent 
Highwater Elevation. 

The comparison is shown below: 
PAST RECORD DATA 
Maximum Flood of Record ...... 4730 cfs 
Apparent Highwater Elevation .. 980.9 

DESIGN DATA 
Design Flood ....... 5754 cfs 
Design HW Elevation .. 980.35 

Based on this comparison, it appears that an errol' was made in establishing the Design 
Highwater Elevation, and this elevation should have been somewhat greater than 980.9, 
probably about 982, and nearly 2 feet higher than stated. 
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2. Sheet 27: The Contracted Profile indicates that the old bridge had a .lowest-span 
elevation of between 981 and 982, while the new bridge had a lowest-span design 
elevation of 980.29, lower than the old bridge. 

It appears that the old bridge may have had a lowest-span elevation that was fairly close 
to what the design criteria should have dictated, based on 0.) above. The new bridge not 
only was designed lower than the old bridge, however, but was also designed lower than 
the Apparent Highwater Elevation (which was caused by a lower discharge that the 
Design Flood). At 980.29, the bridge is even designed lower than the Design Highwater 
Elevation (980.35). 

Old Bridge --Lowest Member (approximate) 

Corrected Design Flood Elevation (estimated) 
Apparent Highwater Elevation (@ 4730 cfs) 
Design Highwater Elevation (@ 5754 cfs) 

Replacement Bridge --Lowest Member 

981.5 

982.0 
980.9 
980.35 
980.29 

3. Sheets 1, 3, 27: The Hydraulic Engineer Recommendations indicates that 536 square 
feet of Waterway Area is required below the Design High Water Elevation (elevation 
980.35). This area was not provided in the design drawings. Based on the construction 
plans, the provided Waterway Area would be 483 square feet, 90% of the recommended 
amount. As measured, however, it is 441 square feet, 82% of the recommended amount. 

4.2.3. SUMMARY AND PROBLEM SOLUTION ALTERNATIVES 

As constructed, the bridge did not meet the design recommendations of the hydraulic 
engineer, and even those recommendations appear in question. In addition, the design 
appal'endy did not consider past ice conditions or water levels in the river. 

If the present bridge was raised 2 feet, the design criteria established by the hydraulic 
engineer would be met (543 square feet would be provided). Also, by doing so, the 
bridge would be at approximately the same bottom elevation as the old bridge. Based on 
the old ice scarring elevations, it is possible that the bridge would still occasionally be hit 
by floating trees and ice. Due to increased hydraulic capacity (over that of the old 
bridge), and based on the history of no ice jams at the old bridge, however, it would 
appear that the probability of additional ice jams at this bridge would be significantly 
reduced. 

During the June, 1989 site visit, residents of Browns Valley indicated that the county was 
considering rerouting the river around the City as a solution to the bridge problem. The 
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construction cost of such a project, not to mention the environmental hurdles that would 
have to be surmounted, would seem to make this option unfeasible. 

On the other hand, the bridge could be raised up, and the approaches reconstructed. The 
vertical alignment of the road would be as good as with the old bridge, but the ice jam 
problem would be alleviated, and the bridge would probably not have to be replaced. 

4.2.4. APPLICATION OF ICE JAM THEORY 

4.2.4.1. Application of Submergence Theory 

Based on a discharge of 1630 cfs and a cross-sectional area of 544 sf, as calculated in 
previous sections, the stream velocity can be calculated to be approximately 3.0 fps at the 
time the ice jam formed. 

Observations indicate that the ice backed up the channel, causing rapid increase in stage, 
and rapid flooding of the residential area adjacent to the stream. The stream was 
somewhere between 9.65 and 12 feet deep at the time of ice jam formation. 

Referring to Figure 3.17 (Clitical submergence velocity for a 10-foot deep stream), a 3 
fps velocity would be expected to submerge 2-2.5 foot thick ice chunks by all theories 
except the one proposed herein (neglecting blockage effects). Instead, ice blocks 1-1.5 
feet thick can be seen all along the channel in Figure 4.2.3, after the jam dispersed and 
the stage dropped. It appears that the velocities were not great enough to submerge even 
those ice blocks. It should also be noted that the ice laying in the channel banks was in a 
single layer, not several layers thick (i.e. it was a single-layer ice jam.) 

Present theory (Equation 21) indicates that 3.0 fps velocity would be expected to 
submerge anything thinner than approximately 1.4 feet ( 17 inches). Referring to Figures 
4.2.2 through 4.2.5, it appears that most of the ice chunks remaining after the ice jam 
were about 12" or larger. Thus the present theory appears to adequately desctibe 
submergence conditions for this ice jam. 

4.2.4.2. Application of Collapse Theory 

The channel upstream from the bridge is straight for a distance of about 600 feet. 
Assuming the channel is approximately 100 feet wide when full, and applying Equation 
41b, the stability coefficient is calculated to be 0.58 with 12" thick ice. This is far less 
than the 0,87 required by the theory before shoving can occur. Consequently the theory 
predicts shoving will not occur,' and observations indicate that it did not occur. The 
straight channel reach is not long enough or wide enough to allow shoving to occur. 

94 



4.3. Case Study: Blue Earth River, Rapidan, MN, March 22, 1986 

4.3.1. INTRODUCTION 

On March 22, 1986, a breakup ice jam formed on the Blue Earth River in the vicinity of 
the County Road 34 Bridge, about 7 miles upstream from the Rapidan Dam, as shown in 
Figure 4.3.1. Farmland was flooded, and it was suggested that operation of the Rapidan 
dam may have caused the ice jam. Investigation revealed that operation of the dam 
produced a backwater effect of only about 1 inch at the location of the bridge. 
Consequently operation of the dam could not have been the cause of the ice jam. Instead, 
several channel characteristics combined to produce the jam. Figures 4.3.2,4.3.3 
(reproductions from a videotape) show the jam on the downstream side of the CR 34 
bridge. 

4.3.2. SITE INSPECTION 

On June 27, and November 25, 1988, site visits produced the photographs shown in 
Figures 4.3.4 - 4.3.9. Figure 4.3.4 is from on the bridge looking upstream. Note the 
fairly straight reach with no channel obstructions. Figure 4.3.5 is from the bridge 
looking downstream. Notice the bars and boulders, and the general shallowing of the 
channel in this area. This is where the ice jam was located. 

Figure 4.3.6 shows the bridge from an upstream point in winter. The boulders 
downstream of the bridge can be seen protruding through the ice cover. Also notice the 
high, steep banks dropping down to the river. 

Tree scatTing and subsequent wound healing can be used to determine ice jam frequency 
at a location. By counting the growth rings since a scar, the year of the scar can be 
determined. Figures 4.3.7-9 show tree scan-ing fl'Om multiple ice jams at this location 
just downstream from the blidge. At this location, tree scaning and subsequent growth 
rings showed that ice jams of the same approximate magnitude occun-ed in 1973, 1983, 
and 1986 (the subject ice jam). It is interesting to note that the bridge shown in Figure 
4.3.6 replaced a bridge that was knocked out by an ice jam in 1965. 

4.3.3. ICE JAM PROFILE 

On November 25, 1988, a field survey was conducted to determine the profile and 
location of the ice jam in 1986. Tree scars were surveyed (using a level and transit) for 
both location and elevation along both channel banks downstream from the bridge, along 
with location and elevation of the channel bottom. The results are shown in Figure 
4.3.10. 
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Figure 4.3.1 Location map of breakup ice jam on the 
Blue Earth River near the Rapidan Dam. 
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Fiqure 4.3.2 Ice jam below County Road 34 bridge 
(video tape, from Gislason, 1988) 

Fiqure 4.3.3 Ice iam below County Road 34 bridge 
(video tape, from Gislason, 1988) 
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Fiqure 4.3.4 Looking upstream from bridge in 
summer. 

Fiqure 4.3.5 Looking downstream from bridge in 
summer, at location of ice jam toe. 
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Figure 4.3.6 Looking downstream at bridge. 

Figure 4.3.7 Tree scarring at ice jam location. 

99 



Figure 4.3.8 Ice jam scarring, 12 feet above 
channel bottom. 

Fiqure 4.3.9 Close-up view of scarring shows 
evidence of multiple ice jams with 
bark re-growth in between. 
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Figure 4.3.10 shows that scarring on the east bank is approximately 3 feet higher than on 
the west bank. This is because the east bank is on the outside of a curve at the end of the 
straight section, and the ice was shoved up on this bank as a result of the moving ice 
front. 

It can also be seen in the profile, that downstream of the bridge, the scarring had a 
relatively constant height, 10-14 feet above the channel bottom. This height was 
approximately 3-4 feet above the bank overflow elevation. Photographs of the ice jam 
show the ice piled up approximately 3 feet below the lowest bridge member. Since there 
are no trees upstream from those shown on the profile and downstream from the bridge, 
these photos provide the only evidence of the jam profile at the bridge. Based on this 
information, it appears that the bridge itself caused the high flood elevations experienced 
during the ice jam, for immediately downstream of the bridge, the floodwaters could 
circumvent the ice jam by moving into the fields. The rapid drop in the ice jam profile 
immediately after the bridge is evidence of this. 

4.3.4 ANALYSIS 

4.3.4.1 Hydraulics at Time ofIce Jam 

In order to apply ice jam theory to this case, we need an estimate of the velocity of flows 
at the location of the ice jam. This estimate can be made based on discharge 
measurements. 

On March 22, 1986, the average discharge of the Blue Balth Rivet ovet the Rapidan Dam 
was 12,600 cfs. The ice jam took place upstream from the dam, and upstream from the 
confluence of the Watonwon Rivet with the Blue Earth River. That same day, the USGS 
Moundsview, MN office measured the discharge (2900cfs) of the Watonwon River at a 
location 1-112 miles west of Garden City at the CR 13 bridge. Subtracting flows, there 
was approximately 9,700 cfs additional discharge downstream from Garden City. The 
entire drainage area contributing to the Blue Earth River at the Rapidan Dam is 
approximately 2430 square miles, but approximately 25 square miles are between the ice 
jam location, the Watonwon River gaging site, and the dam. Reducing the estimated 
incremental discharge downstream of Garden City by the percentage of drainage area not 
contributing to the ice jam site, we can estimate the discharge at the dam site of 
approximately 9,600 cfs. 

The cross-sectional area near the bridge was found to be approximately 2700 square feet 
at an upstream depth of 20 feet. This results ill a stream velocity of approximately 
3.5fps. 
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4.3.4.2. Application of Submergence Theory 

Based on videotape pictures of the ice jam (Figures 4.3.2,3), the ice ranged in thickness 
from 0.5-2.0 feet. Equation 21 predicts submergence of ice that is up to 1.7 feet thick. 
The fact that the jam remained in place rather than disintegrating is an indication that this 
theory may accurately predict the stability of the 2' thick ice chunks, allowing the jam to 
remain. Conversely, the theory predicts submergence of the thinner ice chunks. Without 
a decrease in flow velocity or significant channel blockage, however, submerged ice 
would be expected to continue downstream under the ice cover. 

4.3.4.3. Application of Collapse Theory 

Based on a surface width of approximately 180 feet, stream velocity of 3.5 fps, and ice 
thickness of between 0.5 feet and 2.0 feet, stability coefficients are calculated to be 2.8 
and 0.71, respectively. Applying Equations 41 and 42, we can estimate that shoving is 
likely for ice that is thinner than 0.8 feet, while stability would be expected for the ice 
that is thicker than 1.6 feet. Due to the variety of ice thicknesses, however, instability of 
thinner ice may lead to shoving of the thicker ice also. Regardless, some of the ice 
would be expected to shove, in any case, forming a collapse thickened ice jam. 
Submergence of ice blocks could then exacerbate the severity of the thickened ice jam by 
coming to rest at locations under the collapsed ice cover. 

4.3.5. Summary 

It appears that this ice jam may have formed by a combination of both shoving and 
submergence. The actual sequence of thickening activities is unknown, however the 
theory indicates that both processes may have been going on simultaneously. Also, we 
know that some shoving took place based on the bank tree damage profiles. Finally, 
even though we know that the toe of the jam was grounded against the far channel bank, 
there must have been substantial area under the jam that was not blocked, or flooding 
would have been considerably worse. This could lead to the conclusion that most of the 
ice that submerged was flushed on through, since there was open water just upstream of 
the 1;>ridge, and the quantity of ice coming downstream to the jam would be expected to 
far surpass the quantity of ice in the jam. Based on the analysis, this ice jam would be 
classified a collapse thickened ice jam, with conCU11'ent and possibly contributory 
submergence conditions. 
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4.4 Case Study: Root River near Hokah, MN, March 13, 1989 

4.4.1. INTRODUCTION 

About 2 miles downstream of the City of Hokah, Minnesota, on a straight stretch of the 
Root River, is a location of re-occurring ice jams. A location map is shown in Figure 
4.4.1. Two bridges, State Highway 26 bridge and a railroad bridge located approximately 
100 feet downstream, cross the river at this location, and are the cause of the reoccurring 
ice jams. 

One such ice jam occurred at this location on March 13, 1989. This ice jam resulted in 
flooding of Highway 26 and County Road 7, and three rural families were stranded with 
no road access (see Figures 4.4.2-5). With Highway 26 under water, north and south 
bound traffic had to detour about 6 miles (on winding, hilly roads, and through the City of 
Hokah) in order to avoid the ice jam. 

According to the Minneapolis Star Tribune Newspaper (March 16, 1989) the flooding 
began on March 13. On March 14, the area around Hokah received a small amount of 
snowfall, followed by more than 112 inch of rainfall that night. This rainfa1l apparently 
increased the river stage to a level of 50.2 feet (3.2 feet above flood stage), a l.4-foot 
fluctuation since before the rain. 

4.4.2 SITE VISIT 

On March 17, four days after the formation of the ice jam, a site visit was made. The ice 
jam was still in place, extending from the railroad bridge to about 1/2 mile upstream, and 
flooding continued. It was apparent, however, that efforts had been made to mitigate the 
effects of the jam. On both sides of the channel just upstream of the bridges, a hydraulic 
excavator (backhoe) had apparently been used to open a channel in the ice jam near the 
banks, as shown in Figure 4.4.6. The jam was still in place over most of the channel near 
the bridges, and extended completely across the channel 200 feet upstream of the bridges 
(see Figure 4.4.7). Frozen water lenses on trees about 4 feet above the level of the 
flood-waters revealed a higher previous flood stage as shown in Figures 4.4.8-9). These 
lenses were apparently frozen when the water level was stable at a higher elevation, 
probably on the night of March 15. 

The toe of the ice jam was located at the highway bridge, while ice was also piled against 
the railroad bridge, a two-span bridge that was about 1 foot above the flowing water at 
the time of the site visit. Ice was piled against the railroad bridge in nearly all locations 
(see Figure 4.4.10), while downstream of the bridge, the river channel was completely 
clear of ice. Just downstream from the middle bridge support was a small island in the 
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Figure 4.4.2 Flooding of Highway 26. 

Figure 4.4.3 Flooding of Highway 26. Notice ice 
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Figure 4.4.4 Flooding of Highway 26 south of 
bridge. 

Figure 4.4.5 Highway bridge on left, railroad 
bridge on right, looking north. 
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Figure 4.4.6 Ice jam in front of highway bridge, 
channel excavated in jam by backhoe, 
looking east . 

Figure 4.4.7 
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highway bridge, looking northwest. 
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Figure 4.4.8 

Figure 4.4.9 

Ice frozen to trees about 4 feet 

above water surface • 

......... . ' .,.. 

Ice frozen to trees, laying on top 

of barbed wire fence. 
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Figure 4.4.10 Ice piled against railroad bridge. 

. . 
Figure 4.4.11 Open water downstream of railroad 

bridge, bar visible in center of 
channel downstream of bridge. 
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middle of the channel (see Figure 4.4.11). Ice chunks were also visible on the upstream 
side of the island. 

4.4.3. ANALYSIS 

4.4.3.1. Channel Characteristics 

On June 6, 1989, the ice jam site was re-visited to determine channel characteristics that 
were covered by ice at the time of the ice jam. During this visit, the river stage was 9.4 
feet below the lowest member of the highway bridge and 7.3 feet below the lowest 
member of the railroad bridge. It could be observed now that the sand bar previously 
observed downstream of the railroad bridge extended about 30 feet upstream of the 
railroad bridge, centered on the center bridge pier, as shown in Figure 4.4.12. About 30 
feet upstream of this bar was another sand bar, centered on the highway bridge pier, and 
extending about 200 feet upstream of the highway bridge as shown in Figure 4.4.13. 

The upstream bar, and the upstream portion of the downstream bar were covered with 
logs and debris apparently deposited by the ice. Also, the banks on both sides of the river 
had piles of debris apparently removed from the river by highway crews. Portions of the 
south side of the channel continued to be blocked by logs and debris. 

Several hundred feet upstream of the upstream bar, the channel depth was a maximum pf 
about 3 feet deep. The bottom was flat and sandy, with ripples, while the banks were 
nearly vertical, about 7 feet high. Flow velocities were about 2 feet per second. 

As the channel neared the bar, it split in two, with the majority of flow going to the north. 
The north-channel deepened to about 12 feet going under the highway bridge, and to 
about 15 feet going under the railroad bridge. The south-channel deepened to about 18 
feet going under the highway bridge, but we could not measure the depth under the 
railroad bridge due to floating debris. (A portion of the flow in the south-channel diverted 
north between the bridges due to this debris.) Water between bars was a maximum of 
about 4 feet deep. 

4.4.3.2. USGS Maps 

United States Geological Survey Quadrangle maps of the area show that the river slope is 
0.0004 until about 3 miles upstream of Hokah. Then the river slope steepens to about 
0.0008 from 3 miles upstream of Hokah to just upstream of Hokah. From Hokah 
downstream to approximately the location of the ice jam at the bridge crossings, the river 
slope is about 0.0006. From the bridges to the Mississippi River, it appears that the 
channel slope flattens out somewhat more. 
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Figure 4.4.12 Summer-time view of bar upstream of 
railroad bridge. 

Figure 4.4.13 Summer-time view of bar upstream of 
highway bridge. 
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In addition to a flattening slope, this location also has a widening channel. For about a 
mile upstream from the bridges, the channel width is about 120 feet. Then, in the last few 
hundred feet before the highway bridge, the channel widens to 225 feet. This widening, in 
combination with the flattening river slope would tend to cause reduced velocities in the 
area just upstream from the highway bridge. 

4.4.3.3. Application of Submergence Theory: 

The USGS records indicate that the discharge of the Root River was 3650 cfs (at 
Lanesboro, 60+ miles upstream) at 10:00 p.m.on March 12, the day before the ice jam. 
Considering a travel time of about a day, that peak would have arrived late on March 13 
or on March 14. Notes in the USGS record indicates that this discharge was associated 
with an ice jam, which apparently dissipated at that time. This discharge, and the 
associated surge of ice and water may have produced the jam near Hokah. 

The drainage area at Lanesboro is listed at 615 square miles. On the other hand, there are 
about 750 square miles of drainage area between Lanesboro and the bridges, but no 
information is available on the actual discharges near Hokah. 

Based on site investigations, it is known that the greatest river depth upstream of the ice 
jam during the peak stage was approximately 12 feet. The leading edge of the ice jam was 
located in a narrow area of the channel, several hundred feet upstream from the bridges at 
the time of the site visit. Ice coming from upstream was accumulating at the head, and not 
submerging. Based on observation of the approaching ice, the velocity in the channel was 
be estimated to be approximately 1.5-2 ips. Ice in the jam was estimated to be 
approximately 6 inches in thickness. Applying Equation 21 b, it would be predicted that 
ice mayor may not submerge, depending on actual velocity. If the velocity was 2 fps, 
6-inch ice would be predicted to submerge. If the velocity was 1.8 ips, however, it would 
be predicted not to submerge. Assuming a velocity of 1.75 ips, the discharge would have 
been 1580 cfs. 

Records fTOm Lanesboro indicate that the discharge was 2.5 times as great on March 12 as 
on March 16. If a proportionate decrease took place at Hokah, then it could be estimated 
that the discharge at Hokah was approximately 3940 cfs on March 13. Assuming 1000 cfs 
went around the jam, then 2940 cfs were actually in the channel. Based on the channel 
area, this would give a velocity of 2.4 ips. Based on the theory, at the time of the ice jam 
formation, the channel velocity may have been adequate to cause submergence of ice in 
the narrow region of the channel. 
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4.4.3.4. Application of Collapse Theory 

Using a width of 100 feet, and a velocity of 2.4 fps, and applying the collapse theory, a 
stability coefficient (for 6 " ice) is calculated to be 0.73. This is less than the 0.87 required 
by the theory to possibly become unstable. In fact, the theory indicates that about 3 fps 
would be required to assure instability. 

Based on the above assumptions and calculations, it appears that this ice jam formed as a 
result of ice jamming against the sand bars and bridges, and backing up the river. As the 
river narrowed in the upstream direction, the velocities increased, eventually reaching 
submergence velocity. Additional ice could not accumulate in the upstream direction, but 
instead, submerged and began flushing through. As the flushing ice moved under the jam, 
the ice reached increasingly slower velocities and eventually stopped, forming a 
submergence thickened ice jam. As the submergence thickened ice jam formed, velocities 
would increase in the areas that became partially blocked. These increased velocities 
would eventually reach flushing velocity, and submergence ice would cease to thicken the 
jam. Then later, as the discharge in the river receded, and approach velocities decreased, 
ice accumulation would again be possible at the upstream (leading edge) of the jam. 
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4.5. Wild Rice River south of Ada, MN -- April 7, 1989 

4.5.1. INTRODUCTION 

The Wild Rice River winds through northwestern Minnesota on its way to the Red River 

of the North at a fairly steep slope of about 0.1 %. Bridges constructed across the river 

are low enough that the stage regularly reaches the support beams. Then ice and debris 

pile up against the bridge until County Highway Department crews remove the blockages 

with backhoes, allowing the jam to move downstream to the next bridge where the jam 

can re-form. 

Such a jam formed on April 7, 1989 just south of Ada, MN, as shown in Figure 4.5.1. 

Figure 4.5.2 shows that the jam included both ice and logs carried downstream by the 

river. It appeared during a site visit, that the logs may have played a part in the 

formation of the jam. It was also very clear was that the ice jam was floating (ie. not 

grounded at the toe) with the toe of the jam held in place by the Norman County Road 

#20 bridge supports, as can be scene in Figure 4.5.3. On Norman County Road #142, 

about 2 miles upstream, the same j am had already been removed, as shown in Figure 

4.5.4-5. 

Channel banks were very steep, to the height of the bridge. Discharges were not 

sufficient to overtop the county road. Figures 4.5.6-7 show the stream channel upstream 

and downstream from the Norman County Road #142 bridge, taken in summer. 

Damage caused by the jam included flooded farmland and rural residential property. 

Residents living along the river off County Road 142 said that the floodwater nearly 

reached their house before it receded. 

4.5.2. ANALYSIS 

The channel is about 100 feet wide, and 20 feet deep when the water is just below the 

lowest member, at both bridges. USGS discharge records indicate that the discharge was 

5450 cfs, which results in a stream velocity of 1.4 fps. 

4.5.2.1. Application of Submergence Theory 

At 1.4 fps, the theory would predict that only ice with a thickness of about 3 inches 

would submerge. The ice jam was composed of ice chunks of 6" - l' in thickness. Since 

the jam formed and was not swept away by submergence, the theory is verified. 
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Figure 4.5.2 Ice jam included many logs. 

Figure 4.5.3 Toe of ice jam is against the other 
side of the bridge. 
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Figure 4.5.4 Ice jam had been removed from this 

location by highway crews. 

Figure 4.5.5 Debris remaining after ice jam was 

removed by highway crews. 
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Figure 4.5.6 Looking upstream from bridge in 
summer. 
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Figure 4.5.7 Looking downstream from bridge in 
summer. 
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4.5.2.2. Application of Collapse Theory 

Applying Equation 41 b to this situation, the stability coefficient is calculated to be 

0.13~0.25. This range of coefficients is well below that required to allow instability to 

develop (Le. 0.87). 

The jam observed at County Road 20 had already been dislodged from another bridge. 

As a result, the ice and logs probably came down to the observed location together. The 

jam was composed of so much debris that the theory may not be directly applicable. 

However, a single-layer ice jam was predicted by the theory. 

, I 
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4.6. Red Lake River -- Crookston, MN, April 11, 1989 

4.6.1. INTRODUCTION 

In April, 1989, snowmelt in the Red River Valley caused the breakup of the ice cover on 
the Red Lake River upstream from Crookston. In Crookston, however, the ice remained 
in place, slowly cracking and deteriorating. This in-place ice cover provided a barrier to 
the transport of breakup ice upstream, and this breakup ice upstream collected against the 
upper end of the in-place ice cover. The deteriorating ice cover, together with the 
captured ice from upstream formed a single layer ice jam at the location shown in Figure 
4.6.1. 

Figure 4.6.2 shows the unbroken ice cover in the City of Crookston, while Figure 4.6.3 
shows the deterioration of that same cover at the toe of the jam, where the cover is broken 
enough that it provides more resistance than an ice sheet, and ice blocks tend to transmit 
force toward the banks. Between these points the ice underwent a gradual transition. 

Continuing upstream, the ice becomes continually more deteriorated, and exhibits more 
evidence of shoving, with ice pieces occasionally shoved up on others, as shown in Figures 
4.6.4-7. The leading edge of the ice jam is shown in Figure 4.6.8, where ice from 
upstream is captured by the single layer ice jam. Figure 4.6.9 shows this same location in 
summer. Figure 4.6.10 Show~ the channel just upstream from the jam, along with ice 
coming down from upstream. Figure 4.6.11 shows the same location in summer. 

4.6.2 ANALYSIS 

During a site visit, on April 11, 1989, the discharge of the Red Lake River in Crookston 
was 4700 cfs, while on April 8, it was 6000 cfs. The ice remained in place during both 
days, did not shove to form a collapse thickened ice jam, and did not submerge to form a 
submergence ice jam. The channel averaged about 150 feet in width upstream from 
Crookston, with a channel depth of approximately 20 feet. In Crookston, the Channel 
widens to about 200 feet, and was approximately 30 feet deep. Based on 6000 cfs, the 
velocity is calculated to be 2.0 fps. Based on 4700 cfs, the velocity is calculated to be 1.6 
fps. Ice chunks composing the jam were 0.5-1' thick. 

4.6.2.1. Application of Submergence Theory 

According to the submergence theory, 2 fps velocity is sufficient to submerge ice that is 
up to 0.6' thick. On the other hand, 1.6 cfs should not be sufficient to submerge any ofthe 
ice. 
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Figure 4.6.1 Location of Single-Layer Ice Jam. 
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Figure 4.6.2 Intact ice sheet in Crookston, MN. 

Figure 4.6.3 Deteriorated and fractured ice cover 
at ice jam toe. 
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Figure 4.6.4 Single-Layer Ice Jam. 

Figure 4.6.5 Single-Layer Ice Jam east of 
Crookston, MN. 
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Figure 4.6.6 Single-layer ice jam. 
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Figure 4.6.7 Single-layer ice jam. 
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Figure 4.6.8 Ice accumulation area at head of 

ice jam. 

Figure 4.6.9 View of ice accumulation area as 

shown in Fig. 4.6.8 in summer. 
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Figure 4.6.10 Ice floes on river just upstream 
from ice accumulation area. 

Figure 4.6.11 View of Fig. 4.6.10 in summer. 
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On April 11, submergence was not observed, validating the theory. The theory would 
predict, however, that on April 8, there would be some submergence. There may have 
been submergence on that day, but submergence was not observed. 

If there was submergence, with the decreasing velocities associated with increasing depth 
and widening channel near Crookston, submerged ice may have been settling out under 
the ice cover in the lower velocity regions near Crookston. Additional bouyancy forces on 
the cover (from these submerged ice blocks) may have been a factor in the cracking and 
deterioration of the cover near Crookston. 

4.6.2.2. Application of Collapse Theory 

It is known that 6000 cfs did not cause a collapse thickened ice jam on April 8. On the 
other hand, the peak discharge of 8800 cfs on April 17 may have caused shoving which 
resulted in the dissipation of the jam on April 18. 

The stability STAB for a 150' wide channel 20' deep (at 6000cfs, 2.0 fps) with 6" ice is 
calculated to be 0.77, less than the 0.87 required to possibly become unstable. This 
calculation validates the theory. 

The stability STAB for a 150' wide channel 20' deep (at 8800cfs, 2.9 fps) with 6" ice is 
calculated to be 1.61, more than the 1.13 required to assure instability. In fact, at this 
velocity, all ice thinner than about 9 inches is assured of instability based on the theory. 
Thus, as the discharge approached its peak, the cover became unstable, based on the 
theory, and this resulted in the ice going out the next day. These calculations also validate 
the theory. 

128 



5. SUMMARY AND CONCLUSIONS 

The preceding chapters describe the formation of breakup ice jams, especially jams that 
originate from a single layer of ice pieces. In describing the ice jams, several terms were 
coined to simplify discussion, including single-layer ice jam, submergence thickened ice 
jam, and collapse thickened ice jam. After describing ice jam processes, theories were 
developed for the transformation of a single-layer ice jam into a thickened ice jam through 
submergence andlor collapse and shoving. Finally, these were applied to the case studies 
of six ice jams that were investigated as part of this study. 

Breakup ice jams are inherently complex and messy. The variety of processes and 
geometries involved make a physically-based analysis of the detailed dynamics occurring in 
a real breakup ice jam a difficult proposition. This report takes another approach. 
Processes are simplified to identify those most important to the problem. The geometries 
are also simplified, with mean values used, and constants are determined from field and 
laboratory data where necessary. The results are predictive parametric relationships for 
the onset of submergence thickening and collapse thickening from a single layer of ice 
blocks that can be applied with the minimal information normally available. 

Development of the submergence theory involved application of pressure coefficients 
(obtained from wind tunnel experiments by others) to the problem of an ice block stopped 
(in a river) by an in-place ice cover. The resulting equation for critical submergence 
velocity was applied to an ice jam reported Beltaos (1988), and successfully predicted 
non-submergence, whereas several other published methods predicted submergence. 
Consequently, of the methods investigated for predicting submergence conditions, the 
method developed here is straight-forward and simple to apply, and yet appears to be the 
best at predicting submergence under real ice jam conditions. 

Development of the collapse thickened ice jam theory involved application of continuum 
mechanics to fragmented ice covers with a theoretical stress distribution in a single-layer 
ice jam, through the use of a mathematical disk model. Using the model, together with an 
excellent set of data collected by Beltaos (1988), a stability coefficient was determined to 
estimate when shoving and collapse of the single-layer ice cover is likely to occur. The 
theory was applied to the only documented shoving case available, an ice jam on the 
Mississippi River in 1965 (Case Study 4.1), and accurately predicted the point at which 
shoving would take place. It was also applied to the Red Lake River ice jam in 1989, and 
it predicted shoving at the point where the ice jam went out. As a tool to predict the point 
where shoving will begin, this method is easy to apply, and appears to be fairly accurate. 

The collapse thickening equation is for straight reaches, where the longitudinal force is 
removed by friction at the channel banks. For a curved channel, the longitudinal force 
would be removed by normal force into the channel banks, and the longest straight section 
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should be used in computing the force of the ice blocks. It is interesting to note that the 
theory predicts that beyond roughly five channel widths of a broken ice cover, virtually all 
of the additional longitudinal force applied by the water to the ice is carried by the channel 
banks in a straight river reach. This means that, if collapse thickening does not occur 
within five channel widths downstream from the leading edge of a broken ice cover, it will 
not occur, unless the other parameters of the predictive equation are changed to make 
collapse thickening more favorable. 

The application of the theories to actual ice jam case studies showed that the theories 
appear to be predictive of actual ice jam behavior, even though they contain numerous 
simplifications. The submergence theory appears to more accurately predict submergence 
under actual ice jam conditions than other published theories, while the collapse theory 
seems to predict the conditions under which a fractured ice cover will begin to shove. 

During the term of this field study (winter, 1988 through the spring of 1993), every ice 
jam reported in Minnesota was investigated, at least preliminarily. In addition, the ice jam 
documented by Johnson (1966) on the Mississippi River at Anoka in 1965 was 
investigated, and a frazil ice jam below the Granite Falls dam was also investigated, In all, 
14 ice-related flooding conditions were investigated. These investigations resulted in the 
determination that 6 of the ice jams were breakup jams, 7 were frazil ice jams, and one 
that was just an in-place ice cover that had not yet moved. The breakup ice jams were 
developed as case studies in order to apply the theories developed in this study. A 
summary of the results of these case studies is given in Figure 5.1. 

Figure 5.1 shows that two of the ice jams are believed to have been thickened ice jams, 
two are believed to have been single-layer ice jams, and two were of unknown 
classification. Of the thickened ice jams, one was believed to be caused by submergence 
(the Root River at Hokah) with the toe ofthe jam held in place by low bridges and a sand 
bar. The other one was believed to be caused by shoving and collapse of the ice cover 
(the Blue Earth River at Rapidan) with the toe being held in place by a bend in the river 
and stabilized by a county highway bridge (and possibly with a contribution of ice from 
submergence). Application of the theories developed in this thesis to the two remaining 
cases resulted in the determination that both submergence and shoving were unlikely. 
Thus, they were classified as single-layer ice jams. 

Of the four single-layer ice jams, two of the jams (the Mississippi River at the Coon 
Rapids dam and the Red Lake River at Crookston) appear to have experienced shoving at 
the time of the ice jams break-up. In both cases, the jams were caused by in-place ice 
covers, and in both cases, the collapse thickening theory predicted shoving. The 
remaining two single-layer ice jams (Little Minnesota River at Browns Valley and the Wild 
Rice River at Ada were both caused by low bridges, and both were removed through the 
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SUMMARY 01' AJ'J'I.ICATlONS TO MJNNHSOTA ICI{ JAMS 

l.ocation of Observed Type 
Ice Jam oj' Jam 

Mississi pi River See Conolusions 
8t Coon re;pids Dam 
A"riI12. 1965 

Little Minnesota River Single-Layer 
at Browns Valley 
Maceh 26, 1989 

Blue Earth River at ThickQlled 
RapidaD, March 22. 
1986 

Root River at Hokah Thickened 
March 13. )989 

Wild Rice River at Unkaown 
Ada, April 7, 1989 

Red Lake River at Single-layer 
Crookston, April 11. 
1989 

Results of 
Submergence 'J'beory 

No $\lbmergence 

No submergence 

Sllbmergence 
predioted 

Submergence ice jam 
predioted 

No ~bmergence 

Limited submergence 
predicted 

ResnItsof 
Collapse '\'henry 

Shoving predioted 

No shoving 

Shoving predioted 

No shoving 

No shoving 

no shoving Imtil 
jam breakilp 

Conolusions 

HEC-2 simulation •. 
observations. and 
application of theory 
118S shown that flood 
stage was the result 
of a single-layer jam 
with a shovin~ front 
at time of ice Janl 
breakup. 

Observations and 
applioation of theory 
has shown that flood 
stage was the. Illsult 
of a single-layer j8ID. 

Observations indicate 
that a thiokened ice jam 
took place. Both 
~bmergence and 
shoving are predioled 
by application of 
thenry. 

Observations indicate 
thaI a thickened ice jam 
took place. TIloory 
predicts sllbmergellce 
with thickened ice jam 
potential. 

ObselVations indicate 
that this was a j8ID 
refonned after 
dislodgement by 
bridge maintenance 
crews. Theory 
predicted single-layer 
ice janl originally. 

ObselVations and 
theory indicate that 
flood stages resulted 
mainly from single
layer Ice jam. '\'heory 
predicts shoving at 
time of jam breakup. 

Figure 5.1 Application of Theory to Actual Ice Jams 
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use of hydraulic excavators (and decreasing stream discharges). Submergence or collapse 
thickening was not predicted for either ofthese latter ice jams. 

In summary, the case studies show that the parametric equations developed herein can be 
applied to actual break-up ice jams to determine the ice jam type and to estimate the 
conditions necessary for recurrence. The equations could also be applied to any location 
on a stream to determine the flow conditions likely to cause thickened ice jam formation. 
For submergence (assuming that the blockage effect of a single ice block is negligible), 
stream (submergence) velocity is estimated solely from ice thickness. For collapse 
thickening, stream (ice cover collapse) velocity is estimated from ice thickness, channel 
width, and straight channel distance with a fractured ice cover. 

Future work in this area should strive for good documentation of the flow conditions 
existing during submergence and shoving at actual ice jams, so that the theories can be 
further refined. It is also important to further investigate the shear stress (or roughness) 
on the bottom of an ice cover. This additional resistance can produce record flooding, as 
it did in the Red River of the North in 1989. It would also be of interest to investigate the 
weather conditions that existed in 1989, which produced four of the six case studies. 
Finally, while frazil ice jams cause flooding on a regular basis in Minnesota, research into 
frazil ice jam theory has not been carried forward to the point that the jamming process 
can be predicted, or effectively mitigated. Consequently this is also an area for future 
research. 
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