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PREFACE

This symposium on ice problems was sponsored by the U.S. Army Cold
Regilons Research and Engineering Laboratory and was held on the campus of
Dartmouth College. The organizing committee, headed by Mr. G. Franken-
stein of CRREL, was made up of members of CRREL and Dartmouth.

The chairman of the organizing committee would like to thank Mr.

S. DenHartog of CRREL and Mr. R. MacMillen of Dartmouth for their tremen-
dous assistance.

Requests for copies of the proceedings should be addressed to Mr.

Frankenstein at CRREL, Box 282, Hanover, New Hampshire, U.S.A.
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International Association of tHydraulic Research (IAHR)
Committee on Ice Problems
International Symposium on Ice Problems
18-21 August 1975
Hanover, New Hampshire

Welcoming Address

Colonel Robert L. Crosby
Commander and Director
USACRREL

On behalf of the Cold Regions Research and Engineering Laboratory
and the United States Army Corps of Engineers, it is my pleasure to welcome
each of you as participants in the International Association of Hydraulics
Research Symposium on Ice Problems. I believe it is appropriate to note
that future developments in the northern latitudes in general and petroleum
developments in the Arctic Basin in particular, have serious implications
with regard to ice problems of many different types. It is satisfying
to know that this group, individually and collectively, is seeking to expand
our understanding of the fundamental properties of ice and of icing phenomena.

I am sure that this Symposium will provide the opportunity for a
mutually beneficial exchange of information among the participants. I hope
that you will enjoy your brief stay in Hanover and will find your visit to
CRREL to be interesting.



International Association of Hydraulic Research (IAHR)
Committee on Ice Problems
International Symposium on Ice Problems
18-21 August 1975
Hanover, New Hampshire

Address of the Chairman

0. Starosolszky

Colonel Crosby, Mr. Vice-president!
Distinguished Participants!
Ladies and Gentlemen!

I feel myself very much honoured for having been elected chairman
of the Committee on Ice Problems of the International Association for
Hydraulic Research.

My first duty is to express on behalf of our Committee sincere
gratitude to the hosts, to the U. S. Army Cold Regions Research and
Engineering Laboratory for inviting us to this wonderful campus and
for the facilities.

Our Committee represents the Section for Ice Problems of our
Association and has its purpose to foster a bond between those concerned
with ice problems in general and in connection with hydraulic structures.

Our task is in particular - according to the by-laws - to encourage

- exchange of information and dissemination of results
from applied research,

— discussion among engineers and scientists on research
progress, and

- collaboration of research organizations in pursuing
relevant research.

International cooperation is based on fact that ice, just as water,
does not respect political borders and its properties and basic behaviour
are identical all over the Globe. There is no American and no European ice,
only plain ice!



Our Committee was established at the Montreal Congress of 1959.
Successful ventures such as seminars during TAHR Congresses and independent
Symposia demonstrated the common interests of ice experts. There can be no
doubt that these ventures have contributed significantly to the dissemination
of scientific knowledge concerning ice.

There is, I believe, no need to draw your attention to the ever-
growing economic importance of new fields and new resources for improving
the conditions of human life. Nevertheless, I should be permitted to
underline the importance of our activity when considering the further future
of mankind.

The growing demands of mankind for power and food must be met by
stepping up their production. For promoting human welfare new resources
must be explored and developed and the hazards jeopardizing such uses
must be eliminated or the chances of their occurrence must be reduced to a
minimum.

Ice covers a considerable part of our Globe permanently or periodically.
This ice cover may develop over land, seas, lakes and rivers, and hinder
on the one hand the exploitation of resources, and endanger on the other
hand human activities and sometimes even human life. Our goal may be
either to promote the exploitation of natural resources by improving the
methods thereof under ice conditions or to take measures of protection against
ice.

These are global problems which can be solved more effectively by
international efforts.

International cooperation has in this field long traditions referring
here to the exploration of the Antarctic and Arctic Regions.

The interest of the different nations varies in intensity, in that
Northern countries, such as Canada, the United States and the USSR have
first-order interest, while others are interested because of their hard
winters, or because of the glaciers in their mountains.

Qur interest in the solution of ice problems cannot be confined to
the countries located under northern climates, mainly on the Northern
Hemisphere, and utilizing the results directly. All countries of the Globe
must be interested when dealing with problems affecting the future of
Mankind.

It should be recognized, however, that the countries faced with
ice problems directly, and located in the Northern Hemisphere, will carry
the main burden of ice research.

Our Committee has the privilege and duty to promote this internationa;
cooperation and to mobilize the efforts for the benefit of development.



Ladies and Gentlemen!

I have the pleasure of announcing to you, that a resolution was adopted
at our Committee Meeting yesterday to organize task force groups on voluntary
basis. The main objective of these task force groups is to compile state
of art reports, to survey the situation

- 1in river ice hydraulics,
~ in river thermodynamics,
- in the mechanical properties of ice,
- 1in interactions between hydraulic structures and ice,
- in ice control, and
- in sea ice hydraulics.
These are the subjects which can be elaborated by your contributions.

I invite you to participate in these efforts. The volunteers willing
to cooperate should kindly contact the members of our Committee, especially
Dr. Ashton, Secretary of the Committee.

Your contribution is essential to the successful completion of
our work from which the whole engineering community is expected to
benefit.

We already have one Task Force Group, headed by Dr. Schwarz, and their
work will be reported on just after my address.

We believe this way of conveying cooperation will serve general
interests.

This Symposium is in accordance with the views mentioned before.

The extended navigation season on inland waterways makes it possible
to utilize low-cost shipping, which consumes small amounts of energy. Ice
jam control is a special form of protecting the human environment against
disasters. The effects of sea on marine structures is a crucial question
in the expansion of the human life - sphere to the oceans and in the
exploitation of their natural resources. In other words, our recent
Symposium is an important contribution to the improvement of human welfare.

In this concept I wish the participants much success in their contri-
butions during the Symposium!



THIRD INTERNATIONAL SYMPOSIUM ON
ICE PROBLEMS
Hanover, New Hampshire, USA

PROLONGATION OF INLAND NAVIGATION TERMS

IN THE USSR
Balanin, V. V. Rector of Water Leningrad
Transport Institute USSR

Climatic conditions in different regions of the Soviet Union,
that is of sizable extent both on latitude and the meridian, differ
considerably. At the same time it is to be noted that a large part
of its territory lies beyond the Polar circle, while still greater
extent, though located southward, is in the zone of severe climatic
conditions. All this sets waterways of these regions ice-bound for
a long time and hence unserviceable for navigation, unless any
special measures are adopted. More detailed description of ice regime
on different rivers is given in the paper (1). Taking into account
the importance of inland water transport in the operation of the
whole transport system in the country (in separate regions, in
Siberia for example, it is the main kind of transport), the
significance of the problem to prolong the terms of navigation in
the USSR is obvious enough.

The problem to prolong the navigation terms, like most other
large-scale national-economic problems has a striking engineering
and economic nature. The solution of this problem calls for finding
out series of technical means as well as their optimum combination
with specific economic conditions (freight turnover, distance of
transportation, prolongation of navigation terms), that would
guarantee minimum expenditures for transportation of goods as well
as its high economic efficiency as compared to other kinds of trans-
port that might be used under present specific conditions.

Summarizing the stored experience to prolong the terms of
navigation in our country, the following principal trends and stages
for prolonging the navigation period may be pointed out:



(a) Complete usage of the whole period of physical navigation,
that is operation of transport fleet during the whole period of
navigation and distribution of ships into creeks during autumn ice-
drift and at the beginning of freezing.

(b) Determination and usage of exact and guaranteed terms of
annual start and completion of transport fleet operation irrespective-
ly of ice conditions of each year, that would essentially improve the
operation of water transport and its exploitation by users.

(c) Prolongation of the navigation period on some sections of
the waterways above the mentioned guaranteed terms up to all-the-year-
round navigation, that is caused by special needs of national economy
and high economic efficiency.

Prolongation of navigation period is carried out principally
according to the above-mentioned procedure, though sometimes there
happen some deviations: for instance, conducting expedition voyages
in spring on water storages and tributaries to deliver cargo during
the high flood period along them.

Characteristics of the navigable channel present principal
subject that has a great influence on the economic indices of trans-
portation.

Three principal types of channels may be mentioned:
(a) The channel that is packed with broken ice.
(b) The channel that is regularly cleaned from ice.

(¢) The channel in which ice formation is prevented by using
some or other technical appliances.

The advantage of the first type channel is that it practically
brings no essential changes in the thermal regime of the reservoirs,
as heat irradiation through the broken ice layer is nearly the same
as that of the compact ice. Such channels in the reservoirs with small
flow velocities (in lakes in particular), where current velocities
are negligible is firmly kept up. If the navigation is rather
intensive and the climatic conditions are not very severe, the broken
ice has no time to freeze together. This is also prevented by
agitation of the water in the reservoirs called forth by the propellers
of passing through the channel ships that results in raising deep warm
water to the surface. A striking example of such a channel are navig-
able routes on Lake Maloren in Sweden. A channel like that is expected
to be created in the USSR on the Dnieprodzerzhinsky water reservoir.
An essential disadvantage of such channels is a great resistance
exposed to passing ships and hence sharp speed reduction of the ship's
speed down to about 507 as compared to that of the open water. The
more severe are the climatic conditions of the region, the less
intensive is the navigation on the given channel section, that is the



more active is freezing up of the broken ice, the more intensive is
the above-mentioned reduction of the ship's speed within the channel.

Particularly unfavourable conditions for navigation are
created on the channels which are created in the streams with more or
less considerable velocities of the flow that causes transposition of
the broken ice in one direction as well as its hummocking and as a
result of subsequent ship passages the thickness of the ice cover
increases sharply. After several ship passages at substantial
intervals there arises a necessity either to make a new channel if it
is possible, or to stop the navigation.

In different countries (USSR, USA and some others) with the
object of eliminating the principal drawback peculiar to the channels
filled with broken ice and causing great resistance to the fleet
movement there has been suggested a number of devices providing either
breaking of the ice and its removal from the navigable channel or
only removal of preliminary broken ice.

Leaving out of consideration the design of these separate
devices, it is to be pointed out here, that all of them provide
disposition of broken and picked up from the channel ice either on
the ice cover surface at the edge of the navigable channel, or under
the ice cover at the above-mentioned edge. It is absolutely evident
that to prolong navigation for a long period at negative temperatures
of ambient air one-time clearing the channel from ice is insufficient.
To maintain the channel free from ice regular operations of ice-clearing
aggregate are absolutely necessary; the aggregate is usually used
when the thickness of the ice-cover increases to such an extent that
essentially causes resistance to the fleet movement. It is not
difficult to determine the volume of the picked up ice from the channel
per month. Suppose the channel is 40 m width (that is a minimum width
to provide two-line movement of modern ships along the main waterway)
at the temperature of ambient air -20°C. This volume will make about
60 m3 per 1 linear meter of the channel.

To place this picked up ice on both sides of the ice-cover
surface, it is necessary to make spoil heaps up to 5-6 m height and
about 10 m width in their footing. It is evident that such ice-spoil-
heaps on the ice-cover surface will cause its straining and crushing.
As an after—effect, the navigable channel will be refilled with ice.
To place such a large quantity of ice under the ice-cover is still
less probable. It is to be noted here, that the volume of the picked
up ice from the navigable channel depends upon the frequency of its
clearing. The more frequent is the clearing, the larger is the
volume of the picked up ice from the channel; the less is the ice-
cover thickness at constant air temperature, the more intensive is
ice formation. It is to be pointed out that the maintenance of such
de-iced channels will undoubtedly influence and change, somehow,
the thermal regime of the reservoir or water-flow. In the water
flows with considerable flow velocities sludge formation is very
likely to take place that will hamper the navigation.



All stated above proves that to maintain channels open and de-
iced is expedient only in spring when average day temperatures are
above or a little below 0°C. That is, once cleared from thick ice-
cover channel would not entirely or almost entirely get ice-bound
and therefore no repeated clearing would be required.

The third type of the channel, within which ice-cover formation
is prevented, may operate only in case the water (the temperature of
which is higher than that of freezing) is supplied to the surface of
the navigable channel. Nowadays there are objective favourable
conditions for creating such de-iced navigable channels. These
favourable conditions are stipulated by sharp increase of the specific
capacity of some aggregates of thermal and atomic power-stations,
that reach about 1.200 thousand kwt while their summary capacity is
about 6.0 million kwt.

To ensure normal operation conditions for such thermal giants,
dozens and hundreds of cubic meters per second of cold water are
required. The former methods for cooling water by means of tower-
coolers in the ponds, nowadays proves to be not economic.

The most rational solution of this problem is the extensive
use of powerful water storages created while constructing hydropower
stations. However, it is to be noted here that disorderly large
warm water discharge into the water storages may result in their thermal
pollution that negatively affects the flora and fauna of the water
storage as well as on fishery that widely uses the above-mentioned
water storages. These powerful water storages are also used as the
main waterways. The water storages on the Volga, Kama, Dnieper and
some other rivers may offer a good example of it. That is why, it is
here, that heavy freight traffic may be envisaged. This freight
traffic volume should justify all the expenses for creating de-iced
navigable channels in winter to maintain all-the-year-round navigation.

All these problems may be solved provided the disorderly warm
water discharge is substituted by definite discharge into the fixed
limited canals, warm deep waters of the powerful water storages being
used as well. The cascade of hydroengineering complexes is typical
for our main rivers. From the point of view we are interested in
there may be defined three peculiar zones (Fig. 1) in a water storage
of the cascade. The first zone is arranged immediately down the
stream of the upper hydroengineering complex and has a lane, caused
by the warm water discharge from the upper water storage. The extent
of such lanes differs considerably depending on the operation schedule
of the hydro-power station as well as on the temperature of ambient
air. However, it is to be noted that the limited dimensions of the
lane are also conditioned by heat dissipation occurring here due to
the turbelent exchange of the discharged warm water stream and the
water of the reservoir, because the width of the flowbed downstream
of the hydroengineering complex is usually much larger than the stream
width discharged from the hydro-power station.



In this connection, it is possible to secure considerable
increase of the lane length, provided the potentialities of mass-
exchange along its lateral surfaces are limited. This may be
achieved by means of screens manufactured of synthetic film mounted
on the floats as it is shown in Figure 2. The installation of such
screens will also provide the possibility to play the discharged
warm water stream on the desired direction, that is on the navigable
channel.

Downstream the stable lane limits, where intensive sludge
formation usually takes place, it is necessary to provide the discharge
of warm cooling water of the thermal or atomic power-stations, as it
is shown schematically in Figure 3. To prevent this warm water from
suction by the water-—intake section of the cooling system, between the
water-intake and water-discharge of the system, a separate section of
the channel equipped with intensively operating pneumatic installations
is introduced. It is evident that ships will have no troubles when
overcoming this channel section. To direct the discharged warm water
after its cooling to the water receivers of the next thermal or atomic
power-station without any waste of heat and any heat pollution of the
reservoir, it is to be transported along the canal, the cross-section
of which is determined both by navigation needs and by the conditions
of transporting the discharged water. This canal may be also formed
by synthetic films lowered to the bottom of the reservoir where the
depths are close to the required navigable depth (Fig. 4a), or having
besides the lateral surfaces the bottom where the water depth is too
big (Fig. 4b). To aboid considerable transverse load on side walls
of the canal that are not designed for such loads, it is necessary
to create a water slope in the canal nearly equal to that of the water
storage of given cross-section. This is achieved by conformable
changes of the canal cross-section along its length as the water slope
along the water storage is gradually reduced. Let us assume, that the
water depth in the canal is maintained nearly constant, while the
cross—section of the canal is rectangular, then using the following
equation from the Chezy formula for the width, where the factor of
Chezy is determined according to the Manning formula C = 1.49/n Rl/6
hydraulic radius being equal to the depth.

b = n Q
1.49 n3/3 3172

where b - the unknown quantity of the canal width
Q - the discharge

n - Manning factor of the flow bed roughness
h -~ the depth

J

- the slope

The canal of the cross section mentioned, that is of variable width,
runs lengthways the water storage, all along of which several thermal



or atomic power-stations are dispositioned. These stations are
dispositioned at such distances that ensure cooling of the discharged
warm water up to the designed temperature. During warm season of the
year the extent of the canals may be correspondingly increased by
introducing additional canal lines.

On the third section of the water storage, where water slopes
are extremely small, and the flow direction towards hydro-power
station often deflects from that of the navigation channel, and the
creation of the canal of necessary width may be complicated here, it
is expedient to use the heat of deep waters which have here the
greatest temperature.

To avoid waste of heat while lifting water from the depth to
the surface, it is expedient to limit the region of ascending flow
by means of the synthetic films placed in the way shown in Figure 5.
This will sharply reduce heat losses in the jet because of the
turbulent exchange.

All the described above offers an opportunity to approximate
finally to the problem of all-the-year-round navigation on the main
waterways with heavy freight turnover when in definite places of the
water storages thermal and atomic power-stations are constructed.

As it was previously stated, prolongation of the navigation
terms is a complex problem, which is to be solved in stages and in the
first stages of this work, a complex plan for rather a long-term
perspective is to be worked out. Such an approach gives the possibility
to arrange the work in such a way that the works of the first stages
would gradually make an integral part of the subsequent stages of the
whole problem.

At present, the principle technical means, that practically may
be used to prolong the terms of navigation are different modifications
of ice-breakers that were discussed in the paper (1) as well as the
attachments to ice-breakers and pushers, variety of which is also given
in the paper. This favours to solve the problem of the first stage
according to the above-described classification along the full length
of the waterway of the single deep-water system of the European part
and partially on the Siberian rivers in our country and proceed to
solving the problems of the second stage. In some cases under most
favourable conditions it is possible to realize all-the-year-round
navigation with high frequency of shipping as well as expeditional
voyages to the tributaries during spring till breaking up of the
large water storage. All this is carried out on navigable channels
either filled with broken ice or while clearing the channel from the
broken ice when no repeated passages of corresponding arrangements,
such as pushers with attachments, are required. Intensively used
nowadays expansion of the net of thermal and atomic power-stations
if they are placed with due regard for demands of all branches of
national economy interested, water transport including, will give the
possibility to complete the second stage of prolonging the navigation

10



terms according to the previously mentioned classification and if
the solution is economically substantiated proceed in full scale to
the third stage. Naturally, in the latter case it is necessary to
have in view the creation of navigable channels where ice formation
would be practically eliminated.

References:

1. V. P. Aleksandrov, V. V. Balanin, G. F. Onipchenko, V. P. Tronin,
"Inland navigation and maintenance of hydro-technical structures
under negative air temperatures in the presence of ice.' This
volume.
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THIRD INTERNATIONAL SYMPOSIUM ON
ICE PROBLEMS
Hanover, New Hampshire, USA

ICE PROBLEMS IN LOCKS AND CANALS
ON THE ST. LAWRENCE RIVER

W. E. Webb, Eng.
Chief, Civil Engineering

- The St. Lawrence Canada
W. F. Blair, Eng. :
Chief, Operational Seaway Authority
Systems Analysis

Since the days of the early explorers, ice conditions
have governed the length of the navigation season on

the St. Lawrence River. Today we have year-round navi-
gation on the St. Lawrence as far upstream as Montreal.
Above this point, however, navigation is still closed
during the winter months due to ice conditions. The
present navigation season above Montreal is approximately
April 1 to December 15 although some difficulty is still
experienced in attaining these dates.

The St. Lawrence River generally flows in a north-
easterly direction from its source in Lake Ontario near
Kingston to the Gulf (see Figure 1). Ice problems occur
first in the furthest downstream and most northerly canal-
ized section, the South Shore Canal near Montreal.

This paper briefly describes the major problems related
to operating locks and canals under the conditions
encountered during the opening and closing periods and
the improvements which have been carried out to minimize
the effects of cold weather.

Icing problems can be divided into two categories:
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those related to ice formed through direct contact

of equipment and structures with water; and those
related to interference from floating ice in canals
and at locks. Ice formation on lock walls may result
either from direct contact with water or by floating
ice freezing to the chilled wall surfaces.

The formation of ice on lock equipment and structures is
particularly troublesome at mitre gates where it forms on
the steel gates and on the timber bumpers in the recesses.
This prevents the gates from opening fully. Ice forms

as well on other lock equipment such as gate machinery,
ship arrestors and sector gates and must be removed or
prevented from forming to allow normal operation. Heavy
snowfalls can interfere with the operation of bridges

and generally make access along the Tock coping difficult.

Floating ice tends to obstruct the movement of vessels in
the lock approaches, particularly in the lock itself.
Floating ice also adheres to the lock walls near the
waterline (often being crushed against the walls by
vessels) frequently building up a sufficient thickness

to impede or prevent the entry and exit of maximum beam
vessels. Floating ice can interfere with the operation
of mitre gates and must be cleared before they can be
fully opened or closed.

The cold weather operation of mechanical and hydraulic
machinery for lock equipment and bridges introduces
rather difficult maintenance procedures but these
problems are similar to those encountered in many other
operations.

Starting in 1965 the Authority undertook a program of
studies that resulted in excess of $3,000,000. of improve-
ments to provide means of combatting ice and ice

formation in the South Shore Canal ?see Figure 2),

and the Beauharnois locks with respect to compressed air
systems, so that despite the extreme downstream location,
navigation could continue at Teast until similar problems
arose at the next critical area, the Beauharnois Navi-
gation/Power Canal.

These improvements consisted of:

A. ENLARGEMENT OF COTE STE. CATHERINE REGULATING WORKS
AND CONSTRUCTION OF ICE DIVERSION WORKS AT ST.
LAMBERT LOCK

One of the major problems facing the Seaway was the early
freeze-up of the South Shore Canal which was a direct

16



result of the small flow in the canal and relatively
shallow water in the adjacent areas. It was therefore
decided that the capacity of the regulating works at
Cote Ste. Catherine should be increased from 100 m3/s
to 300 m®/s to:

a) minimize cooling throughout the length of the
29 Km canal and thus retard the formation of ice

b) concentrate the flow down the navigation channel
to permit ice cover to form first in the shallow
water areas along the original shoreline and thus
minimize the heat loss

c) permit utilization of the higher flows to divert
floating ice through the by-pass at St. Lambert

d) wutilize the higher outflows at the lower end, i.e.
Montreal Harbour, to significantly reduce the
formations of frazil ice which tends to
accumulate at the entrance to the canal during
the winter and spring

The modifications to the regulating works were success-
fully completed at Cote Ste. Catherine in 1968, however,
upon operation it was determined that under high flow
conditions, adverse cross-currents were introduced into
the navigation channel in the vicinity of the lower
approach wall which influenced vessel movement. Model
studies were subsequently conducted to determine the
most suitable means of improving these conditions so
outgoing vessels could safely pass ships moored at the
lower approach wall. The model tests indicated that the
strategic placement of two deflector walls in the
diversion channel would redirect the flow so that it
would enter the navigation channel at a less severe
angle. Even with these modifications, actual field
trials have shown that it is not possible to fully
utilize the maximum discharge of 300 m3/s without
adversely affecting ships in the area. Maximum dis-
charge possible with ships in the area is 170 m3/s,
although some 300 m3®/s is discharged during other periods.

A complementary project to the enlargement of the
regulating works at Cote Ste. Catherine was the con-
struction of an ice diversion channel immediately above
the St. Lambert Lock. This channel permits the diversion
of ice from the channel to alleviate congestion of
floating ice above the lock at the closing of the navi-
gation season, and evacuation of all floating ice between
Cote Ste. Catherine and St. Lambert Lock prior to the
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opening of the navigation season in the spring. The
cost for these two projects was $2,000,000.

B. ICE FLUSHING SYSTEMS

One of the principal problems with winter navigation is
the accumulation of floating ice within the lock chambers
and the buildup of ice on Tock walls which reduces the
area available for ships and impedes the entry of ships
into the locks. The floating ice accumulates in the lock
as a result of downbound vessels (and to a lesser extent
upbound vessels) pushing large quantities of ice ahead
of them into the Tock. Since the locks in Eastern
Region were designed with their ports located in the
central portion of the lock, flow from the ports could
not be effectively utilized to evacuate the ice from the
dead water zone of approximately 80 m. between the
breast wall and the first port. Prototype tests to
overcome this problem were carried out at Cote Ste.
Catherine Lock utilizing the sector gates to produce
various flows through the Tock. These tests indicated

a flow requirement of 100 m3®/s. An ice flushing culvert
was then installed in the breast wall of Cote Ste.
Catherine Lock to permit the introduction of water to
produce a surface current capable of flushing accumu-
lated ice out of the Tock). (See Photos #1 and #2

and Diagram #1).

A similar installation was subsequently made at St.
Lambert Lock, however, because of the varying head on
this lock and since there are no sector gates, model
tests were carried out to obtain the most suitable
design. The two ice flushing systems now in operation
permit the evacuation of ice from within the lock
chambers within 10 to 15 minutes. The installation at
Cote Ste. Catherine Lock is very effective while the St.
Lambert installation is somewhat slower due to the
submergence of the breast wall and flushing culvert.
Details of the Cote Ste. Catherine flushing system are
shown on Plates 14 and 15. The cost of the ice flushing
culverts was $550,000.

C. INSTALLATION OF COMPRESSED AIR SYSTEMS

To combat floating ice which interferes with the
operation of the mitre gates by lodging in the gate
recesses and thus prevents the gates from fully
opening, compressed air systems were installed at St.
Lambert, Cote Ste. Catherine and Beauharnois Locks.
Air jets have been installed in the gate recesses

and on the mitre gates so large quantities of com-
pressed air can be introduced as required to create
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sufficient surface currents to move ice away from the
gates and gate recess areas. Initial systems employed
small portable compressors with local controls and were
used for prototype testing. The present installations
consist of permanent electrically-driven compressors of
30 m3/min. with a remotely controlled distribution system
that permits the lock operator to direct the air to any
gate or pair of gates as required. The normal condition
is to direct 22 m®/min. to the gates to be operated and
8 m¥/min. to the gates at the other end of the Tlock.
Details of the installation are shown on Diagram #2

and Photo #3. The cost for these installations was some
$120,000. per Tock.

D. INSULATION OF LOWER MITRE GATES

During freezing conditions we normally keep our Tlocks
full as much as possible when they are idle so as much
of the structure is submerged as possible. However,
one side of the lower gates is then exposed to below
freezing ambient temperatures while the other side is
in contact with water which results in formation of
ice on the upstream side of the gates. This accumu-
lation often prevents the gate from fully opening.

To minimize the ice formation on the gate, a polyurethane
type of insulation was applied to the gate skin with
electric heating cables placed along the girders which
come in contact with the recess bumpers at the lower
gates at St. Lambert and Cote Ste. Catherine Locks.
This has significantly reduced the icing problem,
although the original installations (electric heating
cable) proved to be unreliable with high maintenance
costs, and it is now planned to replace these with
hydronic heating systems.

The difficulty experienced with ice on the timber gate
recess bumpers has also been overcome by replacing the
timbers with steel I-beams and attaching electric
heating cable to the beams. The I-beams have also been
faced with neoprene pads to protect paint on the mitre
gates. The cost of this was $100,000./pair of gates.
Further details on gate heating are shown on Diagram #3
and Photo #4.

Upon completion of the improvements, weather conditions
during the opening and the closing periods were Tless
severe than the average and the improvements could not
be fully evaluated for several years. However, they
were tested during the 1972 and 1973 closing periods

and it was found that they operated satisfactorily under
the relatively severe conditions encountered. However,
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it must be clearly understood that conditions vary from
year to year and as the season is extended more difficult
conditions will be encountered which will necessitate
further modifications and additional features.

While advances have been made in most areas, 1ittle has
been accomplished to reduce the problems associated

with the build-up of ice on lock walls. Here floating
ice that is pushed into the Tocks by vessels adheres

to the walls and in some cases the accumulation builds
up to as much as 0.6 meters and is sufficient to impede
the entrance of vessels. Various experimental wall
coatings have been tested as well as mechanical
scarifying. Heating of the Tock walls is being evaluated.
To date this problem remains to be solved on a long-term
basis and scarifying with a small back-hoe has been
adopted for the short term. See Photo #5.

Studies are continuing to improve the efficiency and
effectiveness of the improvements as well as to in-
vestigate means of not only "firming up" but "extending"
the season. These studies include the evaluation of:

- air bubbling to prevent ice formation in canalized
sections

- the use of flow developers to move floating ice
- jce sluices to evacuate floating ice

- ice booms to prevent the entrance or movement of
floating ice

- various means to prevent an ice build-up on lock walls

A series of separate studies of ice problems in the
Beauharnois Canal has also been undertaken jointly by
the Seaway and Hydro-Quebec and will be the subject of
a separate presentation.

The use of hovercraft for icebreaking in shallow water

is also being investigated in conjunction with the
Ministry of Transport so that ice can be evacuated earlier
from areas where conventional icebreakers cannot operate.
This will permit earlier placement of lighted navigation
aids.

In any case it is the intention of the Seaway to continue

to extend the length of the navigation season on a
gradual basis and as capacity is required.
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THIRD INTERNATIONAL SYMPOSIUM ON
ICE PROBLEMS
Hanover, New Hampshire, USA

ACCUMULATION OF FRAZIL ICE IN
AN INTAKE RESERVOIR

EINAR TESAKER RIVER AND HARBOUR TRONDHEIM
SECTION HEAD LABORATORY NORWAY

SYNOPSIS. This paper reports from a field study of frazil
ice accumulation under a solid ice cover. Maximum flow
velocities vary in the range 40 - 60 cm/s, with Froude
numbers in the range 0.08-0.1l4 for apparently stable.
flow sections. The results have been compared with
earlier findings about the critical velocity for pro-
gress of an ice front against a current.

The intake dam of Gamlebrofoss power plant in Kongsberg
Norway, forms a 500 m long and 130 m wide intake pond with
a maximum depth of 7.5 m. The total volume is 250 000 m3.
The design flow is 110 m?®/s, which is more than normal
winter flow. The gates are therefore rarely used in winter,
while automatic level control keeps the pond level almost
constant by adjusting the power production. The pond is
therefore ice covered earlier than the nearest 800 m up-
stream river. Parts of this upstream reach are shallow
rapids that usually do not freeze at all most winters.
Large quantities of frazil are therefore produced and tran-
sported to the intake pond, where it is deposited under the
ice cover.

Fig. 1 shows a map of the area. The pond is seen from the
0ld bridge on fig. 2, with the intake dam in the background.
Fig. 3 shows the upstream edge of the ice cover on the pond,
and the rapids below the bridge. Fig. 4 gives a view up-
stream from the bridge. Fig. 2-4 are taken in January 1971.
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Fig. 1. The study area.

Regular mapping of the ice cover was carried out from
Febr. 1971 to April 1972 (Tesaker and Billington [1]).
Fig. 5 shows the characteristic progress of the ice cover
as it occurred during the season 1971/72. The open areas
on fig. 5 are rarely or never frozen, and can be seen
also on fig. 2-4, taken the preceeding season.

Surveys of the accumulation pattern of frazil under the
ice cover were made in 1971 and 1972. Observations of
solid and frazil ice thickness were made through numerous
boreholes twice each year. The velocities in a typical
cross section were measured once each year.

The thickness was measured by means of a round plate
mounted on a rod. The boundary between accumulated ice
and free water was well defined and easy to determine
within an accuracy of 5 cm.

The velocities were measured by an "Ott" flow meter with
propeller diameter 50 mm.

Fig. 6 shows a typical accumulation pattern during an

accretion period. The contours show the frazil ice thick-
ness exclusive of the solid ice. Maximum thickness 1is 420
cm and total volume about 28 000 m®. The shape of the ice
delta has a striking similarity with sand deposited from

a river entering a reservoir.

Fig. 7 shows two cross sections, and the velocity distri-
bution in the upper one. The maximum velocity is 60 cm/s,
but 30-40 cm/s is typical for most vertical sections.

One month later (March -71) about 80 per cent of the
frazil from January had been eroded or melted away, and
the maximum thickness of the frazil deposit was 165 cm.
Fig. 8.
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Fig. 3 The upstream edge of the ice cover
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Fig. 7. Cross sections and velocities 4. Febr. 1971
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ICE FRONT

Fig. 8. Frazil ice remains 4th March 1971

Similar accumulations, but larger volumes (43-41 000 m?)
were found in January and February 1972. Fig. 9-11. Only
1-2 m ice free water depth was left under large parts of
the frazil pack. The flow section was reduced by up to 60
per cent of the normal icefree area. The frazil volume
filled up to 20 per cent of the reservoir. Maximum velo-
cities were 40-50 cm/s.

The two seasons show very similar accumulation patterns.

A slightly more east-west-turned axis in the last season
is likely to be the result of an accidental opening of one
of the gates a few days before the measurements Febr. 4th
-71.

In the accumulation phase, when freshly formed frazil is
being carried under the ice cover, a stable interface will
establish where equal amounts of frazil are deposited and
eroded simultaneously. When no frazil is being supplied,
the erosion will continue and increase the flow section,
until the critical velocity for erosion is reached.

If the latter occurs during a mild weather period, melting
of some of the ice pack may add to the erosion. Both
processes will occur mostly at the upstream part of the
ice deposit, such that its "top" appears to move down-
stream. This is clearly the trend in both seasons' obser-
vations.

The two winter seasons had temperatures slightly above
average, Much larger quantities of frazil will be accu-
mulated in extremely cold winters. This may cause intake
troubles or at least significant head loss at the power
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Fig. 11. Frazil ice deposit 7th Febr. 1972

plant. It is therefore important to study the erosion and
roughness under the frazil pack.

Shear stresses (15) have been calculated by assuming loga-
ritmic velocity distributions. Critical erosion conditions
can then be calculated by means of Shields' formula

D, = To/(C-g (ow - p: )

ice
where D, = critical particle diameter, p__ and Pima =
densities of water and ice, C = constant (0.03 - 0.06).
Assuming solid ice particles (p-: = 920 kg/m*®),

De = 2.5 - 7.5 cm were found. 1%%is more likely that the
frazil appear in aggregate lumps, however. Assuming

Pice = 980 kg/m® for the lumps gives D, = 10 - 30 cm,
which seems reasonable.

Froude numbers F = V/Y g+d are given in table 1 for all
the recorded velocity profiles (V = max. velocity, d =
free flow depth beneath the ice pack). It is seen that

V = 40 - 60 em/s in sections where an approximate limit of
deposition has been reached. F = 0.08 - 0.14 for the same
profiles.

It is intersting to compare these values with known limit
conditions for progress of an ice front facing open flow.
A conventional rule used for Norwegian rivers has been

Vo= 60 cm/s (Vo = critical velocity) measured upstream of
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Table 1.

Year | Dist.from Max.vel. Flow depth| Froude| Comments
bank (m) Vim/s) d(m) number
1971 6 0.09 2.9 0.017 Shear zone
25 0.u42 1.8 0.100
40 0.37 1.9 0.086
60 0.60 4.6 0.090
80 0.30 4.2 0.0u47
100 0 - Shear zone
113 -0.12 3.0 0.022 Eddy
PO O.u4u 3.2 0.079
1972 13 0.11 23 0.023
32 - = Shear zone
52 0.37 1.5 0097
71 0.45 1.2 0.13
88 0.53 1:5 0.14
106 0.45 2.6 0.09

Marking PO represents a single borehole, about 1 m from
the edge of the ice front, see fig. 6.

the front. Flatjord [2]found that V. varied with the
temperature, 60 cm/s being the value for 0.02°C. Sinotin
[3] found V., = v0.035 gL for ice floes, where L is the
length of the floes. L = 1.0 m gives V., = 0.6 m/s.

Kivisild [4] reports Fo = 0.08 as limit, using values of V
and d in front of the ice.

Uzuner and Kennedy [5] found a relation between F,, the
ice thickness t, and d in front of the ice, which can be
written:

Fo = 0.08 for t/d » 0.05 and t/1 = 0.6

Fo = 0.14 for t/d =~ 0.2

See also Carstens [6].

The results in [2], [4] and [5] vary much as should be
expected with such simplified systems of parameters.

A closer study of the observations at Kongsberg shows that
the largest F-values occur for the smaller depths, in
agreement with Uzuner and Kennedy's results. It is there-
fore a remarkable agreement between the ice front criteria
and the stability of the frazil pack boundary despite
obvious differences in flow patterns.

The shear stress is more directlv related to the motion
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or deposition of particles than V or F, and should be pre-
ferred as criterion when data are available, For practical
purposes, however,there is a need for simple criteria in-

volving a minimum of

the maximum velocity and
1 manner that seems

the vertical flow pro-

i.e. with logaritmic

appropriate
fj_lk:.' i: T, ."ﬁ'

distributi o) b ida If the velocity
profile differs from the typical due to large depths, ir-
regular topography etc., the F.-criterion is invalid. In
such cases the V, or -criteria have to be used.

A particular case is when the water depth is so large that
the influence of the bottom friction is negligible. The
ice will then build up with an upstream slope determined
by the friction angle and the shear stress similar to sand
dune formation in rivers. This 1s of practical importance
for the operation of ice skimmer walls. The skimmer wall
will collect ice along its upstream side until it is
filled to capacity. If the supply of ice exceeds the vol-
ume determined by the upstream slope and the wall depth,
the skimmer will only be a temporary restriction to the
passage of ice.

This effect has been observed both in model and prototype
for the diversion structure of Burfell power plant, Ice-
land. One of the favourable results of this model study
with respect to cost was that the depth of the skimmer
wall could be reduced without significant influence on the
ice problems. The only imporftant requirement was to keep
the ice moving parallel to the upstream side of the wall
in order to avoid permanent accumulation. (Tesaker [71]1).

In a recent perscnal communication with T. LAVENDER it was
pointed out that it would be more logical to use the den-
simetric Froude numbers F' = V/V/ged+(py-pjce/0y instead
of F as stability criterion because the submerged weight
of the particles is important for their stability. If
Pice = 920 kg/m3 (solid ice) F = 0.08-0.14% of Table 1 will

correspond to F' = 0.28-0.49. Assuming ice lumps with
Pice = 980 kg/m3, as 1is more realistic, F = 0.14 will
actually correspond to F' = 1.0, which is a well known

value for critical Froude numbers in other connections.
The apparent variation in Fe-values may be due to different
composition of the ice lumps from one case to another, or
to a combination of this effect and the depth factor men-
tioned above.

To come closer towards a general stability criterion for

ice deposits requires more knowledge on actual values of
Piee for the frazil lTumps.
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International Association of Hydraulic Research (IAHR)
Committee on Ice Problems
International Symposium on Ice Problems
18«21 August 1975
Hanover, New Hampshire

COMMENTS
Paper Title: Accumulation of Frazil Ice in an Intake Reservoir
Author: E. Tesaker
Your name: KXartha, V. C. Tel. (204) 474-3542
Address: Manitoba Hydro, 820 Taylor Ave.,

Winnipeg R3C 2P4, CANADA

Comment :

Your paper described the ice-regime of a river including rapid flow
sections and a waterfall. Since the Froude numbers downstream of the
waterfall were below the critical value (as you have concluded)
suggested by other investigators, would you comment on the nature of
hanging dam formation, if any, in the vicinity of the waterfall?

Did the ice jam progress over the waterfall or did it terminate

at the foot of the waterfall? In other words, was the ice cover
upstream and downstream of the waterfall continuous with little or
no slope variation?

Author's Reply:

The waterfall shown on figures in the final paper is 12.5 meters

high and always interrupts the ice level. There is a small overflow
dam on top of the waterfall. The river has moderate slope several
kilometers upstream of the dam and is usually being ice covered early

in the season. A hanging ice dam sometimes develops in the pool between
the waterfall and the rapids depending on temperature conditions. It is
moderate in size and has not been studied in detail. The rapids under
the old bridge has not been ice covered since the new plant was
constructed but it may occur under strong winters. The waterfalls

will in case be the only significant cooling area and frazil ice
production will be small.
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International Association of lydraulic Research (IAHR)
Committee on Ice Problems
International Symposium on Ice Problems
18-21 August 1975
Hanover, New Hampshire

COMMENTS
Paper Title: Accumulation of Frazil Ice in an Intake Reservoir
Author: E. Tesaker
Your name: S. T. Lavender
Address: Acres Consulting Services Ltd.

5259 Dorchester Road, P. 0. Box 1001
Niagara Falls, Ontario L2E 6Wl

Comment :

From surveys of the accumulation of frazil ice under an ice cover,
Tesaker has obtained the interesting result that the limit of frazil
deposition is apparently reached when the Froude number in the
central part of the flow under the deposition reaches a value. of
0.08 to 0.14.

In order to test the possible universality of the result, the data

from similar surveys on the Madawaska River near Ottawa have been
similarly analyzed. Although the Madawaska surveys did not have the
advantage of constant water levels and also had large daily variations

in discharge due to upstream hydro-electric power operations, a similar
result was obtained; that is, Froude numbers in the range of 0.06 to 0.16.

The lower value obtained may simply indicate that the equilibrium profile
had not yet been obtained. The higher value was obtained for an ice
survey period in which discharges were somewhat above the daily average.
Using the corresponding daily mean discharge reduced the higher Froude
number to within the range of Tesaker's values. This seems reasonable

if one thinks in terms of a '"dominant' discharge defining the limit of
frazil deposition. That is, brief daily periods of discharge at moderately
different discharges would not be expected to alter the deposit profile
appreciably because of the lack of time to attain a new profile for the
case of lower discharges and because of higher "static'" resistance to
movement of already deposited frazil being able to withstand the higher
discharges.
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It would be interesting to have more data from other sites to further
test the value of this Froude criterion.

At first glance, the relevance of the Froude number is not immediately
evident. However, its relevance can be rationalized if one considers:

(i) the Froude number (ratio of inertia to gravity forces) is
roughly equivalent to a densimetric Froude number (ratio
of inertia to buoyant forces) for nearly constant values
of density difference between the frazil and water

(ii) the shear forces acting to resist the continual movement
of a mobile frazil particle are no doubt related to the
buoyant forces acting to hold the particle against the
underside of the ice cover.

Thus, the Froude number is a measure of the ratio of inertia forces
acting on the frazil to the forces acting to resist movement of the
frazil. At the limit of deposition, these forces would be in
equilibrium,
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INTRODUCTION

The capability of the easternmost section of the St. Lawrence Seaway, the South
Shore Canal lccated bztween Montreal and Lake St. Louis, to serve vessels under severe
weather conditions had been improved with the completion of a 3 million dollar cons-
truction program by the St. Lawrence Seaway Authority. These modifications were carried
out over a period of six years beginning in 1935.

The duration of the navigation season has varied from 229 to 272 days since the
opening of the Seaway in 1959. Dates for closing ranged from December 3rd to December
23rd, and those for opening ranged from March 26th to April 25th. The opening date
of April 25th occurred in 1953, and was exceptional.

Presently, a major concern of winter navigation and power generation is the move-
ment of vessels through the channels which are shared with Power Authorities and where
floating ice booms are used to promote the formation of a stable ice cover, maintain
water levels, and ensure regulated flows to the powerhouse.

The Beauharnois Power Canal was built in 1932, with a design to allow for a future
navigation channel 600 feet (183 m) in width. It links Lake St. Francis to Lake St.
Louis and divides the flow with the St. Lawrence River, which flows are controlled by
the Coteau Regyulating Works. The canal is 15 miles (25 km} lcng, 3300 feet (1 CO6 m)
wide and 34 feet (10.0m} deep and supplies the Beauharnois powerhouse owned by
Hydro-Quebec. A channel has been dredged along the north side of the power canal for
navigation and is an integral part of the Seaway system. The St. Lawrence Seaway Autho-
rity has two locks juxtaposed to ihe powerhouse which is located some 25 miles (40 km)
west of Montreal (see figure 1). The Beauharnois powerhouse has a low head and is
also in the run-of-river category. The powerhouse operations are subject to an adopted plan
promuigater by the Internauanal Joint Commission for the regulation of the St. Lawrence
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River and Lake Ontario, and administered by the St. Lawrence River Control Board.

The canal is therefore shared by power and navigation authorities each having sepa-
rate interests. However, they cooperate and work together with an aim to operate the ca-
nal in the most effective and profitable way. Sharing of this canal has generally presented
few problems except for the periods corresponding to the opening and closing of naviga-
tion viz; December and March.

Working in close collaboration with the St. Lawrence Seaway Authority, Hydro-Que-
bec has managed to optimize winter production as a result of experience gained during the
last 15 years. Discreet interpretation of water temperatures, frazil and ice formation, has
significantly contributed to the optimization of power generation. By reason of this optimi-
zation, winter production can now reach 1400 MW as compared to 1500 MW in the summer.
However, such results depend largely on care taken with the control of ice at the beginning
of winter.

The main control of ice formation in the canal is made principally through a series of
ice booms set at different strategic locations in conjunction with manipulations of flow. At
the outset, these booms are installed from the south bank of the canal to the southein
edge of the navigation channel. When the last ship has passed, the booms are extended
across the navigation channel to the north shore. Then, when hydrometegrological conditions
are favourable, the ice cover formation is on its way. The formation of the ice cover is
accelerated by inducing ice floes from Lake St. Francis. Simultaneously, a reduction in fiow
is necessary for the formation of a stable and smooth ice cover. A complete ice cover in
the power canal will preclude further heat transfer thereby eliminating frazil and ice genera-
tion, and attendant ice jams. This operation usually takes one week.

A second aspect deals with break-up conditions and potential ice jams. A reduction of
flow at that time in the power canal results in an increase of discharge in the St. Lawrence
River with a possible risk of flooding the river banks.

OBJECTIVES OF STUDY

A joint team from the St. Lawrence Seaway Authority and Hydro-Quebec had been set
up to explore the areas of mutual concern relating to the combined use by navigation and
power of the Beauharnois canal during the critical periods in the spring and early winter
seasons.

Some improvements to existing booms have already been introduced and it has been
concluded that another boom is required at the entrance to the power canal. The LaSalle
Hydraulic Laboratory was commissioned to undertake a hydraulic model study for the
proposed boom. The objectives are:

- to retain ice from Lake St. Francis until required for the formation of an ice
cover in the power canal;

- to allow passage of vessels until the end of the navigation season;

- to control ice movement during spring break-up.

One of the main criteria was to permit a vessel to pass through the boom system via

an opening which would allow ice to arch over the opening, thereby precluding the use of
complex closure mechanisms.
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Realization of the foregoing objectives would help in firming-up the closing date of
the navigation season, and it is anticipated that an earlier opening of the season may also
be achieved in this area. Furthermore, such a control would be benefical to power genera-
tion.

TESTS AND RESULTS FROM THE HYDRAULIC MODEL STUDY

The studies described herein were performed on a hydraulic model reproducing an
area of 2.5 miles (4km) by 3 miles {5.0km} of the lower end of Lake St. Fran-
cis as well as a reach of about 2.5 miles (4km) of the Beauharnois Canal to the Valley-
field Bridge. The model was constructed with a distortion ratio of 4, having a horizontal
scale of 1/600 and a vertical scale of 1/150. The overall dimensions of the model were
50 feet by 25 feet (16 m x 8 m).

For all flow conditions simulated on the model, the water level of Lake St. Francis
was maintained at 152.3 feet |IGLD, and calibration was done at a simulated flow of
250 000 cfs {7 080m3/s). Current patterns and velocities on the model corresponded quite
well with the actual surveys.

Preliminary investigations were first carried out in order to detect the general beha-
viour of an ice boom at the entrance of the canal. The basic criteria retained for the
location of that ice boom were as follows:

- the boom should permit an unrestricted passage of vessels;

— the boom should permit a rapid ingress of ice floes when it is desirable to
form an ice cover in the canal;

— the boom should not affect power generation by an increase of head loss in
the canal during winter operations;

— the overall length ot the boom system shouid be kept to a minimum while
still fulfilling the foregoing criteria.

To allow passage of vessels an opening was located in the boom system on the cen-
terline of the navigation channel. Tc evaluate the efficiency of the ice boom with respect
to its capability of retaining ice without interrupting the passage of vessels, a correlation
was established for the time elapsed between the passage of a vessel and the re-formation
of a natural ice arch at the opening. For a given flow and a given ice block dimension,
a relationship was also established for various gaps in the boom and the time interval
corresponding to a closure of these gaps by natural arching.

Ice was simulated by square pieces of thin polyethylene cheet plastic of a specific
gravity indenrtical to ice. Cohesion is not reproduced with this material and corresponds
therefore only to ice conditions where cohesion could be neglected, like during warmer
periods or in the springtime. However, ice floes simulated were relatively large (35ft x 35ft
x 3ftor 11 m x 11 m x 1 mand 20 ft x 20 ft x 1.5 ft or 6 m x 6 m x 0.5 m) which
corresponded to large pieces of ice and also to the agglomeration of smaller ice blocks
which at times culminate in ice floes.
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Proposed Boom Layout

After testing several boom configurations, a satisfactory layout which complies best
with the aforementioned requirements was found. The proposed boom arrangement, which
is located about 1/2 mile (0.8km) from the entrance of the canal, runs southward from
Grosse Pointe Island across the navigation channel towards the southern bank of Lake St.
Francis, as shown on figure 2 and photograph. 1. A maximum flow of 265 000 cfs (7 500
m3/s) was first used to establish the layout and was decreased to 160 000 cfs {4 530 m3/s)
to simulate flow conditions during the period of ice cover formation. The corresponding
velocities were 2.0 fps (0.6 m/s) and 1.5 fps (0.5 m/s) respectively,

With regards to an opening in the boom for ship passage, the model tests indicated
that the time required for the natural arching of ice floes varied with the opening width.
Numerous other tests concerning arching across the navigation opening were carried out intro-
ducing other parameters such as ice coming solely from a ship’s track in a solid lake cover
(see photograph. 2), wind, and the size of ice floes. None of these tests preciuded the
possible need for constricting the navigation opening during part of the cold weather naviga-
tion period. Results of these tests can be summarized as follows:

- In the case of a fragmented ice cover formed by 35ft x 35ft {11 m x 11 m)
floes, natural arching of a 200 foot (60m) opening occurred in 30 minutes (see
figure 3), whereas at 250 feet (76 m)} it took 60 minutes, in the absence of
wind and under flow conditions of 265000 cfs (7 500 m3/s);

— For the same conditions, the time required for arching over a 300 foot (92 m)
opening was in the order of 4 hours;

- In the case of a narrow strip of fragmented ice cover representing a ship passage,
arching of 35ft x 35ft (11 m x 11 m) ice floes occurred within an hour for a
350 foot (107 m) gap (see figure 3);

- When 20ft x 20ft (6.1m x 6.1m) ice floes are simulated, natural arching occurs
within an hour for a 200 foot {61m) gap in the case of a fragmented ice
cover. An hour is also required for arching a 300 foot (92 m) gap in the case of
a narrow strip representing a ship passage;

- Except for large boom openings, flow variations did not significantly affect the
time required for natural ice arching.

These findings underline a possible need for constricting the navigation opening in the
boom during part of the cold weather period of navigation. The basic requirement for a
navigation opening through the boom is 500 feet (152 m) which opening should be main-
tained, ice conditions permitting.

Wind effects on the ice boom layout were also investigated and an evaluation of the
ice ingress through the gap was also made in order to estimate the progression of the ice
cover in the canal. it was found that:

—  The prevailing "vind (in the direction of the canal entrance) generally hindered
natural arching at the boom opening;

— In the absence of natural ice arching, the ice ingress rate through a 250 foot (76 m)
navigation cpening in the boom, under flow conditions of 265000 cfs (7 500 m3/s)
and 160000 cfs (4 530 m3/s) corresponded to a progression of the ice cover in the
canal of about 1/2 mile (0.8km) and 174 mile (0.4km) per day, respectively (see figure
4).
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Opening for Throttling of lce

A second aspect o. the problem deals with the admittance of large volumes of ice
when the time has come to form an ice cover in the canal. In this regard, a separate ope-
ning in the boom layout for the throttling of ice was contemplated (see figure 2 and pho-
tograph. 3). Results of tests for various opening widths, and wind effects are shown on
figure 5. The tests were carried out at a flow of 160 000 cfs (4 530 m3/s)with ice floe
dimensions of 35ft x 35ft x 3ft (11 m x 11 m x 1 m). The effect of a northeast wid
in slowing ice ingress via the opening is quite pronounced. Openings used on the model
were 500ft (152 m), 750ft (229 m) and 1 000ft (305 m) wide; and the ice passing in
this range of openings was eguivalent to about 1 to 3 miles (1.6km to 4.8 km)of cover
per day in the absence of wind. The arrangement shown on figure 2, was deemed to be
the best of several with respect to ice volume, wind, and current.

Ice at Edge of Ship Track

The build-up of hanging dams at the sides of a ship track in an ice field is of vital
concern to power generation in terms of potential head losses. A cursory examination of
this action was undertaken using a model of one of the largest lakers in a 125 feet (38 m)
wide channel. An ice field some 1.5 feet (0.5 m) thick, extending 1200 feet {366 m) each

side of the 125 ft channel was simulated for a flow of 160000 cfs (4 530 m3/s). Polyethylene

blocks equivalent to a 6ft x 6ft x 1.5ft (1.8m x 1.8m x 0.5m) ice size were used. The
model indicated that the tendency for ice to build up at the edges of the track decreased
with an increasing number of passages. After a certain number of passages, the ice build-up

at the edges prevented anymore ice to leave the ship track. Build-ups of 5 foot (1.5m) depth

extending some 75 feet {23 m) were observed. These resuits are at best a guide only;
inasmuch as that surveys by Hydro-Quebec indicated 8 foot {2.5m) thicknesses extending 30
feet (9.0 m)which build-ups were attributable to downbound ships in Lake St. Francis.

Ice Thrust on Boom

Forces on the proposed boom due to wind and ice were measured on the model for
flow conditions of 265 000 cfs and under a westerly wind of 30 mph (48km/hr). Ice blocks
equivalent to 6ft x 6ft x 1.5ft (1.8m x 1.8m x 0.5m) were used. Wind frorn the lake
played a significant role; for example, at 30 mph the loading on the boom was increased by
50%. Extrapolations were made from the model test results for a 70 mph {113km/hr) wind,
and the loading thereby indicated was in the order of 1 100 pounds per lineal foot (1490
N/m. The model test results and supplementary theoretical calculations indicate that the
wind loadings on a boom in Lake St. Francis are greater than the loadings on some of the
booms in the canal proper.

4. CONCLUSIONS

The optimum total length of the proposed ice boom would be between 7 000 and
8000 feet (2150 m and 2450 m), with provisions for a navigable opening varying in
width from 250 to 500 feet (76 m to 152 m), and ifor a separate ice throttling section
varying in width from 500 to 1000 feet (152 m to 305 m). The operational details con-
cerning the closing and opening (if required) of the navigable opening, have yet to be de-
termined for compatibility with power generation and navigation reguirements.

There are tengible benefits for Hydro-Québec and the St. Lawrence Seaway Authority
which can be attributed to the proposed boom. The finite value of such benefits has not
been calculated at this time, which value is being assessed right now by both parties. The
estimated cost of the proposed construction is $2 000 000., using 1975 dollars.
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PHOTOGRAPH 1

— Fragmented Ice Cover
— Navigation Opening

PHOTOGRAPH

— Solid lce Cover
— Mavigation Opening

PHOTOGRAPH 3

— Fragmented lce Cover
— lce Throttle
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ABSTRACT

In any waterway system equipped with locks, the flow of traffic
(ships per day) is constrained by the maximum service time of the least
efficient Tock. During winter, the service time of locks designed for
temperate operations increases due to subfreezing temperatures and the
presence of ice, thereby reducing the capacity of the system. If this
service time increases to the point that the Tock capacity is less than
the demand for the use of the lock (ship arrival rate) a queue will
form at the Tock and grow indefinitely as long as the demand exceeds
the capacity. In order to investigate the effects of winter conditions
and ice on Tock operations, a model was developed as part of the SPAN*
Study to simulate their operations during both normal conditions and
winter months. A description of the model is presented in this paper
along with an example of the effect of required ice lockages on lock
capacity.

BACKGROUND

In any waterway system equipped with locks, one of the important
measures of performance is the system capacity (ships per dayg. This
capacity is controlled by the slowest processing element which is gen-
erally the least efficient Tock. The maximum number of ship lockages
() that can be accomplished in a 24-hour day is given by:

N(ships/day) = ta/t2=(1440 - t- td)/tz (1)

*"System Plan for Al1-Year Navigation"
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where ta = time available for locking each day (minutes)

1440 = minutes in a single day
¢, = average slack time per day (minutes)
t; = average delay time per day (minutes)
t, = average time required to process one ship (minutes)

The maximum theoretical system capacity is achieved when the lock
operates 24 hours per day with no slack or delay time and alternates be-
tweenlocking upbound and downbound ships. During winter, the processing
time of locks designed for temperate operations increases due to sub-
freezing temperatures and the presence of ice, thereby reducing the sys-
tem capacity. If the required processing time increases to the point
that the capacity is less than the demand {ship arrival rate) a queue
will form at the lock and grow indefinitely as Tong as the demand ex-
ceeds the capacity.

As part of the engineering studies undertaken to investigate the
economic feasibility of year-round navigation in the St. Lawrence Sea-
way, a model was developed to simulate the movement of ships through
the Seaway [1]*. Included in that simuiation was a computer lock model
developed specifically to simulate lock operations during both normal
and winter conditions for the seven locks in the Seaway. A diagram
of a typical lock is shown in Figure 1 along with typical lock parti-
culars.

LOCK MODEL DESCRIPTION
Overview

A conceptual block diagram of the Tock model is shown in Figure 2.
The model is comprised of two parts. The first part determines the
ship transit time through the lock during normal conditions, while the
second part determines time delays which result in increased transit
times due to winter weather conditions and the presence of ice.

The data and understanding necessary to accurately model the deci-
sions of real persons controlling the Tocks and ship traffic were ob-
tained by direct contact with traffic controllers, lock operators, and
the managers of the St. Lawrence Seaway Development Corporation (SLSDC)
and the St. Lawrence Seaway Authority (SLSA). As a result of those dis-
cussions, the following rules and assumptions concerning Seaway lock
operations were made:

1. Ships are processed so as to maximize the locks' utilization.

2. If queues exist on both sides of a lock, the Tock will alternate
between processing an upbound and a downbound ship.

Ships are processed from a queue on a first-come, first-serve basis.

4. A Tlock will turn back to lock through consecutive upbound (down-
bound) ships to maximize the locks' utilization.

* Numbers in brackets denote References listed at end of paper.
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FIGURE 1
LOCK DIAGRAM AND PARTICULARS
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5. Tandem lockages are permitted provided the sum of the ships’
lengths is 45 feet less than the usable length of the Tlock.

6. A ship will not be locked through if any of the following conditions
occur between the lock and the next anchorage or lock wall:

visibility is less than one-half mile

wind velocity is greater than the designated wind restriction
next anchorage or lock wall is full

another ship is stuck in ice

the estimated time of arrival at the next anchorage or lock
wall is after nightfall if the lighted navigation aids have
been pulled from the river

While these rules and assumptions were developed specifically for locks
in the Seaway, they are generally applicable to any lock.

Ship Lockage During Normal Conditions

The locking process of a ship begins when the stern of the ship
passes LA2 (Limit of Approach No. 2) entering the lock and ends when
its stern clears LA2 exiting the Tock. During normal conditions, the
lock processing time (tz) is given by:

tz - tenter * tgate closing * tdump/fi]] * tgate opening * texit )
(2
where t, = total time required to lock ship (minutes)
tapter - time for a ship to enter lock (minutes)

tgate closing - time for gates to close (minutes)

tdump/fi]] = time for lock to dump or fill (minutes)
tgate opening ~ time for gates to open (minutes)
texit
While the gate opening and closing times and the dump or fill times
are functions of thelock particulars, such as the required change in
water elevation and the size of the filling and dumping culverts, the
entrance and exit times are a function of the ship characteristics.
For Tocks in the Seaway, with the exception of the Iroquois Lock:

2 2 minutes

= time for ship to exit lock (minutes)

tgate closing ~ tgate opening

T (3)
tdump/fi11 2 7 minutes

during normal operating conditions. At Iroquois, because of its very
small 1ift (0.5 feet), a walk-through procedure is used whereby a ves-
sel proceeds,without securingsunder its own power at a low speed. The
lockage is therefore a smooth, continuous movement. An analysis of
lock records from Cote St. Catherine Lock for December, 1971; April,
1972; and Jduly, 1972, led to the following expressions for the entrance
and exit times for inland ships (lakers) and ocean-going vessels
(salties):
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INLAND SHIPS

Direction tenter(minutes) texit(minutes)
Upbound 1.97-10_%+(L+B) + 6.58 1.04:10_*+(L+B) + 5.53
Downbound 2.59+10 *+(L+B) + 4,92 1.62-107%«(L+B) + 4.07
(4)
OCEAN-GOING SHIPS
Direction tenter(m1nutes) texit(minutes)
Upbound 1.50+10"%+(L+B) + 9.47 0.93:10_*+(L*B) + 5.88
Downbound 2.06°10 %+ (L*B) + 5.86 1.99-10"*-(L-B) + 3.22

where L and B are the length and beam of the ship respectively.
Ship Lockages During Winter Conditions

Winter operations generally bring about increased lock transit times
because cold temperatures and ice interfere with normal lock procedures
and machinery operations resulting in the following types of delays:

» increased equipment failures

* jce lockages

* increased fill time

- gate opening delays

* removal of jce build-up on lock walls

Because of these delays, the lock processing time during winter condi-
tions can be expressed as:

e = Tenter * tgate closing * tdump/fi]] * tqate opening *

t t

exit ¥ Fice lockage * Cwall scraping ¥ (5)

tequipment failure

tgate delay ¥

where: ¢ are com-

enter’ tgate closing’ tdump/fi11’ tgate opening?® texit
ponents of the normal Tockage time given by equation (2)

= additional time required to open lock gates in the

t
gate delay presence of ice (minutes)

t = time required to Tock ice through ahead of a down-

ice lockage o nd ship (minutes)

= time required to scrape walls when ice buildup
prevents further lockages (minutes)

= time required to repair equipment (minutes)

Cwall scraping

tequipment failure

Each of these delays are discussed in the following sections.

Increased Equipment Failures: Equipment failure at a lock may be des-
cribed by the Mean Time Between Failures (MTBF). The actual time be-
tween failures will occur in a normal distribution around the MTBF with
a standard deviation of owygp. At each failure, there will be an asso-
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ciated mean delay time of Zfzj1. The value of MTBF decreases as temper-
ature increases while the value of Zf3i] increases as temperature de-
creases. The probability of a failure occurring at any given time ¢, is
highest when ¢,-¢, equals MTBF (where to is the time of the previous
failure) and decreases according to a normal distribution when ¢ is
greater than or less than ¢#;. If P; is a random number evenly distri-
buted between 0 and 1 chosen at time ¢, then failure occurs at time ¢,
if P, is Tess than or equal to Py, where

t1 20, 2
P, = h -]P P (£-MTBF) at

VT (6)
ho= V2 oyrge
Thus: tfai1: if Py < Py -
Pequipment failure | 0 : if P, > P,

Ice Lockages: In winter, brash ice will exist in the shipping channel
above the Tock. If the upstream throat of a lock is filled with some

of this ice, a downbound ship will push a portion of the ice into the
lock. If the length of the downbound ship plus the length of the plug
of ice pushed into the lock is greater than the usable length of the
lock, the ice must be Tocked through separately before the ship is
Tocked through. To determine the need for an ice lockage, the amount

of ice in the upstream throat of the lock and the portion that is pushed
into the lock by the vessel must be determined.

The amount of ice in the upstream throat is a function of the amount
and type of ice upstream of the lock and the wind speed and direction.
For example, if there is a large amount of broken ice upstream of the
lock and the wind is blowing from the upstream direction, the throat
will be full of ice, whereas if the wind is blowing from the downstream
direction, the throat will be free. The details for determining the
amount of ice in the upstream throat of the lock are given in Refer-
ence [2]. To proceed with the analysis, if the amount of ice in the
throat is defined as 44, the percentage of ice pushed into the Tock by
a ship depends on the total clearance (d) between the sides of the ship
and the lock walls. The following relation expresses the amount of ice
(4g) pushed into the Tock, based upon the qualitative experience of per-
sons associated with the operation of locks in ice conditions:

= *
Ay = P* 4, (8)
where
0 : when d > Lock Width/2
P = "
1.0 - Z
(Lock Width/2.)?

An ice lockage is assumed to be required if the length of the ship (L)
plus the length of the ice pushed into the lock (Ljce) is greater than
the usable length of the lock (Zusable), where Lice = 4g/Lock Width.

: when d < Lock Width/2 (9)
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The time required for an ice lockage consists of the normal gate
closing and opening times (2 minutes each, 8 minutes total), the nor-
mal dump time (7 minutes), a fill time appropriate for the upstream
conditions, plus time required to flush the ice out of the Tock cham-
ber. A somewhat slower fill rate is required to avoid excessive tur-
bulence at the water intake ports, since the ship to be locked through
will be tied up close to the Tock. An increase from 7 minutes to
approximately 11 minutes is usually sufficient. When an efficient ice
flushing system which feeds water from the upper gate sill is avail-
able, the ice may be flushed from the lock in 5 minutes. On the other
hand, if the normal filling ports must be used, a flushing time of 20
minutes is required with 20 percent of the ice remaining in the Tock
because the filling ports feed only the center 50 percent of the lock.
The flushing time (tf]ush) can be expressed by:

tf]ush(minutes) =5+ (1-¢) * 15 (10)
where ¢ is a measure of the efficiency of the flushing system (0 to 1).
A typical ice lockage therefore requires at least 31 minutes.

Increased Fill Time: During the filling of a lock, ice upstream of the
Tock is drawn into the upstream throat. The lock operator keeps an
eye on the movement of ice, and if he judges the movement to be too
fast he will cut back on the fill rate. In making this judgment, he
considers the amount of ice in the throat and the length of the ship
which is waiting for a downbound Tockage. The model, in determining
the increased fill time, begins by analyzing the amount of ice which
will be drawn into the throat for a 7 minute fill. If this amount of
ice will require an ice lockage, the program recycles itself using an
8 minute fill time and continues to recycle up to a maximum of 15 min-
utes until the amount of ice that would be in the throat is less than
that requiring an ice lockage. In determining this slow fill time,
the model considers the influence of wind velocity, water fill velocity,
and water bypass velocity. The details of the iteration routine are
given in Reference [2]. For the Seaway, a typical slow fill time is
approximately 15 minutes.

Gate Opening Delay: Ice on the upstream side of both sets of gates may
delay the opening of the gates if it becomes trapped in the gate re-
cesses. A clearance of approximately 46 feet is required for the gates
to swing freely. Surface flow developers such as air bubbler systems
are used in the gate recesses to push out the ice. From quantitative
discussions with lock operators, the following expressions for the gate
opening delays were developed:

-2V
. _ surf
tgate delay (minutes) = (D x 30)e (11)
where D = Aice/(Lavai1. . W) (12)
A. = area of ice to be moved (ft?) (13)
ice
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Lavaﬂ = length of area available for containing ice (ft)
W = width of lock (ft)
Vsurf = surface flow velocity (ft/sec)

In actual operation gate opening delays occur with some randomness and
therefore the lock model allows delays to occur only when a randomly
generated number was less than D.

Ice Buildup on Lock Walls: A ship entering the lock from upstream will
push some ice ahead of it. Part of that ice flows aft along the sides
of the ship and adheres to the Tock walls. Continued pressure from sub-
sequent lockages causes the ice to build up to a thickness that will
reduce the effective lock width and prevent the passage of large beam
ships. The thickness of the ice adhering to the lock walls after a

ship passage is dependent on the air temperature, the mean ice piece
size (usually 6 to 12 inches), and the total clearance between the sides
of the ship and the lock walls. Analytical data to support an equation
was not available but the following equation is consistent with Tock
operators' experience [2]:

y =9.77 * 10°° d(g._df (]_e—-os(32-1 - eair)) X (18)

y = ice thickness on lock walls (ft)

W = lock width (80 ft)

d = effective lock width - beam of ship (ft)
6_.. = air temperature (°F)

P
I

average ice piece size (ft)

The lock model calculated y as if there was no ice on the wall and
then added that amount to whatever ice was already on the wall. When
the total thickness was found to be equal to or greater than the clear-
ance required by a ship (d), lockages ceased until all of the ice could
be scraped from the lock walls.

LOCK CAPACITY

As previously stated, one of the important measures of performance
of a waterway system equipped with Tocks is the capacity in ships per
day as expressed by equation (1). If the average daily slack and delay
times are assumed to be zero, the capacity is given by

v(ships per day) = 1440/t (15)

where tg is the average time to process a single ship. Expressed mathe-
matically
N
*_d-(-t
ice lockage R turnback
Ny + 0 (16)

* + *
_ Nd tzd Nu tgu + ¢

oy,
g = du

t

where: Nd:Nu = mix of downbound ships : upbound ships
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t, ,t

g 2t downhound and upbound Tockage times
d “u

R

In equation (16) delays due to gate openings and slow fill are
included in T4 and £y However, delays due to equipment failure and

lock wall scraping have been neglected.

number of downbound ship lockages per ice lockage

To illustrate the effects of winter operations, consider an inland
ship with a length of 730 feet and a beam of 75 feet with the following
locking time components:

NORMAL OPERATIONS WINTER OPERATIONS

upbd  dwnbd upbd dwnbd
Center 17.4 19.1 17.4 19.1
gate closing 2.0 2.0 2.0 2.0
tdump 0 7.0 0 11.0
LEiN 7.0 0 11.0 0
gate opening 2.0 2.0 2.2 2.2
Cexit 1.2 12.9 11.2 12.9
ty 39.6 43.0 43.8 47.2
tturnback = 11 minutes
t = 31 minutes

ice lockage

Using equations (15) and (16), the effect on lock capacity of the ice
conditions' severity can be investigated by varying R, The results are
shown in Figure 3. The need for ice lockages, as seen in Figure 3, can
reduce the capacity significantly. For all downbound traffic, the capa-
city can drop from 26.7 ships per day to 16.1 ships per day if an ice
lockage is required for every ship. In terms of gross registered ton-
nage, 259,000 tons can be processed as opposed to 429,000 tons during
normal conditions if each ship is assumed to be 16,065gross registered
tons.

SUMMARY

The model as developed provides a tool to be used for determining
the effects of winter conditions on lock operation, ship transit time,
and system capacity. The model can be used to identify problems asso-
ciated with the lock and then to evaluate various proposed levels of
improvements. The model can therefore play an important role in the
process of planning for these improvements by providing a rapid and
economical means of evaluating the impact of alternative levels of
improyements.
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FIGURE 3
CAPACITY VERSUS NO. OF DOWNBOUND TRANSITS/ ICE LOCKAGE

NOTE: SOLID LINE INDICATES WINTER TRAFFIC
DOTTED LINE INDICATES SUMMER TRAFFIC
MIX — DOWNBOUND : UPBOUND

CAPACITY (ships / 24 hours)

&
T

1 2 3 4 5 6 7 8 9 10

NO. OF DOWNBOUND TRANSITS / ICE LOCKAGE
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ABSTRACT

Lock wall icing conditions on the Great Lakes and St. Lawrence
Seaway are described, and possible solutions are listed. Operating
assumptions are laid down as a basis for consistent cost estimates,
and selected deicing methods are considered, using figures condensed
from a more detailed report. The estimates cover wall heating by
embedded electrical cables and embedded fluid circulation systems,
repetitive surface coating with salt solutions, deicing with an in-
flatable boot, scraping with backhoes, cutting with large chain saws,
and slicing with high pressure water jets.

Initial costs vary from zero for contract arrangements, to over
$600,000 for a deicing boot. Average annual cost, which covers direct
operating costs plus an allowance for amortization, ranges from less
than $4000 for a salt dispenser to more than $80,000 for a deicing
boot. The chain saw concept, which has not yet been tested, appears
to be positive and economical, with average annual costs less than
$10,000. The feasibility of deicing with salt solutions has not been
investigated experimentally, but there is a strong economic motivation
to make suitable field tests. The relative attractions of other
methods will depend to some extent on the particular circumstances at
various locks.
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COST COMPARISONS FOR LOCK WALL DEICINC

Darryl J. Calkins and Malcolm Mellor

INTRODUCTION

During the winter of 197L-75, USACRREL investigated three differ-
ent methods for removing ice collars from lock walls, and gayve some
consideration to additional possible methods. In order to guide fur-
ther development work, it was necessary to assess the relative merits
of all methods which appeared practically feasible, and in particular
to consider the economics of competing concepts.

It is hardly possible to make an absolute economic comparison, as
different lock systems are situated with respect to climatic condi-
tions, energy costs, and logistic circumstances. However, a repre-
sentative situation can be defined for locks on the Great Lakes and
the Saint Lawrence Seaway, and it was felt that this could be used as
the basis for cost comparisons that would identify methods that are
either inherently expensive or inherently economical. Because cost
figures are strongly dependent on the assumptions made for the account-
ing exercise, the costs given in this paper should be taken in a com-
parative sense, and it should be recognized that different conclusions
might be reached with radically different starting assumptions.

In a short paper, itemized costs cannot be covered in detail. For

a more complete discussion, the reader is referred to Calkins and
Mellor™— (1975).

PROBLEM DEFINITION

During winter operation of locks, collars of ice form along
the lock walls, reducing the effective width of the lock and restric-
ting ship movement. The thickness of the ice collars has to be reduced
so as to permit efficient operation of the lock throughout the winter
season.

Two distinct processes contribute to the formation of ice collars:
(i) direct freezing of water on a cold wall, and (ii) compaction and
adhesion of ice debris on a cold wall during ship passage. There may
also be combined processes: e.g. floating ice may freeze on to the
wall, or adhering ice debris may be consolidated by infiltration and
freezing.

lCalkins D.J. and Mellor M., "Preliminary Economic Analysis of
Lock Wall De-icing Methods", USACRREL Internal Report Lk,
May 1975, Hanover, NH.
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The operational requirement 1s for the wglls to haye a maximum
of 3 in. of ice whenever & wide ship enters the lock. This require-
ment can be met either by preyenting formation of ice collars, or by
pericdically removing the collars at a frequency determined by traffic,
taking due account of weather conditions.

POTENTIAL SOLUTIONS

There are a number of possible solutions to the problem of lock
wall icing. They include the following but not limited to:

1. Avoiding or minimizing ice collar formation by modification
of operating procedures. The crucial point is that the lock wall must
be cooled below 0°C before significant ice adhesion can develop, and
it is unlikely that a submerged portion of the wall will undergo the
necessary cooling. Thus there is a strong incentive to hold the lock
at the highest feasible water level during the long intervals between
ship passages.

2. Built-in wall heating. Ice adhesion can be prevented by
maintaining wall temperature above 0°C, or ice collars can be shed
periodically by raising the wall temperature intermittently. Possible
arrangements include embedded electrical heating cables, conductive
surfacing materials, and internal piping or ducts for warm fluids.

3. Surface coatings. There are a variety of surface coatings
that are intended to minimize ice adhesion, but three broad classes
of materials can be distinguished: (i) "ice-phobic" coatings, such
as PTFE or polyethylene, that give low bond strength, (ii) "sacri-
ficial" coatings, such as oils and greases, that shed part of their
thickness and allow the ice to separate, (iii) ice-melting substances
that have to be continually replenished.

4. Built-in mechanical devices. Inflatable deicing boots, once
commonly fitted to aircraft, have been proposed for lock-wall deicing.
There might conceivably be other types of built-in mechanical equip-
ment capable of shedding ice collars, e.g. vibratory panels.

5. Mechanical removal with contact tools. At present, ice
collars are removed by scraping the wall vertically with a backhoe.
More effective mechanical tools could be built in the form of chain
saws, slot millers, face millers, or possibly percussive tools, the
object being to cut the ice close to the interface.

6. Removal with non-contact tools. At present, low pressure
steam Jets are used for limited deicing in the yicinity of lock gates.
More rapid cuts near the interface can be made with flame jets or high
pressure water Jets. More exotic possibilities include lasers, plasma
torches, or explosive Jets.,

61



T. Combination methods. 1In a practical operating scheme it is
quite likely that two or more of the above concepts would be applied
together. For example, if No. 3 were to be adopted, there might well
be & need for a more positive device to -~omplete the removal process.
No matter what method is adopted, it would be foolish to ignore No. 1.

ASSUMPTIONS FOR PRELIMINARY COSTING

In order to compare capital costs and operating costs for the
various methods that could be used for de-icing, certain assumptions
have to be made and they are listed below.

1. TIce collar dimensions - A strongly bonded collar for the
first 3.0 ft of vertical extent with an additional 3.0 ft of unbonded
section, giving a total depth of 6.0 ft. The length of one wall is
taken as 1000 ft and it is assumed that both walls are to be treated
(ignoring orientation effects).

2. Formation rates - In the absence of any firm information, it
will be assumed that complete ice collars can form or re-form within
a few hours once the wall has been sufficiently chilled.

3. Frequency of ice collar removal - For present purposes it is
assumed that the ice collar will have to be removed once a day during
the ice season. The ice season is taken as 90 days.

4. Rate of removal - In the absence of information on required
removal rates, it is assumed that a 6 hour period is available for
cleaning the two walls of a lock.

5. Available facilities. It is assumed that electrical line
power will be available at the lock at a cost of 3¢/kw-hr and that
both lock wall esplanades will be accessible by vehicles. It is also
assumed that the esplanades will be kept substantially free of snow.

6. Installation costs - Materials, labor, supervision and en-
gineering are all included.

T. Operating costs - An annual maintenance figure, labor, and
energy costs are considered.

DE-ICING SYSTEMS

Wall Heating:

The major expense for any built-in well heating system is likely
to be the capital cost of installation. The writers have not attempted
any detailed design work in wall heating systems, but the order of
cost can probably be estimated from simple conceptual designs. Three
methods were considered; i) embedded electrical heating cables, ii) hot
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fluid circulation, and iii).conductiye panels attached to the existing
wall. The latter may be undesirable because of the potentially high
shearing force caused by the ice and ship reacting with the panel
(attachment problems).

One factor that has to be considered in a built-in system is
variation of water level in the Great Lakes. [t appears that, over
long periods, maximum water level has changed as much as 2,6 ft, and
therefore the datum for high pool elevation in a lock could change
significantly. TIn the following estimates we have made a 2 ft allow-
ance for changes in lake level, i.e. the heated belt of wall is 2 ft
greater in vertical extent than it would need to be if the ice always
formed at exactly the same level. The. total depth of coveragg on the
wall is taken as 5.0 ft. A design power level of 30 watts/ft” is used
in all calculations.

Surface Coatings:

There are current investigations of the feasibility of "abhesive
coatings". There is a long history of study in this area for a
variety of applications, but as far as the writers are aware, the only
chemical treatment that has been used successfully on a large scale
is repeated application of chemicals that depress the freezing point
of water. As far as concrete surfaces are concerned, the classic
treatment for ice removal is application of sodium chloride or cal-
cium chloride.

While sprayed-on coatings of polymers would probably reduce the
strength of adhesive bonds, it seems likely that a subsidiary mechan-
ical system would be needed to actually dislodge the ice on a regular
daily basis. Annual renewal of the coating would probably be required
in view of scraping to be expected from ship hulls.

In our judgement, the only coating worthy of field study during
the next winter season is a concentrated solution of sodium chloride
or calcium chloride. We visualize a dispenser laid along the curbing
of the lock wall, perhaps in the form of perforated hose wrapped with a
burlap diffuser. The working fluid could be sodium chloride solution,
which has a freezing temperature of -21°C at 32% concentration, or
calcium chloride solution, which freezes at -51°C at 23% concentration.
The object would be to repeatedly apply a thin coating, either holding
a thin layer of solution in place by surface tension or slow flow, or
by crystallizing salt on the wall by evaporation. A replenishment
surge would be required immediately after each cycling of the lock.
There would obviously be environmental objJections, but we estimate that
the dilution of the 30% calcium chloride by the average daily flow at
Sault Ste Marie would amount to less than 3 parts per billion down-
stream -- certainly vastly less than the effect of runoff from salted
roads.
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Mechanical Systems:

Three different mechanical methods were considered; i) a de-icing
inflatable boot, ii) backhoe scraper and, iii) chain saw cutting
equipment. The removal rates for the backhoe were in the order of 3-5
hours for one lock wall. A de-icing boot system could be adjusted to
a very short time cycle. The ice cutting equipment had a design
removal rate of 10 ft/min while cutting through 6.0 ft of ice.

Two saw cutting units were considered; i) a soil trencher modified
with an extended trenching ladder and offset from the unit, and ii) a
special coal saw designed with ice cutting teeth, offset mounted on a
small tractor, both traveling next to the lock wall on the esplanade.

Non-contact method:

The only concept evaluated was cutting with high pressure water
Jets. Previous field experience indicated that removal of ice for
lock walls was feasible Esing this method. A 150 hp unit capable of
developing 10,000 1b_/in~ would be able to cut 3.0 ft of ice at a
traverse speed of 3.; ft/min, for a total working time of 5 hours per
wall.

Conclusions and Recommendations:

The cost figures for the various methods are summarized in Table
I. The range for average annual cost 1s very large, from less than
$L,000 for the salt dispenser to more than $80,000 for the de-icing
boot. However, the range is considerably smaller when the consider-
ation is limited to the more reasonable positive methods. Systems
offering a guarantee of success could be mobilized at an average
annual cost of $10,000 to $30,000.

If a new lock were to be constructed, electrical heating of some
kind would be extremely attractive, and even as a retro-fit on an old
lock electrical heating would have many advantages, provided the capit-
al cost could be met. The fluid circulation alternative does not seem
particularly attractive.

The backhoe scraper now used at some locks is not particularly
economical, and damage caused to concrete walls would probably be un-
acceptable in extended operations. A chain saw cutter could probably
do a better job at half the cost.

The high pressure water Jet has some operational attractions,
chiefly the ability to operate in awkward areas near the lock gates
and it does not appear to erode the concrete wall. However, it is an
expensive method and it involves technology that may be somewhat un-
familiar to lock operators.
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Ice remoyval by salting the wgll has interesting potential, if
only because 1t appear to be very cheap. However, the concept has
never tested and ideally air-entrained concrete should be used as
the wearing surface on the lock wall to minimize the deteriorating
effect of salt solutions.

The de-icing boot appears to be extremely expensive, and it seems
to be an unnecessarily complicated solution to the problem.

These estimates are quite rough, but they probably establish
general magnitudes of cost fairly well, at least in relative terms.
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DE-ICING METHOD
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30 W/SF 100 BTU/SF Inflatable Lag-mounted |Backhoe |Side-mounted 150 hp Calcium
INSTALLATION| 6" spacing 12" spacing |Rubber-mounted 3/4 yd4 |mounted |on trencher [10,000 psi|Chloride
COSTS 5' depth 5' depth Steel-protected pump
cov. cov.
Labor 317,000 302,000 >150,000 - 3,000 3,000 - 1000
Materials L1,000 116,000 450,000 - 30,000 25,000 - 3000
Engineering 25,000 29,000 42,000 - - - - <1000
Sub-total 383,000 L7, 000 >642,000 70,000 33,000 28,000 74,000 5000
Amortization- 20 20 10 10 10 10 7 T
yrs
Ave. Inst. . -
A 19,000 22,000 64,000 7,000 3,300 2,800 10,500 <700
OPERATING
COSTS
Labor 400 koo 2,000 5,000 6,500 2,500 16,000 1500
Energy 1,800 2,100 2,000 1,000 800 500 3,200 800%
Maintenance 3,800 k,500 16,000 3,500 600 2,400 3,700 500
A"eéog“' 6,000 7,000 20,000 9,500 8,000 5,400 23,000 2800
AVE(':OJS‘IT]”UAL 25,000 29,000 >80,000 17,000 11,000 8,000 34,000 4000

¥Calcium Chloride
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COMMENTS
Paper Title: Cost Comparisons for Lock Wall Deicing
Author: Darryl J. Calkins and Malcolm Mellor
Your name: Nabil AbdEl-Hadi
Address: Dept. of Civil Engineering

University of New Brunswick
Fredericton, N.B., CANADA

Comment :

It was noticed that the labour cost involved with the water jet technique
is as high as $16,000 annually. How about using a mounted crane
mechanism which allows for a convenient movement of the nozzle along

the lock walls. This way you may only need one labourer to work the pump
and the jet, which would decrease any degradation of lock walls after

a long term use of this technique.

Author's Reply:

It is likely that a crane would cost much more than a small tractor,
and its operator would probably be paid at a higher rate than a
tractor driver. In any event, the high pressure pump would have to
be tended by a suitably qualified mechanic.

As long as cuts are made within the ice, we would not expect the jet to harm
the wall.
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OF HYDRAULIC STRUCTURES AT NEGATIVE
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V.Aleksandrov Ch.BEng.Wat.lrans. M.R.F Moscow
Department eftete USSR
VsBalanin Rector Wat.Trans. MoRoF Leningrad
Institute el USSR
GeOnipchenko  Sin.Res.Hydroproj. MeReFe. Moscow
USSR
VeTronin As.Prof.Wat.Trans. HoRJF Goxrkyi
Institute ool e USSR

Geographical position and climatic conditions of the
Soviet Union are such, that during winter months water -
ways of the country get icebound and this stops the navi-
gation nearly on all waterways, though inland water tran-
sport plays an important role in the econimics of sepa-
rate parts and regions of the country. That is why the
Prolongation of the terms of navigation on separate river
sections and water reservoirs is very significent for eco-
nomy not only on &ccount of transportation costs but also
because of its great influence on the development of na-
tional economy in a number of regions having no other de-
veloped means of communications as yet. Among these regi-
ons there are Northern Siberian regions and some regions
of the European parts of the country.

It goes without saying, that prolongation of naviga-
tion in different regions of the country varies greatly
and, naturally the prolongation of river fleet operation
varies as well. For example, in Russian Federation average
duration of self-propelled cargo fleet operation is about
180 days, on the Irtysh basin it is about 166 days, on the
Enisey - about 155 days, on the Volga-Kamsky basin = about
210 days, on the Volga-Don - about 220 days. It is to be
noted here, that in some years the duration of navigation
may vary considerably. So, for instance on the Volga and
the Enigey these deviations may account up to 30 days from
average figures given above.

It should be noted, that the nature of breaking up the
ice on waterways depends considerably upon its flow direc-
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tion. Rivers flowlng southward break from the mouth to the
source calmly, but rivers flowing northward break up not
because of the effects of thermal factor, but mainly on ac-
count of mechanical force of the flood water wave. Brea-
king up ice on such rivers is accompanied by heavy jams (as
the ice was not effected by thermal action), which move down
the river causing the water level rise about 20 metres and
sudden water level fall.

Great changes in the navigation phases that are on the
river in its natural state are caused by constructing water
storages especially if they form the cascade of intercon-
nected reservoirs, such as on the Volga, the Dnieper and
the Kama.

The breaking up of water storages takes place 10-15
days later than that of on the rivers in the same geographi-
cal regionse This is due to weak action of mechanical fac-
tor while breaking up.

It should be noted, that more quiet nature of freezing
on water storages than on rivers determines also more uni-
form structure of ice cover. Such ice almost entirely loses
its mechanical strength while keeping considerable thickness
and immobilitye. This process of ice cover weakening in sp-
ring under the influence of solar radiation takes place on
the reservoirs even at negative temperatures. The above said
proves the expediency of using mechanical means, ice~brea-
kers for convoying ships along the icebound water storages
in particular.

The freezing of deep water storages takes place some-
what later than that of the river-bed sectionsj the deeper
and the larger this water storage is and the more heat it
accumulates in summer, the greater is the delay. Water sto-
rages which are not very deep freeze simultaneously or even
7-10 days earlier than the rivers under the same geographi-
cal conditions.

As a result the period of navigation on such reservoirs
may be shortened to 20-25 days compared to free river.

At the same time, below the hydroproject ranges, ice la-
nes (sometimes of considerable length) are formed. These
are retained during the whole period of freezing and deve-
lop most intensively during the first one or two months af-
ter the beginning of freezing the river and at the same pe-
riod in spring before the bresking up of the water flow.

It is very important for navigation that the bucket ty-
pe creeks where ships winter, usually break up much later
than the main water flow they are adjacent to, especially
if this water flow is a river of high current.

Finally, it should be noted that many tributaries used
for navigation during spring flood and discharging into the
water storage break up much earlier than the water storage
itself.

The features of the ice regimes of reservoirs given
abovqétipulate the following principal trends and stages
for prolonging the terms of navigation.

a) Complete usage of the whole period of physical naviga-

70



tion, that is the operation of the transport fleet during
the whole period of navigation and distributing ships into
creeks during autumn ice-drifting period and when the ri-
ver starts to get ice-bound.

b) The determination and usage of the exact and guaranteed
terms of the annual start and completion of using the tran-
sport fleet irrespectively of ice conditions in each year
thet improve immensely the usage of water traffic by users.
¢) The prolongation of the navigation above mentioned que-
ranteed terms up to the year round navigation on some sec-
tions of the waterways caused by a special need of natio -
nal economy and by high economic efficiency

In particular, the expedition voyages along the water
storage to the tributaries in spring for cargo delivery
along the tributaries in high flood period on them.

At present, the prolongation of the navigation takes
place in general on account of the phase (a) and partially
of (c)e« At the same time the work giving the possibility
to use the phase (b) is being carried oute.

In particular, as the result of the analysis of obser—
vation over the ice regime in the Volga basin carried out
for many years are given as the first approach in figure 1
To provide the guaranteed terms of navigation is possible
only taking into account the ice-breaking means at the dis-
posal of the basin and their expected replenishment.

The navigation period may be prolonged both in autumn
and springe. In solving this problem first of all it is ne-
cessary to take into account the specific features of the
river and available technical meanse.

For rivers flowing northward, characterized by heavy
Jams, the prolongation of navigation in spring with the ri-
ver itself remaining free, (i.e. without constructing hy-
droprojects) is unreal at present. On the contrary, when
constructing cascades of storage basins on such rivers, the
prolongation of navigation along those rivers in spring
will be absolutely necessary and might be carried oute.
Most probable is the prolongation of navigation on such ri-
vers in autumn. One should, however, take into account pos-
sible intensive sludging and foresee proper actions to over-
come serious difficulties experienced by ships sailing in
sludge.

On rivers flowing southward and especially on storage
basins navigation is prolonged both in spring and autumne.
The Volga, the Volga-Baltic waterway and other rivers may
serve as examplese.

It is expedient now to provide all-the-year-round navi-
gation on separate comparatively short but having great
goods traffic volume river sections in rather mild clima-
tic conditionse For instance, one of the sections of the
Dnieper where for a distance of 93 km the transportation
of 5,5 mln tons of ore from the mining complex to the me-
tallurgical works should be provided all the year round.
The ore tramnsportation by water when navigation is prolon=-
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ged is very effective from economical point of view.

The most widely used technical means for prolonging na-
vigation are icebreakers and tugs having special support.
Short technical data about them are given in the follow-
ing table.

: :
type of ship tLength

Draft ¢ Power Maximum ice-~

: :
H H
H m t m t plant ¢ thickness
te H tcapacity 8 overcome when
t g 8 hepe. $ salling
H : H :
"Don" type 3 : 3 :
icebreaker 8 44,7 ¢ 2,3 s 1800 H 0,33
g t 3 H
Harbour ] ] ] H
icebreaker s 27,0 3 1,8 600 ] 0,25
3 3 H 3
Icebreaker : : i :
tug . 12,5 ° 1,4 H 300 . 0,20
a 2 $ M
Tugs sup to :up to : up to H
¢ 46,0 . 2,2 : 1300 H 0,22
H H
H : : H

The "Don" type icebreaker is provided for convoying
ships during sautumn drifting ice and when rivers are ice-
bound. It performs all kinds of ice-breaking, artificial
breaking up of waterways including. The ship has icebreak-
ing outlines strong hull and roll-trim system (tank capa-
city is about 42°/, of displacement).

The tests of harbour ice-breakers showed that they
are able to sall cbntinuously, their speed being 1,5
km/hour and the ice thickness - up to 0,25 m. With speed
0,5 km/hour the icebreaker overcomes ice of maximum thick-
ness 0,4 m. and in spring up to 0,7 owing to reduced
strength of ice during this period.

Technical potentialities of icebreakers both concern-
ing maximum thickness of ice cover to overcome and the
width of the channel broken up may be considerably im-
proved on account of swinging installations giving the
ship vertical oscillations like pitching. The oscillations
are formed owing to rotation of unbalanced masses of high
frequency. (120 - 180 oscillations/minute.)

To improve ship maneuverability in compact and brok-
en ice and to de-ice the channel after the icebreaker,
hydrowashing arrangements in the form of a pumping in-
stallation and a pipe-line with exit nozzles in the ice-
breaker hull below ifs water-line are used.

To improve icebreaker's ability to pass through those
river sections where sludging takes place, it is necessa-
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ry to provide the heating of their hullse.

Rather expedient icebreaking means are icebreaking at-
tachments for pushers. Their advantages are: comparatively
low cost of manufacturing and possibility to use such pu-
shers during navigation according to their direct purpose.
For push-boats with 1.%40 he.p. capacity there is an attach-
ment with swinging installation. Its displacement is about
400 tons. Its capacity is 140 kwt. The attachment is pro-
vided with hydrowashing arrangement. The push-boat of
1.540 hepe equipped with such attachment breaks ice having
thickness up to 0,8 m, rough ice including. With ice thick-
ness of 0,4 m. the push-boat provided with the attachment
moveddat a speed of 3 km/hour and formed a channel 17 -~ 21
me widee

Another attachment having displacement 100 tons provi-
ded in its lower part with ski-cutters breaks ice when
ship runs continuously up to 0,6 m , but when a ship goes
by reids - up to 1,2 m.

Considerable improvements of traffic conditions for
cargo ships following an ice-breaker are created when na-
vigable routes are almost free of broken ice. This is achi-
eved by keeping off the broken ice under the ice edge by
proper devices on the ice-breaker or on a special ship in
towe.

Effective means of facilitating the operation of ice-
breakers when cutting channels in ice-field cover of con-
siderable thickness is preliminary formation of deep fur-
rows by means of ice furrows. The ice furrows are sharp
wedges introduced horizontally into the ice cover and de-
stroying it on the principle of cleavinge Ice~furrows form
cuts having depth of 45 cm, its speed being 15 km/h. The
necessary traction is 1250 kge The wedge of the ice-fur-
row 1s fastened to the frame having runners and air capa-
cities for providing buoyancy of the whole installation in
cage of its submerging into the water. Ice furrowing is ad-
visable to carry out 10-15 days before breaking the route
by the ice-bresker. Three lengthwise non-through furrows
corresponding the width of the ice-breaker hull make it po-
ssible to increase her speed by 2-3 times.

For ice-breaking in back-~water areaswith the object of
leading out the fleet into the river, ice cutting machines
are used. Such machines are made with chain saws and mil-
ling cutting devices.

The ice cutting machine of the latest design is made
on the principle of a tractor having rotor-splral moveX.
It consists of two metal cylinders placea parallel in the
direction of the machine run. On the cylinder surfaces
there are spiral projections that round the cylinders by
several turnse. During rotation of the cylinders its pro-
jections cut into the ice or ground and make the machine
move. Such tractor may easily pass through snow, ice, sand
and swamps and has a large tractor effort. It may also
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valve. This results in the wave formation, the front slope
of which is greater than the water slope in the lock chamb
ber that is registered at the end of the discharging pro-
cess.

In the machinery rooms temperature not less than +5°C
is maintained by electric heaters. To ensure safe lockage
while dark, during snowfalls and snowstorms, the lighting
of the lock is intensified, measures to heat the sensors
of the automatic control system and to prevent ice formati-
on in the float pits are taken. All auxiliary devices (ice-
arresting booms, pneumatic installations and so on) are
included into the automatic control system of the lock.

The regime of the heating devices' operation and installa-
tions to prevent the water area from freezing is control-
led automatically taking into account the temperature fluc-
tuations of the ambient air.

The chamber and approach channels of the lock are re-
gularly cleaned from ice by ice-=breakers (if the ice thick-
ness is above 15 cm) In the outer harbour the de-iced fair-
way is kept by the rise of warm deep waters under favou-
rable temperature conditionse.

The typical arrangement described above may be modifi-
ed in accordance with climatic conditions, the required
duration of the lock operation and negative air temperatu-
res, arrangement and structure features of the lock, the
type of feeding system and gate design being of the utmost
importance. For example, with a distributive feed system
supplying water to different parts of the lock chamber
through various culverts, it is possible not only to eli-
minate the flow in the chamber towards the lower head du-
ring lock emptying but also to form the opposite direction
flow. The installation of the ice-arresting boom in front
of the lower gate becomes unnecessary, which essentially
simplifies the whole complex of arrangements for tne lower
bead. In the shaft-type locks with a flat 1lifting gate in

lower head and a concrete baftle in front of it the
problem is much simpler. At present in the USSR a classifi-
cation system of locks from the viewpoint of their opera-
tion at negative air temperature has been worked oute.Locks
are being equipped with proper installationse.

The above mentioned stage to prolong navigation on the
main waterways sections of the country has been realized
by building both 12-line ice-breakers of 1800 h.p. and se-
veral tyges of transport ships fitted for ice-~navigation.

All these installations essentially facilitated the
fleet operation both at the beginning and at the end of
navigation. They also ensure expedition cargo delivery on
the tributary which was said above. On account of all
these measures the navigation period has increased by 10~
15 days. To ensure quaranteed terms of navigation in the
Volga—Kama_ba51n (which were given above) much more power-~
ful means in considerably larger quantities are necessary.
According to preliminary studies more than 410 line ice~
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breakers of 4 000 - 5 000 hepe. each are necessary in this
region, nearly the same number of ice-breakers of 2 400he.p.
more than 25 ice-breakers of 600 heps with swinging instal-
lations and more than 45 pushers of 600 -~ 41 200 hep. equip-
ped with ice-breaking attachments.

The prolongation of navigation is a complex problem.
It may be solved provided all the countries concerned take
an active part in this worke
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FIG. 1

Diagram of ice phenomena terms in navigation.
The mouth of the river Kama-—-Permj;
Rybinsk—-Belomorsk;

Rybinsk-Leningrad;
Rybinsk-Moscow;
KuibyshewRybinsk;
Astrakhan-Kuibyshev;
The dates of the start of icebreaker operation;
The reference dates of the transit shipping starti
The mean dates of ice clearance;

The early dates of ice drift:

The early dates of ice boundings}

The mean dates of ice drift;

The end of fleet decommissioning for winter
(early formation of 30 cm thick ice cover);

The mean dates of the ice bounding;

The mean dates of 30 cm thick ice formation.
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FIG., 2

Standard sketch of lock equipment for
operation at negative temperatures.

1. Slots for flow generator;

2+ Ice-arresting boomj

3+ Perforated pipeline with nozzles;

4, Heating of the upper parts of gate seals;

5+ Nozzles for air delivery to the main upper gate;

6, Perforated pipeline;

7. Mooring floating ring with heaters;

8. Heating of seals in the gate range pole and gate
leaf abutment;

9. Heat coatings

10. Intercoat heating;

11,.Heated rooms;

12, Heating of the raising water.
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THIRD INTERNATIONAL SYMPOSIUM ON
ICE PROBLEMS
Hanover, New Hampshire, USA

ICE MOVEMENT CONTROL BY THE
ARTIFICIAL ISLANDS IN LAC ST. PIERRE

J. V. Danys
Superintendent of Ministry of Transport Ottawa
Civil Engineering Marine Aids Canada
SYNOPSIS

Icebreakers maintain an open channel across Lac St.
Pierre, P.Q., throughout the winter for flood control and winter
navigation purposes. In addition to other structures, artificial islands
have been built to prevent ice from moving into the navigation channel,

GENERAL

ILac St. Pierre, located 50 miles (80 km) downstream
from Montreal, is some 8 miles {13 km) wide and 20 miles (32 km)
long with an average depth of about 10 feet (3 m). The navigation
channel passes through the middle of the lake, is 800 feet (240 m)
wide, and has been dredged to a depth of 35 feet (10. 5 m) (Fig. 1).
Lac St. Pierre is one of the most important river sections controlling
ice conditions below Montreal. Until the early fifties the frozen lake
stopped all navigation to and from Montreal.

The formation of the ice cover on Lac St. Pierre starts at
the very restricted outlet of the lake, With the advent of cold weather,
drift ice, frazil ice, slush and broken ice sheets drift downstream
into Lac St. Pierre and form an ice bridge across the narrow outlet of
the lake which acts as a bottleneck.

The low velocity of the current in the lake, approximately

1.7 f.p.s. (0.50 m/s) in the channel and approximately 1 f. p. s.
(0. 30 m/s) or less in the other parts of the lake, increases the effect
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Fig. 1. General plan and location of artificial islands,

ice booms and lightpiers.

of this bottleneck because ice cannot be evacuated fast enough. When
there are strong northeasterly winds there may be no surface move-
ment at all to carry the ice down. The ice then backs up until, first,
the whole lake is covered and eventually the river itself as far as
Montreal.,

The combination of ice rafting, piling, frazil ice and heavy
snow produces situations where the flow of water is so constrained
that the level of the river can rise very quickly above its banks and
cause disastrous floods in areas above Lac St. Pierre, including
Montreal Harbour. Before the days of organized flood control by ice-
breaking, there was a long record of winter floods in these areas [1].
In 1865, fifty people lost their lives during the spring flood.

ICEBREAKING FOR FLOOD CONTROL

Icebreaking to control the formation of ice barriers was
begun in 1906; the icebreakers '""Lady Grey' and "Montcalm' were
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given the task of breaking up the ice bridge at Cap Rouge, a few miles
upstream of Quebec City. The operation was a success and has been
continued since.

After a disastrous flood in Montreal in 1928, flood control
operations were also initiated in the area between Trois Rivieres and
Montreal. Icebreakers were put to work opening a channel up the river
in February. The objective was to reach Montreal before the time of
the spring run-off, thus providing an escape channel for the spring
flow. Such a programme was only partially successful because often
large pieces of the ice cover break off through the action of wind and
move into the shipping lane, effectively blocking it.

In 1953 the Ministry of Transport started icebreaking
throughout the winter; these operations proved much more effective

for flood control above Lac St. Pierre.

WINTER NAVIGATION

At first icebreaking between Montreal and Quebec City was
carried out only for flood control and the maintenance of an icefree
track for ferry crossings at Quebec, Trois Rivieres and Sorel.

About 15 years ago a few ships from Sorel, located at the
head of Lac St. Pierre, took advantage of icebreaking operations and
started to sail to Montreal, They were more or less following the
icebreakers. As the navigation channel was kept open throughout the
winter, winter navigation increased so much that today the Montreal
port is virtually open to year-round navigation. The closed season
has been progressively shortened from about five months at the be-
ginning of the century to several days in some current years. Al-
though the major task of the icebreakers is still flood control, they
now have the additional responsibility of also maintaining an open
channel for the winter navigation.

ADDITIONAL ICE CONTROL MEASURES

When a solid ice cover forms over the lake, the currents
in the open navigation channel move ice floes, slush and frazil ice
through the lake successfully. But mild weather and winds loosen and
break up the ice sheet in the lake, plugging the navigation channel.
This may happen several times during the winter and each time it re-
quires additional work by icebreakers. Of course, winter navigaticn
is also stopped. It was observed that the ice sheet tends to stay long-
er not only on the shoals but also around the lightpiers and cribs in
the lake.
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In 1959-64 a study was carried out to regulate water levels
in Montreal harbour and ice movement in Lac St. Pierre [l] . Among
the various alternatives, a straight channel across Lac St. Pierre was
considered. Earth dykes, pile clusters, ice booms and artificial
islands were proposed for retaining and stabilizing ice cover in the
lake. Subsequently, improvements of the navigation channel were
carried out by dredging, but the proposed additional measures were
tried out at various places.

In 1962 several timber clusters were installed along the
navigation channel in Lac St. Pierre, but they failed early in the
winter, mainly because of the very weak foundation and large ice
forces.

Ice booms have been successfully used in Canada since
1949-50 in the Beauharnois Power Canal in the St. Lawrence River.
Four of them were installed in 1967 in the northeastern part of Lac
St. Pierre (Fig. 1). The installations proved successful [2] , although
their maintenance is rather expensive because of the particular con-
ditions in Lac St. Pierre. The installation is in open water and is
exposed to several ice movements during the winter.

Four artificial islands were built in 1967-68 as part of an
experimental programme. One island, No. 3, supports a light tower
and its top is well above the high water levels in the lake (Fig. 2). Its
design was quite elaborate because of a very weak foundation [3].
The weak foundation required a relatively wide base for the artificial
island. The island was designed with two berms and varying slopes.
It was thought that the ice floes should be grounded so that later an ice
barrier would be created by the following floes. This reduces ice
pressure against the island. Also, it was considered that piling of
ice against the island should not damage the light tower. As a pre-
cautionary measure, the tower was made very light, of reinforced
fibreglass, so that it could be replaced with another one by helicopter
in the case of damages by ice.

Three other islands have been built only to the mean high-
est winter water level, so it is expected that sometimes ice floes
would float over the islands. Their design and construction was much
simpler (Fig. 2). Although their construction cost was lower, they
require much more maintenance work and their effectiveness in ice
retention is considerably smaller.

The lightpiers in Lac St. Pierre were built as early as
1905, While replacing the old lightpiers or building new ones in the
lake during the last decade, consideration was given to their potential
ability to retain ice floes and an ice sheet.
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Instead of completely demolishing the old lightpiers at
Curve No. 2 and Curve No. 3 [1] their substructures were converted
to artificial islands by placing rip-rap around them.

Fig. 1 shows the location of the four artificial islands,
four ice booms, eight new lightpiers and three old substructures of
the early lightpiers, converted to the small artificial islands.

The formation of the ice cover over the lake, as was men-
tioned, follows a certain pattern. The southern part of the lake is
shallower and has several shoals; the ice cover is formed here rela-
tively quickly. In the northern part of the lake, the formation of the
shore ice is slower and a considerable quantity of ice floes moves
downstream through the middle part of the lake along the navigation
channel, to the outlet of the lake which is a kind of bottleneck. Arti-
ficial islands, ice booms and lightpiers help to retain the downstream
moving ice floes, which by freezing together gradually extend the ice
cover over larger areas until the entire lake is covered. Thus these
artificial structures speed up the formation of the solid ice cover over \
the lake and reduce the danger of ice jams in Lac St. Pierre. Later ‘
they help to hold the ice in place.
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LAC ST. PIERRE, P.Q.
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Fig. 3. Ice cover on January 3, 1974.
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Fig. 3, 4 and 5 show the ice cover formation during the
period from January 3 to 11, 1974. The anchoring effect of the arti-
ficial islands, ice booms and lightpiers is clearly shown. First the
ice cover is formed along the shores. The artificial islands, ice
booms and lightpiers start to accumulate the drifting ice and initiate
formation of the ice cover upstream of these structures.

Two air photographs shown in Fig. 6 and 7 further illus-
trate ice cover formation and the effect of the structures.

When the navigation channel is opened by the icebreakers,
the ice sheet anchored by the artificial structures resists wind and
current forces much better and stays stable for longer periods, thus
extending the period of winter navigation and reducing the work needed
by icebreakers.

During the winter, frequent air reconnaissance flights are
made to observe ice conditions on the lake and to report them to the
sailing ships, Air observations are supplemented by air photographs.
Other relevant hydraulic and climateologic data are also collected in
order to evaluate the efficiency of the artificial structures in retdining
ice.

Statistics about the closing time of winter navigation in Lac
St. Pierre in the last 14 years indicate that the average navigation
season has been extended by about 30 days since the construction of
artificial islands and ice booms in 1967 and 1968:

Winter Channel Closed Average
1961/62 59 days

1962 /63 70

1963 /64 20

1964/65 54 44 days
1965/66 39

1966/67 43

1967/68 26

1968/69 18

1969/70 6 14 days
1970/71 22

1971/72 7

1972/73 21

1973/74 4

1974/75 4

The most unstable ice is in the northeasterly area of the
lake near Curve No. 3 (Fig. 1) and therefore the first artificial struc-
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tures have been built here.

The ice in the southern part of the lake is more stable.
But sometimes southern winds break the ice deck here and push it into
the navigation channel. Therefore, five artificial islands will be built
on the south side of the navigation channel between Curve No. 2 and
Yamachiche Bend adjacent to the two lightpiers to prevent ice move-
ment into the channel from the south.

CONCLUSIONS

Artificial islands proved to be successful in forming and
retaining a stable ice deck, thus reducing the icebreakers' work and
extending the winter navigation season.

Because of the very weak foundation in Lac St. Pierre,
they are economical only in shallow water depths.,

They require maintenance work because of foundation set-
tlement and erosion of the slopes by frequently moving ice.
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Comment :

It was suggested that weather data be considered in evaluating the
effect of the islands.

I would also suggest that the flow in the river and resulting levels
and current velocities be incorporated in the evaluation.
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A FIELD STUDY ON ICE PILING ON SHORES AND
THE ASSOCIATED HYDRO-METEOROLOGICAL

PARAMETERS
Gee Tsang Canada Centre for Burlington, Ont.
Research Scientist Inland Waters Canada
Ice and Hydraulics
ABSTRACT

A field program was conducted on Lake Simcoe in Southern
Ontario in the spring of 1974 to study ice pilings and the associated
hydro-meteorological conditions. On site meteorological and hydrologi-
cal parameters were recorded. The changes and the movements of the ice
cover were monitored. The constant observation of the ice cover and its
movement permitted the establishment of the exact time of the ice pil-
ings that have occurred. It also permitted detailed observations of the
ice behaviour during piling. The analysis of the hydro-meteorological
data confirmed the earlier proposition that ice pilings are short dura-
tion events and are caused by the quick change in wind direction from
offshore to onshore. A water gap is necessary for the ice field to
build up its momentum. An impulse parameter was found to be a useful
tool to predict ice piling. Static wind shear was found to have little
effect on ice piling and the breakup of the ice cover. The field study
also showed that until a large open water lead is developed, the lake
current is weak and has little effect on ice piling. The piling of ice
was influenced by the floe size and the physical state of the ice.
Factors affecting the former are still not well known. More work in
that area will help the calculation of the kinetic energy of a piling
ice floe.
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Introduction

In Winter, ice forms over lakes, reservoirs and sea. Under ad-
verse hydro-meteorological conditions, the ice on the water surface will
plle on shore and cause extensive damage to shoreline properties and
coastal structures.

The problem of ice piling has been studied by Allen (1969),
Bruun and Straumsnes (1970), Bruun and Johannesson (1971), Tryde (1972 a,
b, 1973), Reeh (1972) and Tsang (1974). In the Soviet literature, ice
piling has been mentioned by Korzhavin (1961). The overall picture of
the past works shows that knowledge on ice piling is still at the pioneer-
ing stage. More has yet to be done for quantitative understanding the
problem and the application of research findings to solve engineering
problems.

In Tsang's work mentioned above, ice piles on Lake Simcoe in
southern Ontario were studied and the meteorological data at the time of
the ice pilings were analysed. From his study he concluded that ice pil-
ing 1s a short time event involving the conversion of energy. The pri-
mary cause of ice piling is the change of wind direction from off-shore
to on-shore with the existence of an open water lead. The above conclu-
sions were from post-event
investigations. The meteoro-
logical data used were from

two weather stations (Malton ©
Airport and Muskoka Airport, Aigorre
See Fig. 1) 80 km to the south
and 80 km to the north re- GEORGIAN
spectively of the ice piling t ?
|

site. The hydrodynamic data,
which could be quite influen-
tial to ice piling, were not
available for inclusion in the
analysis. The field study re-
ported here intended to sub-
stantiate and supplement
Tsang's earlier findings by
carefully monitoring and analy-
sing the ice and hydro-
meteorological parameters at
the site.

Field Program

1. The Site

As a continuation _ Matton
of Tsang's earlier work, Lake , M ”3” TORONTO LAk ‘
Simcoe was again chosen as the I onmrio |
studied lake for the field )
season 1973-74. The geogra-
phic location of Lake Simcoe
is shown in Fig. 1. Fig.l. Geographic Location of Lake Simcoe
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In the Winter of 1972-73, major ice piling took place at Big Bay Point
and Eight Mile Point. With the same expectation, Big Bay Point was
chosen as the studied site. The shoreline and the bathymetric lines at
Big Bay Point are shown on Fig. 2.

f Location of Current Metres

‘ " 7 N
TR ) l Meterolegical ‘ B
B ™ =l/ BIG BAY POINT Yool /7

Fig.2. Grid, Bench marks and Flag markers at Experimental Site.

2. Instrumentation and site preparation

To study the movement of the ice cover, 17 bench marks 30.5 m
(100 ft) apart were established along the shoreline and a grid was laid
down on the ice cover as shown on Fig. 2. At the off-shore end points
of the grid (points 1 to 13), flag markers were erected on the ice. By
surveying the position of the flags from selected bench marks and observ-
ing the grid from the air at regular intervals, the movement of the ice
cover could be detected.

Non-toxic black dye was used to mark the longitudinal grid lines
perpendicular to the shoreline and red pigment was used to mark the lat-
itudinal lines. To draw the grid, an all terrain vehicle was driven
between markers. The coloured water stored in a container on the vehicle
flowed and spread on the ice surface to mark the grid lines. The grid
proved to be rain-resistant, remained visible except after new snow falls.
The darker lines caused local accelerated melting, but the melting was
insignificant to the total thickness of the ice cover. There was no
evidence that the grid lines produced weak spots on the ice cover.

Local meteorological parameters were sensed by instruments atop
a meteorological tower erected on the site at place shown on Fig. 2.
Wind speed, direction, air temperature and humidity at the height of 20 m
from the lake surface were recorded at 5-minute intervals. The readings
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were also instantaneously displayed on a monitoring counter housed in the
field office which was a mobile trailer parked under the tower. The real
time knowledge of the meteorological condition permitted on the spot de-
cision making. While the wind direction, air temperature and humidity
were instantaneous readings, the wind speed was 5-minute average reading.
The meteorological tower was about 10 m from the water edge and had no
lake side obstructions. On the shoreside, there were cottages with trees
up to 10 m high. Although the trees were bare in winter, off-shore winds
would still be distorted and producing some error. However, since ice
piling is mainly determined by onshore winds, the above meteorological
sensing was considered acceptable in view of the mounting difficulties
involved for a higher tower.

The limnological data were obtained at the point shown on Fig.
2. A series of 4 Geodyne current meters were attached to a vertical
cable at the depths of 4, 9, 14 and 19 m in a total depth of 21 m as shown
on Fig. 3. The-first current meter was inverted to avoid possible ice
damage. Water temperature, current speed and direction were recorded by
the current meters at 10 minute intervals. The current direction and
water temperature were instantaneous readings and the current speed was
10-minute average readings.

The period of weather record- Mooring Marked by
ing was from Feb. 11 to April 22, 1974 water Lovely f Flag
and the period of limnological recording R
was from Feb. 19 to May 30, 1974. The Nico Cover 0.5m
grid was completed on March 7, 1974. The
period of constant observation was from S Float
Jan. 28 to April 18, 1974, when ice Pogition ot tne |
piling was no longer a probable event.

Experimental Findings I

1. Static effect of wind on ice

. . . Geod Ci
In the earlier studies of ice zlli :”em

piling, it was the prevailing opinion of Recorders
researchers that static wind shear is
the primary cause of ice piling. The

following field evidences disputed such ey
a proposition:

For the studied period, a near hurricane

scale wind of 31.8 m/s (71 m.p.h.) was

recorded over Lake Simcoe on Jan. 28,
1974, The wind was from the easterly
direction perpendicular to the shoreline
at the site. At that time the lake was
completely ice covered. On Jan. 29, when
an inspection was made, the wind had sub-
sided slightly, but was still strong
enough that one slid with the wind when Fig.3. Installation of Current
the gusts came. However, the inspection Meters.

showed no piling of the ice cover.
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Fig.4. Local Buckling along a Fig.5. A Pile of Ice Crust.
Major Crack.

The ice cover did buckle at places along some major cracks as shown on
Fig. 4, but the buckling height was no more than 0.5 m (1.5 ft). A number
of ice heaps up to a man's height were seen here and there at a short dis-
tance from the shore. By the first glance they gave the impression of the
piling of the ice cover. However, a close examination of the ice heaps
showed that they were composed of ice debris of 5 to 7.5 em (2-3 in) thick
(see Fig. 5) while the thickness of the ice cover on that day was roughly
0.5 m (20 in). On March 4, strong winds again caused the buckling of the
ice cover along some large cracks and the formation of ice debris heaps.

A study of the cross-section of one of the heaps produced Fig. 6. From
Fig. 6 one sees that the ice heaps formed on January 28 and March 4 were
piles of the ice crust only, not the ice cover itself.

An ice crust will form over an ice cover when the covering snow
is melted by the sun or is sopped up by rain and subsequently freezes
again into ice. The ice crust thickens as more rain or melted snow is
frozen onto it. Before the ice crust is finally frozen to the ice cover
and becomes part of it, there is a layer of snow or slush ice sandwiched
between the ice cover and the ice crust. When the wind is strong, the
static shear on the ice can be high enough to crush the ice crust and pile
the debris into heaps although not high enough to crush the ice cover
itself.

In the broader sense, the piling of the ice crust may be
considered as one kind of ice piling. From a practical point of view, it
is questionable whether this kind of ice piling would have much engineer-
ing significance. The

field experiment showed —  » Wind Direction

that for crushing a rela-

tively thin ice crust of Thickness of Ice
5-7.5 cm, a near hurri- S %;m§¢ngces— 5cm

cane wind was required. 2t
For crushing a reasonably em Solid Ice, No Trace of Broken Pieces 37 cm
thick ice cover that is

capable of doing some

practical damage, the :

wind will have to be so FIG. 6 CROSS SECTION OF AN ICE PILE FOPMED
strong that it is doubt- BY CRUST ICE.

ful whether the indirect
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damage by ice piling would be more severe than the direct damage by the
wind.

2. Dynamic piling of ice

During the studied period, three pilings of the ice cover took
place. Analysis of the weather data and on-the-site observations showed
that the ice pllings were dynamic in nature. The physical revelation of
the ice pilings is better shown by individually treating the ice pilings.

(1) First ice piling

The first ice piling occurred on March 11. The morning field
inspection taken between 0830 and 0930 hour showed that the ice was 45-50
cm (18-20 in) thick, strong, and showed no sign of deterioration. At the
edge, there was an open water gap of 30-38 cm (12-15 in) wide. A large
crack on the ice cover was noted at the site extending from the point
(bench mark 0) gradually turning South and maintaining a distance of 1.5
km (2/3 miles) from the shore. Another similar crack about 1.5 km (1 mi)
to the south of the site was also noted. Both cracks were about 38 cm
(15 in) wide and were covered by a thin ice of about 2 cm (3/4 in) thick.

Im

scale

sediment

Fig.7. Ice Movement against the Shore - First Ice Piling.

. In the afternoon, when the ice was again inspected at 1600 hour,
ice had already moved in. Eyewitnesses estimated the time of ice move-
ment to be around 1300 hour. There was no multi-layer piling of the ice
cover. The ice cover either (1) pushed against an embankment or a rock
protection, end first, then flexured upwards and broke (see Fig. 7,A),

(2) pressed against the shore, then buckled upwards and failed (Fig. 7, B
and C), or (3) slid on shores of small slope and pushed the sediment in
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front of it, causing considerable
shore erosion (Fig. 7,C, foreground
in the photograph). As a result of
the ice movement, the cracks were
closed and the covering thin ice

on the cracks was crushed and
jutted out of the cracks as shown
on Fig. 8. Although the incident
involved only a small ice movement,
much damage was done to the shore
and the shoreline structures. At

a marina, newly installed wooden
piles of 30 cm diameter were pulled Fig.8. Closed Crack Following
out from their positions. At the First Ice Movement.
another point, concrete slabs 3 m

wide by 6 m long by 25 cm thick

were lifted and moved.

From the recorded data, the wind speed, direction, current speed,
direction and air temperature were plotted for the day of the ice piling
as shown on Fig. 9. From Fig. 9 the meteorological factor responsible
for the ice piling is immediately recognizeable. It is seen from the
wind direction recording that prior to 1035 hr, EST, the wind had been
persistently in the direction parallel to the shore. From 1035 to 1155
hr the wind gradually shifted to the onshore direction. Then in the next
hour from 1155 to 1255, the wind quickly shifted from the onshore direction
to the offshore direction and back to the onshore direction again. It was
this sudden wind change that produced the ice movement. The offshore wind
widened the cracks and the onshore wind following permitted the building
up of momentum of the immense ice floe by closing the cracks.

The wind effect on ice piling or ice movement may be better seen
by plotting the impulse of wind shear on the ice cover. The wind shear
impulse on an ice cover in the direction normal to the shore-line over a
time period t from the instant T is proportional to

T+t A &
L= 5 V2 y.n dt
T
where v is the wind unit vector and n is the unit vector normal to the
shoreline in the onshore direction. The multiplication of I by the
density of air and the drag coefficient of wind on ice gives twice the
wind shear impulse per unit area in the onshore direction. From the
wind data, I was calculated and plotted against time as shown on Fig. 9.
In the plotting, EST 1000 was chosen as T.

It is from Fig. 9 that the plotting may be divided into three
sections. In the first section from 1000 to 1208, I increased monotonous-
ly except for minor irregularities, indicating a gradually increasing
windshear impulse in the onshore direction. However, this windshear im-
pulse produced no momentum to the ice cover because it was pressed against
the shore and the wind force was cancelled by the reaction from the shore.
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For the second section, from 1208 to 1243, I decreased monotonously, in-
dicating a continuing offshore windshear. For the first part of this
period, the wind might have produced an offshore motion to the ice cover.
However, this offshore motion would be short-lived because of the limita-
tion of the narrow water gap. For the third section from 1243 hr on, I
again increased monotonously, showing again an onshore wind shear. Under
the onshore wind, the ice cover gathered momentum by closing the widened
cracks caused by the preceeding wind. The sheer size of the ice floe it-
self; of the lake size or at least fractions of it, means it was quite
capable of doing all the damage although the distance of momentum gather-
ing was only a meter or two. The short time lag from I at its minimum

at 1243 to the ice coming to the shore at 1300 also indicated the short
distance of ice movement. From the I values at these two instants, the
momentum of the ice floe at the time when it came to shore can also be
calculated if the floe size is known.

Since a maximum in I also means a change in the windshear direc-
tion, one might expect a similar ice movement to the opposite shore follow-
ing the maximum at 1208. Such an ice movement, however, was not reported.
A study of the temperature recording shows that prior to 1200, the air
temperature has been practically subfreezing all the time. The onshore
wind shown in section 1 (the offshore wind to the opposite shore) therefore
had to crush the still strong ice sheet over the cracks to create room
for the later onshore ice (to the opposite shore) ice movement. Appar-
ently, the mild wind recorded could not accomplish such a task. On the
other hand, the above freezing temperature during the time period of sec-
tion 2 considerably weakened the ice over the cracks and helped to pro-
mote the ice movement associated with the I minimum. An above freezing
temperature was pointed out earlier by Tsang as one of the conditions re-
quired for ice piling.

The uppermost current meter, unfortunately, failed to work. The
limnological data shown on Fig. 9 were from the bottom three current meters.
An inspection of the current direction curves shows strong layering effects
in the lake, but there was no evidence of correlation between the surface
wind and the lake currents. The figure shows that the lake current were
two orders of magnitude smaller than the wind speed. 1If the same drag co-
efficient is assumed for the air-water and ice-water interfaces, it can
be shown that the wind shear was an order of magnitude greater than the
water drag. The above analysis thus leads to the conclusion that for ice
movements involved small water openings, the lake current plays no defin-
ite role and is not an important affecting factor.

The important finding from the first ice piling is that a wide
water gap and a strong wind really are not necessary for damaging ice
movements. When the meteorological combination are right, the ice is
strong and the floe is huge, the momentum built up over a water gap of one
or two meters under a wind of only 2 m/s (4.5 mph) is capable of doing
much harm.

The ice movement discussed above really was not an ice piling be-
cause the ice did not pile up. Fig. 7 also shows that the ice floe fail-
ed by flexuring and the breaking off parts were solid slabs. On the other
hand, for a typical ice piling, the ice fails by shearing as well as bend-
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ing and the failing point is very close to the foot of the pile (see next
section)., The ice floe remains seemingly intact while piling, without
breaking into slabs first. It may be pointed out that all the mentioned
scientists except Tsang, in their treatment of the ice piling problem, con-
sidered the ice floe breaks into slabs first before piling. Therefore
their treatments are only valid for ice movements similar to the first

"ice piling" discussed above, but not for typical ice pilings with laminar
structures metres high.

(ii) Second ice piling

The second ice piling took place on April 14, between 1215 and
1228 hour. In the morning when the ice was inspected at 1000, the ice
cover was seen intact but ripe. It showed a dark green colour close to
that of the lake water, indicating that water had soaked into the ice
cover in the spaces between ice crystals. At the shore, a water gap of
2-5 m was noted. The edge of the ice cover showed signs of considerable
deterioration or had disintegrated into small pieces. The distance of
ice cover movement therefore would easily be twice the open water gap.
From 1115 hour, the wind began reversing its direction. At 1200, the
ice cover was noted to agitate and noises were heard. At 1215, the ice
cover came to the shore and began to pile. The piling action came to an
end at 1228 after the ice had piled to a height of about 2 m measured
from the lake surface.

Fig. 10 is a record of the ice piling. The first picture shows
the ice condition and the water gap in front of the meteorological tower
at 1000 hr, roughly two hours before the ice piling. Frames 2 to 10 show
the early stage of ice piling and frames 11 to 14 show the later stage
of the ice piling. In between the camera was reloaded. Although the
focus point was different, the same location was being filmed as may be
recognized from the forked tree at the top left corner of both frames 5
and 11. The last picture on Fig. 10 shows the site at 1230, immediately
after the ice piling.

Different from the first ice piling in which the ice showed much
strength and rigidity, the ice cover this time showed considerable plas-
ticity. As the ice cover came to the shore, it was deflected continuously
up the slope. After overshooting the top of the slope, the overshot part
fell off to the shore side and by so doing further increased the height
of the basis of the ice pile.

From the change in colour of the ice sheet one sees from Fig. 10
that the failing point of the ice floe was at the foot of the pile. The
arm of the moment produced by the reaction of the slope therefore was
short and shearing would have been an important, if not the predomin-
ent, factor causing the failure of the ice floe.

Depending on factors yet to be determined, the ice cover might
buckle upwards and break at the foot of the ice pile. As the up wind
ice cover continued to proceed, multi-layer laminar ice piling would re-
sult. In a way, the buckling and breaking of the ice cover at the foot
of the pile was similar to the rafting action classified by Tsang in his
earlier work, only that now the rafting action took place within the same
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t=Imin39s

t=2min |0s t=12minlls t=12min34 s

=12min43s t=13min00s (end) 1230 hr

Fig.10.Time Sequence of Second Ice Piling (t=0 at
1215 hr).
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ice floe instead of at the contacting edges of two neighbouring floes.
Telescoping of ice floes were also noted after the piling event. Since
the ice cover was intact before the ice piling, the telescopings must have
taken place within the intact ice cover.

The plasticity of the ice cover was caused by the ripeness of
the ice. A close examination of the ice piles showed that the ice had
decayed considerably. The columnar ice crystals in the ice could be
clearly recognized. A kick by the foot on a large ice cube broken off
from the piles could easily disintegrate it into the composing ice crys-

tals. For the ice that did not pile, no strength test was made although
it would be a little stronger because the ice had not been subject to
failure. The ice crystals themselves, however, remained quite strong.

Substantial damage was
done to the shoreline properties
by the ice piling. Within the
several hundred metres of water
front at the site, several sundecks,
boat rams and jetties were twisted
and moved onshore. Many trees were
uprooted and boulders up to 1 m in
diameter were pushed up atop some
of the piles (see Fig. 11). Had
the ice been stronger, more damage
would have been done.

The survey of the marker Fig.1l. Example of Shoreline
flags on the ice cover showed that Structure Damages by
the studied ice cover had moved as the Second Ice Piling.

one piece for a distance of 17

metres at the direction of 176°

from the north by the end of the ice piling. This gave an average piling
velocity of the ice cover of 2.3 cm/s.

Figure 12 shows the meteorological and limnological data associ-
ated with the ice piling (as well as the 3rd ice piling, see following
section). During the shown period, the meteorological recorder failed to
work. The data shown were taken from the monitor. During the ice piling
time and the subsequent field inspection time, displayed readings on the
monitor were not taken because of manpower shortage, thinking that they
would be automatically recorded anyway. The failure of the recorder thus
led to two missing data periods as shown on Fig. 11. Estimated weather
data were generated using the weather data from Malton airport as guides
for the first period and from Muskoka airport for the second period. The
estimated weather curves are shown by dashed lines on Fig. 12. The Malton
weather station is close to Big Bay Point, the site of the second ice
piling, and the Muskoka weather station is close to Brechin, the site of
the third ice piling. The readings from these two stations were hourly
readings.

Since the ice movement was in the direction of 176° from the
north, in treating the hydro-meteorological data, 176° may be considered
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as the offshore direction, as shown on Fig. 12.

From Fig. 12 and field observations, one again observes semi-
lar conclusions as from the first ice piling:

1. The ice piled not long after the quick wind reversal from 50° to 210°
took place between 1115 hr to 1210 hr. Ice piled at a wind speed of
3.4 m/s (7.5 mph), the ebb of the wind speed curve rather than the
crest of it. The static wind shear therefore was not responsible
for the ice piling. It was caused by the shift in wind direction.

2. From the impulse parameter plotting, one again notes that the ice
piled not long after the minimum in I. A greater time lag between
the I minimum and the onset of the ice piling than that of the first
ice piling means that the ice cover had drifted over a greater dis-
tance before piling. The difference in I in the time lag period is
seen from Fig. 12 to be 285 (m/s)2min, which is about 26 times the
I differential involved in the first ice piling. Should the drifting
ice floes be able to hit the northern shore, which is normal to the
ice movement, great ice piles could have been resulted. However,
such an ice piling was not reported. The northern shore was protect-
ed by an ice cover which had little movement. The kinetic energy of
the ice floes from south of Kempenfelt Bay was largely spent on tele-
scoping of the ice floes. For the experimental site, the shore was
not protected by an ice cover so ice piling took place. Since the
shoreline at the test site made an angle of 27  to the direction of
ice movement, the normal component of the I-differential to the shore
is calculated to be 130 (m/s)zmin. The two-metre high ice piling was
produced by this impulse differential.

3. For the shown period on Fig. 12, the second current meter from the
top also failed to work. However, from the limnological data obtained
by the bottom two current meters, one once again notes the absence
of correlation between the surface wind and the lake current and the
insignificance of the current speed in comparison to the wind speed.
Lake current, therefore, is once again shown not an important factor
in affecting ice piling on -
lakeshores.

4. Throughout the period, the
air temperature was above
0°C, showing again that an
above freezing temperature
promotes ice piling.

(iii) Third Ice Piling

Following the second
ice piling, the wind shifted
to the westerly direction that
night and produced a major ice 5
piling to the other side of the
lake. Fig. 13 shows the shore- Fig. 13. An Ice Pile at Brechin.

side and lake-side view of an ice pile and a crushed cottage at Brechin.
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The exact time of the event was not recorded as the east shore of Lake
Simcoe was sparsely inhabited and most of the cottages were not occupied
in Winter. The highest ice pile at Brechin Beach, where a field inspec-
tion was made, was 8 m high. Extensive damage was done to the shoreline
properties. The piling ice floes were large, kilometres in linear dim-
ensions. The examination of the ice piles showed the ice had piled the
same way as in the second ice piling, and the ice floes had drifted in
from the direction of 270° from the North. An aerial inspection of the
lake showed that besides piling on the shore, the ice floes also tele-

- scoped one on the other, many times in the form of fingering. Following
the ice piling, an open water gap of 0.5 to 1 km was noted the next morn-
ing at the Big Bay Point site.

It was unfortunate that the weather data in the crucial period
of 1700-1825 (see Fig. 12) were missing. However, from the estimated
wind data one sees that in the short period of 1650 to 1945 hr, the wind
had quickly shifted from 310° to 150° and then back to 310° again, a wind
change very similar to that responsible for the first ice piling. Based
on the conclusions obtained from the last two sections, one can see that
this change in wind direction was the cause of the ice piling.

The plotting of the impulse parameter I for the period beginning
at 1600 again shows an I maximum and an I minimum. As in the first ice
piling, the maximum in I might indicate an ice piling on the opposite
western shore. Such an ice piling, however, was not observed. The
duration of the onshore wind to the western shore was not long enough;
the ice field changed its direction of motion before reaching the western
shore.

The approximate time of the ice piling may be estimated from
the I curve. If the impulse differential between the I maximum and the
I minimum was for the westward, offshore motion of the ice field, an
equal impulse differential is needed for stopping this offshore motion after
the wind had changed its direction. If twice this impulse differential
was again required to move the ice field to the shore, the time of ice
piling would be around 2110 hours as shown on Fig. 12. The above esti-
mate tends to be an overestimate. Since the later part of the ice movement
did not involve acceleration, the ice field should arrive at the shore
earlier.

From Fig. 12, one again notices that the ice piled at a time
when the wind shear was at its ebb rather than at its peak. The lake
current again showed no obvious bearing to the surface wind and had neg-
legible effect on the movement of the ice cover. The air temperature
was well above freezing at the time of the ice piling.

A study of the weather maps of the period showed that in the
night of April 14, a low pressure storm centre had passed right over Lake
Simcoe. The great fluctuation in wind speed and direction because of
this storm centre as shown on Fig. 12 no doubt would have imparted a
shuffling action to the ice floes and by which helped the floes to pile
high. In Tsang's earlier study, he pointed out that the staying of a
storm centre over an area is a promoting factor for ice piling.
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3. Breakup Pattern of the Ice Cover

The capability of an ice floe in doing damage to shoreline
properties depends on its momentum and mechanical strength. The moment-
um of the ice floe in turn depends on the windshear impulse parameter I
and the floe size. Some observation was made on Lake Simcoe on the
breakup pattern of the ice cover and the size of the piling floes. Fol-
lowing are what have been observed:

Prior to the spring breakup, thermal cracks first appeared on
the ice cover. These cracks were few in number and occurred mostly (i)
radially from points of the land mass, (ii) parallel to the shoreline at
a distance of 0.5 to 2 km from the shore, and (iii) between islands and
from the points of islands to points of the land mass. The thermal
cracks occurred when the weather was still cold and there was no sign of
deterioration of the ice cover. After cold spells, some cracks would re-
freeze but some, protected by a snow cover, would remain only covered by
a thin ice on the surface through the rest of the winter. Rains on the
ice cover and the melting of the snow cover produced surface runoffs
that drained to the lake through the thermal cracks. The runoffs would
substantially erode and enlarge the thermal cracks. Even so, the thermal
cracks were all narrow, none of the observed was wider than 1 m.

As the weather warmed up, the ice cover melted at the shore as
the land mass absorbed the solar radiation at a faster rate and warmed
up faster. The water gap at the shore gradually widened as a result of
further melting and the disintegration of the edge caused by the sloshing
of water in and out of the water gap. The ice cover, however, remained
intact and strong. When the meteorological conditions were right, the
ice would move onshore and cause damage to the shoreline properties. The
first ice piling discussed earlier was of this kind. During the ice mo-
vement, there was no telescoping of the ice cover and the ice floes were
of the size of fractions of the surface of the lake.

As the warm weather continued, the ice cover deteriorated and
the water gap at the shore further widened. The piling of the ice cover
was preceeded by a noticeable movement of the ice cover. The long dis-
tance of travel and the weakened state of the ice permitted the breaking
and the telescoping of the ice cover. The piling floes were thus of a
smaller size than that of the preceeding case. The second ice piling
discussed earlier was of this kind. It should be pointed out that al-
though the ice has been weakened, it was still strong enough for walking
on and although the ice floes were smaller, they were still kilometres
in linear dimensions.

Following the first major ice piling associated with the above
discussion, the water gap for free ice movement would be greatly increas-
ed. For the next ice piling, the ice floes would have a greater distance
to acquire momentum. The greater movement also meant that the ice floes
had more chance to break down and telescope. The third ice piling shown
earlier was associated with ice movement of this kind. Fig.l4 is a photo-
graph showing the telescoped ice floes on Lake Simcoe immediately after
the third ice piling. 1In the middle of the photograph, three longitudin-
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al grid lines can be seen. Since the
grid lines were roughly 100 m apart,
the size of the ice floe showing the
grid lines therefore was of the order
of magnitude of 0.5 km in linear di-
mension. For the ice floes farther
away from the shore, Fig. 14 shows
that they could easily have a linear
dimension of 2 to 3 km. The ice
shown at the trailing edge of the ice
field was in a much riper state. They
were from Kempenfelt Bay and south of
Big Bay Point which is shown on the
top left corner of the photograph.

Fig.l4. Broken down and tele-
scoped ice floes.

The field observation also showed that as a large ice floe ap-
proaching the shore, it might pile directly while remaining intact (as
did the ice floes at Brechin), or it
might break into smaller floes first
before piling as shown by Fig. 15.
It is seen from Fig. 15 that there
was a ''chain action" in the breaking
up process. The large floes broke
into smaller floes and they in turn
broke into even smaller floes. No

attempt was made to quantitatively Y ] e

explain the size of the ice floes. e L AL P o
b L e S ST, .

Until such a question is answered, ARl WAl ok B N

the calculation of the kinetic energy
of a piling ice floe is greatly hin-
dered.

Fig.15. The Chain Action of the
Breakup of Ice Floes.

Conclusions

The new field evidences supported the earlier proposition that
ice piling is a dynamic activity following a quick shift in wind direc-
tion from offshore to onshore. A water gap is necessary for the ice floes
to gather momentum before piling. An above freezing temperature is also
one of the conditions for ice piling. Static windshear is not the cause
of ice piling on shores although a strong wind may crush the crust of an
ice cover and produce heaps of ice debris. Great damage can be done by a
mild wind with the closing of a small crack if the ice floe is immense.
Lake currents under an ice cover are not influenced by the surface wind
and have negligible effect on the movement of the surface ice. The im-
pulse parameter I appears to be a good parameter for predicting ice pil-
ing. Ice piles not long after the I minimum. The prediction of ice pil-
ing by I minimum led to the successful filming of the second ice piling.
To calculate the kinetic energy of an ice floe for ice piling, the size
of the floe has to be known. Although it was found that the floe size
decreases with the accumulated movement of the ice, much has yet to be
learned before one can calculate the kinetic energy of an ice field for
ice piling.
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INTRODUCTION

The 95,000 square miles of water surface of the Great Lakes with-
in the United States and Canada is the world's largest body of fresh
water and provides the means of transporting over 100 billion ton miles
of waterborne freight per year. The access to these waters for ocean
vessels is the St. Lawrence River. The mean lake surface elevation
(IGLD 1955) of the uppermost Great Lake (Lake Superior) is 600.39 feet.
The five lakes (Superior, Michigan, Huron, Erie, and Ontario) which
make up the Great Lakes, and the St. Lawrence River are located between
latitude 41 and 50 degrees north, and are interconnected by improved
transportation facilities of 27-foot controlling depth channels,
canals, and locks. The length of vessel track from the Ports of
Duluth-Superior, U.S.A., the westerly end of the system and halfway
into the American continent, to the mouth of the St. Lawrence River at
Father Point, Canada, i1s 1,684 miles. The present limit of year-round
navigation is the Port of Montreal, Canada, 1,344 miles via water route
to the Ports of Duluth-Superior. Lakes Superior, Huron, Erie, and
Ontario and their connecting channels and part of the St. Lawrence
River are boundary waters of the United States and Canada.

The Great Lakes have a tempering effect on the summer and winter
temperatures of the Basin. Average annual temperatures in the Great
Lakes Basin range from about 39 degrees Fahrenheit on Lake Superior to
about 49 degrees Fahrenheit on Lake Erie. Minimum and maximum monthly
temperatures occur in February and July, respectively, on all the
lakes., The mean annual precipitation for the entire Basin ranges from
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a minimum of 25 inches to a maximum of 37 inches. The annual snowfall within
the Basin ranges from 30 inches to about 120 inches. Estimates of the annual
rate of evaporation on the surface of the Great Lakes range from a minimum

of about one and one-half feet on Lake Superior to about three feet on Lake
Erie. The Lakes are generally ice-free from May to the early part of

November. The dates of maximum freezing-degree-day accumulation for the Great
Lakes area based on 10-year mean values are shown on Plate 1. This graph
illustrates the time range for the maximum accumulation as well as the period
of greatest ice cover across the Great Lakes. A freezing-degree-day is defined
as a day with the average temperature 1 degree below 32 degrees Fahrenheit,

The 20-year average value of the accumulated number of freezing-degree-days
versus time is shown on Plate 2. Ice cover on the Lakes is made up of ice of
various ages and type, but acts as a homogeneous ice sheet as long as air
temperature remains below freezing. Ice cover on the Lakes is therefore two
general types, sheet ice and agglomeratic ice. Ice formation usually begins
about 1 December in the northerly portions of the Lakes and by 1 January is
prevalent throughout the system, Ice thickness in excess of 40 inches are
common in many harbor areas in Lake Superior. As ice cover moves, it rafts and
forms ridges and in some Sections of the Great Lakes may reach a height of 25
feet above the surface and grounded on the bottom 30-40 feet below the surface.
On the St. Lawrence River, the winter ice cover usually forms first along the
south shore canal between Montreal and Lake St. Louis in early to mid-December
and advances upriver to Lake Ontario. Mid-winter conditions usually consist of
fast ice which is not generally subjected to breakup from wind or current
conditions. Ice thickness in channel sections may average two to three feet
while lake and river ice may only reach a thickness of one and one-half to two
and one-half.

Navigation on the Great Lakes-St, Lawrence Seaway has been historically
suspended every winter from about mid-December until early April because of
adverse effects of weather and ice. This suspension requires stockpiling as
an alternative method of operation, and less than full use of shore and terminal
facilitlies and the Great Lakes fleet. Transportation cost for existing commerce
reflect the more costly alternatives. Oceangoing vessels and oversea traffic are
shut out of the Great Lakes Navigation System for one-third of every year. The
impact on the economy of the Nation is significant. Although the Great Lakes
Region within the United States covers only about four percent of the Nation's
land areas, its 26 million residents comprise about 15% of the United States pop-
ulation and produce over 50% of the Nation's steel. This region is considered the
industrial heartland of the country.

PROGRAM

In recognition of the potential benefits of an extended season, the
United States Congress in 1965 authorized the U.S. Army Corps of Engineers,
the principal water resources management agency of the Nation, to investigate
and conduct a limited study of the feasibility of means of extending the
season. This study completed in 1969, concluded that present technology is
sufficiently advanced to make winter operations on the Great Lakes-St, Lawrence
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Seaway System physically feasible. The United States Congress subsequently
authorized in 1970 a Winter Navigation Program, consisting of (1) a detailed
survey study (investigation) to determine the economic, engineering, environ-
mental, and social impact and feasibility of an extended season, (2) an action
program aimed at demonstrating the practicability of extending the season, and
(3) an insurance study to determine the ways and means for providing reasonable
insurance rates to shippers and vessels operating during the extended navigation
season, The insurance study was completed by the Maritime Administration in
June 1972.

The product of the Winter Navigation Program will be a report to the United
States Congress, recommending the advisability of Federal participation in
improvements needed to achieve a guaranteed extended season, either partially
or year-round, in all or parts of the Great Lakes-St. Lawrence Seaway System.

The Demonstration Program is a comprehensive plan of projects and activi-
ties to test and evaluate those engineering solutions which appear to have a
high potential for success, All demonstration activities under the program are
presently limited by Congressional authorization to a maximum expenditure of
9.5 million dollars. The organizational structure to conduct the Demonstration
Program consists of a Winter Navigation Board composed of senior field representatives
of participating Federal agencies and other invited organizations. The Board is
composed of representatives from the U.S. Army Corps of Engineers (Chairman),
U.S. Coast Guard (Vice Chairman), St. Lawrence Seaway Development Corporation,
Maritime Administration, Federal Power Commission, Department of the Interior,
Great Lakes Basin Commission, Great Lakes Commission, National Oceanic and
Atmospheric Administration, and the Environmental Protection Agency.
Members of an Advisory Group to the Board are from the Lake Marine Engin-
eering Beneficial Association and the Great Lakes Task Force. Observers to
the Board represent the St, Lawrence Seaway Authority, Canada, the U.S.
Section of the International Joint Commission, and the U.S. Department of
State, Office of Canadian Affairs., Technical advisors are represented from
the National Aeronautics and Space Administration and the Atomic Energy
Commission. There is also a special assistant to the Chairman, a coordinator
from a local governmental agency, Chippewa County Commission in the St. Marys
River, Michigan area. More recently a special Technical Review Panel
consisting of three internationally known experts on ice problems from
the United States and Canada have been added to the Board's structure as
special technical advisors to the Board. The Board provides overall planning,
programming, budgeting, and approval for execution and reporting of Demonstration
activities. A Working Committee, similarly constituted, carries out the
program activities approved by the Board. 'Lead agenciles" are responsible for
carrying out activities under each of seven functional categories, as follows:
Ice Information, (NOAA, Great Lakes Environmental Research Laboratory); Ice
Navigation, (Coast Guard); Ice Engineering, (Corps of Engineers, Cold Regions
Research & Engineering Laboratory); Ice Control, (St. Lawrence Seaway Develop-
ment Corporation); Ice Management, (Corps of Engineers); Economic Evaluation,
(Corps of Engineers); and Environmental Evaluation, (Environmental Protection
Agency). A report on the Demonstration Program is scheduled to be provided to
the United States Congress on 30 December 1976,
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The Demonstration Program activities and findings will provide the principal
basis for developing altermative plans of improvement for navigation season exten-
sion. These data will form the framework and essence of the Survey report to
Congress. Findings, evaluations, and conclusions therein, together with economic
and environmental analysis, will provide the Congress with information on which
to base its decision for further improvements on the Great Lakes and St. Lawrence
Seaway System. The Survey Study 1s being prepared by the U.S. Army Corps
of Engineers and has been assigned to the Detroit District. The Survey Report is
now scheduled for completion during 1977.

PROBLEMS

Major problems of winter navigation on the Great Lakes-St. Lawrence
Seaway System are classified into four areas of primary consideration:
channels, both interlake and on the St. Lawrence River; harbors; locks;
and the open lake courses. Specific problem areas tested or proposed
for testing or study are:

a. Maintaining vessel tracks in the Seaway, connecting
channels, and lakes.

b. Maintaining stable ice covers in the connecting chan-
nels and the St. Lawrence River to reduce the threat
of ice jams.

c. Maintaining access between the mainland and islands
affected by winter navigation.

d. Potential shore erosion and shore structure damage as
a result of vessel movement or broken ice movement in
restricted channels.

e. Ice jams in the connecting channels and ice build-up
on intake structures of power facilities which may
effect power production.

f. Navigating tight channel turns and bends.

g. Navigating ice booms without disrupting the integrity
of the ice field which the ice boom helps form,

h. Damage to vessels as a result of transiting various
types of ice conditions.

i. Ice build-up on vessel superstructures.

j. Increased insurance rates for vessel operators.

k. Implementation of navigation aids and systems to withstand
and operate in the winter environment.

1, Collection and dissemination of real-time winter
data.

m. Effects of the winter environment on working personnel,
both onboard vessels and onshore.

n. Environmental effects of all aspects of winter
navigation.

o. Increased potential of o0il spillage as a result of
vessel operation during the winter months.

p. Broken ice in lock chambers.

q. Ice build-up on lock walls.

r. Ice accumulation in lock gate recesses.

s. Icing at harbor entrances, in harbor main channels and
berthing areas, and at dock and terminal facilities.
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ACCOMPLISHED DEMONSTRATION ACTIVITIES

The last winter navigation season, 1974-75, concluded the fourth of five
scheduled years of demonstration activities, and was the first time year-round
navigation was achieved at the St. Marys Falls Canal and Locks. The previous
season's closing date at the St. Marys Falls Canal and Locks has been extended
from the normal closing date of 16 December to 1 February 1972, 8 February 1973,
and 7 February 1974. The extension of the season has been accomplished pri-
marily through the effort of vessel operators, the U, S. Coast Guard's icebreaking
efforts, and the operational units at the lock facilities, managed by the Corps
of Engineers at St. Marys Falls Canal and the St. Lawrence Seaway Development
Corporation at the St. Lawrence Canal. Seaway closing dates for the four years
of the Demonstration Program were 12 December 1971, 23 December 1972, 22 December
1973, and 17 December 1974; compared to closing dates during the first week of
December prior to the Program. Opening dates are also earlier at the Seaway during
the last several years from the second week in April to late March due primarily to
the impetus of the Program.

A full, or even a partial, discussion of all activities tested and the
resulting conclusions is not possible here. However, a full summary on demon-
stration activities is provided in annual reports published by the Great Lakes-
St. Lawrence Seaway Winter Navigation Board. Major activities accomplished
include: expansion of an Ice Navigation Center; extensive aerial and ground
surveillance activities of ice conditions, ice movements and ice effects on
water levels, and shore and shore properties; field test of several marine
navigation systems; increased icebreaking assistance including the added service
of ice buoys and navigational aids; development and testing of ice booms with and
without gates on the St. Lawrence River; installation of air bubbler systems as a
means of retarding ice growth; test of vehicles to solve island transportation
problems; ice force measurements; physical model tests to determine the most
effective way to stabilize an ice field interrupted by a vessel track; and system
studies of the St. Lawrence Seaway (American Sector) and the Lake Huron-Lake Erie
connecting channel.

Several successful tests conducted as part of the ice management and
control functional work groups are of interest. First bubbler tests were
conducted two successive years in a navigation channel in the St. Marys River
and proved successful in reducing ice thickness in a navigation channel.
Air bubbler tests were also conducted in three separate locations in Duluth and
Superior Harbors. The first pre-demonstration test in Duluth Harbor proved the
system feasible. The second in Superior Harbor proved the ability of bubbler
to facilitate vessel maneuvering into a loading area. The third, in Duluth
Harbor proved the effectiveness of bubbler operating in a channel adjacent to a
companion bubbler operating in a slip area where potential existed in exhausting
the heat supply. Special environmental studies were also carried on during these
demonstrations. These studies have not found bubblers to have any significant
adverse environmental impacts. Effectiveness of bubblers in open lake conditions
under a shifting ice field still remains to be demonstrated. Consideration of
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Environmental Plan, provided the benefit-cost ratio is favorable and the
environmental and social impacts are acceptable. The National Economic Development
objective is enhanced by increasing the value of the Nation's output of goods

and services and improving national economic efficiency. The Environmental
Quality objective reflects society's concern and emphasis for the management,
conservation, preservation, creation, restoration and improvement of certain
natural and cultural resources and ecological systems,

CONCLUSION

The demonstration activities and studies conducted to date have proven that
extending the navigation season on the Great Lakes~St. Lawrence Seaway System is
technically feasible, Preliminary studies also indicate that extending the
geason is environmentally and economically feasible on the Great Lakes and econom-
ically feasible on the St., Lawrence Seaway. There remains to be determined the
extent of winter navigation in the various geographic areas of the System. Our
report to the U.S. Congress will define specifics to any proposed improvements.
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ALGORITHM FOR ACCELERATED GROWTH OF ICE
IN A SHIP'S TRACK

B. Michel, Dr.Eng., Professor
of Ice Mechanics, Université Laval Canada

D. Bérenger, M.Sc. Eng.,
Research Engineer, Arctec Canada Ltd Canada

1. INTRODUCTION

One of the major problem of winter navigation in closed canals
or quiescent water bodies, is the accelerated growth of ice in a timtted
ship's track with repeated ship passages. Because of the presence of
water closer to the surface in the holes of broken-up ice accumulations,
this growth may lead to unusual thickening of the ice, that would even-
tually close the passage to further navigation, unless the large volume
of ice is cleared by some means.

We have developped an algorithm [1] to represent this phenom-
enum for navigation close to a wharf in Arctic waters and we are apply-
ing this method here to accelerated ice growth in a canal of the Saint=-
Lawrence Seaway in the Montreal area.

2. THE PHYSICAL REPRESENTATION

The appearance and distribution of ice pieces in the track of
a ship depend very much on its form, the kind of ice the ship is going
through, the propulsion system and other parameters [2] that cannot be
discussed at length, here.

After observing the modes of accumulation of broken ice and ice
growth in ship's tracks, we proposed the simple physical model shown on
Figure I. It 1s made of a pile of superposed ice sheets of basic thick-
ness AH with a residual ice thickness HR at the bottom. Each unit
layer contains an area full of water of surface €, where € 1s the
ratio of water volume to tetal volume of the accumulation, that is, the
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porosity of the accumulation.

The thickness of the basic layer has to be determined by the
growth of a solid ice layer between successive passage of a ship in the
same track. It is possible that the water hole be in any position per
unit area in a layer. Part of a water hole in layer 4 may be indi-
rectly under that of layer ({-1). The probable distribution of ice and
water inside the accumulation is shown on the following Table.

Layer Relative position and area of water Area of
number continous ice
1 € ice ice ice (1-¢)
2 g2 (1-¢) ice ice (1-¢)2?
3 ed  (l-e)e? (1-¢e)e ice (1-e)3
4 e (l-e)ed (1-€)e? (1-e)e (1-e)*
A et (l—e:)e""'l (l—e:)e:""'2 (l—e:)e:""3 (l—e)i

TABLE 1- PROBABLE DISTRIBUTION OF WATER AND ICE IN A BROKEN-UP
LAYERED ACCUMULATION OF UNIT AREA.

In general it is not possible to produce ice in any water hole
underneath solid ice thicker than two layers. Furthermore after a cer-
tain number of layers, water holes would have been seen in the mass co-
vering the whole unit area so no residual ice of thickness HR would be
formed underneath.

3. THE ALGORITHM

A widely used engineering formula for ice growth of a solid

cover [3] is:
H = o q D (1)

where:
-~ dce thickness in inches

- number of degree-days of frost

- local heat exchange coefficient,
always smaller than one
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Applied to our case, this gives the thickness AHyy of ice
formed in a water hole at any level n

1
pipe = ([ @-1) A + o2 4D)72 - (n-1) AH 3)
where AD 1is the number of degree-days of frost between successive
ship passages.
A complete analysis has been made to formulate the amount of
ice produced in the holes at the surface, in the holes inside the pack

itself and the residual ice formed under the pack. This gives an over-
all increase in thickness AHT between the passage of each ship.

iy = = { (H - 88" + £[\foZ 6D - (s - aH) ]

K
+ e Z [V[-1) a8Z] + o2 aD - (i-1) aH ] (4

4=2

+ v (l—E)ﬂ_l [\101 AH + Hr)2 + a2 AD - (n AH + Hr)]

where:
K 1is the c.itical number of layers required to stop
the formation of residual ice.
K = 1/ (@1-e)e¢
and:
£ = 1 for a2 AD < (AH - AH')
E = ¢ for a2 AD > (AH - AH'")
v = 1 for n <K
v = 0 for n > K
AH' = distance between the top ice and the water surface.

A computer program was developped to solve the algorithm. It
gives the writings and results and follow each step of the computation.

4, SOME APPLICATIONS

The initial application of the algorithm dealt with the growth

of ice along a projected wharf in the Beaufort Sea that would be boarded
at possible intervals of 1 to 5 days. The design was conceived in a
manner such that the ice would be cleared in the quiescent area every-
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time it would get to be 12 feet thick.

The computations were carried out for the coldest year on record
at Inuvik in 1963-64. The total number of degree~days of frost was then
8318°F- days and the natural ice thickness growth in this aera is around
72 inches. The value of the coefficient o was computed to be 0.9,
which 1s a very good heat exchange coefficient. The computations were
carried for various values of the porosity factor €. For a value of €
of 0.3 the results are shown on TABLE 2.

Interval of passage (days)
1 2 3 4 5
total ice thickness | 635 459 382 332 292
inches
number of times
of ice clearance 4 3 2 2 1

TABLE 2- ACCELERATED GROWTH AND ICE CLEARANCE ALONG WHARF
IN BEAUFORT SEA.

This shows that a very large quantity of ice is formed approach-
ing the wharf and that an ice management plan had to be developped to
dispose of this ice.

This problem will also be an important one if winter navigation
is to be opened in the St. Lawrence Seaway. We have made a computation
of accelerated ice growth in the South Shore canal near Montreal for
the winter temperatures of 1968-69 which can be taken as an average
winter. Many ships would use the canal during daytime and the basic ice
layer would form overnight. Thus an equivalent frequency of passage of
one a day was taken for the computation with a porosity value of 0.3.
The results are shown on Figure 2 where the accelerated growth can be
compared with the static growth. It is clear that the ship generated
ice grows almost linearly with degree-days while static growth depends
on the square root of the variable. The large thickness of ice which
is produced shows that there will be a problem of ice management if most
ships are to make 1t for winter navigation.

1- MICHEL, B., LAFLEUR, P. (1971). Ice management at marine terminal,
Herschel Island. Report to Dpt. of Public Works, Canada 212 p.

2- Transactions of the Society of Naval Architects and Marine Engineers
Vol. 67, 1959. Seven papers on icebreakers, with discussions.

3- ASSUR, A. (1956). Airfields on floating ice sheets. USA-SIPRE,
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THIRD INTERNATIONAL SYMPOSIUM ON
ICE PROBLEMS
Hanover, New Hampshire, USA

EXPERIMENTAL EVALUATION OF BUBBLER-
= INDUCED HEAT TRANSFER COEFFICIENTS

Dr. George D. Ashton Snow and Ice Branch Hanover, NH
Hydrologist U.S. Army Cold Regions U.S.A.
Research and Engineering
Laboratory

The results of laboratory experiments to evaluate the heat
transfer coefficients associated with flow induced by a line source
bubbler system are reported. The heat transfer coefficients, both
in the impingement area and laterally outward from the axis of the
impingement region, were evaluated by observation of melting rates
induced at the underside of an ice cover formed in a large cold room.
The experimental results are compared and interpreted in light of an
analytical model previously developed. Implications for field
applications of bubbler systems are discussed.

INTRODUCTION AND BACKGROUND

The use of air bubbler systems has frequently been considered as
a means of suppressing ice formation. Until recently, however, the
design and performance of such systems has been based largely on past
experience with successful systems.  Recently Ashton (1974) examined
alr bubbler systems from an analytical standpoint, with the ultimate
goal of predicting the effectiveness of using bubblers to suppress
ice formation under various field conditions. One of the parts of
that analysis was an estimation of the heat transfer coefficient
induced at the ice cover undersurface by the flow above a line-source
bubbler. In that analysis the published results of small-scale
experiments with air jets issuing from slots in an ambient air environ-
ment was used as the basis for predicting the heat transfer coeffi-
cient. Clearly, larger-scale two-dimensional studies using an air
bubbler in water would provide a mQre sound basis for prediction.
Herein the results of preliminary experiments in a laboratory situa-
tion are reported, and compared and interpreted in light of the
analytical model previously developed. Implications for field appli-
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cations of bubbler systems are discussed and the direction of future
research efforts indicated.

DESCRIPTION OF EXPERIMENTS

The experiments were conducted in a cold room measuring 7.6 m by
7.6 m which contained water at a depth of 1.07 m. A total of six
experiments were conducted, the first two of which were prematurely
terminated because of a variety of operational problems. The bubbler
line was on the bottom at approximately the centerline of the tank.
Line diameter was 9.5 mm and orifices with a diameter of 1.0 mm were
spaced at 0.30 m along the line. Air was sugplied from laboratory
lines at & nominal gage pressure of 4.2 x 10° Pa but was throttled
between the supply and the diffuser line. The procedure in all
experiments was as follows: With the air supply shut off, the cold
room was brought to a temperature near -15°C and an ice cover allowed
to form and thicken over a period of a few days or less. When the
ice had thickened to about 0.12 m the room temperature was raised to
0°C and maintained overnight and for the duration of the experiment.
This minimized the heat conduction through the ice cover and allowed
the heat transfer rate induced by the bubbler operation to be inter-
preted from direct measurements of thickness changes in the ice
cover.

Prior to starting the air bubbler the ice thickness was measured
in a line transverse to the bubbler axis. Generally the ice was very
uniform in thickness with maximum differences ordinarily less than
about 4.0 mm. A thermal survey of the water below the ice was also
made prior to bubbler operation with temperatures measured to a
resolution of 0.1°C. The mean temperatures before bubbler operation
were of the order of 2.5°C.

After the bubbler system was started, ice thickness measurements
were made periodically in a line transverse to the bubbler line at
about the midpoint of the tank. Water temperature measurements were
also made periodically which were used later in the analysis of the
data. The experiments were terminated either when melt-through had
occurred above the bubbler axis or when the thermal reserve of the
water had been exhausted. Air was collected in an inverted container
above each orifice and the volume/time result used to determine the
air discharge rate for each orifice. Due to variations between indi-
vidual orifices there were some variations in the air discharges. In
the analysis of the data the discharge rate of the orifice most
proximate to the thickness measurements was used as the reference air
discharge for that experiment. At the conclusion of each experiment
a cut was made in the ice sheet and a profile of the ice measured.
This information was also used to evaluate heat transfer rates.

DATA ANALYSIS

The energy balance at the ice-water interface assuming no heat
conduction through the ice cover is
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0k %: 9y (1)

where p. is the ice density (kg m 3), A is the heat of fusion (J kg !),
n is the ice thickness (m), t is time (s), q, is the heat transfer

rate to the under surface (W m 2), and the negative sign means n is
decreasing with time. In turn, the heat transfer rate may be described
in terms of a heat transfer coefficient h (W m 2 °C”!) applied to a
temperature difference AT (°C) in the form

9 = h AT (2)

If it is assumed that h is independent of t and AT then equations (1)
and (2) may be combined and integrated to yield

p.A (n_-n)
h = _EE___Q___ (3)
[* aT at
t
(o]

Thus the slope of the line of a plot of n,-n versus f AT dt
yields the product h/piA and hence h since p; and A are constant. In
Figure 1 are presented data from a representative experiment showing
measured values of no-N and the associated values of f AT dt for a
centerline location, and for distances out from the centerline of
0.25m, 0.51 my, 1.02 m, and 1.52 m. The results of calculations of
h are presented in Figure 2a as a function of y/b where b is the
width of the standard deviation of the assumed Gaussian profile of
plume velocity and which is calculated (see Ashton, 19Tk, for details)
from

b= (mex ) c Q" (1)

In equation (k4), H is the depth of submergence of the bubbler, x, is
an empirical correction to an analytic origin describing the induced
water flow as a linearly spreading plume, Co is an empirical constant
gleaned from the data of Kobus (1968) (C. = 0.182 m 0.3 s0.15), ang
is the line air discharge rate (m3s™!m !). Similar results for
three other experiments are presented in Figures 2b, 2c¢, and 2d. The
solid line is that predicted assuming no entrainment of colder water
in the spreading warm surface jet. The dashed line represents the
effect of entrainment of 0°C water by the spreading surface jet with
h referenced to the temperature of the impinging plume. These lines
correspond to the analytical prediction of Ashton (197L4). That
analysis combined the empirical results of Kobus (1968) for the
hydrodynamics of a bubbler-induced plume, with results of Gardon and
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Akfirat (1966) for heat transfer rates induced by an impinging turbu-
lent jet. The resulting prediction for the heat transfer rate at the
impingement centerline (assumed to be constant out to a distance y=b)
is

096 & Uco.62b-o.38
by = 0.62 (5)

v

where k is the thermal conductivity of the water (Wm ! °c™1), U, is
the centerline velocity of the induced plume at the undersurface of
the ice, and v is the kinematic viscosity of the water (m?s”!). U

was given by Kobus (19A8) in the form &

b~ i)
-P Q log 1l - 07—+
+10.
Uc _ atm “a e H+10.3 (6)
v
m pw Ub b
where SI units are implied, P,;, is the atmospheric pressure (N m 2),
py is the water density, and Uy is the mean rising speed of the
bubbles. Ub was found by Kobus (1968) to be described by
_ 0.15
U, = Cb Qa (7)

where Cb = 2,14 m0.7 g70.85,

Assigning the numerical values to the constants and properties
and combining the equations yields (SI units)

- ]o.31 0.160
17224 —loge <l - m)_ Qa (83

(H+o.8)o'69

h_b:

If the wall jet is assumed to be constant temperature (assuming no
thermal stratification of the ambient water body and negligible
cooling of the jet due to transfer to the ice sheet) the distribution
of h is then of the form (solid line in Figure 2)

-0.38
h
= (2) (9)

which 1s essentially the result implied by the air jet data of Gardon
and Akfirat (1964). If the ambient water is at 0°C a turbulent
entrainment model then yields (see Ashton, 19T4) a distribution of h
of the form (dashed line in Figure 2)
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where the reference AT for calculation of h (and hb) is that of the
impinging plume.

(10)

As noted earlier, at the termination of each experiment measure-
ments of the ice thickness profile were made in a line normal to the
axis of the bubbler line (and through a point above an orifice). The
melted thickness distribution, when normalized by the melt thickness
at the centerline, also gives an indication of the distribution of
heat transfer rates. In Figure 3, data of An/An, versus y/b from L
experiments are presented and compared to the predicted distributions

of h/hb'
DISCUSSION OF RESULTS

Examination of Figure 2 shows the predictions given by equations
(8), (9), and (10) to be reasonable fits to the data. Particularly
near the impingement area effects such as temporary entrapment of
air (relieved in some experiments by drilling a hole), and deflections
of the plume by secondary currents resulted in considerable scatter
of the data. Within the accuracy of practical calculations and
considering the highly unsteady ice conditions to which bubbler
systems are subjJected in practical usage, the predictions are con-
sidered reasonably accurate. Clearly, more work needs to be done to
improve the analytical model and extend the available data base.
Currently under development is a numerical simulation of the per-
formance of bubbler systems which includes the unsteady effects of
varying ice cover, varying meteorological conditions, and depletion
of the thermal reserve of a water body. One of the preliminary
results of that study and which is reinforced by the present results
is that a bubbler system should not be expected to open a wide channel
area free from ice. Rather, the advantage of a bubbler system is
that it provides a line of weakness which allows vessels to more
easily transit an otherwise intact ice cover.
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COMMENTS

Paper Title: Experimental Evaluation of Bubbler-Induced Heat
Transfer Coefficients

Author: G. D. Ashton
Your name: Bruce D. Pratte
Address: Hydraulics Laboratory

‘National Research Council of Canada
Ottawa, Ontario, CANADA

Comment :

Observations of the width of ice melted by a 3-mile long air
bubbler line in water varying from 20 to 150 feet in depth in Lake
Ontario at Kingston, shows a relatively constant open width. This
suggests that extrapolation of the theory to greater water depths
with associated predictions of very large quantities of water
brought up by the bubble columns, and therefore larger open widths,
may be comsiderably in error. Field tests in deep water are sorely
needed to corroborate the theory, or allow modifications to it.

Author's Reply:

Pratte's discussion centers around the assumption that has been made
(Ashton, 1974) that the flow pattern induced by a bubbler spreads
linearly with distance above the bubble source. While agreeing that
this is still an open question, the author also wishes to point out

that width of open area of ice does not serve as a sensitive measure

of the induced flow width since the heat transfer coefficient is roughly
proportional to the centerline velocity of the impinging flow and that
velocity is nearly independent of depth. Nevertheless it is clear that
detailed field tests are needed to resolve this and other questions
related to bubbler performance as a means of suppressing ice.
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General Lecture on Theme 2

ICE-JAM MECHANICS

John F. Kennedy Towa Institute of Iowa City, Iowa
Director Hydraulic Research UsAa
The University of Iowa

SUMMARY

This survey paper describes general features of the occurrence
and behavior of river-ice jams. Some of the earlier work on ice-jam
mechanics is reviewed. A new, simplified theory is developed for the
prediction of the thickness and propagation velocity of ice jams, and
for the increase in river stage the jam produces. The problem of the
strength of ice jams is briefly reviewed. Finally, pressing research

problems related to ice-jam mechanics are discussed.
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I. INTRODUCTORY REMARKS

One of my senior colleages at The University of Iowa,
Professor Enzo Macagno, has been heavily involved for the past several
years in research on the fluid mechanics (pumping, and its relation
to the motion, or "motility" in medical terminology, of the intestine
wall; fluid velocity distributions; mixing; exchange processes; etc.)
of the human small intestine. Needless to say, this is a very
difficult research topic: more complex conduit geometry would be
difficult to imagine; the fluid motion is produced by contractions
of the intestine walls which are irregular in both space and time;
the fluid (called chyme) is strongly non-Newtonian, and its properties
change along the intestine and with time; and so on - the list of
complexities is nearly endless. In a moment of frustration, Professor
Macagno once remarked to me: "If one is going to do research on the
fluid mechanics of the digestive tract, he never should look at a real
intestine. If he does, he will become so discouraged at the outset
that he will not pursue the problem further”.

Professor Macagno's statement could as well have been made
concerning river ice jams (also called embacles), as anyone who ever
has studied a large, natural ice jam will attest. Figure 1 is a
photograph illustrating several features that are all too common in
jams. The jam is an agglomeration of irregularly shaped, random size
ice fragments (or floes) packed together with haphazard orientation
to form a mass that frequently undergoes buckling or shear failure
that forms ridges or mounds of significant proportions. The surface
of the embacle often is cluttered with assorted debris, such as tree
trunks, empty oil drums, and pieces of car bodies, of generally
unknown origin which is sprinkled over the surface of the jam as
though it had been broadcast from a high-flying plane; this extraneous
junk complicates the appearance of the ice cover, but probably plays
no role in the jam's behavior. And the whole accumulation of ice and
extraneous matter often undergoes continuous or sporadic deformation.

If jams seem complicated to the casual observer, they are
even more so to one who examines their behavior in detail. Indeed,
an ice-jammed river is among the most deranged of hydraulic phenomena.
Let us consider some of the complexities. A jam is formed by con-
current flows of liquid water (hereinafter referred to simply as water)
and ice; thus the flow is inherently two-phase (liquid-solid), a
difficulty which is compounded by the possibility of phase change
between water and ice. (In a sediment transporting flow, on the
other hand, water remains water and sand remains sand; not so with
ice-transporting water flows.) This phase change plays a very impor-
tant role in the behavior of jams, as will be discussed later, because
of its effects on the strength of the ice agglomeration. The flow
that accompanies, and indeed produces, a jam is both unsteady and
nonuniform. It is of the free-surface variety in that the position
of the upper boundary is not fixed or known a priori, but of the
confined type because of the existence of an upper boundary - the
arrested ice - that is constrained against motion in the streamwise
direction. The roughness of the underside of the ice cover is
generally unknown; moreover, it changes with time. The general
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problem of the strength of ice is one of the most difficult confront-
ing ice engineers; even the relatively simple question of the correct
procedure to be used in determining the compressive strength of mono-
lithic ice is far from resolved, and the far more difficult problem
of formulating the compressive and shear strengths of floating, frag-
mented ice - a problem of central importance to ice-jam analysis,

as will be discussed below - is still in the early stages of inves-
tigation.

The foregoing discussion, albeit brief and incomplete, of
the complexity of the constituent phenomena attendant to ice jamming
should suffice to convince the reader that a generally applicable,
wholly reliable, and relatively complete formulation of ice-jam
mechanics likely will not be forthcoming in the forseeable future.
However, this observation is equally applicable to many other current
engineering problems. It appears to be the unhappy fate of research-
ers in the last quarter of the twentieth century that most of the
easy problems have been solved. There is left for us, however, the
possibility of making relatively smaller contributions to the under-
standing of more difficult problems, and this can be just as challeng-
ing and rewarding as obtaining complete solutions of simpler ones.
(The latter, however, is surely more satisfying, and more often leads
to the immortality of the investigator's name and work. One can but
envy Osborne Reynolds, for example, for having had the good fortune
(and alertness!) to encounter a relatively simple problem like lub-
rication theory, which he was able to solve almost in its entirety.)

This brief survey paper on ice-jam mechanics will not
undertake to review all earlier work on this topic; for this the
reader is referred to a recent report by Uzuner and Kennedy (1974),
and to the references cited therein. Instead, the principal phenomena
involved in ice jamming will be recounted and some of the noteworthy
contributions to their elucidation will be reviewed. A simple
analytical model of ice jams will be developed. Finally, the avenues
of research that need to be pursued will be examined. Let the
reader be warned at this early point that ice jams are too complicated
to allow for generally acceptable interpretations and formulations
of their behavior; complexity promotes dissension. This review
inevitably will reflect the writer!s views and opinions and biases on
the jams - a common feature of most review articles.

IT. THE GOALS AND THE MEANS

Many natural phenomena are so complex that it often is not
readily apparent which of the variables involved are dependent and
which are independent. For example, there still is considerable
disagreement among river engineers on the question of what constitutes
a complete set of independent variables for predicting the depth and
sediment discharge of an alluvial stream. Therefore it seems reason-
able at this early juncture to enumerate what one ideally would like
to obtain from a mathematical model for ice jams, and which physical
relations must be utilized in developing a theoretical analysis for
their prediction. A reasonably complete list of goals is as follows:
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1. The conditions for initiation of a jam (i.e., a relation
between the geometry of a channel obstruction, ice
discharge, flow properties, etc. for which jamming is
incipient).

2. The speed of upstream movement of the leading end of
the jam.

3. The thickness profile of the jam (i.e., the streamwise
distribution of jam thickness).

4, The water surface profile upstream from the jam, espec-
ially the depth increase at the leading edge of the jam,
and the streamwise distribution of flow depth beneath
the jam.

5. The forces the jam can exert on stationary structures
(e.g., bridge piers, ice booms, etc.).

Theoretically inclined hydraulicians have little to work with
except relations expressing continuity, conservation of momentum and
energy, kinematical restrictions (which often arise as boundary con-
ditions), and constitutive relations for the fluid and solid materials
involved. Specifically, the following relations must form the basis
for an analysis of ice jams:

1. Continuity of motion of the ice and water.

2. The momentum (or energy) equation for the nonuniform

flow approaching and beneath the jam.

3. Equilibrium among the static and dynamic forces exerted
on the jam.

4. A relation between the depth and velocity of flow and
the shear stresses exerted on the underside of the ice
cover and the stream bed.

5. The "constitutive" relations which give the compressive
and shear strengths of ice as functions of floe dimen-
sions, jam thickness, rate of cover deformation, etc.

6. A boundary condition giving the thickness of the up-
stream end of the jam as a function of ice discharge,
flow properties, floe dimensions, etc.

Needless to say, most of these relations are mathematically

coupled. For example, the shear stress on the bottom of the jam is
a function of the water discharge beneath the ice, which in turn is
affected by the ice discharge approaching the jam and the jam thick-
ness, which is related to the shear stress exerted by the flow on
the ice. These mathematical complexities can be overcome in the age
of the electronic computer. The principal stumbling blocks encoun-
tered in the analysis arise from inadequate knowledge of the strength
of floating, fragmented ice, and of the forces exerted on the ice by
the flow.

Before grappling with the mathematical expression of some
of the relations enumerated above and solution of the resulting
equations, it may be helpful to discuss some general characteristics
of embacles.

III. SOME GENERAL FEATURES OF ICE JAMS

There would appear to be two requisites for the formation
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of an ice jam: a large discharge of frazil or fragmented solid ice;
and an obstacle in the channel which impedes the downstream passage

of the ice. The character of the ice which initiates the jam will
influence its early behavior, primarily because the strength of a
frazil ice accumilation is much different from that of an agglomeration
of solid ice floes, and because of differences between the vertical
distributions over the flow depth of the two types of ice.

The variety of channel obstacles the flows of water and
ice may encounter is almost boundless, ranging from changes in width
(e.g., bridge piers and abutments), to changes in depth (e.g., sand
bars), to man-made surface obstacles (ice-booms), to combinations of
these. Only recently has research been conducted on the magnitude
of lateral restriction which will initiate a jam. Calkins and Ashton
(1975), for example, have undertaken a laboratory flume investigation
using artificial ice (low-density polyethylene, with sp. gr. = 0.92)
blocks to determine the conditions under which ice fragments will
bridge the gap in a symmetrical surface obstacle (e.g., an ice boom
with a navigable opening). They have found that the threshold of
arching is a function of the surface concentration of ice on the
approach flow and the ratio of gap width to floe dimension; an
example of their results is shown in figure 2, in which a is the long
dimension of the parallelepiped blocks they used, b is the gap width,
Q. is the plan-surface-area discharge of ice in the approach flow,
and V is the mean velocity of the water flow. It is seen that as the
floe size is increased, the ice discharge at which arching is incip-
ient decreases. In experiments with mixtures of floe sizes, they
found that the dimensions of the larger blocks are critical in
determining if an arch will form. Similar experiments at the Iowa
Institute of Hydraulic Research using both real and artificial ice
have yielded results that are in general agreement with those of
Calkins and Ashton. In the Iowa experiments on arching across gaps
in obstacles which penetrate to the flume bed, it was observed
that the floes are passed much more readily through the opening than
in the case of a surface obstacle. In the former case, the velocities
of the water and ice are increased by approximately the same relative
amounts as they pass through the gap, and therefore no increase in
surface-concentration occurs, whereas in the latter situation the
ice must become more densely arrayed to pass through the gap while
being transported at the velocity of the water, which increases
little if any because the channel section is only very slightly
reduced by the obstacle.

It is important to recall that an ice jam, like a stable
ice cover, may not be formed upstream from an obstacle if the appreach
flow can submerge the blocks and transport them beneath the cover.
The conditions for submergence of floes at the upstream end of an ice
cover have been examined by Uzuner and Kennedy (1972) and by
Ashton (1974), and a review of contributions to this problem is
given by Uzuner and Kennedy (1974). A general field observation is
that a stable ice cover will not form if the Froude number based on
the depth and velocity of the approach flow is greater than about
0.06 to 0.14, depending on the ratio of floe thickness, t.,, to flow
depth, H, (with the maximum Froude numbers for underturning generally
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occurring at t./H in the range 0.2 to 0.4) or if the approach
velocity is gréater than about 2.0 ft/sec to 2.6 ft/sec.

Ashton (1974) developed a simplified and relatively reliable
analysis for the prediction of incipient block submergence which
gives the critical densimetric Froude number (based on floe thickness)
as

2(1-t./H)

\' _ i (1a)
lgt. 12917 [5 - 32-t,/m°]"

R i

where V is the velocity of the flow approaching the jam, p and p' are
the densities of the water and ice, and g is the gravitational con-
stant. In the development of (la), the floe was treated as being
initially at its level of hydrostatic flotation. Inclusion of the
dynamic effect on the flotation level modifies (la) to

Y2 (1-t, /H)
\% 1

p'
[g ti(l'p—)

(1b)
1* 7 3 - 20-t,m%)"

Figure 3 shows a comparison of (la), (1b), a relation developed by
Pariset and Hausser (1961) in which the floes are treated as sinking
without rotating,

v
[
(g ti(l—o )

7= Y20t /n) He)

and experimental data on floe submergence. The analytical relations
are seen nearly to bracket the data.

After an ice jam is initiated, the presence of a field of
stationary ice produces an additional localized energy loss, by
lengthening the wetted perimeter of the reach of channel occupied
by arrested ice; clearly, the magnitude of the additional energy
loss will increase as the jam lengthens, and, to a lesser extent,
thickens. As this occurs, the flow beneath the jam will deepen,
and reaches of nonuniform flow will be produced upstream and down-
stream from the jam. Thus the added resistance encountered by the
flow because of the presence of the jam is overcome in two ways:
the increased flow depth beneath the jam reduces the energy dissipation
rate (compared to what it would be if the flow depth did not increase),
and the energy gradient also is reduced along the channel reaches
just upstream and downstream from the jam. It should be noted that,
just as in the case of an isolated bend in a long channel, there is
no net additional energy dissipation due to the presence of the jam,
but only a redistribution of the rate of energy dissipation along
the channel. The presence of the jam will diminish the velocity
and Froude number at its upstream end, which in turn facilitates the
accumulation of ice. Therefore, a flow which initially may be at
the threshold of submerging floes and transporting them beneath the
cover will tend, as ice accumulation occurs, toward conditions
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favorable to formation of an embacle.

If the supply of ice to the jam is continued for a suffic-
iently long time, quasi-steady conditions eventually will be reached.
The situation depicted in figure 4 will then prevail. Ice arriving
at the upstream end of the jam will be arrested and will cause the
cover to extend upstream. Some distance downstream from the leading
edge of the jam, uniform conditions will be attained, with the cover
thickness and flow depth at the equilibrium values of t and h ,
respectively. The force balance that exists in the covgg alongeq
this equilibrium reach and in the nonuniform portion of the jam up-
stream from it will be discussed in Section V, below. After the
quasi-steady situation is reached, the jam front will propagate up-
stream with constant velocity, V . The jam and the flow then will
appear steady when viewed in a coordinate system attached to the
upstream end of the jam. The kinematics of the jam are then compari-
tively simple; these are examined in the following section.

IVv. CONTINUITY RELATIONS FOR QUASI-STEADY JAMS

In general the nonuniform reach of a jam is relatively
short, and the time required to reach quasi-steady conditions is not
great. Therefore, if the water and ice discharges remain constant
and if the channel is uniform, or reasonably so, results derived
from a quasi-steady analysis will be applicable to most of the period
of embacle formation.

The quantity V. may be determined from consideration of the
continuity of ice movement in the moving coordinate system, which is
expressed by

- = +
theq d-p) in (Ccti)n Vw (2

where te is the equilibrium thickness of the jam, determined as
discusseg below; p is the jam's porosity; gq. 1is the volume discharge
per unit width and C_represents the surfacenconcentration of ice;

and t, is floe thickfess. The subscript n denotes conditions far up-
stream, where the flow has normal depth and velocity. Equation 2 yields

q.
- in
Ve T € _(I%p) - (€t 43)
eq ci'n

The backwater curve upstream from the jam will move upstream
as a monotonic wave, with the depth at a fixed location increasing
until the maximum depth at the upstream end of the jam, H, is reached.
Water storage will occur in the moving backwater reach, and therefore
the water discharge (measured in fixed coordinates) beneath the jam
will be reduced. The unit discharge in moving coordinates, gq', is
constant and is expressed by

q' = (vn + vw)hn (4)
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The corresponding velocity is

h
- _n
v = n (Vn + Vw)h (5)

The discharge measured in fixed coordinates at any point is then

q= (V' - vw)h =q + vw(hn - h) (6)

Since h > h , g is reduced below qn.
anally, although it is really not a kinematic feature of
the flow, it is in order here to examine h . The boundary shear
e .
stresses exerted on the lower and upper boundaries, T

, are,
respectively, L2
bl
1,2 q, 2
T = - 7
1,2 ) p (n) (7)
where f are the friction factors for the two boundaries. In the

equilibrium reach the slopes of the energy grade line and the channel
must be equal, or nearly so. Egquating the boundary shear stresses
to the streamwise component of the gravity force on the water gives

2

- 9 1/3
o {éag;— (fl + fz)] (8)
(o]
where g is given by (6), with h replaced by h , is to be used in
solving (8), and S = sin 6 is the channel slgge.
The far fore difficult question of determining t , which
is needed for the simultaneous solution of (3), (6), and (39, will be

taken up in the next section.

V. THE FORCE BALANCE IN .ICE JAMS

Consider an elemental control volume of rectangular plan-
form taken from and exténding over the full thickness of an ice jam,
as shown in figure 5. The forces acting on the element in the stream-
wise direction are:

1. The streamwise component of the weight of the ice and

the pore water it contains.

2. The shear stresses, 1 , acting on the lateral sides of

Xy
the element.

3. The normal stresses exerted on the ends of the element.

4. The shear stress,TTz, applied by the flow to the bottom

of the cover.

Note that the seepage force exerted by the water discharge

percolating through the ice agglomeration, as shown in figure 4,
2@ just equal to the streamwise component of the weight of the pore
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water, and that the x-components of the hydrostatic forces acting
on the ends of the volume are themselves in balance. If a<<f (i.e.,
the phreatic surface and the stream bed are nearly parallel), the
static balance of forces in the x direction is expressed by

3 BTxy
— -t — - + i 2
o (Uxt) o T, pgt sin © 0 (9)

for a two-dimensional configuration [i.e., é—-lt,T,’) 0]. 1In this
case neither the first, third, or fourth term is & function of v,
and therefore the second term also is y-independent. Consequently,
TX is linearly distributed across the channel and, because of
syxmetry, is zero at mid-channel and has its maximum, (Tt ) , at the
sides of the stream. This explains why shear lines in iC® jams
generally occur near the banks. If the jam is undergoing shear
failure along the banks,

T = - = (T_) (10)

where W is the width of the stream.

Before proceeding with consideration of the solution of (9),
to obtain t as a function of x and the quantities describing the
properties of the ice and flow, it is necessary to consider the
boundary conditions on t. At large x, the flow and jam are uniform

in the case of quasi-steady jam, Szv(dyt) = 0, and (9) and (10)
yield "
2t
—=4 - +p! in 6 =0 1
= (Txy)M T2 p gteq sin (11)

in which T, is to be computed from (7) using the reduced discharge
given by (6). If (Tx ). can be related to t, for example by the
simple relation suggested by Uzuner and Kennedy (1974),

(t. ), = Co¥e? + & (12)

Xy M

where CO and Ci are constants and
pl
Y, = (1 - —p~) (l-p)p'g cos 6 (13)

is an effective unit weight of the floating ice cover, then the
mathematical problem of solving for the equilibrium conditioens is
closed: four equations [ (3), (6), (8), and (11)] are available to
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solve for the four unknowns (t , h , v, and q) in the equilibrium
reach. The downstream boundar?qconggtiog on t for quasi-steady
conditions is the value of t so obtained.

Now consider the uggtream end of the jam, and the conditions
that determine its thickness, a question that is far more difficult
to resolve. Two reasonable physical situations come to mind. Exper-
iments presently underway at the Iowa Institute of Hydraulic Research
with small ice parallelepipeds demonstrate that over a wide range of
conditions, the floes reaching the end of the jam submerge immediately
and accumulate to form a jam that has nearly constant thickness over
its whole length; in other words, the upstream end of the jam is
very blunt, and t = tg , say, over most of the length of the jam. 1In
this case, t* is detegmined not by the jam thickening until the
embacle's shggr strength is great enough to balance the applied
forces, as described above, but by the depth to which the floes can be
submerged upon reaching the cover. An estimate of this depth can
be obtained as follows. The kinetic energy of the arriving floes is

KE = %p'v(av)z (14)

where ¥ is the volume of the floe and oV is the water and floe
velocity at the surface. The potential energy of a floe (relative
to its equilibrium floating position) whose center of gravity has
been displaced vertically a distance t* below its position when
the block is floating on the surface, §d

t, ,
_ o 1 _ b,
PE = (p-p')g¥ [2 (1 5 )+ tgq] (15)

Equating the kinetic and potential energies given by (14) and (15),
which assumes there is no energy transfer from the flow to the ice
during submergence, and solving for t;q yields

t* (v 2 1 .
t—eg~=_°‘—,-5(1—p—)+1 (16)
p i

in which the unity on the right hand side arises from the floating
floes arriving at the jam having thickness t., while the change in
potential energy results from submergency below the equilibrium level
of the individual floating floes. The quantity t* is a rough
measure of the thickness of accumulation in this Gdse. Actually,

the thickness can be expected to be slightly greater, because of
energy imparted to the submerging ice floes from the flow. It should
be kept in mind that the depth of flow was not introduced into the
foregoing energy analysis; therefore, the result can be expected to
apply only to cases in which the flow depth is much larger than ti
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and t*.., Figure 6 presents a comparison of (16) and experimental
data SBtained from the Iowa experiments with ice parallelepipeds,
mentioned above. The quantity C is a measure of the ice surface-
concentration, defined by

Q

Cc = in

(17)

|y
- |

1
1.2

Ea

1

where, in addition to the quantities defined in figure 4, g. and

are the unit discharges of ice and water far upstreamn, aﬁa a = 1.2
has been utilized. The quantity o is related to the Darcy-Weisbach
friction factor, f, through the logarithmic velocity-defect law
(Schlichting 1968), with the result

o =1+ 4.07V(£/8) (18)

For the flows used in the Iowa experiments, f was approximately 0.025.
The values of t* /t. presented in figure 6 show general agreement with
the form of (16?? bit are slightly larger, as anticipated in the
discussion above.

A second possible upstream boundary condition states that
the leading edge of the jam thickens until its strength is adequate
to withstand the momentum of the arriving floes. This condition,
which was utilized by Uzuner and Kennedy (1974), requires knowledge
of the relationship between the thickness and compressive strength
of floating fragmented ice covers, which is one of the most difficult
and incompletely resolved questions related to ice jams.

The foregoing remarks have been directed primarily to the
equilibrium and leading edge thicknesses of ice jams. In a long jam,
there exists the possibility that the gradient of (o_t) [the first
term in (9)] and the bank shear initially are inadequate to support
the applied loads. The ice cover may then thicken by failure or
"collapse" of the ice cover (generally not fracture of the individual
floes), until its shear and compressive strengths become great enough
to balance the externally applied forces. There then again arises
the difficult question of the strength-thickness relation of the
cover. Uzuner and Kennedy (1974) utilized some heuristic arguments
to arrive at the relation

o =k y t (19)

where k_ is a coefficient to be determined from experiments. They
introduéed (10), (12), and (19) into (9) and numerically integrated
the resulting equation to obtain t as a function of x. They present
a computer program to accomplish this calculation, as well as the
determination of the corresponding values of t , h , V , and q.
Their technical report gives some complete solsgiong, in graphical
form, for specific conditions. It must be emphasized, however, that
their results are heavily dependent on the ice~strength relations
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they utilized, (12) and (19).

In the analysis developed above, two different equilibrium
thicknesses, t and t* , given by (11) and (16), respectively,
were consideredl The rmer occurs when the cover thickens by internal
collapse until its shear strength is great enough that bank shear
balances the applied external forces. In the latter case, the jam
thickness resulting from the arriving floes being submerged by con-
version of their kinetic energy to potential energy is sufficiently
great that bank shear can balance the forces applied externally to the
ice cover. It follows, therefore, that t* > t . The equilibrium
thickness to be expected in a given situaffon degends on several
factors, principally the channel width and the shear strength of
the ice cover. The latter question poses the greatest hurdle,

VI. A SIMPLIFIED SOLUTION

If the thickness of accumulation at the upstream end of
a jam given by (16) produces ice-cover strength which is great enough
to support the applied loads, the jam thickness will be constant
along its length and it becomes relatively simple to calculate the
four unknowns, t* Vv , and q from a simultaneous solution of
(3), (6), (8),; ang (lg? For a numerical example, consider a channel
and flow with the following properties:

s = 2.5x10" . = 1loft

f = 0.025 i = 0.50 ft

f2 = 0.10 (Cc)n= 0.50
Pertinent computed quantities are:

Vn = 5.07 ft/sec [from (8)]

a = 1.23 [from (18)]

Fn =V //-—-— 0.282 (flow Froude number)

9 = (5.07)(10) = 50.7 ft /sec ,

UG, = (1.23) (5.07) (0.50) (0.50) = 1.56 ft /sec

Simultaneous solution of the four equations listed above gives:

t* = 2.15 ft A% = 1.50 ft/sec
eq w 5
heq = 15.26 ft g = 42.81 ft /sec

The flow depth just upstream from the end of the cover will be (refer
to figqure 4), approximately,

©
*

H=nh +
€eq

°|

€q

17.23 ft



and the corresponding velocity and Froude number are

V = 42.81/17.23 = 2.48 ft/sec

and
F = 2.48/V(32.2) (2.48) = 0.105

It is seen that the FProude number is reduced from a relatively high
value to one which can produce a stable ice cover.

In closing this section it must be emphasized that the line
of analysis followed in this section is applicable only after the
jam has reached the quasi-steady state. During the early stages
of formation, the velocity of the floes reaching the jam will be
greater, the local jam thickness produced will be larger, and t
will be reduced to t* along the jam as the depth of flow is increased
and flow velocity de&Peased by the ice accumulation. One point should
be noted: the dynamics of the flow as it passes under the jam have
not been considered. This needs to be introduced into the analysis,
using a method of analysis similar to that of Uzuner and Kennedy (1972)
which utilizes the momentum or energy relation for the flow. The
effect on the ice jam characteristics likely is minor.

V. THE STRENGTH OF ICE JAMS

One of the dominant traits of human nature is the desire to
avoid confrontation with difficult problems, or at least to postpone
the moment of truth as long as possible. BAnd so it is in this review
that the matter of the shear and compressive strengths of floating,
fragmented ice covers is deferred until it precedes only the summary
and conclusions. The major stumbling block encountered in the problem
arises from the fusion of the ice fragments to form a monolithic
mass. If the plane surfaces of two pieces of ice surrounded by air
at a temperature well below the melting temperature of water are
brought into contact and pressed against each other, the bond that
forms between the two, as measured by the tensile or shear strength
of the interface, forms very slowly; even after long-time exposure
to a relatively high compressive stress, the two particles are
readily separated. If, on the other hand, the two ice fragments are
submerged in water, even very small contact pressure between the ice
pieces will result in surprisingly fast formation of a strong bond.
Indeed, after two ice cubes are pressed together just by hand while
submerged for only a few seconds, it may be impossible to separate
them by hand. The phenomenon of bond formation or fusion has been
explained by Merino (1974) as resulting from the facts that the ice-
water interface is at the melting point, and the melting temperature
of ice decreases as pressure is increased. He argues that the applied
pressure produces some melting at the interface which is followed by
re-freezing and attendant bond formation when the pressure is
relieved. Bond formation also is promoted by certain physical-
chemical processes that occur in water at its solid-liquid transition
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temperature. All of these processes occur at certain rates, rather
than instantaneously, with the result that the shear and compressive
strengths of ice covers are heavily dependent on the strain rate of
the ice accumulation. This has been revealed in strength tests at
the Iowa Institute of Hydraulic Research, (Merino 1974; Uzuner and
Kennedy 1974) with the results shown in figures 7 and 8. In figure 7,
U 1is the relative velocity of the two components of the direct-
shear apparatus utilized, L is the length of the shear plane, and de
is the average plan-form dimension of the fragments. It is seen in
these figures that both the shear and compressive strengths decrease
as the inverse of the strain rate. At higher strain rates, for which
the inter-particle bonds do not have time to form, the shear stress
results primarily from inteﬁ—granular friction and becomes nearly

constant at about 2.0 1lb/ft~. Merino proposed the relation
d
T, = L t ==+ 2.0 (lb-ft-sec) (20)
M 27 u_ :

to predict the shear strength of fragmented ice covers; (20) is
compared with experimental data in figure 7.

Figure 8 presents data on the relationship between the
compressive strength of floating fragmented ice covers and the
velocity of the plate used to compress the ice. Again, the strong
dependence of the compressive strength, ¢ , on the rate of ice-
cover deformation is apparent. x

VII. SUMMARY AND CONCLUSIONS

The preceding discussion of the many gaps that exist in
our understanding and formulation of phenomena that arise in the
ice-jamming of rivers should make it apparent that much research
remains to be done before the problem can be regarded as solved. For
even the very simple case of steady, uniform flows of ice and water
in a uniform channel considered herein, the mathematical analysis
encountered several major obstacles, principally the formulation of
the shear and compressive strengths of fragmented ice covers. Addi-
tionally, the question of the shear strength of the ice-bank interface
remains to be solved. In a real-world situation, one seldom has
steady, uniform flows or uniform channels, and the characteristics
of specific jams vary widely with local conditions from site to site.
Research on the problem of prediction of the conditions for initiation
of ice jams is in its infancy, and much remains to be done to develop
reliable predictors for the onset of jamming. This topic is very
important to river engineers; the best way to handle ice jams is to
prevent their formation! The matter of the ice forces exerted by
jams on structures, (e.g., ice booms) is still far from solved, and
is deserving of considerable additional research attention. And so
on; the shopping list of research needs related to river ice and ice
jamming is indeed a long one.

The analytical considerations developed herein were based,
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to the extent possible, on generally applicable principles of mechanics.
The results developed in this survey and in the more extensive analy-
sis of Uzuner and Kennedy (1974) provide at least a minimal analytical
framework for the analysis and prediction of ice jams, and for present-
ation of field and laboratory data on jams. The more complete

analysis contains several coefficients, notably k , C., C , and f
which arise in the strength and stress relationships.” As is the case
in many analytical models of complicated phenomena, these must be
regarded at present as free parameters which may be adjusted in order
to bring the mathematical predictions of ice-jam behavior into conform-
ity with measured data; in a sense, they act as "tuning knobs" for
adjustment of the theoretical model. There is now a pressing need

for good laboratory and field data on ice jams for the purpose of
determining the adequacy of the existing mathematical models, and to
provide quantification of the several coefficients any ice-jam theory

likely will contain.
The next research steps in the study of ice jams should be

directed toward elucidation of the nature of the shear and compressive
strengths of embacles, and determination of the aforementioned
coefficients. It must be pointed out that the heavy dependence of
ice-jam behavior on the strength properties of the fragmented ice,
which results from the formation of cohesive bonds between ice frag-
ments, suggests that model studies of ice jams should be conducted
with real ice, since artificial materials, such as wax, polyethylene,
and wood, generally do not exhibit this cohesive behavior, at least
not to the extent that ice does.

It generally is not a good idea to close on a pessimistic
note. Nevertheless, the writer's experience during the past 15
years with the somewhat similar problem of sand transport by rivers,
and the slow rate of progress that has characterized that area of
research, suggest that the engineer will not have a complete and
reliable set of analytical tools for dealing with ice jams in the fore-
seeable future. Although this observation may be unhappy news for
river engineers who must deal with ice jams, it has the bright
aspect of promising to provide researchers in the area of ice engin-
eering with ample outlet for their analytical and experimental energ-
ies for many years to come.

No paper on ice jams would be complete without some comment
on the problem of what to do after a major ice jam has been formed.
Various techniques have been tried to break up ice jams, including
coal-dusting to increase the uptake of solar energy and thereby
hasten melting, blasting of jams with explosives placed in them, and
aerial bombing. None of these has proved to be particularly effective.
The last two have the advantage of giving one a certain sense of
vindictive fulfillment; he at least feels that he is striking back
at the jam, even though his effort may be to little avail. Nature
ultimately takes care of the jam, by providing warmer weather. Even-
tually the ice returns to its ligquid form and runs off, but all too
often after having done considerable damage to river training-works
and other man-made structures, not to mention that caused by the jam-
produced flooding. Unlike sediment, however, the ice does not remain
after the flood of water has retreated; for at least this small
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favor, one can but be thankful.
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Figure 1.

Blasting of ice jam on Iowa River near its

confluence with Mississippi River, January,
1975.
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COMMENTS
Paper Title: Ice Jam Mechanics

Author: J. F. Kennedy
Your name: Nabil AbdEl-hadi

Address: Dept. of Civil Engineering
University of New Brunswick
Fredericton, N.B., CANADA

Comment :

You used the friction factor of the ice undersurface, f,, in your
analysis. Since the ice undersurface changes with time, velocity,
and temperature, it is expected to have a variable friction factor.
Have you used an average value for fz? Was it based on measurements?

Author's Reply:

In the absence of better information, one should use an estimated,
average value of f,. Determination of f, is very difficult, and
generally involved measurement of velocity profiles under an ice
cover. Perhaps it is most reasonable to view f, as one of the
"tuning knobs" the model contains, the others being the various
strength coefficients, which can be varied as needed to achieve
conformity between experimental results obtained to verifu the
mathematical model. Then, the mathematical model can be used with
the value of f, so determined to make predictions about other ice
jams.
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HYDRAULIC MODEL STUDIES OF ICE BOOMS
TO CONTROL RIVER ICE

Philip H. Burgi

. . U.S. Bureau of Reclamation Denver, Colorado
Hydraulic Engineer

Ice jams frequently occur on rivers in the western United States.

Many of the jams are small and may even go unnoticed in sparsely popu-
lated areas. Some occur infrequently and are caused by unusual mete-
orological conditions or temporary unsteady river hydraulics. However,
others reoccur on a somewhat frequent basis and at the same locality.
Although there are many factors involved, there are several which play
a major role in creating an ice jam. These major factors include con-
trol sections in a river such as a channel constriction or a lake or
reservoir, ice covered river systems where the ice in the headwaters
melts before the downstream river ice melts, and river reaches where
large quantities of frazil ice are produced (figure 1).

The North Platte River flowing through Casper, Wyoming, experiences
ice cover formation every winter and at times ice jams are formed.
Storage reservoirs upstream and downstream have permitted increased
river discharges during winter months. The frequency of ice jam
formation has reportedly increased due to the increase in winter river
discharges above the native flow. In the fall of 1966, the Casper
Project Office of the U.S. Bureau of Reclamation initiated an experi-
mental ice boom study on the North Platte River. The major objective
of the study was to develop a structure capable of containing the
slush ice upstream from a small residential area west of Casper,
Wyoming, affected by ice jams. The operation of the ice boom was
expected to trigger an artificial ice cover by capturing slush ice
thus creating an ice cover which would progress upstream from the boom
in an area where a flood easement was established. The prototype log
boom was installed 11 kilometers upstream from Casper, Wyoming, as
shown in figure 2. The ice boom consisted of two 25-millimeter cables
with 3.66-meter timbers attached to the cables by l-meter lengths of
chain. The timbers had spikes extending 305 millimeters above and
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below on 225-millimeter centers. Several prototype ice boom config-
urations were tested on the river; however, due to time and cost
limitations, the Project requested a model investigation of the ice
boom to optimize the design of the existing structure.

Modeling Hydrodynamic River Ice Phenomenon

Groat 1/, as early as 1918, used a hydraulic model to study ice diver-
sion using paraffin to simulate float ice. Several investigators 2/
3/ 4/ have since used hydraulic models as a tool to better understand
ice processes on rivers. Materials such as wax, paraffin, wood, and
polyethylene have been used to simulate river ice. There are two
areas of similitude considered in modeling ice processes. One
involves the modeling of individual ice floes in a river system where
the internal properties of the ice are neglected and the similitude is
based on hydrodynamic considerations. The other area involves modeling
of the ice properties per se. This investigation considered only the
hydrodynamic forces and therefore the Froude model laws were used to
scale the model.

North Platte River Model

A 1/2-kilometer reach of the North Platte River was modeled in the
laboratory study at a 1:24 undistorted scale (figure 3). The model
riverbed was constructed of concrete using river cross sections

taken at 30-meter intervals along the river reach. River ice was
simulated in the model using 3.2-millimeter hemispherical particles
of low density polyethylene plastic with a specific gravity of 0.92
(figure 4). A 2.7-meter-long hopper with a 0.25 m3 capacity was used
to drop the plastic ice onto the water surface at the upstream end of
the model. Since the laboratory has a recirculating water supply, a
wire screen basket was installed at the downstream end of the model
to collect the plastic used in the study.

A uniform test procedure was followed throughout the test program.
Each test was operated with a discharge representing 26.6 m3/s in
the prototype river. To keep the absorptive properties of the
plastic stable, the plastic model ice was stored in large drums con-
taining water which kept the plastic wet at all times. The plastic
model ice was applied to the water surface across the width of the
model river. Discharge and water surface elevations were recorded
during each test. The tests were normally terminated when the ice
cover ceased progressing upstream. This was usually accompanied by
a significant amount of model ice passing under the ice cover and
boom. The quantity of model ice that had accumulated in the screen
basket at the downstream end of the ice model during each test was
removed from the basket and measured as 'ice lost'" by the boom.

Model Test Results

Initial ice boom. - The model test results indicated that the initial
field location for the ice boom did not provide ideal flow conditions
for proper operation of the ice boom. Due to a bend in the river, the
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flow concentrated on the right side resulting in a considerable
amount of ice flowing under the ice boom as shown in figure 5.
Establishment of a uniform approach flow was further aggravated by a
rock protrusion on the left side of the riverbed. The average flow
velocity at the ice boom section was 0.5 m/s with an average depth of
1 meter. Several investigators 5/ 6/ recommend slower velocities for
proper ice retention atthisflow—depth.

Modifications to the ice boom. - Several modifications to the initial
ice boom structure were tested in the model including ice boom cable
sag (4.3 and 14 meters), spacing between booms (24, 47, and 88 meters),
timber spikes, and cable configurations.

In general, the least amount of cable sag resulted in the best ice
retention by the boom. The spacing between ice boom cables was not
critical. The use of one ice boom should be all that is required
when properly located.

Several timber spike designs were tested as shown in figure 6. The
boom timbers with 152-millimeter bottom spikes on 225-millimeter
centers retained more ice than timbers without bottom spikes.

Larger, 305-millimeter bottom spikes showed little improvement over
the 152-millimeter bottom spikes and collected large amounts of debris
when initially installed in the field.

Test with an "upstream V" configuration resulted in a more stable ice
cover and better ice retention than the simple parabolic design. The
ice boom was anchored to the model riverbed to form a 45° upstream
angle with the river shoreline. This boom configuration wedges the
slush ice between the boom and the river shoreline thus increasing
the ice cover stability at the boom (figure 7).

To determine the effect of field shore ice on ice cover stability at
the ice boom, large sheets of polyethylene were cut to simulate shore
ice in the model (figure 8). The model shore ice produced a more
stable ice cover which progressed upstream further than the tests
without shore ice. The absence of any cohesive property in the poly-
ethylene plastic resulted in a less stable model ice cover than what
would occur in the field.

Artificial channel modifications. - To decrease the flow velocity and
thus improve the ice retention capability of the ice boom, two artifi-
cial constrictions were tested in the model. The constrictions were
located some 15 meters downstream from the ice boom and caused an
increase in the water surface of approximately 0.3 meter reducing the
flow velocity to 0.4 m/s. The first constriction was created by an
opposing jetty which reduced the river width from 64 meters to

15 meters for the winter discharge of 26.6 m3/s (figure 9). The
model jetties were designed to overtop at a discharge of approxi-
mately 42 m3/s. The second constriction consisted of a submerged
overflow sill. The sill had a crest width of 0.3 meter and 2:1 side
slopes. For the ice boom to function properly, the water surface at
the ice boom site should be increased by 0.49 meter and the rocky
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protrusion on the riverbed as shown in figure 10, should be removed.
This will reduce the river flow velocity to 0.30 m/s.

Although this investigation was limited to a specific reach of the
North Platte River, the results can be applied to other rivers flowing
through alluvial valleys. The results are encouraging; however, more
investigations related to river ice jam formation are needed to

better control their occurrence.
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a. Ice jam on the Payette
River upstream from
Black Canyon Reservoir

b. Ice jam on Yellowstone
River due to ice melt
in the headwaters

c. Ice jam on Gunnison
River due to upstream
frazil ice production

Figure 1
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Figure 2

View of initial ice boom on the
North Platte River

Figure 3
1:24 scale model of
North Platte River

Figure 4
3.2 millimeter polyethylene
plastic - model river ice
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View of North Platte River
with ice passing by ice boom

Figure 6
Spike configurations
tested in the model
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Figure 7
"Upstream V"
configuration
tested in model

Figure 8
Simulated model
shore ice

shore ice

Figure 9
Opposing jetty
constriction in
model river
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Ice jamming is a natural phenomenon observed on many rivers.
Occurrence of ice jams is more or less a characteristic feature of
most rivers freezing up in winter.

In the Soviet Union ice jams occur predominantly on rivers flow-
ing through cold regions of the North, Siberia and Far East, e.g. on
the Northern Dvina, Ob, Yenisel, Lena etc, which are closed with ice
cover up to 1.5 m thick due to extended winter periods of very low
air temperatures,

It should be noted that under milder weather conditions of com-
paratively short and warm winters in the Western and Southern regions
of the country and even in the Central Asia the ice jams also develop
in rivers, such as the Western Dvina, Neman, Dniester, Danube, Syr-
Darya, Amu-Darya etc., covered by ice about 0.5 m thick.

More frequent and severe ice jams form on the northward-flowing
rivers, because here during spring breakup the drifting accumulates
against the thick solid ice cover that has not yet started to melt.

The sites susceptible to frequent ice jamming are as follows [R.1/:

1. Sudden transition zones from high to low river slopes, where
the river enters the backwater of a reservoir, the sea or the lake.

2. Areas immediately below rapids, where the flow velocity is
retarded.

3. Confluence sections of rivers carrying large amounts of ice.

4, Restrictions of flow caused by sharp bends (over 110-1159),

Additional potential jam areas include sharp bends, abrupt narrow-
ings of ice passage, shallows with islands, river stretches closed with
stable and thick ice cover, the areas of frazil ice accumulation during
the late fall or winter months.

The developments of an ice jam is affected by the following fac-
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tors: the amount and density of ice masses approaching an ice jam, the
rate of water level rise during spring breakup, obstacles available in a
river channel, flow discharge, air temperature, solar radiation, sequence
of a breakup etc.

The volume of an ice jam and resulting height of water levels
/R. 2, 3/ depend primarily on the amount and density of floating ice.

Once the jam is formed two situations are likely to be encounter-
ed depending on flood discharges and the intensity of ice breaxup.
Under the conditions of large discharges and intense breakup jams are
generally of lower strength. They exist for a short time of 12-18 hours
and break up readily. Sometimes a chain of jams forms, when break-
out of a jam followed by destroying of an ice cover in a downstream
reach leads to the formation of a new jam and so on.

In contrast, when a flood discharge is not large and almost con-
stant an ice jam does not break up but extends downstream. The length
of such jams can be from 10 to 15 km and even to 35 km on the
Siberian rivers. The long jams are very stable, their duration is from
3 to 5 days for the European part of the US.S.R. and for 8 to 10 days
for the Northern regions of Siberia.

Below control of ice jams in a river with a cascade of hydro
power plants is discussed. The construction of a hydro power plant
may result in ice jamming in its tailrace and at the end of backwater
zones.

Avppreciable jamming is likely to occur below an existing hydro
power plant when further downstream the river channel is heavily con-
strained by structures of the next step of a cascade under construction.
On a number of power plants the ratio of the ice passage front to the
width of a natural channel is as low as 0,03-0,12, Under these condi-
tions the probability of severe ice jamming is greatly increased.

Preventive measures against ice jams on rivers with a cascade
of hydro power plants call for not only the successful control of river
breakup and motion of ice masses upstream and downstream of a plant,
but also for the control of ice during the formation of ice cowver.

The efficiency of above measures depend upon gate manoeuvring
at hydro power plants, reservoir parameters (length, depth, flowage, the
drawdown volume) and the length of a river reach not effected by back-
water of a succeeding reservoir.

When a deep reservoir with high winter temperature of water of 2
to 3° (for example, the Bratsk reser'voir) is available in a cascade it
is possible to reduce the amount of ice downstream of the dam by main-
taining an area of open water ~ 100 km long, melting ice by warm
water released from the reservoir in the spring, by keeping ice masses
transported from the upper reaches of a river within a reservoir.

Ice jams and resulting rises of water levels downstream from a
hydro power plant during the freeze~up period and spring breakup may
be reduced by decreasing turbine discharges. The experience gained
in operation of plants on the Angara provides support for this view,

At a hydro power plant with a small reservoir, as a rule, mechani-
cal breakup of ice cover iIs performed and drifting ice is diverted to
downstreams along a special channel up to 100 m wide cut by an ice-
breaker through ice cover surface. Effective operation of ice-breaker in
combination with adequate gate manoeuvring ensures ice motion. Some-
times, to lessen intensity of ice movenent to dam site ice masses are

176



deposited to bottom and after partial melting are discharged downstream.
This was accomplished at the Kegumskaya power plant before commis-
sioning the Plyavinis power plant erected further upstream [R. 3/.

Ice jam formation downstream from a power plant can be alleviated
or even eliminated by certain releases from a reservoir at which rise
of water levels and temperatures of ice cover provide the conditions
when ice cover is weakened but not broken.

For example, in 1967, in the vicinity of the Ust-Ilim hydro plant
located on the Angara 300 km downstream from the Bratsk hydro plant
massive ice jamming formed resulting in 5.66 m raise of water level. As
a consequence, the first-stage cofferdam was flooded and partly eroded.
The ice jamming was induced by vast quantities of fragmented ice drift-
ing from the Ilim to the Angara closed by stong ice cowver., During the
years which followed in order to prevent ice jamming at the Ust-Ilim
plant spring floods were controlled by varying turbine discharges at the
Bratsk plant.

When general meteorological data permitted forecasting the earlier
ice breakup at the reach of the Angara from the Bratsk to the Ust-Iim
hydro plants (before the Ilim breakup) water releases from the Bratsk
hydro plant in March and April were increased to 3500-4000 m3/sec.
When the specific conditions (cold extended spring, drawdown of a res-
ervoir and limited power production) predeterminate the later breakup
of the Angara ice cover the releases from the Bratsk reservoir were
minimized to 2000-2500 m3/5ec providing decrease in water levels due
to jamming. Decrease in water releases from the Bratsk reservoir during
the fall freeze-up prevented jam formation and raise of water levels due
to jamming in the spring.

Jam control at the end of the backwater curve can be examplified
by measures taken at the Kaunass hydro plant (at the Neman) and the
Dubossary hydro plant (at the river Dniester) . At the end of the back-
water zone of the Kaunass hydro plant the ice jams formed initially in
the river channel and transported to the reservoir may result in an in-
tensive rising of water level. Drawdown of the reservoir preceding the
spring flood allowed preventing accumulation of huge ice masses.

At the end of the backwater curve of the Dubossary hydro power
plant (at the Dniester) ice jams occur almost annually. Bombing is one
of the preventive measures taken here. However, it is not always a
success, since sometimes breakup of a jam by blasting resulted in the
formation of a new severe ice jam further downstream (1967) Control
of water levels and current velocities in a reservoir proved to be the
most effective measure of jam control downstream and upstream from
hydro power plants, the end of the backwater zone being included.
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INTRODUCTION

Problems associated with the extension of the navigation season to
winter months in inland waterways and damage caused by ice jams have
increased interest in and research on the understanding of evolution
of ice jams. It is important to understand the behavior of individual
ice blocks in addition to the understanding of the behavior of the whole
cover. The latter behavior has been studied recently by Uzuner and
Kennedy (1975) analytically and experimentally. Their theory was based
on the force equilibrium of a fragmented ice cover, continuity equa-
tions for the liquid water and ice, the momentum relation for the flow,
and strength thickness relations for the jam. There is, however, a
possibility that ice jams thicken by means of floes being transported
as "cover load" (after being submerged at the leading edge) for a
distance, then being deposited there.

The goal of the ensuing analysis is to develop an analytical
framework for the incipient motion of an ice block resting under a
floating ice cover, and to compare this with the submergence criterion
at the leading edge to determine which mode of transport occurs at a
lower velocity and/or Froude number. The critical conditions obtained
from the analysis presented here are also compared to those for
streamwise force balance (Ashton, 1974) of an ice block beneath the
ice cover.

TRANSPORT MECHANISM

Flume experiments using wooden and paraffin blocks have shown
that the blocks resting beneath the ice cover generally move by
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rotation or "under-turning," rather than by sliding or saltation,

due to the irregular nature of fragmented ice cover bottom. This

is also reported by Allen (1942) for the prisms resting on the river
bed. Hence, it is necessary to examine the moment equilibrium of a
floe resting under a floating, fragmented ice cover. The moments
acting per unit width of the block, shown in Fig. 1, may be summarized
as follows:

a. The moment due to the drag on the block may be expressed

a7z % (1)

in which Cq is a moment coefficient, ty is the block thickness, and
V is the mean flow velocity under the cover.

b. The moment from the shear force on the bottom of the floe
can be written

—
—
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where f: is a friction coefficient for the underside of the block
and 2 is the length of the block.

c. The moment due to the local pressure reduction under the
block near its upstream end, is of the form

VZ o

in which Cy is the moment coefficient.

d. The moment of the submerged weight .has the form

22

Mg = (v - v') t, o (4)

where y and Y' are the specific weights of the liquid and solid
phases of water, respectively. For static equilibrium, the destabi-
lizing moments Mp, Mg, and M_, should be balanced by the restoring
moment Mg. Equating the sum of Eqs. 1, 2, and 3 to Eq. 4 and re-
arranging terms results
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Dimensional considerations indicate that the moment coefficients
Cd and CQ must both be functions of tb/z.

The problem of ice block stability beneath an ice cover is
closely related to that of the initiation of motion of prisms resting
on a river bed. The relation developed analytically and quantified
experimentally by Novak (1948), for the incipient motion of a prism
resting on the bottom of a river can be adopted, with the slight
modification to the situation depicted in Fig. 1. In nondimensional
form this relation is given by

v
e = 1.596 = ].277 2/ (6)

; h \/3 | t.
1/1-1 _e b
v gtb (5.8 + tb)

in which h, is the flow depth, where the fragmented ice cover has
reached uniform thickness. The form of Eq. 5 and Eq. 6 are identical
if the friction and 1ift terms are small enough to be neglected.

In the derivation of Eq. 6, both 1ift and drag were accounted for by
introducing a single coefficient. The shear force on the underside
of the block was not taken into consideration. Because of having
the right general form and being quantified by means of experiments,
Eq. 6 will be adopted in this analysis.

Introducing the continuity relation between sections 1 and 2
in Fig. 1, Eq. 6 takes the form

v h
F,=——Y = |1.506 - 1.2z: 73 —,’éb B )
=T e
¥ gt, (5.8 + tb)

where Ft is the Froude number for incipient transport, Vy and H are the
flow velocity and depth of flow upstream from the leading edge. The
quantity, he in Eq. 7 is given by

he=H-(1-g—)te (8)

in which t, is the fragmented ice cover thickness where it has
achieved uniform thickness. Eliminating he in Eq. 7 using Eq. 8
yields
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where all the terms are depicted in Fig. 1.
COMPARISON OF SUBMERGENCE AND TRANSPORT CRITERIA

Ashton (1974) and Uzuner and Kennedy (1972) have developed
theories for and data on the submergence of ice blocks at the leading
edge of an ice cover for different t,/4% ratios of various specific
gravities. Because of its simpler form and adequate description of
extensive experimental results of both investigations, Ashton's
relation is used here as the submergence criterion. The critical
thickness-densimetric Froude number defined by him is given by

v 2(1 tb)
= u = " H (]0)

F= - =
S ; RAVE
Yy - __b

v 9% [5 36 3 J

in which Fs is the Froude number for incipient submergence.

Equations 9 and 10 can not be easily compared because of the
number of variables contained in Eq. 9. The quantities hp, and tg
in Eq. 9, can be determined from the analytical investigation of ice
jams by Uzuner and Kennedy (1975). The procedure to obtain he and te
is complex and beyond the scope of this paper. For simplicity, the
comparison of Eqs. 9 and 10 is made for uniformly thick solid ice
cover of one block thickness (i.e., te = tp). For this case Eq. 9
takes the form

t
= 1.277 2 p'y b
Fe = 1.59 - e = 1-0-2) ¢+ (11)
t 5.8 + H__ _ (]_Q_) 1/3 tb P H
t, -

which now involves similar terms as Eq. 10.

Ashton (1974) also analyzed the same problem using streamwise
and vertical force balance on the block. Introducing continuity
into this analysis, the critical Froude number for block transport
obtained by equating drag force and friction between the block and

the ice cover takes the form

182



_ 2 e

fos| — T | W (12)
.24 L

DT "M,

where Cp and C_ are the drag and the 1ift coefficients, respectively,
and p is the friction coefficient. The magnitude of the coefficients
Cp and C| are reported on the order of 1.2 and 0.5, respectively.
Because of the uncertainty regarding its magnitude, the friction
coefficient, p is assumed to vary between 0.03 and 0.1. Equations
10, 11, and 12 are compared graphically in Fig. 2. As it is seen
from this figure, a higher Vy is required to transport the floes by
rotation than to submerge them. Ashton (1974) also reached this
conclusion on the basis of his analytical work and a limited series
of experiments using polyethylene blocks with various tp/% ratios.

It is also seen in Fig. 2 that as tp/% increases, the critical
thickness densimetric Froude number for transport decreases. This
can be explained physically by the increase in the length of moment
arms for drag and shear force (both overturning) and at the same time,
by the decrease in the moment arm for buoyancy (restoring force).
This result is apparent in Eq. 13. Also shown in Fig. 2 is Eq. 12
with €| = 0.5 and Cp = 1.2 for different values of tp/2 and u. Note
that the values of ED and C_ are assumed to be constant for a range
of tp/2 for calculation purposes.

SUMMARY AND CONCLUSION

The stability of ice blocks beneath or at the leading edge of
an ice cover is important in the understanding of thickening phenomena
in ice jams. The result of this investigation shows that, fragmented,
floating ice covers generally thicken by internal collapse rather than
by transport of floes beneath the ice cover. This conclusion is
reached by comparing the critical thickness, density Froude number
for submergence (Eq. 10) developed by Ashton (1974) with that for
the transport criterion (Eq. 11) obtained from the moment equilibrium
of the block. Equation 11 is recommended for ice jams and ice covers
with ripples at the ice-water interface and Eq. 12 can be used for
consolidated ice covers with plane underside with appropriate
coefficients. It should be kept in mind, however, that the comparison
is made here for an ice cover of one block thickness. Recent
experiments with various artificial ice materials indicate that floe
transport does occur under the fragmented ice covers. This can be
attributed to the developing boundary layer in the vicinity of the
upstream end of the cover. Near the leading edge (where the boundary
layer is thin) the high shear stress exerted on the floes resting
under a floating ice cover may be able to move the floes along quite
steep slopes of the underside of the cover, resulting in the formation
of a hanging dam.
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The formation of "hanging dams" still remains to be investigated.
Thus, one of the next research topics in the understanding of the
nature and the mechanics of fragmented ice covers should be the
analytical and experimental investigation of formation of "hanging
dams", and establishing the critical conditions under which they
occur.

REFERENCES

Allen, J., (1942) "An Investigation of the Stability of Bed Materials
in a Stream of Water," Journal of the Institute of Civil
Engineers, Paper No. 5288.

Ashton, G. D., (1974) "Entrainment of Ice Blocks - Secondary
Influences," International Association of Hydraulics Research,
Proceedings, Symposium on River and Ice, Paper A-11, Budapest,
Hungary.

Ashton, G. D., (1974) "Evaluation of Ice Management Problems Associated
with Operation of a Mechanical Ice Cutter on the Mississippi
River," U. S. Army Corps of Engineers, CRREL, Special Report 214.

Novak, P., (1948) "Experimental and Theoretical Investigation of
the Stability of Prisms on the Bottom of a Flume," International
Association for Hydraulic Structure Research, Proceedings,
Second Meeting, Appendix 4, pp. 77-91, Stockholm.

Uzuner, Mehmet S. and Kennedy, John F., (1972) "Stability of Floating
Ice Blocks," Journal of the Hydraulics Division, ASCE, Vol. 93,
No. HY12, Proc. Paper 9418, pp. 2117-2133.

Lzuner, Mehmet S., and Kennedy, John F., (1975) "A Theoretical Model
of River Ice Jams," Journal of the Hydraulics Division, ASCE,
(Submitted for publication).

184



M
“rgr
B
P~ — Mg
Figure 1. Schematic representa-

tion of an ice block at rest be-
neath a fragmented ice cover

3.5

3.0

25T
c =05
Cp= 1.2

201 P 7
5= 0.92

Figure 2. Graphical representation of eqs. 10, 11, and 12.

185



1.

Velocity distribution equations for open and ice covered streams

To
us

characterize the velocity conditions in a river, the hydraulic radi-
or the mean depth is mostly used. The formulas of the Chezysk

type are simple, but insufficient. (Ref. 1). Eg.: a rectangular cross-
section of breadth (b) and depth (h) gives a hydraulic radius = %gﬁ
and if R is kept constant, there will be many -cross-sections with

#=R. Z-f)}“_./r\;— producing b= 2K >0

Devik (Ref. 2) recommends the following Velocity equation, based on
Matakiewiz's investigations:
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This means that the absolute height on a given section of a river is
equal to the konetic height of the water stream + the kinetic height of
the sediment stream respective to ice drift + the magnitude of the loss
of energy from the water stream + the loss of energy from the sedi-
ment respective to ice drift.

Vitols makes clear that the section s -s, of the river must be large
enough in order to calculate to coefficients with accepted accuracy.
The cross sections must be shosen so close to each other that the geo-
metrical form of the river bed, on the section of importance, emerge.
In practice this turns out to be very difficult.

Under Norwegian circumstances the safest method is to use direct mea-
surement in order to determine a relation between discharge, ths cross
section of the riyer, and the average velocity of the stream as shown

in Fig. 22 and 2°.
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The cross sections of the rivers depends on the breadth b and depth h.
This can be expressed approx.: 4 _ 5 4 77
o

where by is the bredth of the river, when h=1 and n characterize the
geometrical shape of the riverbed.

For a rectangular cross-section n=0 and a tr1angular shaped cross-
section, n=1. Usually, the cross section of the rivers are approximate-
ly parabola shaped, and n is a number between 0 and 1.

A consideration of direct measures, Fig. 2P, shows that in most cases
mean velocity is approximately proportional to the square root of the
discharge.

It is our experience that Devik's equation for open rivers can also be
applied to ice-filled water and to partly or completely frozen rivers
in the following form:

For ice-filled water, without ice cover (Ref. 2):
-0.5 , . . 2 a5 /.

Vg-—k-/@.oudc'-/a - %ch, or./é-kﬁ'-o(‘a’,,-/ = %/5
Here k. characterizes the friction in the water masses related to the
norma.l1 conditions, and for ice-filled waters, this coefficient is presum-
ed to be ~ 0,8 3

/6 ., dZ 0.5 _ o - . Q/ - //__ ;_

T s ~ 08 ( ) =/ or: G =VIs =142
In an ice-filled river (without ice cover), with an unaltered discharge,
and an unaltered breadth and slope, the mean depth increases by
approximately 12 %.

For partly and completely ice-covered rivers (without accumulated ice
sludge), (Ref. 4):
ca5 2
Y, - )é-af/'C/ﬂ'/a'/ or: V= £ a, g/]ﬁ” S

0.5

In this case for an ice-free river n~0, a, 31, for partly covered, not
ice-filled water, n=0, 5, ag 5 24, and for a frozen river n=1, a, 18,

Devik's equations give sufficient results in those cases where the river
has an equal depth. The most frequent cross-sections in Norwegian
rivers show a deeper main stream in the middle with more shallow
parts at the sides. This formula is mostly used for each section of the
river seperately to determine the relative velocities.

E.g.: a river with a cross-section of three parts: b,, b,, b, and dl’
d,, where the midle part is the deepest, v /v % p/p+2,”and if
p=2, the main stream is twice as deep as at the two sides of the river:

v2=l, 5 Vo

In parts of rivers with pack ice and especially with accumulated sludge
under the ice cover, it is not possible to use Devik's equation.

E.g.: in Fig. 3, current velocity measured in Bardu river just before
and just after the covering with ice.

From a hydraulic point of view formation of an ice jam, breaking up of
ice and the floating of ice process are so chaotic that they are almost
impossible to analyse.
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Fig. 3 Fig. 4% shows the distribution
of ice-masses in the river Nea
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2. Control of ice production

Ice formation in rivers can only take place when the water is cooled to
the freezing point. When this condition is present, ice production is
related to water velocity and the nature of the river bed.

There exist critical combinations of water temperature on surface
velocity, as shown in Fig. 5.

Ice production in rivers is much more complicated than in lakes. Fig.
6 shows ice formation in still water and in turbulent running water.

In turbulent waterstreams, supercooled elements of the surface film
move in an irregular way through the water and may just as often
sweep the bottom as be moving along the surface. On the way down,
the supercooling of the element will decrease and a slight supercooling
of the surrounding water will result. It ought to be emphasized that

as long as the heat loss continuous from the water surface, there will
be a stationary stability in the exchange of heat between the growing
individual crystals and the surrounding supercooled water stream.
Evidently the chance of crystal growth will be the greatest in the sur-
face film, and the smallest at the bottom, where the chance will depend
upon the time which the moving water film element will take on its way
from surface film to bottom, i.e. upon the water velocity and the depth.
The formation of bottom ice will thus be more frequent at shallow sec-
tions than at deep ones.

Fig. 7 shows typical situations for the formation of ice cover in the
Glomma river and Fig. 8 - stabilization of ice conditions in the rapid
section of the Glomma.
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Fig. 5 The buoyancy will be
sufficient to keep the
CR/T/CAL COMBINATION of WATER TEMPERATURE clusters floating if
the stream velocity
arnd SURFACE VELOC/TY is lower than a cer-
tain critical value,
which according to
== — our preliminary me-
asurements is about

]
L

~ A

A
S 1 1.2 m/s.
\G 0/61— | ZREN Combination of fra-
3 5 zil ice floating in
S\ — L;,“ A | N (- slightly supercooled
N y VA looer workr water with incess-
@ o2 A antly new formed
] A j’ supercooled water
X ok )% EO R T film elements whirl-

v

ing down and gradu-
ally "dying'' repre-

i
ol |
A )

LA
| C XA weokened e orpartses sents a most potent
—}'(/./, f‘/},g o goerz warer factor in the ice for-
o0oul—A -_Ji{(-'. A ] mation in rapid ri-

4, vers. It may be

_...,h:l _T-_J;_.w i : - called "active sludgé'
‘ e TR in contrast to sludge
GOJJ*" L ..Lb - _JA_E‘[_‘r;: N g in water which is not

' ' ' g ol supercooled can be

Suryace ve/ocity of fow mssec classified as ''pass-

| | . s
Ao 17205007 of Srseef fre —m \__ Lormaion of ive sludge''.

| o/ apdbotr e When the water tran-

Terrrrediae zorme sport is illustrated
by stream lines, the

following consequences will appear for the relation between surface
areas covered by clusters of sludge ice and open areas between:

a. Where stream lines are diverging, open surface areas will be in-
creased. In such places the supercooling will produce conditions for
bottom ice production e. g. where the river is expanding. Another im-
portant case is the water surface just in front of an obstacle placed in
the stream, e.g. a stone or a pilar, and similary for the water sur-
face just behind the obstacle.

b. Where streamlines are converging, for instance near an obstacle
the open areas will be reduced. As long as the velocity of the water
is below the critical value mentioned above, the chance for bottom ice
production will also be reduced.

If the convergence should increase, the velocity above the critical va-
lue, however, the sludge ice would be immersed in the water, leaving
the surface open to the production of a supercooled water film, the
elements of which would follow the converging water stream which
would be sweeping along the obstacle on its way. This case is of im-
portance when the obstacle is a pillar placed in the stream.
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A. Formation of sheet ice (clear ice) Fig. 6
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An ice cover will start with the supercooling of a thin surface film
where ice crystals will grow from nuclei suspended in the water. The
heat of crystallization is lost to the air. It is a slow continuous proce-
dure, which may be called static ice production.

B. Formation of underwater ice (frazil and bottom ice-sludge)
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In this case, the heat of crystallization is lost in the water masses,
which may generally be called dynamic ice production,

Ice crystals have a tendency to from clusters. This is active frazil
ice. Sludge ice has a very loose structure. However, when we pick
up a portion of such ice we can easily squeeze it in to an ice ball, quite
similar to a snowball. This is due mainly to the combination of dyna-
mic compression and the regelation effect.

The most important means of reducing ice production in rapid rivers

is the reduction of the cooling surfaces. _
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Stabilization of ice conditions
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When the heat transport <Sk) is known and constant within a period of
time, and there is a complete mixing of the water along the distancel,
the cooling of the water masses can be estimated:

»—A/? = CS; Z-é} or: -—d/“ CS;; L., %
The proportional coefficients are to make the equation simpler, included
in Sk.

A reduction of the cooling surface is possible in many ways and under
Norwegian conditions the following means are used:

a. To establish a continuous ice cover over the ice producing river
sections by use of different booms or groins (Ref. 5).

b. Prevent the formation of artifical ice bridges and stabilize icedams
(Ref. 6).

c. A favourable combination of these.

By these means a rapid river can be transformed into a series of ice
dams, each with a comparatively still water surface (surface velocity
0,6 m/s), which is very quickly covered by a growing ice sheet.

Fig. 9, 11 and 12 gives examples of stabilization of ice conditions in
the rapid rivers.

For practical use, the relation between velocity 0,6 m/sec and the
slope at different discharges in open rivers is given in Fig. 10.

Fig. 9. Stabilization of the ice condition in Kvina river
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Fig. 11 shows an arrange-
ment, which has until now
been effective to stabilize
an ice dam.

Present experience on ice
problems connected with
the utilization of water
power in Norway are given
in Ref. 7 and 8.

Fig. 11. Experiments to stabilize an ice dam

River Un3seté’1a, @vre Rendal, 10. Dec. 1957. During 24 hours ca.
50 000 m” of sludge was accumulated on the front side of the bridge.
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@ksna river.

This arrangement stopped the ice-flow for a while.

Ice problems naturally, can be considered best and brought to an effec-

Jee floe
P

tive solution by an in-
timate cooperationbe-
o tween engineers and

0 T it physicists.

Pt o o

References

1.

VITOLS, &., 1938: Beurage zur Frape des Ungleichioriniy keits-
grades der Flussbettan, Hauptbericht § d. VI Hydr

Korf. d. Battischen Staawen, Litheck- Berlin,

DEVIK, O., iy33: Uber ¢ie Eisbileung cines Wasseriaufes ardihren
Einfluss auf das Langenprofil Deuatsche Wasserwiri-

schaft, Hett 10/11, Stuttgart.

VITOLS, A., 1942: Beitrag 2ur Erweiterung des Gesichtskreiscs
der heutigs Hydraulik, Wasserkraft und Wasserwirts-

chaft, H. 4, Mtnchen.

DEVIK, O., 1638: Uber Wasserstanasarderung eines Fiusses bei
Eisbildung, zuf Gotazlv angewandi, VI Hydr. Korf. d
Baltischen Staaten, L4beck-Berlin,

KANAVIN, E V., 1944: Eisverhaltnisse in Osteuropa und die ange-
vandteo Massnahmen zu Beeinflussung cer Eisbildung
und des Eisganges in der Daugava, Riga.

KANAVIN, E. V., 1970: Experience with Ice Proolems in the Pasvil.
River, IAHR, Reykjavik

DEVIK, O., 1954: Present expericnce on ice problems connected
with the utilization of water power in Norway, IAHR,
Vol. 2 no. l.

KANAVIN, E. V.. 1972: Problems w:ti: Sludge ice connected with
the Plenning an Utilization of Water Fower in Norway,
IAHR, Lzniagrad.

198


http:L!n:,'g.ac

International Association of lydraulic Research (IAHR)
Committee on Ice Problems
International Symposium on Ice Problems
18-21 August 1975
Hanover, New Hampshire

COMMENTS

Paper Title: Water Velocity in Open and Frozen Rivers -
Control of Ice Production
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S

Comment :

The author presented an interesting paper on the practical aspects
of river-ice engineering. The problems described by Prof. Kanavin
are somewhat similar to those encountered in the Nelson River
Development Program currently undertaken in Manitoba, Canada.

The author resorted to field-measurements as the first step in

tackling specific river—-ice problems. However, in the sixties

several investigators combined field observations with analytical techniques
and developed useful guidelines for the engineering design of regulating
the river-ice regime. Lately more scientists are working in the
theoretical field. Unless the theoreticians try to refine their
analysis to match the results of field observations, the theory

will be of little or no use to the practicing engineers dealing

with hydro-power generation, navigation and oil-exploration. This

This will definitely require a break—-through in the analytical
techniques, perhaps, deviating from the conventional one-dimensional
approach and investigating the two-dimensional velocity and thermal
boundary layers preferably in the framework of a two-phase fluid motion.
This is because of the fact that the design engineers can no longer

be contented with the understanding of the gross phenomenon of the

fluid motion but often they are called upon to predict the local
phenomena and design for those conditions subject to the constraints
stipulated by environmentalists and other msource-users.
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OBSERVATIONS OF TANANA RIVER ICE

Thomas E. Osterkamp Geophysical Institute TFairbanks, Alaska
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Physics and Geophysics

ABSTRACT

The ice in the Tanana River near Fairbanks, Alaska, has been ob-
served each winter since 1971. When frazil ice was present in the
river the water temperature was usually < 0.05°C. Approximately 10-
15 km may be required for frazil ice crystals to evolve into meter
sized frazil ice pans. Frazil ice pans > 1 m in thickness were ob-
served. Snow slush balls were finer grained and more strongly bonded
than frazil ice pans. Anchor ice formations were common and floating
anchor ice was observed to transport fine grained sediments and gravel.
The ice discharge of the tributaries was time dependent with the Delta
River being the majgi contributor. The maximum estimated ice dis-
charge was 33 m sec (v 22% of the flow). There was general agree-
ment between changes in the specific electrical conductance of the
water and the ice discharge but the details of this relationship were
not clear. Turbidity decreased by more than an order of magnitude
during the freeze-up period and was inversely related to ice discharge.
Frazil ice jams formed in narrow and/or curved parts of the river by
consolidation of frazil ice pans and floes. These jams were the first
ice cover to form on the river and were separated by open water areas
which froze over by the process of border ice growth. The frazil ice
jams produced during freeze-up may become strong points in the river
ice cover during break-up and thus initiate ice jams at this time.
Internal decay of the river ice results in liquid 3-grain boundaries
at temperatures near the melting point of the ice. These liquid 3-
grain boundaries may provide channels for water flow and may be ex-
pected to modify the thermal, mechanical and electrical properties of
river ice near its melting point.
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INTRODUCTION

The Tanana River begins at the confluence of the Chisana and Nab-
esna Rivers in Eastern Alaska on the northern side of the Wrangell
Mountains and flows ~ 800 km in a northwesterly direction to the Yukon
River. Upstream from Fairbanks, the river is braided with many fast-
flowing channels and downstream from Fairbanks the channel is fairly
well-defined. The primary study site was v 2 km downstream of the Chena
River although some ground and aerial observations were also made from
the city of Nenana upstream to the Johnson River (v300km). The obser-
vations have been primarily qualitative in nature; however, measure-
ments include the dimensions of frazil ice pans and snow slush balls;
ice discharge; water temperature and characteristics (specific con-
ductance and turbidity); and ice thickness. River ice structure was
examined using thin section techniques and a photographic history of
freeze-up and break-up was also made each year.

ICE FORMATION

Water temperature measurements were made daily during the 1974
freeze-up and showed that when frazil ice was present in the river the
water temperature was usually < 0.05°C. The first ice was observed in
the river on October 2, 1974 and no other exact dates for the appearance
of the first ice are available, although these first ice forms were
usually observed in the river at Fairbanks v 3-5 weeks prior to the time
of freeze-up and were either frazil ice pans or border ice. The frazil
ice pans were 0.1 - > 1,0 m thick and 0.5 - 3 m in maximum horizontal
dimensions. Ice floes were formed by consolidation of several pans and
occasionally a few very large ice floes (100 x 100 m or larger) were ob-
served. The ice particles in the pans were usually granular, up to 1
cm in maximum dimensions, although ice particles with a planar form were
sometimes observed. A few leaves, sticks, sediment and gravel were ob-
served in some of the pans. The ice particles in the pans were poorly
bonded and the smaller pans were sometimes destroyed or mixed in with
larger pans by collisions with them. Evolution of frazil ice crystals
into frazil ice pans appears to occur over a fairly long distance on the
river. Aerial observations indicated that 10-15 km may be required for
frazil ice crystals to evolve into meter-sized frazil ice pans in the
Tanana River above Fairbanks although the number of observations were
limited.

Snow slush balls were observed in the river whenever snow fell dur-
ing the freeze-up period. These slush balls were more equidimensional
than frazil ice pans and ranged up to v 0.5 m in maximum dimensions.
They were composed of granular ice particles a few millimeters in size
and were much better bonded than frazil ice pans.

Anchor ice has been observed at numerous places on the river bottom
during freeze-up, however floating anchor ice has not been observed in
the river at Fairbanks. Aerial observations 10-20 km upstream from
Fairbanks showed that v 1% of the ice pans were anchor ice (as indicated
by their dark color from the entrained sediments and gravel) and ~ 150
km upstream v 5% of the ice pans were anchor ice. On November 14, 1974,
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at the Richardson Highway bridge (“150 km upstream from Fairbanks) the
ice pans covered v 10% of the river surface and were all anchor ice.
While these observations of floating anchor ice differ it should be
noted that the amount of floating anchor ice in the river depends on the
time of the season, the time of day and position in the river. Also,
continued reshaping of the floating anchor ice by very turbulent water
and collisions with border ice and other floating ice may cause the en-
trained sediments and gravel to be released and fall to the bottom.
This process may be a significant mass transport mechanism capable of
transporting fine grained sediments, gravel and even rocks (Benson and
Osterkamp, 1974).

Aerial and ground observations during the freeze-up period indi-
cated that the ice discharge of the river at Fairbanks consisted of ice
formed in the river and ice from its tributaries. While all of the
tributaries contributed some ice discharge it appeared that the Delta
River was the major contributor. On one occasion, during 1974, the
Delta River-contributed ~ 50% of the ice discharge of the Tanana River
at their confluence. However, ice discharge from tributaries was time
dependent, and just before freeze-up it appeared that almost all of the
ice discharge of the Tanana River was produced in the river.

The ice discharge at Fairbanks was estimated from the river width,
percent ice coverage, thickness of the pans and velocity of the pans
(see Figure 1). These estimates are somewhat crude due to the diffi-
culties of estimating (visually) the percent ice coverage, variations
in the shape of the pans and the velocity differences of the pans (pans
along the bank moved slower than pans near the center of the flow).

The estimates were not corrected for the porosity of the pans. A maxi-
mum ice discharge of 33 m? sec™! (v 22% of .the flow) was estimated for
the day before the 1974 freeze-up.

It has been shown that changes in the specific electrical conduc-
tance of stream water during periods of ice formation in a small stream
may be related to the volume of ice produced (Osterkamp et al., 1975).
Figure 1 shows the specific conductances of water collected on a daily
basis from the Tanana River and the ice discharge (as estimated above)
during freeze-up. There was general agreement between changes in spec-—
ific conductance of the river water and ice discharge except for one
time period from October 1l1-14th when the ice discharge decreased sub-
stantially while the specific conductance of the water remained nearly
constant. The reason for this deviation is not clear although it should
be noted that, in large rivers, the effects of tributaries, snowfall
and different ice and water velocities may modify the specific conduc-
tance of the water and mask its relation to ice discharge.

Alaskan rivers (glacial and non-glacial) undergo a transition from
cloudy to clear during freeze-up although there do not appear to be any
data on this point. The turbidity of the water samples (collected for
specific conductance measurements) was measured and Figure 2 shows the
results of these measurements. Turbidity decreased by more than an
order of magnitude during the freeze-up period and when turbidity was
compared to ice discharge an inverse relationship was found. The
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Specific Conductance and Ice Discharge vs. Time
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Figure 1. Specific conductance of the river water and ice discharge vs
time for the Tanana River at Fairbanks during the freeze-up
period in 1974.
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Figure 2. Turbidity of the river water vs time for the Tanana River at
Fairbanks during the freeze-up period in 1974.

204




reduced turbidity during periods of ice discharge may be partially due
to a reduction of turbulence by frazil pans on the surface of the flow.
Since the Tanana River is primarily a glacial river, some of the tur-
bidity decrease may be attributed to a decrease in water flow from gla-
ciers during this time of year which leads to a low and generally de-
creasing stage during freeze-up.

ICE COVER

The ice cover of the river during the 1971-1974 winter seasons was
initiated when frazil ice pans and large floes jammed in narrow and/or
curved portions of the river. These large frazil floes were produced
in the river and were sometimes 30 m or more in maximum dimensions.
Under some conditions, they may play a key role in initiating the frazil
ice jams in the river. Limited observations suggest that these frazil
ice jams form at the same place each year and that the site of the jam
can be modified by man. For example, during 1971, 1972 and 1973, a fra-
zil ice jam formed in a narrow and curved place in the river below Fair-
banks. During the summer of 1974, the curve was partially filled and
straightened and during the 1974 freeze-up a frazil ice jam formed at
the beginning of the straightened section ~ 1 km upstream from the for-
mer jam site.

When frazil ice jams form in the river the resulting ice cover con-
sists of a series of frazil ice jams with frazil ice pans and floes
packed against the jams and extending upstream a few hundred meters to
several kilometers with a series of open water areas between the frazil
ice jams. Only a small amount of frazil slush has been observed to pass
beneath these jams. Sheet ice forms on the open water areas by growth
of the border ice toward the middle of the river. This process may in-
volve 2 months or more before a continuous ice cover forms on the river.
One site &~ 150 km upstream from Fairbanks remains open through the
winter when air temperatures may be -50°C or colder.

The surface topography of the ice cover formed from frazil ice was
usually rough compared to the smooth sheet ice formed by border ice
growth. In some cases, ice piles > 1 m high have been observed in the
frazil ice cover. The ice thickness in the frazil ice cover may also be
much greater than in the sheet ice formed by border ice growth. For ex-
ample, on March 25, 1974, the frazil ice cover was 1.5 m thick near the
center of the river and the sheet ice cover v 100 m downstream was 0.76
m thick.

ICE DECAY

Several river ice cores were obtained from the frazil ice cover in
March, 1974, and horizontally oriented thin sections were prepared from
these cores and examined under a microscope at temperatures near the
melting point of the ice. At 3-grain boundaries, channels of liquid
were observed (see Figure 3) which appear to be similar to those that
occur in pure ice (Nye and Frank, 1973), in ice lenses in the soil
(Osterkamp, 1975) and in lake ice (Osterkamp, unpublished research).
These liquid 3-grain boundaries in the river ice are important since
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Figure 3.

River ice thin section showing a 3-grain boundary.



they provide channels for water flow in ‘the ice and may be expected to
modify the thermal, mechanical and electrical properties of river ice
near its melting point.

During the 1973-74 winter the history of a frazil ice jam was fol-
lowed. This frazil ice jam began on October 26, 1973 during freeze-up.
As mentioned above, this led to an ice thickness at the jam site which
was nearly twice as thick as the sheet ice just below the jam. As the
air temperature increased during April, 1974, the sheet ice below the
jam and some of the frazil ice cover in the high-velocity flow areas
above the jam were the first to melt. This melting appeared to progress
from below since the snow cover remained on the ice surface. By
April 25th, the high-velocity flow areas were free of ice, except for
border ice and an ice bridge v 40 m in width at the frazil ice jam site,
and by April 27th, the ice bridge was reduced to v 20 m in width. Ice
floes in the river at this time were 0.3-1.5 m in thickness and 1-10 m
in maximum dimensions. The ice floe velocity and water depth were esti-
mated to be v 1.4 m s=! and v 6 m, respectively, and the water level was
v 1 m higher above the dam. These ice floes were observed to strike
the jam and to ride up on the ice on the upstream edge of the jam. The
current then pushed them down at their upstream end and the floes ro-
tated and were incorporated into the front edge of the jam, disappeared
beneath the jam or continued to rotate at the front of the jam. Only
small pieces of ice were observed to pass under the jam and it appears
that ice floes which disappeared under the jam were either lodged there
or were broken into smaller pieces.

The ice jam was destroyed sometime during the evening on May lst
and on the following day ice chunks up to 0.5 m in thickness were ob-
served on the far bank and were found up to 2 m above the water level
on the near bank above the site of the jam. Ice floes and slush ice
were observed in the river for 5 days after the jam was broken.
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Comment : Your description of ice formation in the

Tanana River closely parallels observa-
tions made in the Upper Niagara River.
Anchor ice in the Niagara forms only at
night and usually lifts from the bottom
the following day, bringing with it sand,
gravel, and small boulders; and in the
early part of the winter (early January)
plant and algal material is included.

The water in the early part of the winter
is very murky, secchi disk readings being
in the order of 50cm. As the season
advances, the water clarifies and by mid-
February secchi disc readings of 3m or
more have been observed. The best
period to observe ice formation in-situ
was therefore, in the later part of
February and early March,
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TEMPERATURE PATTERNS DURING THE FORMATION
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B. Michel, Ice Mechanics Leboratory, Laval University, Quebec, P.Q.,
Canada G1K 7P¢

Studies of ice growth in rivers and lakes have addressed them-
selves to many aspects of the process. Two recent examples are those
by MARCOTTE (1974) and MOFADDEN (1874). Such studies are camplicated
by varietions in air temperature, wind velocity, stream discharge, and
80 on. Flow conditions were controlled by MICHEL (1963) in his study
of frazil production in an outdoor flume. Investigations under the
controlled conditions available in a laboratory cold room have been
less frequent; noteworthy among these is that of CARSTENS (1966).

Ice formation at several air temperatures and water speeds has
been studied in a cold room of Laval University, Quebec, Canada. The
purpose of this paper is 10 present several temperature patterns ob-
served during these experiments, especially the effect of air tempera-
ture and water spsed on (1) the maximum supercooling observed, (2) the
rate of chenge of water temperature, and(5) the temperature gradient in
air adjacent to the air-water interface. Another pattern, observed in
8till water, is an evolution with time of the temperature profile in
the water. In conjunction with these patterns the terms of the energy
balance are presented.

EXPERIMENTAL DETAILS

Water from the city meins was contained in a gylindrical tank of
stajnless ateel 120 cm in dismeter and 76 om deep, surrounded at the
sides by a plywood bax containing fiberglass wool to a thickness of 30
cm or more. Four paddles of 2 om plywood 51 cm long and 5 cm wide wsre
bolted horisontally on a steel shaft which was mounted along the verti-
cal axis of the tank and rotated by a variable speed motor. The pad-
dles were positioned 25 cm above the bottom of the tamk. A current
meter was used to messure water speeds at various depths and radii,
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and thereafter the desired water speed was obtained by setting the
motor to the required rate of rotation.

Temperatures were measured by 21 thermistors with a time con-
stant of 0.8 seconds in still water, which were set into the leading
edge of a plastic wand shaped to minimize disturbance of the water
flow., The thermistors were spaced so that when the wand was mounted
vertically with the middle thermistor at the air-water interface, the
temperature was monitored at positioms 0.5, 1.0, 1.5, 2, 5, 4, 5, 7.5,
10, and 30 cm above and below the interface. The thermistors were
calibrated at 0°C by immersing the wand in a tank full of frazil
slush. A second parameter obtained for each thermistor by measurements
at higher temperatures made it possible to compute the temperatures
from the recorded resistance measurements. Small corrections, usually
a few hundredths of a degree, to the temperatures computed from resis-
tance data were made by reference to experiments in which frezil was
produced.

The thermistor wand was clamped in a vertical position and was
always placed 4 cm from the wall of the tenk, since the experiments
were intended to study the growth of border ice to a width of about 6
om, Likewise the water speeds to be listed in this paper are those
measured at 4 cm from the tank wall and 2.5 cm below the air-water
interface. Water speeds from zero to 75 cm/sec were used, at air
temperatures of -2°C, -50¢, -10°C, and -20°C.

The heat exchanger in the cold room recirculated the air in
such a way that the net air velooity was not more than 1.5 m/sec.
However, since the tank was surrounded by the insulating box and since
the water level in the tank was about 10 cm below the top of the box,
the wind speed at the water surface was eftectively zero.

RESULTS AND DISCUSSION

a. Supercooling as freezing began

Frazil was never observed in tests performed at water speeds
less than 24 cm/sec but wes always formed at this end greater speeds,
regardless of cold room temperature. In all experiments conducted with
water speeds other than zero, even those in which frazil was not pro-
duced, the water temperature behaved in the manner characteristic of
frazil production; that is, it decreased steadily until it was slight-
ly below the freezing point, and then rose toward the freezing point
as freezing began. An interesting value among these temperatures is
the maximum supercooling. 1n the forty-five experiments which showed
this characteristic behavior, the supercooling did not exceed 0.06°3.
This is in contrast with the results of CARSTENS (1966), who shows
supercoolings as great as 0,15 degrees.

The supercooling appears to be a function of both air tempera-
ture and water speed, as i3 seen in Figures 1 and 2. The origin is to
be included as a point in both of these graphs -- in rig. 1 because
no sypercooling was observed at zero water speed, and in Fig. 2 be-
cause supercooling could not occur with an air temperature of 0%.

212


http:usua.l.ly

It is worth noting that in Fig. 1 the points at apeeds less than 20
cm/sec represent experiments in which no frazil was produced.

The time rates of change of water temperature just before
supercooling are shown in Fig. 5 as a function of water speed and air
temperature. The points at speeds greater than 20 cm/sec suggest a
linear relationship for each air temperature, but at speeds less than
20 om/sec the points fall below their respective straight lines. It
is difficult to assign values to the cooling rates at zero water speed,
but they are clearly greater than zero.

b. Energy balance

Some modes of heat exchange found in nature do not occur or are
negligible in the cold room, such as precipitation and advected ground-
water. In the laboratory the net rate Q* of heat loss per unit area
from the water can be expressed by the equation

Q'=Q‘+Qo+Qi'*'Qt"'Q"Q‘-Qr_Qf (1)

where the heat fluxes are denoted as follows:

Qe ¢vaporation

Q¢» conduction across the air-water interface

Q4, conduction through the insulation

Q¢ conduction upward in the tank wall

Qus long-wave radiation from the water

Qq» long-wave radiation from the air

Qr, short-wave radiation fram the cold-room lamps

Qp, frictionsl heat from the paddles.

Qes evaporation. MICHEL (1971) (Fig. 24 in the reference) put
into one graph the results from several investigators for the coeffi-
cient of evaporative heat transfer He &8s & function of wind velocity.
His graph yields a value of 38 cal/(cm? day mm Hg) for the coefficient
at wind velocities between zero and 1.5 m/sec. This can be used in
the equation

Qe = He(pa - P') (2)
where pg and py are the vapor pressures of the air and water respec-
tively-

Qgs conduction across the air-water interface. Q, was evaluated
by using the relation of BOWEN (1826), Qg = R Qes in which the dimen~-
sionless ratio R is

R = 0.46 (Ty - To)/(Py = Py) ()

when Ty, T, are the Celsius temperatures of water and air, and py, Py
are vepor pressures in mm of mercury.

Qi» insulation losses. DROUIN's (1966) equations for caloula-
ting heat losse through the walls of our cold room were adapted to
obtain losses through the floor and the insulation around the wall of
the tank, as a funotion of the temperatures of air and water.

Q¢s conduction through the tenk wall. The heat flux Q¢' upward
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within the metal wall can be converted to heat flux per unit area of
water surface by multiplying by a factor 2 dr/r where r is the tank
radius and dr is the thickness of the metal wall. Then

Q= - K (e LE . (4)

r

For gtajnless steel at 0°C the thermal conductivity K is 318
cal/(om® day °C). From the temperature profile in the air and from
the shape of the border ice at the tank wall, a good epproximation
for the temperature gradient in the wall is

e B ®

Qw» long-wave radiation from the water. For & water emissivity
€ of 0.97, the Stefan-Boltzmann relation yields

Qw = € o Tyx?* = 1.14 x 1077 Tz* cal/(om? day) (6)
where Ty is the Kelvin temperature of the water.

Qa» long-wave radiation from the air. Long- wave radiation
toward the water was calculated as follows:

Qa = £' €' o Taxt (7a)
= 0,85 (0.74 + 0,022 NDy)(1.17 x 10~7cal/om2day K*)Tax?
= 1,11 x 1077(0.74 + 0.022 Np,) Tox* (7v)

where f' is the reflectance of the water and Tgx is the Kelvin tempe-
rature of the eir. The expression for the emissivity was adapted from
the equation of MARCOTTE (1974) so that p, is in mm of mercury.
Emisgivities for the painted walls of the cold room and for the
masonite ceiling were at least no greater than the emissivity of eir,
and so it was decided to use simply the emissivity for the air.

Qp» radiation from ertificial lighting. Illumination in the
cold room was provided by s8ix 150-watt incandescent lamps enclosed in
diffusing globes. Two lamps were located at a distance of 1.6 m fram
the water surface, two at 5.0 m, and two at 3.7 m. Assuming that 60%
of the electrical energy is radiated into a hemisphere of area 21Tr2,
and using 0.85 as the absorptivity of the water, results in a short-
wave radiation flux of Q. = 28 cal/(cm® day).

Qe> frictionsal heat from the paddles. Measurements were made
of the efectricu.l power drawn by the motor at various paddle speeds
with the tenk both empty and full of water; these measurements furnish
values of the power needed to keep the water moving at any chosen
speed. The values of the power divided by the area of the air-water
interface give the flux rate Qp. This is the only heat flux term
which depends to an important degres on the water speed. Its values

do not exceed 5 cal/(om? day), and so they will bs neglected in what
follo'l.

The experiments were not usually continued after the border ice

attained a width of a few centimeters. Therefore the terms of the
energy balance have been evaluated for the beginning of ice productionm,
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assuming a water tempereture of 0°C, and are listed in Table I.

Table.I. Heat flux terms. Water temperature 0°C.

Ta HEAT LOSSES in cal/(cm® day) HEAT GAINS

Air

temp, | Evapo- Conduc- Insula- Tank Weter | Air Light- | Net

% ration tion tion wall Rad'n |Rad'n ing LOSS
Qe QQ Ql Qt Qw Q. Qr Q‘

-2 69 40 ) 0.3 631 478 28 239

-5 80 87 6 0.8 631 451 28 336

-10 17 174 7 1.6 651 418 28 485

=20 149 351 9 3.2 651 349 28 766

c. Temperature gradients

The temperature gradient in the air at the air-water interface
can be evaluated directly from the data. The best method found was
to compute AT/AY between pairs of data points, and plot the loga-
rithm of these values against the cube root of the vertical distance y
above the air-water interface. The cube root was chosen because it
resulted in a nearly straight line and the points were well spread.
Fig. 4 contains representative plots. The series of points drawn as
triangles exhibits a hump which is typical of experiments done et the
faater water apeeds; this anomaly ocours among the thermistors close
to the water, and is due to splashing of water on the thermistors.
For thermistors located closer to the water surface, points ocbtained
for a given air temperature lie along substantielly the same line,
independent of water speed.

The temperature gradient in air at the interface can also be
evaluated from the conductive heat flux Q, by using the equation
Q = = Kn(a7/dy) g 8)
where K, is the thermsl conductivity of the air.
Table II. Temperature gradient in air at the air-water

interface. Mean values of the gradients,
obtained by two methods.

Air Qe Ka - (4/dy)yyo in °C/om
temp. cal cal

o] omé day cp“ day (°C/cm) from eq. (8) | from data
-2 40 4.9% 8 6
-5 87 4.89 18 8
=10 174 4.81 36 30
-20 851 4.65 76 200
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Table 11 presents temperature gradients in the air at the inter-
face, as obtained both from Q, and directly from the temperature
measurements. Extrapolation to an intercept on a logarithmic scale
leads to a wide mergin of error, perhaps even a factor of two. Sub-
stantially the same intercept was obtained from a dozen sets of data
for each air temperature; this engenders confidence in gradients
obtained from the data.

A comparison can be mede also between valuesa obtained from the
experimental data and from the net bmat flux Q*. The stirring by the
paddles kept the water nearly isothermel, so that Newtonian cooling
continues until the water temperature descends even to 0°C. Conse-
qQuently a heat transfer coefficient H, cen be computed, following the
discussion of ice cover formation by MICHEL (1971), both from the net
heat loss Q* using the equation

Q* = H (Ty - Tq) (9)
and from the equation
ar,/dt = Hy(Tq - T,)//o. op¥. (10)

With the water density f' equal to 1 gm/c;mzs and the specific heat
equal to 1 cal/gm °C, the volumetric heat capacity PuSp has the valus
1 ca.l/cm 9%C; the mixing depth Y is aimply the depth of water in the
tenk, 66 cm. The correspondence between the two approaches is fairly
good, as Table III illustrates, although the values from the heat flux
term seem excessive at the higher temperatures.

Table III. Heat tranafer coefficient at the interface.
Mean values, obtained from the net heat flux
and from the rate of ocooling.

Mean : 2 o

air Q* dr/dt H, in cal/(om” day G)
temp. cal o

%G w2 day C/hr from eq.(9) from eq.(10)
- 2.4 239 - 0.071 99.6 58.4

- 5.4 536 - 0.155 62.2 49.9

- 9,9 485 - 0.244 49,0 38,7
-19.7 766 - 0,552 38.9 43.7

d. Border ice growth

Two patterns have emerged in the temperatures associated with
growth of border ice. One is the ocourrence of a curve of super-
cooling at the onset of freezing, similar to that commonly observed
during frezil formation. This effect is seen in wig. 5 in the nonzero
supercooling at speeds of 10 and 15 om/sec.

The second pattern is an evolution of the temperature profile
in the water. At most water speeds the water temperaturs was the same
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at all depths except within a few millimeters (less than 5 mm) of the
air-water interface. But in tests conducted when the water was still,
a knee developed in the graph of water temperature versus depth. The
knee delineates a non-convective layer adjacent to the air-water inter-
face, a layer which thickens as the temperature continues to fall.

Fig. 5 illustrates this effect. The non-convective layer will retard
the cooling of the water farther from the upper surface. It will be

an interesting problem to develop a model of convection and conduction
in the tenk, and to compare these temperatures with the model.

CONCLUSIONS

The following patterns have been considered in this paper:

1. The water supercooled by a few hundredths of a degree just prior to
freezing, in all experiments performed at nonzero water speeds.

2, The maximum supercooling depended on both air temperature and
water speed.

5. The rate of cooling of the water depended strongly on air tempera-
ture and weakly (at least at air temperatures down to -10°C) on
water speed.

4., The magnitude of the temperature gradient in the air adjacent to the
air-water interface was greater at colder air temperatures, but did
not depend significantly on the water apeed.

5. At zero water speed the development of a non-convective layer in the
water just below its upper surface was identified in the water-
temperature profile at successive times.

REFERENCES
BOWEN, I. S. 1926. "The rate of heat loasses by conduction and by evapo-
ration from any water surface." FPhys. Rev. 27, 779-787.

CARSTENS, T. 1966. "Experiments with supercooling and ice formation in
flowing water." Geofys. Publ. XXVI, 9, 1-18.

DROUIN, M., 1966. "Conception d'un~laborato%;e pour la recherche en
mécanique des glaces." These de maitrise, Université Leval.

MARCOTTE, N. 1974. "Heat transfer from open-water surfaces in winter."
Proceedings: Research Seminar on Thermal Regime of River Ice,
(NRCC Teohnical Memorandum no. 114), 2-17.

McFADDEN, T. 1974. "Radiation and evaporation heat loss during ice fog
conditions." Proceedings: Research Seminar on Thermal Regime
of River Ice, (NRCC Technical Memorandum no. 114), 18-27,

MICHEL, B. 1963. "Theory of formation and deposit of frasil ice.™
Proceedings of the Eastern Snow Conference, 8, 129-149.

1971. Winter Regime of Rivers and Lakes. CRREL Monograph
III-BJ-‘.

217



81¢

.06
.05 r (
I i
9 T
° .Our ®
2 T
— e
= - ® ]
= ,03[ ®
P
E Q) -
E L02F
o1F
|
& 30 50 50 30"
WATER SPEED cm/sec
Fig. 1. Supercooling: Mean values for each

water speed

%c

MAXIMUM SUPERCOOLING

.06 |
.05 - T -
ouf -
S ——
03[ L
T L
.02 -
017
& ! ) | |
- +5 40 =15 =20
AIR TEMPERATURE °C
Fig. 2. Supercooling: Mean values for each

air temperature




61¢

-dT/dt

°C/hr

Fig.

[o;
©
O]
8l
6l
Bl—
[ X —x X
/x
5 -¥x =X X 5
x i
©s5 -3§-3 —s — 3
S
, 2 "52—2® 2
A l L I i l A l
20 40 60 80
WATER SPEED cm/sec
3. Rate of cooling vs water speed and

air temperature. —2°C;

5: =5°C; x:

Symbols: 2:
-10°c; @: -20°c.

°c/cm

AIR TEMPERATURE GRADIENT

Fig. 4. Gradient of

air temperature vs AIR WATER
cube root of distance SYMBOL TEMP. S8PEED S
F above interface. °c cm/sec
100 2 =2 24
5 -5 0
X -10 24
© -20 24
A =20 73
10 © t\\ —
T‘ >4 / A J
B R
? ¥ o |
//// X ©
2 e
B a 5 X 5{43
2 S x \O
L s Y4 P\ I
2 s x  \©
2 X
2 2 55 -
5 © _J
0.1 & o
2 X
S
| | 2
— 1 2 3

1/3
y



0c¢e

NORMALIZED WATER TEMPERATURE  Ty/T30

-0.6 0.4 = Gl 0.0
I T ® T
2
TEST NO. 5C 0900 hr
AIR -19.2°C U Ty = 3.9°C
ICE 2 cm THICK
5 o
[l
=
[«")
=1
(=]
8_
Fig. 5. EVOLUTION OF CONDUCTIVE L

LAYER.




International Association of Hydraulic Research (IAHR)
Committee on Ice Problems
International Symposium on Ice Problems
18-21 August 1975
Hanover, New Hampshire

COMMENTS
Paper Title: Temperature Patterns During the Formation of Border Ice
and Frazil in a Laboratory Tank
Author: T. Hanley, B. Michel

Your name: Question from unidentified attendee

Address:

Comment :
Couldn't pressure be considered as a third coordinate instead of
the Reynold's number.
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In +the USSR the ice jams of the greatest depth
are formed on the Siberian rivers flowing in meridional
direction to the north and breaking up from the headriver
towards the mouth. It is this fact that differs them from
the most of the rivers in the European part of the country
which, as a rule,flow from the north to the south and in
spring are broken up comparatively quietly starting frem
the lower river towards the upper ones.The rivers Northern
Dvina, Dnestr and some others, which are also characteri-
zed by great ice jams under breakup, are an exception.

As everywhere else,ice Jjams on the Siberian
rivers essentially depend on ice drift conditions and
patterns under freeze-up and break-up.

The delay of the breakup in the lower sections
of the river usually causes spring ice jam formation.This
delay may occur due to meteorological conditions of the
region, as well as due to the formation of thicker and more
solid ice on these sections.

Ice jam formations also often occur in the up-
stream of sharp bends and branching of the river which
reduce the conveying capacity therein for transit motion
of drifting ice.

Thus,ice jam depth on the Siberian rivers may
be controlled by two main factors. The first one is the
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large thickness and strength of ice cover due to low air
temperatures in winter, the second one is that spring
flood wave, spreading along the current, outruns the
coming of warm weather in the northern riverain areas
resulting in intensive effect of the mechanical factor
under river breakup. River stages and current velocities
increasing, the flow has to destroy still solid ice which
has not yet been subjected to heat destroying.

Ice jam depth on the Siberian rivers being very
great, these ice jams influence the channel up to the 500km
long section upstream (e.g. the Yenisei river at the city
of Igarka-), herein river stages may rise to 15 m and
the length of ice jam accumulation may reach scores of
kilometres.

. Ice jams impede operating the country's river
fleet and developing other branches of national economy.
As a consequence of lce jams one can observe hereat the
degradation of stream channel which disagrees with the
direction of the shipping course. Water stage rising
due to ice jams often favours the aggradation of channel
shallow crests. All these effects change for the worse
the navigable conditions and considerably increase the
volume of dredging. The ice Jams having been broken,
the ice moving at great velocities destroys banks and
bank protection works. Ice Jams are of great danger
to the fleet berthing in winter even in backwaters with
good facilities.

If ice jam break occurs below the entrance to
the Dbackwater, the ships layling up there can be pushed
out of it into the river covered with drifting ice. Ice
Jams formed above the backwater may cause +the ships
laying up there to go down to the bottom. Sharp fall of
water stages duwe to ice jams results in flooding bank
stream-side areas and damaging buildings and river port
structures.

The aforementioned facts require that proper mea-
sures should therefore be taken to fight ice jamming on
a number of sections of the Siberian rivers.

To destroy the accumulations of ice jams already
formed various methods were used: air bombing, gun firing
and more often blasting.

Experience has shown the bombing to give some
benefitial effect only at the start of ice jam formation.
Air bombing used in later periods proved to be almost
useless,

Gun firing, as a rule, destroys only such ice
jams that have been formed as a result of the stoppage of
glant ice floes and provided that the river section in
the downstream of ice Jjam 1s free of ice.
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Ice blasting not always gives some beneficial
effect elther. The helicopters being used for placing
charges, the efficlency and safety of ice blasting would
increase, but explosions result in great damage to fisher-
izs and must be resorted to only in exceptional circum-
stances.

All these measures only accelerate the destroying
of ice jams but do not eliminate their harmful consequen-
ces as a whole, besides, they are too expensive and often
dangerous to bank structures.

Moreover, ice jams of considerable length,often
formed on the rivers of Siberia, can't be eliminated at
all when using above mentioned methods under low water
discharges.

Preventive ice measures appeared to be more effec-
tive as they lead to the prevention of ice jam formations
or reduce ice Jjam depths and decrease the dangerous effect
thereof on structures of importance for national economy.

Beneficial effect as well could be achiewed due
to artificial destroying or weakening the ice cover in
case of probable ice jam formation on the river section
in the downstream. The length of the river section with
the ice cover to be destroyed ( or to be weakened) depends
on freeze-up pattern, winter temperature regime and hydro-
logical conditions of the year considered.

Regular observations on ice phenomena, being widely
carried out now by hydrometeorological service of the
country and other authorities, as well as the study of ice
- thermal regime of water bodies,permit the locations of
ice jam formations in the river channel to be determined
with high accuracy. The investigations carried out have
ghown, 1n particular, that spring ice jams are often for-
med in locations of their debacles when freezing starts
and, especially, in locations of autumn ice Jam formations.
These phenomena favour the formation of thicker and more
solid rough ice. As already mentioned, of is this process
that often causes spring ice jam formation.

For a long time blasting was the major artificilal
method used to destroy the ice cover in locations of prob-
able ice jam formations. On the rivers of the European
part of the USSR the icebreakers were also used hereat.
As experience has shown, blasting proved to be not very
effective for this purpose. Besides, blasting being used
to prevent ice jam formations is now prohibited by fishery
inspection almost everywhere. The icebreaker fleet in
Siberia has not almost been used for this purpose due to
large ice thickness.

Ice can be weakened by blackening it using the
method of pulverization of powdered materials (coal,slag).
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Hereat ice absorbs more solar radiation and melts quicker,

Ice blackening tests had been carried out on
the river Irtysh and on the Novosibirsk reservoir but
they failed toagéve good results. Good effects could only
be obtained in ic conditions.

The weakening of the ice cover section can be rea-
ched by cutting it with the aid of ice-cutting machines
To prevent ice jam formation usually two or three parallel
rills, that follow the channel, are cut in the ice cover.
To date the ice-cutting machines have been seldom utili-
zed for this purpose but the organization of production
of ice-cutting machines equipped with cutterheads in the
country does present wide prospects for utilization such
mechanisms having operational ice-cutting speeds up to
500 m ph and higher.

The utilization of machines for ice removal and
sloping knife-planes to be used for the same purposes
appears to become even more economically expedient
" Knife-planes" can cut rills in the ice cover of 50-40
cm deep at the speed of up to 15 km p h. Prototype ma-
chines had been tested and approved and their commercial
produciéion would considerably increase the ice-cutting
capacitye.

The utilization of impulse water Jjets designed in
the Siberian Branch of the USSR Academy of Sciences for
ice destroying might also be of great help in the future.
These impulse water jets have been tested on the Novosi-
birsk reservoir and thelir working capacity appeared to be
more than 6,700cu.ms of ice per hour,

The method of shifting ice Jam into a safe loca-
tion proves to be effective in case the ice Jjam is ex-
pected to be formed on this particular river section.
Follow this purpose, an artificial ice jam can be formed
in the upstream in the form of an ice dam using installa-
tions of boom type or some other means for ice anchoring
at the banks,

Ice motion creating no ice Jams on certain river
sections can also be ensured in case the complex of
regulation works is developed channel cuteff,cutting of
bank projections, cutting of spits and isles
the utilization of structures made of artificial ice
is expected to be effective under aforementioned regula-

tion works too.
Finally, the most reliable means to fight ice jam

formations proved to be the regulation of hydrological
river regime by erecting the cascade of hydropower
stations on the river,
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However, the erecting of such cascades of hydro-
power stations on all Siberian rivers is a matter of
rather distant future, Therefore in the near future the
major method to prevent ice Jjam formations in dangerous
locations, obviously,will be the method of ice distroy-
ing and weakening with the aid of mechanical means as
wellias ‘regulation works to be developed on some river
sections.

The elaboration and perfection of measures for
fighting ice jams require that special investigations on
ice drift regime should be carried out as well as those
on peculiarities of river breakup and freezeup, and phy-
sico-mechanical properties of the ice cover. To carry
out such investigations a number of new devdices has
been designed in Novosibirsk,

I.P.Butyagin has designed installations for deter-
mining aiterations of ice cover strength and thickness
in field conditions.

The installation for studying ice strength (see
App.I) permits us to carry out in the field numerous
tests on bending prismatic specimens at constant tempera-
ture,being equal to 0°C, that corresponds to the river
breakup conditions.

The specimens are tested while being submerged
into water by using the scheme of one-span,freely-support-
ed beam immorsing by vertical concentrated load in the
middle of the span. Thelr cross section values may vary
from 6x6 up to 10x10 cm, and the bearing(effective)length
(the distance Dbetween supports) is 50 cm. These specimens
are prepared with the aid of a light ice-cutting machine
specially designed for this purpose. The effort for
immersing ice specimen 1s created with the ald of a
tank being filled with water and is transmitted to the
specimen by leverage.

The method considered permits us to carry out
more than 50 tests a day, hereat one obtains sufficiently
reliable information on alterations of ice cover strength
in various ice strata in terms of time.

Another installation has been d#signed to carry
out tests on bending large ice cover specimens having
cross—section height as large as their thickness. The
specimens can be tested by using the schemes of double-
seat (supported) beam, having been submerged (immersed)
by one or two efforts, or the console. Hereat the specim-
ens are prepared and tested Just in the ice cover without

taking them out o* water,

221



! The functioning of the installation for precision
measuring ice thickness in spring is based on using
electric current for heating a thin high-resistant con-
ductor,having a little suspended load supported in the
upper part. The heating of conductor permits us to raise
the load up to its thrust in the underside surface of the
ice cover. Hereat the changes (alterations) of its thick-
ness are accurately read off from a rigidly-fixed stick
from both surfaces. Current is supplied to the installa-
tion from a portable.

As a consequence of experimental investigations
carried out, analytical and graphical dependences have
been elaborated. The results of ice specimen tests provid-
ed the data for estimating the design strength of the
ice cover in field conditions taking into account the sca-
le effect.

The reducing of ice strength in spring under the
influence of solar radiation has also been investigated.

The origlnal photogrammetric devices for estimating
motion velocities, trajectories and sizes of ice floes
under ice drifting have been designed by V.K.Morgunov.

The crosshairs-slotted device (see App.3) is
used for determining motion velocities of ice floes. This
device permits us to reproduce successive images of a
drifting floe on a single glass,large-sized negative, The
camera shutter is spring-controlled. In case stereophoto-
grammetrical survey by two cameras is needed, the camera
shutters are provided with electromagnetic synchronizers.

Camera magazine is provided with two elastic blinds
located in front of a photographic plate. These blinds are
moving by means of two pairs of rotating rollers in recip-
rocel perpendicular directions. These light-tight blinds
have vertical and horizontal slots which form a movable
film gate under intersection. The rollers,that direct the
motion of blinds, are kinematically linked with a sighting
device,herein a telescope.

During the survey the camera shutter operates
automatically and you can observe a moving body ( a floe)
continuougly with the aid of a telescope. Hereat, the
image of an obJject on a plate will constantly be placed
in the film gate shifting along the surface of this plate.
If necessary, the phototransformation of a picture can be
made ( the reduction of a perspective image to a horizon-
tal surface).

Synchronical photogrammetrical survey by means of
two cameras described above, which are located in both
ends of a basic line,permits us to plot three-dimensional
coordinates of successive positions of the floe in the
function of <time.
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Portable photogrammetrical camera (see App.4)
permits to obtain easily the plan of ice field contour
by means of a single perspective picture,hence,one can
determine the sizes thereof with sufficient accuracy. The
device 1s provided with a rigid camera fixed at the pro-
per angle to the horizon on a theodolite-~type support
permitting its rotation only around a vertical axis. The

camera magazine is designed for a rolling film with frame
sizes of 6x9 cm,

While printing the picture of the ice field, the
image of perspective coordinate grid,corresponding to the
angle of the optical axis of the device to the horizon
under surveying, is being simultaneously projected thereon.
The perspective picture is easily transformed on the hori-
zontal surface (plan) by means of this grid. Successive
pictures made with a fixed device permit also to plot tra-
Jectories of drifting floes or floats set out on purpose.

fhe investigations carried out with the aid of the
devices described above in addition to the study of ice
Jjam phenomena,have also been applied for evaluating the
methods of calculation of ice loads on hydrotechnical
structures,
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Appendix 1,
The installation to investigate the strenth of the ice

in load tank; 5
water - inlet tank; 6
water basgin; 7
in - load lever; 8

counterweight of the lever;
support control screw;
supports for a specimen;
in - load stirrup;
specimen.
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Appendix 2

Electro - icemeter device

ice cover;

stationary meter batten;

fasten bar of the batten frozen into the ice;
large resistance conductor heated by the current;
load with the rests;

flexible copper conductor;

joining conductor;

accumulator;

reckon indicator of the batten;

a snow - thickness sound.
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Appendix 3

Crest-peep-hole photo chamber for determination of
the velocity of the motion of the pieces of ice.

cylinders for the blind of the vertical motion;
cylinders for the blind of the horizontal motiong
horizontal peep-hole in the blind;

vertical peep-hole in the blind;

carde movable openingj

optical t@be of the vising device;

mechanigsm for kinematic comnection of the
vising device with cylinders of the blinds;

mechanism for rotation of horizontal cylinders;

mechanism for rotation of vertical cylinders;
objectives;

control mechanism for objective lock,
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There has not been a shortage of water for ice flushing after con-
struction of the storage at Lake Thorisvatn.

The operation of the ice flushing has been satisfactory under normal
conditions which 1s to say most of the time. However, it happens now
and again that the ice flushing breaks down and an ice bridge is
formed between the upper end of the ice trough and the rock jetty,
see Fig. 1. An unavoidable cause for the formation of this ice
bridge is an increase in the ice discharge which exceeds the ice
flushing capability of the structures. Other causes are unfavour-
able currents in the pool or too limited flushing water. Temporary
increases in the ice discharge occur in combination with the
so-called step-bursts, or flash floods, which result from the break-
up of ice dams or anchor ice restrictions consecutively one after
another. The large concentrations of ice in the step-bursts can be
difficult to handle, even though a warning system signals their
coming. The operators have been gaining experience over the years,
but it is not likely that the formation of the ice bridge in the
pool (see Fig. 1) can be avoided at all times. The ice bridge can
often be removed by manipulating with the water level and the gates.
If the ice bridge can not be removed, it may stay there with the ice
going under it and mostly surfacing downstream so that ice flushing
can be continued, but some of the ice will go into the diversion
canal to the power station.

With heavy ice runs it is more likely that the ice will build up a
jam upstream of the ice bridge and this has happened several times
every winter. The formation of the ice jams has followed the same
pattern ever since the first winter of operation, see Figures 1
through 5. In the beginning the ice accumulates in the river
channel and the jam grows upstream. This is followed by rise in
water level and the jam is more or less unstable. After some time,
usually 2 to 6 hours, the jam starts moving downstream and can then
be flushed down through the spillway flap gates. If this flushing
fails, and that has happened one or more times every winter, the jam
will build up to about 1 1/2 km upstream of the dam and completely
clog the river channel. The water is forced along the left bank

and out of the river channel to that side (see Fig. 2 and 3). This
was what happened during the first ice jam in November 1969. Much
of the water was then temporarily lost over the ungated spillway
but later it opened up a channel to the pool through an opening

that was excavated in the rock jetty (Fig. 1). This situation, with
the water coming through the opening in the rock jetty almost perpen-
dicular to the ice trough, has recurred and may last for weeks. It
is unfavourable for ice flushing, as much of the ice is suspended

in the water and goes into the diversion canal to the power station.
In November and December 1973 during an unusually long frost period
this resulted in the formation of an extensive hanging ice dam under
the ice cover on the diversion canal and the intake pond which
seri?usly restricted the flow to the power station. The volume of
the_lce accumulation ?n Fhe diversiQn canal and intake pond was
estimated approx. 2 million m3. This was the main cause for the

236



many days of ice troubles during that winter as tabulated in Table I.
The situation improved gradually with warmer weather in January
to March 1974.

The channel on the left bank of the river may fill up with ice during
step-bursts or heavy ice runs. This results in renewed growth of

the ice jam with further rise in water levels. Large areas on the
left bank of the river have been covered with water and ice during
this second stage of the ice jams and much water has been tempor-
arily lost. The ice edge has moved up to about the upstream end

of the Klofaey island, or about 3 km upstream of the dam, and the
river has found a new channel up on the right bank (Fig. 4 and 5).

The second stage ice jam is often unstable during the build-up, just
like the initial ice jam. In December 1973 it shoved down the
channel on the left bank and almost overtopped the left bank dike.
The channel on the right bank is usually narrow and of limited
capacity. This results in overflow out on the ice jam and the
river frequently erodes a gorge through the jam in the original
channel. In prolonged cold spells the channels may get filled with
ice alternately and the river moves between the banks and out on
the jam several times. Further growth of the jams upstream other
than a short distance upstream of Klofaey has not been observed as
yet.

During warm spells the river erodes a gorge through the ice jam in
the river channel. This has often been favourable for ice flushing
but more ice is suspended in the water than under normal conditions.
Remnants of the ice jams may last throughout the winter.

When the ice jams have been most extensive they have covered an area
of 6-8 km2 and the rise in water levels has amounted to 3-4 meters.
Detailed surveying of the extent and elevations of the jam has not
been carried out and would be difficult to perform. It can even

be difficult to get a view of the situation except by air
reconnaissance.

The most rational approach to remedy the critical ice situations and
reduce the flushing water would be to reduce sufficiently the area
of the active zone upstream of the diversion dam. Canalization of
the river upstream was foreseen in the original project planning and
has beéen undertaken to some extent. The left channel at the Klofaey
island has been closed by a rock dike and two distributory channels
farther upstream have also been closed.

The opening that was cut in the rock jetty during the first ice jam
in November 1969 has been left there and the river has repeatedly
come that way to the diversion intake when the main channel has been
clogged by ice jams.

The danger of losing the water over the ungated spillway when Jjams

were building up became obvious already the first winter. Fill and
rock was dumped above the spillway. In the summer of 1970 this
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fill was improved and the rock jetty was extended by a low dike to
the left bank and an embankment was made on the left bank all the
way up to Klofaey island. These dikes and embankments were over-
topped during ice jams the following winter, and were further
strengthened in the summer of 1971. The next two winters were
rather mild and without serious difficulties and little was done
except repairs of minor damages. The first part of the winter
1973-74 was cold and with serious troubles due to ice jams.

After that, it was decided to build the present system of embank-
ments as shown on Fig. 1. Now the river must overtop or break
through three barriers before it will go over the ungated spill-
way. The winter 1974-75 was cold but the operation was generally
smooth and without serious ice jams. This may not least be due to
better approach flow conditions to the ice trough and the gates
after construction of the groin from the left bank. Previously

the flow to the ice trough under normal conditions was converging
somewhat unfavourable (Fig. 6). Now the flow is much more parallel
and in the right direction (Fig. 7) and the ice flushing capacity
of the structures seems to have greatly increased. The approach
flow conditions along the wall upstream of the ice trough have
often been troublesome. A recess is formed where the wall bends

up on the bank. When this recess is not ice covered an eddy will
stay there and collect ice that will partially go into the diversion
canal. An attempt to close the recess with an ice boom was not
successful. The first ice bridge tore the ice boom away.

The use of explosives to open up water passages through the ice jams
in the river channel upstream of the dam has been tried but without
success. On the other hand explosives have been successfully used
to improve channels that the river itself has eroded through the

ice jams.

Ice jams during break-up have not occurred at the Burfell dam. Ice
floes from shore ice and ice covers farther upstream can occur in
great quantities but the discharge is higher and the ice concentra-
tion less than during the heaviest frazil ice runs. Ice floes and
ice cakes are often mixed with the frazil, expecially in the step
bursts. Impact forces from ice floes have damaged the spillway
flap gates and flap gates on the ice trough were totally wrecked
the first winter in operation. Icing on the downstream side of the
spillway flap gates has put these gates out of operation for
extended periods.

In summary it can be concluded that the Burfell ice flushing facili-
ties have thus far proved to be of successful design except for the

spillway and the ice trough gates which should have been of stronger
construction.
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Fig. 4
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Fig. 6 (Nov. 25, 1970)

Fig. 7 (Jan. 7, 1975)
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THIRD INTERNATIONAL SYMPOSIUM ON
ICE PROBLEMS
Hanover, New Hampshire, USA

SOME NEW RELATIONSHIPS OF
THE JAMMED ICE MOTION

ENIRE ZSILAK VIZITERV

CIVIL ENGINEER, INSTITUTE FOR HYDRAULIC BUDAPEST

HYDRAULIC SENIOR DESIGNER PLANNING HUNGARY
ABSTRACT

A part of the tasks concerning winter operation of low head
barrages is connected with ice motion of highly covered river
surfaces, termed saturated ice motion, This paper deals with
permanent, rectilinear, uniform ice motion, The results draw
attention to a few new features of ice motion,

The first part of the paper introduces the concept of the so=
called effective distance, This is a suitable parameter for
characterizing ice conditions of rivers,

The second part of the paper deals with the thrust distribution
inside a moving ice body, assuming that water velocity is
changing linearly, The results draw attention to a few new
explanations of the forming of blocks of ice in the
sorroundings of the upper limit of backwater reaches,

243



SOME NEW RELATIONSHIPS OF THE JAMMED ICE MOTION

l., A former paper of the same author presented to the IAHR=-PIANC

Symposium /Budapest, 1974/ introduced a thysical-mathematical model
of the saturated, rectilinear, gradually changing ice motion, The
model consists of the dynamic basic theorem deduced from Newton's
second axiom as well as of the condition of continuity expressing
the principle of conservation of material, On the basis of Fig, 1l.

the following two equations can be set up:

&

dde)( L 1 )- Bdigdx+

dx t 3¢

regn (v 1,) B8 (- v, ) dx- Rox - Bd 25 dx+

BB, 1., cos fdx /
n v dn
/ t -l )tn 22 v 2o -0, 2

Designations:

d /m/ Thickness of ice

g /ms -2/ Acceleration of gravity

i Grade

n Coverage

P /Mpm-z/ Thrust

t /s/ Time

v /ms-l/ Mean velocity of water of a cross=section

/ms 1/ Mean velocity of ice of a crossesection

vw/ms Velocity of wind

B /m/ Average width of river

P /Mpm / Resisting force for a unit length of flow

ﬂ /Hpszm 4/ Velocity coefficient for friction between water
and ice

/3 W/Mpszm—4/ Velocity coefficient for friction between wind
and ice

X;/Mpm-B/ Gravimetric density of ice

g /radian/ Angle included between the direction of ice motion
and that of the wind
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In the case of p = O the ice motion is termed free from con-
gestion; in the opposite case it is termed jammed ice motion,

In the above mentioned paper the permanent, rectilinear, uniform,
jammed ice motion has been investigated, In that case = 0,

<l Ix = 0 and, due to the condition of saturation,

o8 at
Ei R I T
fgi— = 0, As a consequence of Equ. /2/, B = constant., Assuming
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that the resisting force is a linear function of thrust the
formula

p=F(xv)xe ™ .

has been deduced, enabling to calculate the thrust, In the paper
the concept of effective distance is deduced from Equ, /3/

Designations:

F /x, v2/ A function governed by the parameters of water and
ice motion

e Base of natural logarythm

28T -1 R .

w = 3 /m | A characteristic constant for jammed ice motlion

z Proportionality factor between tangential stress
and thrust

M Quotient of longitudinal and lateral thrust

£ -
Since F /x, v2/min = P /x, v2/ =P /x, v2/ and since the
exponential function is always positive, one can write:

SECEn )y T8 g S F(fiy e S

5/ F(j"! max C-w(,‘-!) dj )

4

f_(xl V:.)min
(0]

(1-¢ °")= /"(x,v,)‘vu:""”< <

< /:(lel)max ~ox
- 1-¢
W
If x = f; , then 1 - ¢~¥“* 3 1, In this case, however,

F (X, %) min < P < F(X ¥ ) mox

By introducing % = L,/m/, e

< <=
-

FOx V), (, = p F X V2 ) max 1y

From a practical viewpoint, 1, might be termed as effective
distance. This is a length, along which any effect decreases
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to its € =th part, As a matter of course, the concept of effec=
tive distance can be interpreted for standing ice, too, Thus,
both for standing and moving ice the extreme values of thrust
can be determined as the product of effective distance and a
function of the parameters of water and ice motion, The less
the effective distance, the less the thrust and, at the same
time, the change in thrust, Thus, the danger of ice congestion
and of jamms are also less, Effective distance is a suitable
parameter for characterizing the ice conditions of rivers,

Assuming U = 0,30 /a_very low value/, and for z = 0,30, too,
the values of w and-l-, depending on the width of the river,
are shown in Table 1

1
B w2 M?-lhl
m m-l m
50 0,0036 277
150 0,0012 831
300 0,C006 1662
Table 1,

From the date of this table 1t is apparent that ice phenomena
of a given cross=section are determined by the hydraulic
parameters of only a very short river reach,

2, Thrust distribution inside moving ice body

As a matter of general experience, blocks of ice often form
above low head barrages, near to the upper limit of dammed
water, The forming of blocks of ice is generally explained by
the collision of arriving ice tables against a standing ice
sheet, Obviously, these phenomena also have a role in the for-
ming of blocks of ice,

It often happens, hovewer, that ice sheet formed or just for-~
ming, occasionally slips and piles up, This phenomenon is
going to be analyzed in this paper on the basis of pressure
distribution inside the ice sheet, For the sake of generality,
the results of investigations of moving ice are here discussed,
The conclusions are relevant, of course, also for standing ice
sheets,

By setting forth in detail Equ, /3/, thrust can be calculated
from the following formula:

P-;/J'A,(f)c""("“(lf H,/’A, (f)e @ <P df +
; yz‘./'Az (F) o8 g :
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Designation:

A/ g /s Ay / g /... functions of water and ice motion
& characteristics, arranged according to
the powers of ice velocity.

Equ, /4/ has been solved for the backwater reaches of low head
barrages, assuming a linear change in water velocity along the
reach, The model assumed is shown in Fig, 2,

X =14 V, = const.
— L, =x 2

1- 4
T — | V”l—ky'f—,l— Y,(L-X)

x
2
{

B

f19.2 4 model for cxamining the ice mogion
dereloprng within the reach

In the following, the solution of Equ, /4/ will be described,
pressed for space, only for the reach 1@, The force resulting
from the grade is taken into account, The effect of grade
can, according to our results, be neglected, On the other hand,
the functions valid for the other reaches can be deduced from
Equ, /5/0

r
f’-——deZ—(y;h—vz)z—lv,.f(vmft;.f -, ) ¢
p et fCnn ) ()t e [ 2y (8074 0)
-1 s ( tr‘zf 20¢ 4 2)+ 21, (6r'v‘/)]/*

ret [2¢ V/: 4 ’xz" ZVy Yy ) # A(tfr"’)’r"('u'vz)*

1 2 al . 7
t2rns (b, ¢ Ztv, +2)]; 5
o

Designations:

1/2 -1 p .
¢ /m" "8~/ The Chézy velocity factor
k Ratio of entrache to exit water velocity

within the reach

8 = &f%—-—— Auxiliary value for calculations
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t;-cd/15+1§/ Auxiliary value for calculations

tv;c" =w123 Auxdiliary value for calculations
1,0 /m/ The length of the backwater reach along the
v - .
stretch 15 up to section examined
Vin /ms-l/ Mean velocity of water in the cross-section
examineds:
] -k
- $ — L -x

In order to solve Equ, /5/, one has to know the value of ice
velocitye. The paper presented to the Symposium in 1974 of
JAHR~PTANC has dealt with ice motion within backwater reaches

of low head barrages, in the case of linear change of water
velocity, On the basis of the results given in that paper /Fige.3./
the valocity of ice can be determined.

Neither Equ, /5/, nor the pressure distributions as shown in
Fige 3. include the effects of cohesion along the banksides
and those of the wind, since now primary interest is given to
the distribution of pressure and not to its actual value,

One can see from Fig, 3., that the maximum value of pressure
arises in the surroundings of grade-~breaks, From here to the
barrage the pressure decreases first intensively and then
moderately,

According to what has been said in Chapter 1, the following
relationship is valid for the thrust, in any section:

FOOV ) min < < FO0Va ) > 3
—_—t s min = f) ) ] X ==
(7% w w

According to the model assumed the function F /x, v,/ is constant

along stretch 1 and at the same time, maximum for the whole
stretch L.

As a consequence, the value of pressure is maximum at 1., whenever

the length of the ice sheet above the backwater reach: ll = -
w

Besides the causes kmown till know, the pressure distributions

as shown in PFig, 3., give additional explanation for the forming

of blocks of ice in the sorroundings of the upper end of

backwater reaches, The ice~floes arriving from the upper reach

of the river first form an ice sheet of loose construction within

the backwater reach, As soon as the upper end of the ice sheet

reaches the limit of dammed water, the ice sheet will be subject

to growing pressure, The causes of slippings can be identified

a8 the condensation of ice sheet under increasing pressure as well
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as its insufficient leaning onto the banksides, The power resul-
ting of thrust diminuition has to be supported by the banksides,
Is the force of reaction insufficient, the ice sheet collapses,
becomes thicker till an equilibrium state is achieved,

In the case of shorter backwater reaches connected with river
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stretches of relatively higher grade, the danger of forming blocks
of ice is even higher, than it the case of longer backwater reaches,
Namely, the change of pressure is more intensive in the case of
shorter reaches, A redaction of the maximum of thrust must be
achieved by means of riverbed regulation, as a consequence of which
the change of thrust will decrease, too,
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THIRD INTERNATIONAL SYMPOSIUM ON
ICE PROBLEMS
Hanover, New Hampshire, USA

BREAK-UP OF A SOLID RIVER ICE COVER

B. Michel, Dr-~Eng., Professor

of Ice Mechanics, Université Laval Canada
R. Abdelnour, M.Sc. Eng., Arctec Canada Ltd Canada
SUMMARY

Thls paper gives the results of an experimental study made in a
laboratory flume to determine the stability of a river ice cover. This
cover was simulated with a wax whose properties were similar to those
of ice at an average scale of about 1/25.

The main objective of the study was to determine the hydraulic
conditions for which the solid ice would break and be carried along with
the flow.,

It was found that the phenomenon of failure of the ice cover could
be interpreted with a non-dimensional number characterizing the flow
velocity and the strength of the ice in function of the relative thick-
ness of the ice. A power law was found to relate these two numbers and
the correlation coefficient is acceptable.

These laboratory results may be extrapolated to nature in many

cases to compute the river discharge and water levels necessary to de-
stroy an ice cover of variable resistance.
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1. INTRODUCTION

Until now, research on stability of ice covers has been made only
on broken~up ice accumulations with no or very little cohesive strength.
Two cases have been clearly distinguished: the formation and the break-
up of the ice cover. During the formation of the ice cover, there is an
accumulation of ice pieces in front of a cover which freeze together be-
hind the edge. The hydrodynamic stability of these pieces is given in
function of a Froude number by many authors [1-6]. At break-up, the
laws of stability of ice cevers are quite different. Large volumes of
ice pieces accumulate in front of solid ice reaches and the only case
which has been studied is that of the stability of such a long accumu-
lation under the hydrodynamic thrust [7].

This latter case has often been considered to be typical of break-
up conditions. But it is quite possible that an early flood might occur
when the ice cover is still very strong. It is then necessary that the
tangential stresses caused by the flow be high enough to destroy the
cover and this may lead to the worst flooding conditions. This is the
case we have simulated in a laboratory flume.

2, THE EXPERIMENTAL SET-UP

The tests have been carried out [8] in a flume 6 ft wide, 46 ft
long and 12 inches high. The bottom roughness was n = 0.0115 and the
canal was fed from the pumping station of the hydraulics laboratory.

At the lower end of the flume an ice retaining structure was built,
made of a metallic grid with 1/2 inch square mesh set inside a frame in
a way such that the thrust on the grid could be measured.

A model ice wax was used for the tests which simulates to scales
of 1/20 to 1/40 the properties of real ice [9]. It has the same density
as ice. Its flexural strength was measured with small cantilever beams,
ten times for each test. The averages varied from 3.0 to 7.0 psi from
one test to the other. The Young's modulus was measured three times for
each test and it varied from 4 000 to 25 000 psi. The ratio of the pre-
ceding properties varied from 700 to 5 000 and this would cover possible
combinations of brittle behavior of real ice. The wax was mixed in a
tank and poured on warm water in the flume so it would spread evenly and
form a uniform ice cover, 24 ft long. The standard deviation on meas-
ured thickness was 5 to 107 in any one test. The roughness of the ice
and canal varied between 0,022 and 0.033,

Each test consisted essentially in increasing the discharge until

complete failure of the ice cover and its accumulation in front of the
retaining structure.
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3. RESULTS AND THEIR INTERPRETATION

The condition of failure was defined as that for which the first
plates of ice would detach and begin to accumulate in front of the grid.
The mechanism of failure varied from one test to the other depending
mainly on the number and position of initial fractures in the ice, the
state of attachment to the flume walls and the state of submersion of
the cover. 1In all casse, submersion happened before failure .and the
cover became unstable and started to oscillate in the flow,

Twenty five tests were carried out and the basic results are given
in TABLE 1.

A dimensional analysis was made of the parameters affecting this
phenomenon and the following numbers came out:

\' h h o\ _
s, 2. 2, 2) =0 W
where:
V - velocity underneath the cover
0, E - flexural strength and elastic modulus of the ice
h, y, B - thickness of ice, depth of water and flume width
p p' - density of water and ice

Regression analysis were made on all these factors and it was
found that the highest correlation coefficient was obtained with only
the first two numbers. The first number had however to be corrected
for a velocity at the origin:

V - Vo

M={'ﬁ_ (2)

It was found that Vo could well be represented with a simplified
law of stability of single ice blocks [1]:

Yo =\J472g (O;p') h (3)

255



102 M

10

(ah)

[N

0.

2




The final regression gave a best fit with the power law:

M = .055(%)3'816 (4)

where B 1is counted in hundred units of h. The correlation coefficient
for this law is r = 0.79 and the standard deviation on h/B is 0.128.
The regression line is shown with the experimental data on Figure 1.

4. DISCUSSION AND CONCLUSION

The proposed relationship shows that the velocity required to de-
stroy a solid ice cover varies very quickly with the ice thickness, as
should be expected, the power exponent to h being 3.816. For a zero
ice thickness the velocity also reduces to zero.

The velocity does not vary as quickly with the ice strength as shown
by dimensional analysis. It is however interesting to see that for
o = 0 the critical velocity is given by relation [3] corresponding to
that of a thin unconsolidated ice cover.

Finally, it has not been possible in these tests to determine clear-
ly the role of the water depth, the canal width and the Young's modulus.
The depth did not appear as such, probably because we were measuring the
velocity underneath the cover and this is related directly to the hydro-
dynamic forces. Because we had only one canal width it was not possible
either to study the influence of this parameter. It is thought however
that there must be a limiting width in equation [4] that may be related
to a number of times the characteristic length of the ice cover. Other-
wise, for a very large river M would reduce to zero corresponding to
the case of an unconsolidated ice cover.

We believe that the knowledge of a law expressing the stability of
a solid ice cover may be useful in many cases related to power production,
navigation and flood control. 1In particular it would give the highest
discharge that may be passed safely underneath a cover of given state
without breaking it up.
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6SC

TESTS RESULTS

BASIC PARAMETERS FAILURE OF COVER
Mean Flexural Elastic Global Water Velocity
Test ice strength modulus roughness depth under under M.102 b—. 103
thickness Manning's cover cover B
Number inch psi psi n ft ft/sec — —

1 0.445 6.66 5194 0.026 0.156 0.79 1.62 6.18
2 0.473 7.44 6367 0.024 0.161 0.92 2.00 6.57
3 0.4u48 7.87 13607 0.028 0.189 0.71 %12 6.22
4 0.670 6.62 19478 0.02u4 0.190 1.46 4,20 9.30
=) 0.522 5.04 12231 0.029 0.166 0.74 1.39 7,25
6 0.452 5.71 12716 0.027 0.195 0.61 0.82 6.28
7 0.517 6591 14154 0.022 0.186 0.66 0.86 7.18
8 0.492 4,48 7302 0.02u4 0.192 0,63 1.00 6.83
9 0.647 3.53 7481 0.030 0.198 1.01 3.04 8.98
10 0.342 B+73 16256 0.020 0.173 0.48 0.43 4,75
11 0.362 5.70 8773 0.032 0.188 0.56 0.83 5,03
12 0.362 5.61 5641 0.030 0.177 0.57 0.88 5.03
13 0.332 5.86 4101 0.026 0.179 0.56 0.86 4,62
14 0.668 2.99 15789 0.200 0.70 1.14 9.28
15 0.626 4,77 13750 0.025 0.183 0.95 2.28 8.70
16 0.613 5.28 15770 0.029 0.261 0.89 2.42 8.52
17 0.656 4.68 14760 0.028 0,211 0.83 1,61 9.12
18 0.606 5,31 13020 0.030 0.187 0.90 1,95 8.42
19 0.700 4,24 21113 0,028 0.194 1.00 2,59 9.72
20 0.770 5.15 20595 0.025 0.193 1.41 4,30 10.70
21 0.666 4,95 20324 0.027 0.248 1.46 4.79 9,75
22 0.691 5.30 17317 0.033 0.265 1.83 6.46 9.60
23 0.667 6.56 24955 0.028 0.230 1.64 4,95 9.27
24 0.627 6.77 20535 0.027 0.243 1.65 5.04 8.72
25 0.619 6.41 21761 0.029 0.227 1.34 3.80 8.60

TABLE 1







THIRD INTERNATIONAL SYMPOSIUM ON
{CE PROBLEMS
Hanover, New Hampshire, USA

PRELIMINARY OBSERVATIONS OF SPRING

ICE JAMS IN ALBERTA

Robert Gerard Highway and River Edmonton,
Research Officer Engineering Division, Alberta,

Alberta Research Council Canada
Synopsis

A programme of ice jam observations in selected reaches of rivers
in Alberta is described. In the first year of operation of this pro-
gramme four ice jams were observed in various parts of the province,
three of which could be called major. The salient features and effects
of these jams are described and summarised, and information is provided
on the antecedent meteorological conditions and geomorphic character-
istics of the jam sites.

The four jams illustrate the ability of ice jams to cause severe
perturbations in the natural regime both upstream and downstream of the
jam site. After their formation water levels much higher than are
reached by summer floods can be generated and, on failure, these high
water levels may be propagated downstream accompanied by very high
velocities and, possibly, significant scour.
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Introduction

Ice jams are one of the most striking of natural phenomena in a
northern river environment. Unfortunately they also cause floods, high
ice levels, fast velocities and an unknown amount of scour. Despite
this capacity for catastrophe they have rarely been systematically
studied in North America and are poorly understood. They therefore
remain largely an unknown in the design of bridges, pipeline crossings
and flood protection.

The problem in Alberta, past and present, is exemplified by the
following extracts:

"... The winter of 1874-75 was a bitter one, with deep snow and
never a thaw until April. On the 2nd or 3rd of that month, however,
a further heavy fall of snow was followed by a sudden rise in
temperature. The change of weather and weight of melting snow caused
the ice for the 85 mile stretch of rapids above the fort [Fort
MeMurray] to break-up, and it came down the Athabasca with terrific
force. On striking the turn in the stream at the post it blocked
the river and drove the ice 2 miles up the Clearwater in piles 40 or
50 feet high. In less than an hour the water rose 57 feet, flooding
the whole flat and mowing down trees, some 3 ft diameter, like
grass ..." (1); or, more recently:

",.. an unusual feature about the [bridge] design is the extreme
ice force that the piers have to resist, amounting to 1,600,000 lbs
on each pter at the level of ice jams, which occur 60 ft above
streambed ..." (2).

Less apparent features of ice jams are their ability to cause very high
floe velocities when they fail, and to scour the stream bed either after
the jam fails or during the formation of a hanging dam.

The prime motivation for the present ice jam investigation in
Alberta is the need for knowledge of ice levels for bridge design. Also
of interest is the effect of jam-induced water levels on stage-frequency
distributions and the scour caused by ice jams. To provide this infor-
mation a programme of ice jam documentation and observation was
instigated in 1974. The documentation includes the compilation of ice
jam history in Alberta from newspapers, diaries, archives, hydrometric
records and resident interviews. The objective of the observations is
to develop an increased understanding of the causes, mechanics and
consequences of ice jams and to build up a statistical record of the
severity of break-up and the occurrence of ice jams in the chosen
reaches. The methods and initial results of this second part of the
programme form the subject of this paper.

Break-up in Alberta rivers

As shown in Figure 1(3) the dominant drainage direction of the
major rivers is to the east and north. In southern Alberta break-up,
on the average, progresses upstream. The contrary is true in the north,
Although there is little doubt that the worst ice jam problems occur in
rivers flowing 'with' the break-up progression, the fact that rivers
flow against this progression is no guarantee that they will be free of
break-up jams.
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The locations of the ice jams detected in 1974 and discussed in
this paper are shown in Figure 1. Of five areas monitored, ice jams
were found in four of them. Three of these jams could be called major.

Observation programme

The reaches selected for observation offer one or more of the
following features: a typical reach of which the character of the ice
run is of interest (e.g. channel pattern, size); 'frequent' ice jams
have been reported; historical records for a significant period of time;
frequent ice jams can be expected; access, at least by river, after
break-up; nearby hydrometric gauge; and a bridge.

To serve the main purpose of the ice jam observations the major
requirement is to document the cause, location, length, maximum water
level and mode of failure of the ice jams. Other information collected
in the field or from other sources is indicated in the ice jam summaries
given with the figures.

The primary means of surveillance is by fixed-wing aircraft and
begins after break-up has begun on the chosen reach. When located
photographs are taken of the complete jam, with closer photographs of
the head and toe, and of the water level against each bank or island at
selected locations along the jam. Time permitting, an attempt is then
made to obtain ground access to the jam to carry out similar documen-
tation from this vantage, including observation of floe entrainment at
the jam head, evidence of buckling in the jam and water levels along
the jam. When this is complete, or if it is not feasible, the aerial
reconnaissance is repeated after an appropriate interval of time.
Alternatively, if access is good, observations may be continued from
the ground. The process is continued until the reach is clear of ice.
Finally, the ice debris along the reach is sampled for ice type,
thickness and strength. As soon as possible after the ice moves from
the river a survey at the jam site should be carried out. This would
include surveys of the thalweg, cross sections, water surface slope,
bed material, high water marks and water levels recorded in the photo-
graphs taken from the air. In the office records from the gauging
station, if one exists, should be procured, as should those of ante-
cedent meteorological conditions near the jam location and in the
catchment. An effort should also be made to note any independent
observations or photographs of the break-up or ice jam by other persons
who may have witnessed the event (farmers, residents, reporters).

Needless to say the above is a more or less ideal set of obser-
vations for our available facilities. They are rarely all carried out
because of time constraints. However, as stated before, the major
objective of the observations is to document the jam location, length,
maximum water level and mode of failure. This information is provided
by the aerial or ground reconnaissance, an analysis of the hydrometric
gauge record, and later surveys of, or estimates from, the photograph-
ically recorded water levels or high water marks.

Ice jam classification

There are few systematic attempts at this reported in the litera-
ture. The only universally accepted classification seems to be that of
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winter or spring ice jams. Despite their obvious individuality, ice
jams in various locations can have features in common and it would seem
advantageous to have such a classification. The jam classification used
in the ice jam summaries given below considers the following features:

(1) 1Initiation of the jam : free or forced. The term free denotes
a jam formed by the accidental jamming or locking of ice floes on the
river surface. Forced denotes ice floes forcibly halted by some ob-
struction. This latter group could be subdivided on the basis of the
obstruction - for example, geomorphic features (shoals, sharp bends),
ice cover, hanging dam, ice bridge, structures, etc.

(ii) Jam extent - vertical : surface, thickened or dry. The first
term refers to a jam of ice floes which remain on the surface, with no
floe entrainment or buckling of the jam. The last term applies when
the channel has been more or less blocked completely by jam buckling or
floe entrainment. Thickened refers to situations between these ex-
tremes. This feature of a jam has a strong influence on the behaviour
of the water level and indicates whether scour under the jam is a
possibility.

- Horizontal : partial or complete cover. This refers to whether
the channel surface and/or flow is partially or completely blocked by
the jam. It is particularly pertinent in reaches with islands or
multiple channels and will have significant effect on scour and water
level behaviour.

(iii) Failure mode : complete or partial failure. This denotes
whether the jam fails instantaneously across its whole width or whether
just a portion of the channel is cleared. The latter condition indi-
cates that severe scour and high velocities may have occurred just after
failure because of the large hydraulic head and constricted channel.
High velocities can also be associated with complete failure.

(iv) Jam importance : Two groups are suggested for this - major or
minor - based on the maximum stage achieved by the water level behind
the jam, using the 2-year summer flood level or bankfull, whichever is
less, as that dividing the two groups.

Ice jam observations, 1974

Details of the four ice jams observed are given in Figures 2 - 25
and in the summaries accompanying the figures. The details listed under
'Stream' in these summaries were obtained from (4).

Winter 1973/74 was characterised by above normal snowfall over
most of the Province and reasonably normal spring temperatures. At all
observed locations break-up occurred close to the average date,

South Saskatchewan River upstream of Sandy Point. The jam at this

site was apparently a surface jam of minor proportions (Figures 2 - 8)
and probably formed under gentle circumstances as 3 km downstream the
ice cover was intact. It is debateable whether the side floes at the
toe had moved at all, or whether the jam was 'forced' by the floes
grounding on the bar in the widened section or accidentally locked in
place. However no matter how they form such jams are well defined and
should be a source of valuable information on the hydraulic roughness
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of fragmented ice covers. They also illustrate the fact that large
water level increases upstream can be generated by jams merely by the
large roughness of the ice conglomeration, without the drama of
thickening or hanging dams. The surge generated by the failure of this
jam was the cause of noticeably high floe velocities at the bridge 12 km
downstream.

Peace River at Peace River. The details given in the summary are
for the second of three jams which were observed to form in the 26 km
reach downstream of Peace River. The last of these was probably the
largest, being some 10 km long and causing about a 4 m rise in local
water level. The first jam was approximately 3 km long, with the toe
5 km downstream of the town. This latter location coincides with the
end of the reach of ice artificially weakened prior to break-up in an
attempt to reduce the intensity of the expected ice jams. Considerable
effort was also expended by the authorities in blasting the first two
jams immediately after their formation.

The second jam was against the solid ice cover between the island
shown in Figure 10 and the right bank, with a strong flow moving out
from under the jam around the left side of the island. Previous river
surveys show a gravel bar across this line of flow. The first movement
in the jam was of ice moving with this flow. This allowed the remaining
ice to move and gain enough momentum to begin a crushing front moving
downstream on the right of the island as shown in Figure 14, This front
eventually caused the ice sheet to fail and release the jam. It is
nearly impossible for summer floods to cause the water level increases
generated by this jam.

Athabasca River at Fort McMurray. Unfortunately break-up at this
location was missed and the formation of the ice jam was not observed.
However reports were that break-up had been unspectacular. At 0800 on
April 21 the concentration of broken ice from the 150 km reach of rapids
upstream of the town moving towards the jam was quite high. It is
possible that the jam was caused by the combination of such high ice
concentrations and the shallow channels between the islands downstream.
At the bridge the broken ice was packed along the sides of the stream
with well-developed shear lines. This packed ice and its level sug-
gested the water had been at least 2 metres higher and that the jam may
have extended back beyond this location.

Athabasca River ice had pushed back a few kilometres up the
Clearwater River, which is a substantial tributary. Remnants of the
jam, shown in Figures 17 and 21, were holding the initial ice cover in
on this river and blocking the confluence (Figure 22). This was the
cause of flooding on the outskirts of Fort McMurray. Despite the
partial failure of the jam on the Athabasca River this obstruction con-
tinued to block the Clearwater for several days, as shown by the water
levels at Draper (Figure 20). These, and the levels on the Athabasca,
are again much higher than those normally caused by summer floods.

The first flight over the jam site was taken only a relatively
short time after the surge released by the partial jam failure had
crested at the hydrometric gauge downstream of the jam site. The
failure had concentrated the total release into a small side channel
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near the left bank (Figures 17 and 21). One result was the formation
over a half kilometre reach of the large, approximately 3 metre high,
standing waves shown in Figure 23, An hour later these waves were gone.
Based on crude estimates of the wave length taken from the photographs,
and the literature on standing waves, the associated velocity was esti-
mated to be between 4 and 7 m/s. If correct, this is an extremely high
velocity for such a large sand bed river. The accompanying sand wave
was estimated to be 2 m high and the depth of flow, given that the flow
must presumably be beyond critical to form standing waves, to be from 2
to 4 metres.

The amount of general scour caused in this channel by the high
velocities and concentrated flow could not be determined at the time
but would have been of much interest. There would seem to be consider-
able potential for such scour, while that for local scour around an
obstacle such as a bridge pier, given its quicker response to velocity
changes, may be even more considerable. The whole question of ice jam
(dam) failure, and the resultant velocities and scour, requires more
work than has been done to date. Indeed downstream effects of such
failures seem to have been largely ignored in favour of investigations
of ice jam formation and its upstream effects.

Christina River (see Figure 16). The situation observed on this
river is evidence that small rivers are not exempt from large ice jams.
Unfortunately its difficult location prevented adequate documentation
but sufficient can be seen in Figure 25, which shows water and ice ex-
tending well back into the trees, to appreciate that the increase in
water level was considerable.

Conclusion

A programme of break-up ice jam observations has been described
and the results of the first year of operation (1974) reported. These
demonstrate that simple and relatively inexpensive aerial reconnaissance
of selected reaches can provide valuable information on the formation,
character and consequences of ice jams. The more dramatic of the four
ice jams described provide examples of their ability to cause extremely
high flood levels and high velocities, and an indication of their
capacity for scour. The latter two features are examples of the down-
stream effects of ice jam failure - an important, but in this context,
largely unexplored subject.
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Stream name: South Saskatchewan River Location: 12 km upstream Hwy. 41 at Sandy Point
2-yr discharge (m3/s): 1,060 Surface width (m): 235 Average depth (m): 3.5 Stope: 0.00036
Sinuosity: 1.01 Bed material: Sand with some gravel
Reach description: Entrenched single channel. Geodetic elev. WSC gauge zero: 583.10 m.
Gauge reading at zero flow: 0.61 m.
Meteorology
C-days to break-up at site: 48 from 27 March 74 Snowfall (m) at site: 1.3 (av. 1.0)
in catchment: - from - in catchment: 3.5 (av. 1.9)
Ice
Thickness (m) average: 0.5 Strength (KPa): 220 Type: 0.2 m clear ice, remainder snow ice.
maximum: 0.7
Freeze-up date: n.a. Discharge Em’/s;: n.a. Gauge reading {m): n.a.
Break-up date: ~ 11 April 74 Discharge (m3/s): 200 Gauge reading (m): 3.5

Break-up description:

Water level had risen ~ 1 m gradually from early March (@ ~ 80 m3/s).

Break-up

upstream of jam site seems to have been precipitated by an ice jam failure upstream of

Medicine Hat.

Discharge {natural) (m3/s): ~ 250

Ice Jam
Jam classification: Free, turface, camplete, complete, major.
Date of Jjam failure: 14 April 74 Time: ~ 1800 hrs
Jam length: 6 im Height:

Return period of summer flood of equal maximum stage:
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ICE JAM SUMMARY

Stream
Stream name: Peace River Location: 10 km doumstream of Peace River towm.
2-yr discharge (m3/s): 8,900 Surface width (m): 570 Average depth (m): 5.7 Slope: 0.00035

Sinuosity: 1.1 Bed material: Gravel
Reach description: Irregular meanders with occasional islands and mid-channel bars. Entrenched and
partly confined.

Geodetic elev. WSC gauge zero: 304.96 m. Gauge reading zero flow: 5.18 m.

Meteorology
C-days to break-up at site: 48 from 6 April 74 Snowfall (m) at site: 2.4 (av. 1.5)
in catchment: - - in catchment:

Ice

Thickness (m) average: 0.8 Strength (KPa): 1,100 Type: Mainly clear ice.

maximum: 1.2
Freeze-up date: n.a. Discharge (m3/s): n.a. Gauge reading (m): n.a.
Break-up date: 19 April 74 Discharge (m3/s}: 2,000 Gauge reading (m): 9.6

Break-up description: wWater level had risen gradually by 0.8 m since the beginning of April (when
Q ~ 850 m3/s). Break-up was initiated by that on Smoky River which in turn was associated
with an tce jam failure several km upstream. Ice on the Peace River upstream of Smoky con-
fluence stayed in until 22 April when the break-up front from upstream reached that location.

Ice Jam
Jam classification: Forced (ice cover, gravel bar), thickened, partial, complete, major.
Date of jam failure: 20 April 74 Time: ~ 1600 hrs Discharge (natural) (m3/s): ~ 2,000
Jam length: 4.8 fkm. Height: ~ § m.

Return period of summer flood of equal maximum stage: > 100 y»r.
Remarks: This was the second of three jams which formed in the 25 km reach downstream of Peace River.
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ICE JAM SUMMARY

Stream
Stream name: Athabasca River Location: at Clearwater River confluence.
2-yr discharge (m3/s): 2,200 Surface width (m): 540 Average depth (m): 3.1 Slope: 0.00014
Sinuosity: 1 Bed material: Shallow fine eand with local gravel,
Reach description: Straight with islands and mid- Geodetic elev. WSC gauge zero: 235.87 m.
channel bars. Entrenched. Gauge reading at zero flow: -
Meteorology
-days to break-up at site: 74 from 7 April 74 Snowfall (m) at site: 2.2 (av. 1.4)
in catchment: - from - in catchment: 2.6 (av. 1.8)
Ice
Thickness (m) average: 0.8 Strength (KPa): - Type: Approx. 0.4 clear ice; remainder snow
maximum: 0.9 ice.
Freeze-up date: 6 November 73 Discharge 2m3/s;: ~ 650 Gauge reading {m;: 3.5
Break-up date: 20 April 74 Discharge (m3/s): 1,680 Gauge reading (m): 4.6

Break-up description: WNormal break-up triggered by ~ 3 m rise from 23 March (when Q ~ 180 m3/s). Ice
from upstream is well broken up when passing over 80 mile reach of rapids upstrean.

Ice Jam
Jam classification: Forced (sand bars), thickened/dry, complete, partial, major.
Date of jam faflure: 21 April 74 Time: ~ 1100 hre Discharge (natural) (m3/s): ~ 2,200
Jam length: Difficult to determine ~ 5 km. Height: 4.1 m.

Return period of summer flood of equal maximum stage: > 100 yr.
Remarks: (t) At upstream end of this reach (near Horse River) there i8 a sudden change in 8lope
from 0.00095.

(i) After partial failure the jammed ice continued to block the Clearwater River wuntil
23 April.
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Figure 22. Looking downstream along Clearwater Figure 23. Large standing waves generated

River to Athabasca River ice jam. on Athabasca River after
Note outskirts of Ft. McMurray and partial failure of ice jam
flooding, ~ 0930, 22 April 1974 ~ 1215, 21 April 1974

ICE JAM SUMMARY

Stream
Stream name: Christina River Location: 12.5 km upstream from mouth.
2-yr discharge (m3/s): =~ 250 Surface width (m): ~ 70
Ice jam
Jam classification: Foreced, unknown, complete, n.a., major.
Jam length: &5 km. Height: 5 - 10 m.

Figure 24. Ice jam on Christina River, Figure 25. Toe of ice jam on Christina
~ 0930, 22 April 1974 River. Note large amount of
flooding, ~ 0930, 22 April 74
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International Association of Hydrauliec Research (IAHR)
Committee on Ice Problems
International Symposium on Ice Problems
18-21 August 1975
Hanover, New Hampshire

COMMENTS

Paper Title: Preliminary Observations of Spring Ice Jams

Author: R. Gerard
Your name: Kartha, V. C. Tel. (204) 474-3542
Address: Head, Hydrologic Studies Section,
System Planning Division, Manitoba Hydro,
820 Taylor Avenue, Winnipeg, R3C 2P4, CANADA
Comment :

You have recorded three or four ice jams in rivers of Alberta.

Would you please attempt to establish the values of Froude Number

at the site of each of the winter ice-jams when they appeared?
Further, the same information on the spring ice—jams with estimates
of the instantaneous maximum flood volumes at each of these locations
would also be desirable.
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Response to discussion of paper titled 'Preliminary Observations of
Spring Ice Jams in Alberta' by Robert Gerard

Some thought was indeed given to including values of Froude number
in the ice jam summaries but the idea was discarded because the estimate
that could be derived from the information available (which didn't in-
clude velocity observations) would be very rough. In addition the
discussion of the method of calculating the Froude number and its justi-
fication and limitations would consume more text than was available.
Instead sufficient information was included in the summaries and figures
to allow the reader to obtain an estimate of Froude number if he so
desired.

Presumably the discusser is interested in the Froude number as
being the parameter governing floe entrainment, an event which would
possibly contribute to the formation of a hanging dam and influence the
severity of flow obstruction by the jam. Conditions for such entrainment
are probably worst at the instigation of the jam when velocities are
largest and flow depths smallest. If so, some indication of the velocity
to be used in calculating the Froude number would be given by the average
flow velocity calculated from the discharge and area of flow at breakup.
It is of course realised that this velocity gives only a lower bound.

The more relevant velocity is that at the surface. However what thiswill
be when the ice has begun to move, or when the flow is modified by a surge
released by jam failures upstream, is difficult to say.

The velocities used to determine the Froude numbers given below were
calculated from the discharge and water level at breakup. The depth used
to calculate the ice thickness/depth ratio was the average depth of flow
at this water level (i.e. flow area divided by surface width).

) Gauge reading Froude number Ice thickness/
Location for 2-yr flood average depth
y V/Vg(1l-p"/0)t * L
t/H
Sguth Saskatchewan 4.3 0.54 0.19
River near Hwy. 41
Peace R}ver at 10.3 0.90 0.16
Peace River
Athabasca River
at Fort McMurray 4.2 b 022

* Based on an assumed average value of p'/p = 0.89.

It should be noted that the length scale used in the Froude number
is the ice thickness rather than the more usual flow depth. This point
was the basis of some general discussion at the Symposium. For very
large depths the pertinent length scale is obviously the ice thickness,
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and the relevant parameter the 'ice thickness' Froude number. This can
be demonstrated theoretically. For smaller depths the effect of this ice
thickness Froude number is modified by the thickness/depth ratio and two
dimensionless parameters are required to define the instigation of floe
entrainment. Hence for large depths only one parameter is required - the
ice thickness Froude number - and for moderate to small depths two parame-
ters are required - the thickness Froude number and the thickness/depth
ratio. There would seem to be no situation where the entrainment depends
on the flow Froude number alone and its use in this context therefore
seems irrelevant and should be discouraged.
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Paper Title:

Author:

Comment :

International Association of Hydraulic Research (TAHR)
Committee on Ice Problems
International Symposium on Ice Problems
18-21 August 1975
Hanover, New Hampshire

COMMENTS

Preliminary Obeervations of Spring Ice Jams in Alberta

R Gerard

Your name: Philip Burgi

Address:
UeSe Bureau of Reclamation

I am encouraged to see field observations as reported in

this paper. Dr. Gerard and the Alberta Research Council are

to be congradulated on their efforts. This is a difficult task
to initiate since the return on project costs may not be
realized for many yearse.

As more field observations are reported, it is evident that
standardized field observation terminology and testing
procedures should be adopted as soon as possible in the

field of Ice Engineering
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THIRD INTERNATIONAL SYMPOSIUM ON
ICE PROBLEMS
Hanover, New Hampshire, USA

REGULATION OF T EVEIOP OF ICE~-
B [ T ACH OF THE A

RIVER ABOVE THE BARRAGE OF TISZALOK
FOR A SECURE WINTER OPERATIOR OF THE

BARRAGE

P. Rozsnydéi,civil engineer National Water Authority,Budapest
Hungary

I. Pados,civil engineer Regional Water Authority,Miskolc
Hungary

Abstract: The paper deals briefly with ice-conditions ef the
Hungarian reach of the Tisza River above the barrage of Tisza-
16k and with the aspects of winter operation of the barrage.
The overdeveloped curve above the barrage must be regulated in
such a way that besides navigation an artificial stop of ice

masses is also possible in order to protect the barrage.

A short characterization of the ice-regime of the Tigza River
The second largest river of Hungary, the Tisza is not a danger-
ous flow according to specialists when ice~floods are consider-
ed,

The cut-through of over developed curves and other regulation
activities in the river bed in past decades promoted the smooth
passage of ice, decreased the possibility of the development

of ice jams, however, the danger of ice floods has not heen

eliminated completelye.

Despite of less probable ice floods, a new situation has been

cregted through two already existing dems and by perspectively
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planned river-canalization.
By investigating the factors influencing ice-condition, the
following statements can be made:

- climatic conditions are different along the upper and lower

reach of the Tisza River. Daily average temperatures are higher
in the lower than in the upper reach;

- there is a significant difference in slope-conditions of the
upper and the lower reach;

- in winter, primarily small discharges are characteristic. Even
early spring floods which help melting do not exceed 50 per-
cent of the standard discharge and stay, in general, in the
main river bed;

- river beds and curves became more Tavourable due to man’s

influence, primarily to river regulation.

The biggest interference in the 1ife of the river was the con-
struction of the barrage at Tiszaldk after general regulation
of the river.

Compared to previous situations the stop of ice occurred 3-4
days earlier, the start of ice motion and the disappearance of
ice 8-10 days later than earlier in the river reach above the
barrage.

Due to climatic and slope conditions early ice development is
usually observed in the Tisza and its stay is pretty long. The
frequency of drifting above Tiszaldk is 100 percent and that of
an ice stop between 70 and 91 percent. There is a 50 percent
probability that in average, standing ice will exist over 40

days along the discussed reach.

Ice~conditions of the backwater-reach of the river-bgrrsge of
Tiszaldk

After completion of the dam not only the time of ice stop and

of motion hes changed compared to the previous situation but the

ice development itself has been altered.

Considering an average icy period, usually about 2.5-3 million

r of ice can be found in the backwater reach.
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Frem a security point of view, the development of a continuous
ice cover above the dam must not be hindered with regard to
the protection of the sluice-system of the barrage against the
mechanical effects of floating ice, end to the decrease of the
development of clumpy ice which may cause problems in the

turbines of the power-station.

Special care should be paid to the operation of moving parts
especially during the winter season. Above the hinged doors

an iceless strip of 30-50 cm must be secured and maintained

in order to help moving these doors and to prevent deformation
due to the influence of frozen ice cover,

Due to security of the dam and the continuity of energy pro-
duction deicing of the backwater reach should be scheduled

according to a certain system.

In the first step the lower reach canal must be deiced. Mean-
while, above the dam and on the side of the power-plant ice
should not be broken, in order to prevent motion of drifting

jce at the rack before the turbines.

In the second step a 20 m wide corridor should be opened along

the streamline, which may be even wider in curves. Special
attention should be paid to the timing of the beginning of ice-
bregking with consideration to the operation of ice-breakers,

to expected serious frosts and to the thickness of ice.

It is an important requirement that the once broxen ice should
pass through the dame. During the initial stage of ice-breaking
ice will move over the doors. Possibly,only one hinged door
should be lowered to the proper level because a water column
of at least l.2-1.5 m must be maintained over the door to pre-

vent damages.

A rapid increase of the temperature and in the meantime the
beginning of a flood on the upper reach of the river and its

tributaries will cause large and extended ice masses to move,
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2
Rg

tg X =

where, v = the average velocity of the cross-section /m/s/
R - the radius of the curve /m/

- acceleration due to gravity: 9.81 m/sec2

oq

™« - the angle between the direction of the gravitational
force and the resultant of the gravitational force
and the centrifugal force affecting the water masses

moving in the curve.

Alternative 1, Minimum radius, short through-cut. Demands of
navigation are satisfied even in a long-term range; in the
same time it offers still a favourable opportunity to hold

back ices It is most favourable from an economic point of view.

Alternative 2, A transition between alternatiwves 1. and 3.

To hold back ice it is less favourable than alternative 1. The

longer through~-cut is more expensive.

Alterngtive 3. From a river regulation point of view this alter-
native is the most favourable because the uncharacteristic

reach between river kilometres 542,0 and 543.0 is left out, its
tracing and the junctions are adequate. A drawback is that the
long through-cut is expensive and it does mot satisfy the

requirement to hold back ice.

Alternative l. seems to be best and presumably it is the most

economice.

An artificial ice trap

Indices 1, R, LE and tge{ of the gelected alternative differ
R
only in a limited way from those of the present situation. Still
the stopping of ice in the new, regulated river bed must be

helped presumably by a floating, artificial ice trap.

The task of this floating ice trap is to promote the develop-
ment of an ice arch and if the ice-load on this floating

structure becomes too large ~ similarly to the ice-trap used
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in Leke Erie and described by Bryce and Foulds -~ it submerges

and a2llows the ice to move above it.

When the pressure of ice is calculated which affects the float-
ing structure a static pressure of dynamic origin of the stand-
ing ice cover integrated from parts is assumed where self-
srching has not yet been developed. .

No consideration was given to the dynamic ice pressure originat-
ing from temperature changes and consequently from a collision

of the standing and drifting icee.

According to an equation recommended by a Soviet standard /the

force working on surface F in the direction of the £low/:

P = /pl + P, + p3 + p4/F

where El ~ the effect of water friction
P, ~ the hydrodynamic pressure affecting the upper end
T of the ice cover distributed along the lengih of
the cover
23 - the slope-direction component of the weight of ice
p4 - the friction due to wind.
According to the quoted standard:
2 -4 2
pl—kl.v =/5-20/. 10 o V
/for 5 smooth and 20 rough surfaces/
h
2 ~2 h 2
Py, = k2 e L eV = 5 . 10 IV

=k ohuI=O-921hoI

=k .W2=2.10-6.w2

where v - the average velocity of water /m/sec/
- the thickness of ice /m/
slope of the water surface
- its limit is the triple width of the water flow /m/

wind speed with a probability of occurrence of 1 per-

2 B H T
1
ot
oy
®

cent
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Plv p2’ P3: P4 - /t/m/

According to calculations made for the problem reach specific
ice pressure /for 1 m width/ was set to 1 t/fm. This approxi-
mated nicely the emperical value obtained earlier at the

same place.

The floating trap will be constructed from wooden beams
connected elastically to each other and bound to a steel
ceble stretched between the two banks. Its final shape will

be worked out during the starting experiments,
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THIRD INTERNATIONAL SYMPOSIUM ON
ICE PROBLEMS
Hanover, New Hampshire, USA

EFFECTS OF LAKE ERIE-NTAGARA RIVER ICE BOOM
ON THE ICE REGIME OF LAKE ERIE

Ralph R. Rumer, Jr. State Univ. of N.Y. Buffalo, N.Y.
Professor at Buffalo U.S.A.

Charles H. Atkinson Acres Consulting Niagara Falls,
Executive Engineer Services Ltd. Canada

S.T. Lavender Acres Consulting Niagara Falls,
Senior Engineer Services Ltd. Canada

INTRODUCTION - In 1964 the International Joint Commission granted tempo-
rary authority to the Hydro-Electric Power Commission of Ontario and the
Power Authority of the State of New York to install an ice boom in Lake
Erie near the entrance to the Niagara River. The purpose of this boom
is to: accelerate the formation of a stable ice cover at the eastern
end of Lake Erie; reduce movement in the ice cover while it is being
formed; and help to stabilize the downstream edge of the ice cover so
that erosion and breakoff of ice is reduced. The boom provides added
resistance to breakage of the natural arch under storm conditions.

The boom has been designed to submerge and allow passage of ice
over it if, during a storm, the arch breaks and the ice forces on the
boom become very great. Towards the end of a storm, as the wind sub-
sides, the boom returns to the floating position and the flow of ice
into the Niagara River is again cut off.

The boom provides a distinct advantage in achieving optimal hydro-
electric power generation on the Niagara River by significantly reducing
ice flows at the water intake structures located downstream of the boom.
Additionally, property damage due to massive ice runs has probably been
reduced along the entire Niagara River.

In the spring of 1971, the recorded last day of ice in Lake Erie
was May 31. This marked the third time in recent history when ice re-
mained in Lake Erie to such a late date. The earlier events occurred on
May 31 in 1926 and 1936. After the severe winter of 1971, concern
developed as to whether or not the ice boom was: (a) increasing the
volume of ice in Lake Erie during the winter season; and (b) prolonging
the period of ice cover in Lake Erie toward the end of the ice season.
The possible consequences of the above effects led the International
Niagara Board of Control to study the effects the ice boom may have
on: the thickness or extent of the ice field, the rate of dissipation
of ice in Lake Erie, navigation, recreation, and weather. This report
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presents the results of that study.

The study involved an examination of the historical record of ice
growth and dissipation in Lake Erie for preboom and postboom years. A
statistical analysis was made of water temperature data proximate to the
ice boom for preboom and postboom years. Ice melt models were reviewed
and a simplified mathematical model simulating the ice dissipation pro-
cess in Lake Erie was developed. The study was hampered by the sparsity
of field data available that could be used to quantify the physical
processes occurring during the dissipation period, with or without the
boom in place.

The physical setting for the Lake Erie-Niagara River ice boom study
is depicted in Figure 1. Meteorological data collection stations are
shown and the surface area of the lake can be estimated from the table
provided in the Figure.
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Figure 1 — Eastern End of Lake Erie

ICE DISSIPATION PROCESSES - Ice dissipation in Lake Erie occurs through
melting resulting from heat exchange with the air and water environment
and by transport of ice out of the lake into the Niagara River. The
two principal observational records pertaining to the first of these
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processes are the areal extent, or coverage, of ice during the dissipa-
tion period and the reported day of last ice in the lake. Observations
of ice discharge down the Niagara River are available from the power
entities. These observational records, along with meteorological in-
formation and lake water temperature records, provided the data bank on
which the analysis of ice boom effects was based.

Using published methodologies (Edinger and Geyer, 1965; Ryan and
Stolzenbach, 1972) for computing heat exchange due to long and short
wave radiation, evaporation, condensation, and conduction and convec-
tion, the net heat exchanged at the ice-air interface in Lake Erie was
computed for the period April 12 to May 5, 1972 (see Figure 2).
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Figure 2 — Accumulated Net Heat Exchange at Air-lce Interface
During Dissipation Period, 1972

The sum of the daily net heat exchange represents the accumulated heat
available either for melting ice or warming the water body. The linear
approximation shown in Fig. 2 represents an average daily net heat ex-
change of 260 cal/sq. cm, or an average ice melt rate of 3.25 cm/day.
The daily variation in this melt rate ranged from 0.61 cm/day (on

April 24, 1972) to 6.1 cm/day (on May 2, 1972) during this period.

No systematic record exists of the quantity of ice discharged down
the Niagara River during the ice melt season. Estimates of the maximum
ice discharge capability of the Niagara River vary widely from approxi-
mately 50 square miles per gay (130 kmz/day) to something less than 20
square miles per day (52 km“/day). What ice discharge can be sustained
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in the Niagara River without jamming and stoppage of ice flow from the
lake is not known and cannot be estimated with confidence at this time.

The ice melt at the ice-water interface can be estimated with
knowledge of observed water temperatures, speed of water movement be-
neath the ice cover, extent of the ice field, and assumed values for
the vertical heat diffusivity. One estimate so obtained revealed that
the melt rate due to heat exchange at the ice-water interface was of
the order of .003 ft/day (0.1 cm/day) on 10-11 April 1972. At that
date the surface area of ice was approximately 1500 square miles (3885
square kilometers). This estimated melt rate at the ice-water interface
is considerably smaller than the computed melt rate of 3.25 cm/day at
the air-ice interface.

MATHEMATICAL MODEL FOR ICE DISSIPATION - A simplified mathematical model
representing ice dissipation in eastern Lake Erie was formulated

taking into consideration the ice melt at the air-ice interface and ice

discharge down the Niagara River. This dissipation process is depicted

in Figure 3.

RIVER ICE
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Figure 3 — Ice Dissipation Process

The model is formulated on the basis that: the ice dissipation period
is underway; no new ice is being produced; and the thickness of the ice
cover is constant in space and dependent on time only.

With these simplifying assumptions, the volume of ice, V, in the
lake expressed as a function of time, t, is

= (AO - at)(y, - rt) (1)

where A, and y, are the ice area and ice thickness respectively at the
beginning of the period of interest (note that Ayy, is the initial ice
volume), a equals the Niagara River ice discharge in square miles per
day, and r denotes the rate of ice melt at the air-ice interface in feet
per day. The time, T, to completely dissipate the ice in the lake is
obtained by setting V = 0 in equation (1). After rearranging, this
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gives
T = -%—[(Tr +T) & (T - Ta)], (2)

where T, = yo/r, and is the time it would take to melt all the ice in
place; T, = A,/a, and is the time it would take to discharge all of the
ice in the lake down the Niagara River. Equation (2) indicates that
there are two possible lengths to the dissipation period. If the posi-
tive sign is chosen, T = T,; if the negative sign is chosen, T = T,.
The smaller of the two indicates which of the two dissipation processes
is the controlling factor in determining the date of last ice.

At any given time during the dissipation period, the date of last
ice can be forecast on the basis of estimated values for the two dissi-
pation rates; the dissipation rate due to ice melt in place, dV/dt
= -rA, and the dissipation rate due to ice discharge down the river,
dV/dt = -ay. It can be seen that the ratio of these two dissipation
rates provides a dimensionless parameter, T' = (rA)/(ay), which, if
evaluated, allows the determination of the relative importance of each
of the two dissipation processes in reducing the ice volume and in set-
ting the date of last ice. Accordingly, whenever T' is less than one,
the discharge of ice by the river would lead to a shortening of the
dissipation period. The reduction of ice volume during the dissipation
period incorporating the parameter T' is depicted in Figure 4.

[0
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0 1.0
LENGTH OF DISSIPATION PERIOD _ T/T
i r

TIME TO MELT IN PLACE

Figure 4 — Ice Volume Reduction During Dissipation Period

The mathematical model can be used to estimate the effect that re-
duction of ice discharge down the Niagara River would have on the length
of the ice dissipation period and the water temperature depression that
would result from an extension of the ice dissipation period. If the
presence of the boom had the effect of reducing ice discharge down the
river to zero (a = 0), then the dissipation period would have been ex-
tended a time increment given by AT = T, - T,. In this case, T, would
be based on the expected ice transport capability of the river if the
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boom had not been in place. In dimensionless terms, this becomes

AT
= =1-T (3)
Tr

For T' less than one, river ice discharge would have shortened the ice
dissipation period. For T' equal to or greater than one, river ice dis-
charge would not have altered the date of last ice in Lake Erie, but it
would still have contributed to a reduction in ice volume in the lake at
any specific time in the dissipation period (see Figure 4). ’

An extension of the ice cover in eastern Lake Erie by AT days pre-
vents the addition of heat to the water body for the same increment of
time, since this heat would be utilized to melt the remaining ice. If
the daily net heat exchange at the lake surface is H,, then the corres-
ponding water temperature increas¢,AF, in degrees F, that would have
occurred (assuming complete vertical mixing in the water body and ne-
glecting advection) is given by

Hh
AF = 17D (%
in which H_  is in cal/sq cm per day and D is the water depth in feet.
The factor 17 has the units (cal cm"2 F1 ft_l) and is required for di-
mensional homogeneity. Therefore, as a first approximation, the effect
of an extended ice cover by AT days will be to prevent the lake from
warming up an amount F, given by

(AT)Hn
FTam S

Since H, gradually increases during the warm-up period, an extension of
the ice cover period in early April would have a lesser effect on water
temperature than an extension in early May.

The relative importance of the factors affecting ice dissipation
in Lake Erie can be estimated only, since the model is an idealization
of the actual physical phenomena that it represents, and the information
required to use it is lacking. The simulation model is being further
developed to permit ice thickness to be variable in space as well as
time. This model, when developed, should be calibrated to: (a) deter-
mine any limitations inherent in the model as a consequence of the sim-
plifying assumptions used; (b) verify the suitability of the model as a
predictor for planning boom operations; and (c¢) make the model opera-
tional. These can be achieved if observations of melt rates, rates of
ice discharge down the Niagara River, and the areal extent and thickness
distribution of the ice cover are observed at regular intervals during
the dissipation period.

HISTORICAL ANALYSIS - The historical analysis of the ice regime in Lake
Erie encompassed the period 1956 to 1973 plus the winter of 1935-36.
The annual ice cover cycle was divided into five basic calendar periods
(see Figure 5) to reflect the sequential nature of the winter heat bud-
get of Lake Erie and to facilitate the historical analysis. These peri-
ods were separated by the following dates:

(a) Date of maximum summer water temperature;

(b) Date of 39°F water temperature in the fall

(c) Date of 32°F water temperature (signalling the beginning of
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Figure 5 — Annual Ice Cover Cycle

the ice production period);

(d) Date of 5-day average air temperature greater than 35°F (sig-

nalling the end of the ice production period);

(e) Date of 33°F water temperature in the spring.

Water temperatures at a depth of 18 feet in Lake Erie at the entrance
to the Niagara River and approximately 1000 feet downstream from the boom
have been observed by the Buffalo Department of Public Works since 1926.
Inspection of this record showed anomalies which precluded the use of
data collected prior to 1956. There remained 17 years of temperature
data of which 8 were preboom and 9 were postboom (see Figure 6).

The historical analysis revealed that a very high correlation
existed between the first occurrence of 32°F water temperature in the
near—-boom vicinity and the appearance of first ice. A similar high cor-
relation existed between the occurrence of 339F water temperature in the
spring and the disappearance of last ice. It was concluded that water
temperatures in the vicinity of the boom remain very close to 329F until
all lake ice has disappeared from the eastern end of Lake Erie. This was
further substantiated by the field measurements of Stewart (1973). Fur-
thermore, the historical analysis revealed that the climatic factors
affecting the ice cover processes are numerous and highly variable and
that these factors must be considered sequentially in order to interpret
their effects. A direct comparison of the climatic factors for 2 years
having similar late spring dates of last ice (1936 and 1971) provided no
conclusive evidence as to whether or not the ice boom contributed sig-

295



YEAR NOVEMBER | DECEMBER JANUARY FEBRUARY MARCH APRIL MAY
L 1 1972- 73 2 —dme
5| 1971 - 72 34
> | 1970- 71 - 24 < b
S | 1969- 70 8.
L | 1968- 69 238 =
| 1967- 68 -
& | 1966- 67 — 24
Q- | 1965- 66 —— 28 —_—
1964 - 65 - 40 —
1963 - 64 4)
o | 1962-63 46 <
o | 1961 - 62 2 49_~1
ui | 1960- 6l 45 > 8 Sy
= | 1959-60 - 40 37 3’(
S 2 14 37
S | 1058-59 < g
@ | 1957-58 3l j
w | 1956-57 28 =S
& / / A |
/ /
1935 - 36 [ n/ = el g 7 <A
\ 32° F WATER TEMPERATURE [ 33° F WATER TEMP'
COOLING PERIOD IN DAYS WARMING PERIOD IN DAYS
39°F WATER TEMPERATURE 35°F AR TEMPERATURE
LEGEND
PERIOD OF BOOM INSTALLATION NOTE
AND REMOVAL WATER TEMPERATURE DATA FROM
mwme ESTIMATED COLONEL WARD FILTRATION PLANT, BUFFALO
®  FIRST ICE BEHIND BOOM AIR TEMPERATURE DATA FROM PORT DOVER

- FA
Y e EE EERRD {EXCEPT 1935-36, WHICH IS FROM BUFFALD )

Figure 6 — Ice Cover Events on Lake Erie

nificantly to the late date in 1971.

TEMPERATURE ANALYSIS - The purpose of this analysis was to compare the
water temperature regimes which existed before the installation of the
boom with those prevailing subsequent to installation. This comparison
was accomplished by means of an inspectional analysis of the temperature
record and a detailed statistical analysis of the temperature data.

The preboom and posiboom water temperatures are shown in Figure 7.
In all cases, the late May temperatures tend to be near 50°F. The down-
ward trend of late May and early June temperatures is consistent with
the higher lake levels experienced in the postboom period. Once the ice
has departed from the eastern end of the lake and no longer holds the
local temperature at 329F, the water mass warms as a result of the net
heat exchange at the air-water interface. The later dates of departure
from 320F result in a more rapid warming of the water mass because of
the greater heat exchange that occurs later in the spring period.

The statistical analysis revealed that the water temperature regimes
at the eastern end of Lake Erie during similar calendar periods for pre-
boom and postboom years were different. The differences, which indicate
colder postboom temperatures, vary throughout the ice dissipation period.
The probabilities of the observed maximum temperature differences being
due to causes other than chance exceeded 50%, reaching a maximum of 947%.
Physical reasoning and sensitivity of certain of the observed differences
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Figure 7 — Comparison of Preboom and Postboom 5-Day Average Water Temperature

to sorting according to the boom removal date suggest that the boom con-
tributed to the observed differences. There are, however, other factors
(e.g., rising lake levels) which may contribute to the observed differ-
ences.

SUMMARY AND CONCLUSIONS - It is certain that the boom affects the ice
cover by stabilizing the initial ice cover formation at the beginning of
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THIRD INTERNATIONAL SYMPOSIUM ON
ICE PROBLEMS
Hanover, New Hampshire, USA

A NOTE ON THE MECHANISM OF FRAZIL
INITIATION

Thomas O'D. Hanley Wheeling College Wheeling, WV
USA

There has been a problem of explaining the nucleation of
frazil at supercoolings of a tenth of a degree or less, when it is
well known that samples of the same water can be supercooled several
degrees without nucleation. The problem can be illustrated by a free
energy barrier separating the liquid state from the ice state. Experi-
ment has indicated that the activation energy required for surmounting
this barrier can be as much as kAT = 40k = 0.003 electron-volts.

I suggest that frazil formation may be initiated by a mechanism
other than nucleation. By way of example, one such mechanism which
has received much attention from metallurgists is called spinodal
decomposition, which Schwartz et al (1975) have characterized as
follows:

""Spinodal decomposition refers to the process
whereby a single-phase system separates into two
phases via spontaneous growth of fluctuations in
composition or density. It differs from
nucleation in that the latter process relies on
the existence of a local fluctuation to surmount
a thermodynamic barrier to phase separation thus
allowing the formation of droplets or bubbles of
the new phase; in spinodal decomposition this
thermodynamic barrier is absent."

The spontaneous growth of fluctuations occurs in Ehat portion of
a graph of free energy vs concentration, where 32G/ 3C% < 1. In this
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region, spinodal decomposition is described by Cahn (1968) as a
diffusional process in which the diffusion coefficient is negative,
so that diffusion occurs toward a higher concentration. But spinodal
decomposition in metals is subject to other conditions which may
inhibit it.

The nucleation temperature of a water sample has usually been
measured with the water motionless. Yet it is well known that a con-
dition for frazil formation is that the water must be notably
turbulent.

So I propose that the mechanism for initial formation of ice is
dependent on turbulence or, equivalently, on the Reynolds number Re,
in such a way that at sufficiently high values of Re the transition
from water to ice is effected by a mechanism other than nucleation,
so that the nucleation barrier need not be surmounted.

While I am not at present prepared to espouse spinodal
decomposition as the operative mechanism, it has this interesting
characteristic, that it results in production of the new phase in
small zones distributed throughout the samples. This is interesting
because, in watching carefully the initiation of frazil during several
dozen experiments, I had the impression that its formation began
throughout the liquid, and not merely at the surface.

This indicates the need, as G. D. Ashton pointed out to me
(private communication) of several investigations such as, first,
watching frazil formation through a window on the side of the tank
in order to ascertain whether frazil is produced at the surface or
throughout the body of water, and secondly, attempting to produce
frazil in a chamber without an air-water interface in order to show
whether frazil production involves the interface.

A thorough investigation of the mechanism by which frazil is
initiated might have very practical results, such as affording an
unequivocal means of frazil detection. For example, one property
peculiar to spinodal decomposition in optically transparent substances
is a scattering of 1light that is time-dependent and angularly distri-
buted in such a way that a ring of scattered light is observed
contracting slowly toward the unscattered beam.

To sum up, the mechanism of frazil initiation ought to be
investigated theoretically and experimentally without overlooking
mechanisms other than clussical nucleation.

REFERENCES
A. J. Schwartz, J. S. Huang and W. I. Goldburg (1975), "Spinodal
decomposition in a binary liquid mixture near the critical point)

J. Chem. Phys. 62, 1947-52.

J. W. Cahn (1968) "Spinodal decomposition," Trans. AIME, 242, 166-180.

302



G - free energy 2
C - "concentration;" ice-like-ness C 1
Re - Reynolds number

W - water
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Figure 1. Proposed free energy vs ice content
and Reynolds number, not to scale.
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Comment :

The nucleation of turbulent water has been studied experimentally

by many investigators. In general, when the possibility of nucleation
at the air-water interface was prevented the amount of supercooling
was large (several degrees Celsius) and when nucleation at the
air-water interface was possible the degree of supercooling was small
(usually < 0.1°C). These results imply that frazil nucleation may

be associated with the energy and/or mass exchange processes at the
air-water interface. If a process analogous to spiroidal decomposition
is responsible for frazil nucleation then it must somehow be related
to these energy and/or mass exchange processes. At the moment, it is
difficult to understand how this proposed frazil nucleation process is
related to these processes that occur at the air-water interface.
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NOTES ON THE STABILITY OF FLOATING ICE BLOCKS

Peter Larsen, Director of Research, Dept of Water Resources Eng
Lund Institute of Technology / University of Lund, Sweden.

The stability of ice floes arrested at the upstream edge of an ice
cover has been studied by a number of investigators both in the field
and in the Taboratory. Limiting velocities for stability have been
noted as early as in the 1920ies while actual studies of the mechanics
governing stability date back about 20 years. Among early work on this
problem is that of Pariset and Hausser reported at the IAHR Seminar

on "Ice Problems in Hydraulic Structures" in Montreal in 1959. Since
then Uzuner and Kennedy, Michel, Ashton among others have reported

on experiments and analytical work on this subject. Stability of ice
floes transported from upstream is an ingredient of the mechanics of
ice cover formation.

This note is a brief summary of results obtained as part of a master's
thesis (Johansson, Nilsson 1975) carried out at Lund Institute of
Technology.

Test procedure

Fig 1 shows a simulated ice floe (paraffin, p = 0.89) resting against
the upstream edge of a simulated ice cover in a hydraulic flume. (Flume
dimensions and range of test conditions are given in Table 1). The
solid ice cover - simulated by a sheet of plyform - was free to move
vertically and the thickness so adjusted as to obtain the same level

of the underside as that of the floe underside. Discharge was set at

a predetermined rate and then kept constant. Flow velocity was increa-
sed by gradually opening a downstream gate until instability occured.
Flow depth was then measured and velocity computed based on discharge
and cross sectional area. Tests were repeated several times and average
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values computed. Little scatter in obtained instability conditions with
a specific floe indicated that instability was well defined.

No spill condition and modes of submergence

The vertical position of the floe is governed by forces due to weight and
pressure. Taking moments about the Tine of support, i.e. the Tower, dewn-
stream edge of the floe, the weight of the flow produces a destabilizing
moment. Static plus dynamic pressure on the upstream face produce a stabi-
lizing moment while static pressure on the downstream face accounts for a
destabilizing moment.

In still water the constant pressure on the underside of the floe exactly
balances the weight of the floe (buoyancy = weight). If the floe is forced
down at the upstream end buoyancy increases and a stabilizing moment is
created. Assuming that the line of support is unchanged the stabilizing
moment dncreases until the upstream end of the floe becomes submerged and
remains thereafter nearly constant.

When a flow is established the pressure distribution on the upstream face
and notably on the underside of the floe is changed due to local accelera-
tion of the flow. The flow pattern and hence the modified pressure distri-
bution depends on the floe geometry and to some degree on the turbulence
level of the approaching flow. The pressure reduction under the floe

causes its upstream end to sink and instability occurs when water starts
spilling onto the floe (the "no spill condition"). This mode of instability
has been called "submergence by underturning". Figures No 1, 2 and 3 show
tzis sequence of events resulting in the floe being swept down-stream under
the cover.

A different mode of submergence has been observed both in laboratory and
field in which the floe sinks in a horizontal position until the downstream
upper edge is below the solid cover. The floe then slides under the cover.
This mode has been termed "vertical submergence".

A third mode was observed in the present studies of floes with a rounded

upstream face. The sequence of events is shown in Fig 4. With the rounded
face flow separation is prevented and the pressure center is moved downstream.
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Fig. 1. Sequence showing
submergence by underturning.

Fig. 2. Sequence showing
submergence by underturning.

Fig. 3. Sequence showing
submergence by underturning.




With the mode of submergence shown in Fig 4 apparently the resultant
pressure force acts downstream of the center of gravity of the floe.
This mode of submergence only occurs with relatively short floes and
has been observed only in connection with a rounded upstream face.
Also it should be noted that the critical velocity - the velocity at
which submergence occurs - is higher with this floe geometry stressing
the importance of the Tocal behaviour of the flow. These findings have
been indicated earlier by Uzuner and Kennedy (1972).

In order to determine the effect on stability of pressure on the upstream
face tests were performed in which the line of support was changed. In
underturning the Tine of support is along the downstream Tower end of
the floe and pressure force on the upstream face produces a stabilizing
moment about this 1ine. By mowing the line of support to the top of the
floe the corresponding moment becomes destabilizing. Similarly the
moment of pressure force on the downstream end changes sign. Test re-
sults, shown in Fig 5, indicate that the critical velocity is changed
only 1little with a tendency of increasing change with greater block
thickness, as would be expected. It may be concluded that hydrostatic
and dynamic pressure on the end faces play an insignificant role in
determining the floe stability.

For the range of floe thickness over flow depth values tested Fig 6
shows that critical velocity is independent of flow depth. In other
words the force equilibrium at incipient instability depends on Tlocal
properties of the flow as assumed above.

Stabjlity of thin floes

Fig 7 shows reTationships between critical Froude number and floe thick-
ness to depth ratio as given by Pariset and Hausser (straight line) and

by Ashton. Vertical lines show the range of experimental data obtained

by Uzuner and Kennedy. The Froude number is a type of densimetric Froude
number with the length parameter chosen as the floe thickness. It is seen
that fair agreement between theoretical and experimental results is obtained
over an extensive range of thickness to depth values. It is noted that
theoretically the maximum value of Froude number is 1.4.
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Fig. 4. Submergence of blocks with rounded upstream
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Ashton (1974), however, found in experiments that thin floes were stable
at Froude numbers exceeding 1.4, a result noted also by Pariset and Hausser
and by Cartier although expressed by them in a different way.

The present tests were carried out with floe thickness varying between
2.5 and 15 % of flow depth. Froude numbers as high as 2.4 were obtained.

Theoretical determination of stability

Tn an attempt to theoretically determine the floe stability of floes with
small thickness compared to water depth it was assumed that the flow may
be treated as potential. Using a Schwarz-Christoffel transformation velo-
city distribution and hence pressure distribution was computed along the
floe underside. Fig 8 shows an example of plotted pressure distribution
in nondimensional format. The moment equation for equilibrium was solved
taking into account the previously mentioned forces. The resulting velo-
city at incipient submergence was combined with actual values of floe
thickness and density to form a critical Froude number. Fig 9 shows a
comparison between Froude numbers obtained in this way and Froude numbers
based on experiments. It is seen that the agreement is fair, that better
agreement is obtained for floes having a rounded upstream end and that
Froude numbers as high as 2.4 are obtained for the thinner floes.

Concluding remarks

There has been considerable discussion about the validity of the "no spill
condition". Observation of the behaviour of floes in the laboratory gives
visual support to the relevancy of the assumption that instability occurs
when the upstream end of the floe becomes submerged. However, it does not
seem correct to equate the upstream velocity head to the "freebord" of

the floe. For example the floes of 1.05 cm thickness in the present ex-
periments had a "freebord" in still water of (1 - 0.89) 1.05 = 0.72 cm.
The velocity head of the approaching surface flow at instability was about
0.26 cm or greater by a factor of two.

Conventionally drawings of water surface profiles upstream of a blockage
show an upward curvature at the blockage with the surface profile termi-
nating at an elevation of one velocity head above the upstream water level.
This is the case in most textbooks on hydraulics showing a channel with

a bottom sluice. Observation in the Taboratory seems to contradict this
behaviour of the water surface.
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In experiments with different materials simulating ice floes surface
tension may affect the test results. The abiiity of the floe to become
wetted or indeed its ability to repell water may to some degree affect
the condition of "no spill". In the present experiments surface tension
was reduced in some tests by spraying liquid soap on the approaching
flow. No significant change in equilibrium conditions was observed,
however.,
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Table 1. Range of variables and equipment data

Flume 0.5 x 0.5m Length 4 m
"Ice" blocks of paraffin, square
p'/p = 0.89

Block lengths L 7.5, 9.0, 12.5, 15.0, 20.0 cm
Block thickness t 1.05, 1.95, 2.85 cm

Depth of flow 20 < H < 45 cm

Discharge 25 < Q < 50 1/s

2.6 <%< 20
0.03 <1'§[< 0.12

1.2 < FC < 2.4

Tilting angle at incipient instability small
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INTRODUCTION

Organizations responsible for the supply of fossil fuels
and minerals regard the arctic regions as being potentially
bountiful, but difficult to explore and produce from. The
difficulties are even greater in the offshore regions of the arctic
because of the presence of ice. Whether or not these regions will
ever contribute to our energy needs will depend to a large extent on
the work being done by people attending this symposium. The
technical feasibility and cost of operating in the arctic will be"
governed by our understanding of the environment and of ice forces
on marine structures, which is the title of this theme paper.

In general, to make a meaningful assessment of ice forces
on marine structures, we first have to know the types of ice
features common to the area, and second, be able to predict how
these ice features interact with various shapes of structures under
consideration.

Although the title of this paper is general enough to
allow discussion of a wide variety of marine environments, I will
concentrate on one particular area, that of the South Beaufort Sea,
which is, of course, currently receiving much attention as a
potential area for oil and gas production.

To orient my paper to one particular area will allow the

inclusion of more detail than would be possible in a general
coverage of global marine environments. It will also allow me to
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avoid areas which I am not qualified to describe. In any case, the
ice features native to this area are common, with a greater or lesser
severity, to other ice-infested marine environments.

THE SOUTH BEAUFORT SEA

The Beaufort Sea is just one of the many coastal seas of
the Arctic Ocean; it is generally defined as that sea immediately
adjacent to the northern coast of Alaska, the Yukon, the Mackenzie
District of northwest Canada, and the western isles of the Canadian
Archipelago.

Conditions vary from complete ice coverage for nine months
of the year to open water along a narrow coastal strip during the
brief polar summer. Ice drift is dominated by the Beaufort Gyral
which circulates in a clockwise direction.

Typical winter ice features are shown in Figure 1.
Landfast ice extends out to about sixty feet of water, but has a
smooth surface only out to about the fifteen-foot depth. Beyond that
there are usually numerous first-year ridges which are formed during
the early winter before the ice becomes landfast. Many of these
ridges are grounded, forming anchor points for the landfast ice. The
grounding action by these and the occasional multi-year ridge probably
causes the seabed scours which are numerous in the area. The active
shear zone, between the fast and pack ice, is often characterized by
an open lead. Further offshore, the ice gradually changes from
first-year to multi-year ice, and there will be the occasional one-
hundred foot thick ice island.

Ice Ridges

The annual ice reaches a maximum thickness of six to seven
feet by Tate April, but is heavily covered by ice ridges.

Few of these ridges have sails greater than ten feet and
measurements of selected first-year ridges show that ridge keels are
about four times the sail heights. However, first-year ridges are
largely an accumulation of unconsolidated ice blocks and as such do
not present as severe a loading condition for marine structures as
the multi-year ridges.

Multi-year ridges are fully consolidated (KOVACS et al,
1971) and although rarer in the coastal zones, they do appear to
govern the ice loads on marine structures in this area. Multi-year
ridges with thicknesses of up to fifty feet are relatively common in
the Beaufort Sea. Statistical techniques can be used to define the
- extreme ridge at a particular location. However, in the shallow areas
the water depth will probably determine the design ridge thickness.
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For structures in water deeper than about fifty feet, the
risk of collision by massive ice islands has to be considered.

G | AND FAST ICE 44— |NSHORE PACK ICE~>
ACTIVE SHEAR
ZONE
FIRST YEAR PRESSURE OPEN LEAD
RIDGES ICE ISLAND
(RARE)
MULTI-YEAR
FLOE (RARE)
ALY ‘@l&i&ﬁl@, i /;7;/ 4\
“ : 4/
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0
Loy
ICE SCOURS

1*INTERMITTENT RELIC
PERMAFROST

FIGURE 1. TYPICAL WINTER ICE FEATURES, BEAUFORT SEA.

Ice Mavement

Patterns of ice movement affect ice forces in several ways
for several reasons. First, ice strength and modulus are a function
of loading or strain rate. Second, ice movement can cause ice rubble
and ridges to form around a structure which can then influence future
ice/structure interaction. And third, there may be stationary
periods during which the ice can freeze to the structure to form an
intimate contact condition which can result in high ice forces when
movement starts up again. In the South Beaufort Sea, tidal variations
in water level are too small to prevent this frozen-in condition.

The so-called Tandfast ice which covers much of the coastal

zone is relatively stable but movements of several feet can occur due
to deformation of the ice under the action of wind stress (Table 1).
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TYPICAL LANDFAST ICE MOVEMENTS

BEAUFORT SEA - 1970
WATER FIRST TIME GROSS SECOND TIME GROSS
DEPTH INTERVAL MOVEMENT INTERVAL MOVEMENT
(FEET) (pays) (FEET) (pays) (FEET)
56 33 63 28 15
28 20 97 39 62
30 14 20 27 7
TABLE 1

Measurements we have conducted during the last few years
lead us to conclude that the ice behaves like an elastic plate which
is fixed at one end (the shore). Under the action of onshore winds,
the plate is subject to an edge pressure from the polar pack and a
wind stress along its upper surface, which causes the ice to deform
and move relative to the seabed (Figure 2). Typical observed
movements of fifty feet or so, which occur generally during storms,
can be explained by such a model.

ONSHORE WIND

::<<2::;::§§:::::::;_~____A,A\¥, Y
;z22;2;Z;2;Z;Z2;3;3;3;3;2523222322222;7-;;;;;;;; ;;;;;;é/cjéfl
WIND STRESS ?
*GEOPHYSICAL — —— —— —— —— — > »
ICE STRESS’ DOANANN AONNNN SOOI T TR I TTTNNRARSSSSSSSSSSSs /
10 oo
(say 10 psi) \ICE /
=150 T
TYPICAL ICE
MOVEMENT
{feet)
|
20 oo

“¢—— DISTANCE FROM SHORE {miles)
FIGURE 2. LANDFAST ICE MOVEMENT MODEL.
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It is during break-up of the ice in the coastal zones of
the Beaufort Sea that the largest ice movements will occur. Such
movements may lead to ice rubble forming around stationary structures.

Ice Strength Parameters

In addition to thickness and geometry, ice strength
obviously governs the forces exerted on arctic marine structures. It
is beyond the scope of this paper to discuss the intricacy of ice
physics as it affects strength; in any case this topic has been well
covered at previous symposia and is the subject of several papers to
follow. So it will perhaps be sufficient to just highlight a few key
points.

The strength of the ice in the Beaufort Sea, as expected,
is a function of crystal structure, temperature, salinity, area under
stress, and rate of loading.

In these respects, the annual ice of the Beaufort Sea
appears to be typical columnar sea ice with a horizontal c-axis. In
the coastal zones, particularly near the Mackenzie River, ijce
salinities are extremely low, and in certain areas, the ice can be
considered fresh. The mu1t1-year ridge with its low salinity and
random crystal orientation in the refrozen zones, ‘probably rnpresents
the toughest ice in the region, a fact well known by arctic mariners.

TYPES OF MARINE STRUCTURES
FOR THE SOUTH BEAUFORT SEA

In order to discuss ice loads on marine structures, we
should first of all look at the kinds of offshore drilling concepts
that might be possible in the area (Figure 3).

Artificial islands are an obvious choice for shallow water
and their design can be optimized to suit local materials and
construction equipment. The 011 industry has already built several
islands in the Mackenzie Delta area of the Beaufort Sea in water
depths from five to fifteen feet.

The water depth Timit for islands has not yet been defined
and is likely to be a function of economics and the short summer for
construction. It appears that islands can be built to withstand the
worst ice features. But in deeper water, mobile grayity structures
of either conical or cylindrical shape may have the advantage.
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FIGURE 3. TYPES OF ARCTIC OFFSHORE PLATFORMS.

BENDING

ICE/STRUCTURE INTERACTION

The problem of ice interaction with structures will be
discussed in relation to three basic types of structures, namely:

1. structures of narrow cylindrical form, against
which the ice fails in crushing,

2. structures of narrow conical form, against which
ice fails in bending,

3. wide structures, such as islands, where the
presence of an ice foot or refrozen ice rubble
may lead to a mixed mode failure involving
both crushing and bending.

Ice Action on Narrow Cylindrical
Structures (Monopod)

The problem of ice crushing against a narrow circular pile
has become a classic problem in the field of ice mechanics. A proper
review of previous work on this topic would constitute a Tengthy
thesis, so the best I can do in the time available is present a few
comments to stimulate your thoughts and encourage discussion. But I
will also look at the problems in the context of structures for the
Beaufort Sea.
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For the engineer, the range of recommended values for ice
pressure on piers is confusing and obyiously unsatisfactory. 1In a
recent paper, DANYS (1975) reports that in Canada, recommended ice
pressures during the Tast twenty years have ranged from 40 to 400 psi.

The platforms in Cook Inlet were apparently designed for a
maximum ice pressure of 300 psi. PEYTON (1968) recommends a design ice
pressure of 475 psi for arctic ice.

Actual measurements of ice forces on platforms and piers
generally indicate lower pressures. In the Cook Inlet, to my
knowledge, the maximum measured ice pressure has been less than
200 psi (BLENKARN, 1970). Measurements conducted by NEILL (1970,
1972) on Alberta bridge piers have yielded pressures up to 375 psi,
but these were of short duration. SCHWARZ (1970) measured ice
pressures on a Baltic pier and obtained pressures up to 150 psi for
weak sea ice.

An empirical load correlation for ice crushing against a
pier was developed by KORZHAVIN (1971).

p = Imko (1)

where p = ice pressure across the structure diameter and ice
thickness

I = indentation factor, which is a function of the
structure width (D) to ice thickness (t) and varies
from 2.5 for a narrow structure to 1.0 for a wide
structure

m = shape factor (equals 1.0 for flat face)
k = contact factor which equals 1.0 for intimate contact
o = ice strength in crushing.

The usefulness of the equation to the engineer is Timited
because of the need to input a value for the ice compressive strength
(6). Compressive strength measured on small ice blocks is
notoriously variable, being highly sensitive to crystal orientation,
degree of confinement, temperature, strain rate and size of sample.

However, despite this limitation, equation (1) includes
some useful concepts for ice pressure on piles. It tells us that for
wide structures, with I = 1, the maximum pressure approaches the uni-
axial ice crushing strength (gc), and for narrow piers, the ice
pressure could be 2.5 times greater. The equation also tells us that
the ice pressure is a function of the "goodness" of contact between
the ice and pier.

Similar conclusions can be reached from theoretical

considerations; the ice can be assumed to behave as an elasto-plastic
material with a Tresca yield criterion. MORGENSTERN and NUTTALL (1971)
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used this approach, and concluded that an upper bound solution for a

flat pier (or indenter) could be represented by the wedge-type fail-
ure shown.

[

WEDGES OF \

ICE PUSHED | STRUCTURE
our

INTERACTION
PRESSURE

SHEARING
PLANES

A

FAILURE PLANES ARE
obc, def, abef, bij, heg,iben

FIGURE 4. WEDGE-TYPE FAILURE (UPPER-BOUND SOLUTION).

This failure concept neatly explains the size effect (I in
Korzhavins equation), 1 the material has a uniform shear strength
(q) clearly, for the geometry shown, with 45° wedges.

p = 2q + 0.707q, (t/d) (2)

As the structure width increases relative to ice thickness,
the second term becomes neglibible and the equation becomes:

p = 2q,= oc (for Tresca yield criterion) (3)
Obviously the model can be used with other failure criteria,

such as the Mohr-Coulomb if, as some investigators have detected, ice
strength is a function of confining pressure. (ROGGENSACK, 1974)

322



The failure model can also easily be modified to take account of ice
anisotropy and other pier geometries.

The double wedge failure is obviously only applicable to the
initial failure peak for ice in intimate contact with the pier. How-
ever, similar reasoning can be used to look at subsequent pressure
peaks, (Figure 5)
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STRUCTURE °\ +— ICE
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INITIAL FAILURE FAILURE PLANES
——— c d
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c b b a
d
Z -— ICE
STRUCTURE
-NJ
NEXT FAILURE A FAILURE PLANES

initial failure
TYPICAL LOAD-DISTANCE
TRACE

subsequent failures

LOAD

INDENTATION DISTANCE

FIGURE 5. UPPER-BOUND SOLUTIONS.
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It can easily be shown that for subsequent failures (or continuous
crushing) the pressure peaks are about half the initial peak. Also
that the ice pressure for continuous crushing is less sensitive to
structure width,

To my knowledge, the only published data on the crushing
strength of Arctic ice is that obtained by CROASDALE (1970, 1974).
In these tests, an active system was used to push piers up to 5 feet
wide through the ice. The tests gave ice pressures in the range 600
to 1000 psi except for one Tow value in the creep regime.
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FIGURE 6. RESULTS OF ARCTIC ICE CRUSHING TESTS.
(PIER DIAMETERS SHOWN IN INCHES.)

The pressures obtained on the 60 inch piers were always Tower
than those obtained for the 30 inch piers. But there is insufficient
data to confidently draw a size-effect curve

However, it is of interest to draw curves through the two
groups of tests points based on various theories. (Figure 7)
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FIGURE 7. COMPARISON OF THEORIES FOR ICE CRUSHING.

Using the wedge theory for a rectangular pile, the best fit we
can get is shown as the upper curve. The theory suggests an asym-
ptote of about 560 psi. This would then be the design ice pressure
for a wide structure, if we were confident of the data and the theory.

However, such confidence is not justified in this example because of
the sparse data base.

The correlation quoted by SCHWARZ (1974) and his colleagues for

a rectangular pile in complete contact with the ice has also been
considered.

The correlation fits our data well for the appropriate test
ice thickness of 40 inches. However, for 7 féet of ice, as is
appropriate to design of structures in the Beaufort Sea, Schwarz's

correlation would give Tower pressures. This is especially so at
high ratios of D/t.

You can see from the above, that the problem of creating a
theory to explain ice crushing Toads on structures, remains unsolved.

Getting back now to the problem of predicting ice forces on a
cylindrical type structure in the Arctic, JAZRAWI and DAVIES (1975)

have described the design of a Monopod type structure for the use in
the shallow waters of the Beaufort Sea.
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" FIGURE 8.

This structure has a 30 foot diameter shaft and is held on Tocation
by the friction between the large diameter (320 ft.) hull and the
sea bed.

It is designed for a lateral Toad, 22.5 million pounds, due
to a uniform ice sheet crushing against the shaft. But this load is
only valid for very shallow water where ice ridges can be ignored.

If such a structure was to be used in deeper water, the loads
due to a multi-year pressure ridge would have to be considered.
Even if we consider a modest crushing pressure of, say, 300 psi,
the Toad due to a 50 foot thick ridge, would be about 65 million
pounds, which is about three times greater than that due to uniform
ice.

Clearly, for arctic marine structures of cylindrical shape,
the problem of predicting the ice pressure caused by a Tocal ice
thickening such as a ridge has a higher priority than the study of
interaction with a uniform ice sheet.
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Where multi-year ridges are a possibility, the use of a sloping
surface to fail thick ice features in bending rather than crushing
may lead to lower ice forces.

Ice Action On Narrow Contcal Structures

Ice will fail against a conical structure in bending unless
the angle of the structure is so steep that crushing occurs at a
lower load. '

The ice and geometrical parameters governing loads on a concial
structure are obviously quite different from those governing the ice
pressure due to crushing action.

For ice not frozen to the structure, the total horizontal force
on a cone (R) can be separated into two basic compounds.

(1) The force necessary to break the ice. (Ry)

(2) The force necessary to move the broken ice up and around
the structure. (Ry)

2
Ry = f(of, t, b, By u)
R2 = f(e.ice’ d’ ty Bs Hs E)

where g is the flexural strength of the ice
is the thickness of the ice (or ridge)
is the width of the ridge if applicable

is the cone diameter

is the cone angle

is the ice-to-structure frietion
E is the elastic modulus of the ice

t
b
4 is ice density
d
8
U

Actual Toad equations can be derived mathematically, by model
tests, by near full-scale tests or by measurement of forces on an
instrumented structure. A combination of all these techniques seems
desirable.

(a) Math Models
For math models, the theories developed for plates and beams

on elastic foundations can be used to predict the vertical forces
necessary to fail the ice.
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As an example, some possible ridge 1oads3 calculated fr‘omo pub-
lished theories (HETENYI, 1946), are shown in Figure 9.(for a 45~ cone)

Vi
FIRST CRACK ] Hy= 7.2 MILLION L8.
e oy = 100 PSI
Vo, V2 \
100—
] HINGE CRACKS | 21, 26 MILLION LB.

MONOPOD CRUSHING H = 65 MILLION LB.

FIGURE 9. TYPICAL RIDGE LOADS.

For a 50 foot thick ridge, 100 feet wide, a centre crack is
first formed when the load on the cone is about 7 million pounds.
For the ridge to clear around the cone, additional hinge cracks are
needed, and their formation requires the cone to sustain a 1oad of
about 26 million pounds. (if both cracks occur simultaneously).

This is only an example; obviously better math models should
be used to account for the effect of the surrounding ice sheet and
for ice ride-up components,

Math models do rely heavily on physical tests for insight into

the appropriate failure mechanisms of the ice. Physical tests can
be conducted on a model scale or full scale.

(b) Modelling Techniques

It is well known that to properly model ice breaking in bend-
ing, the ice flexural strength and ice modulus has to be scaled by the
linear scaling factor. Density and friction coefficient should be the
same as full scale.
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Model basins exist in Europe and North America where such
tests can be performed, using either high salinity ice or synthetic
ice. For improved confidence, it is obviously desirable to compare
model predictions with full scale data.

(c) Full Scale Tests

ROBBINS et al (1975) has described an open-air test facility
in Calgary, where such comparisons can be made. The test basin is
200 feet long by 100 feet wide with a towing system that allows ice
sheets up to two feet thick to be pulled into an instrumented struct-
ure.
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FIGURE 10. OUTDOOR ICE TEST BASIN IN CALGARY.

During the past two winters, we have measured the forces acting on

45° cone with a 10 foot waterline diameter, subject to a variety of
ice sheets and ridges. This was a cooperative industry program
through APOA and the results of this work have not yet been published.

The facility is not a model basin as real ice is used, but the
results have been used to confirm and refine math and physical model
techniques. It is a cheaper alternative to a full scale instrumented
structure. In some ways it is better, because parameters such as
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movement rate, ice thickness, and strength can be controlled and ad-
justed. Also, its much easier and cheaper to work in Calgary than
in the Arctic.

Several conical Tightpiers have been instrumented in Canada
(DANYS, 1975), but so far only preliminary results are available.
The lightpiers are unmanned, so the difficulty of obtaining ice
thickness and strength to associate with specific force measurements
will always be a problem. However, in the Tong term, the measure-
ments will be very valuable.

Ad Freeze Forces

A cone is only a good shape for ice breaking as Tong as the
ice slides over its surface, if the ice remains stationary Tong
enough for it to freeze to the structure, an adfreeze bond will
develop. When ice movement starts again, this adfreeze bond will
have to be broken before ice can continue to fail in bending on the
Structure.

Obviously the adfreeze force is a function of the area of
contact and the bond strength between ice and steel (or concrete).
Little data has been published on ice bond strengths. But if we
assume a nominal (100 psi), a conical structure 80 feet diameter at
the ice Tine and an ice sheet 7 feet thick frozen around it; the
adfreeze force works out to be greater than 30 million pounds.

Obviously to reduce adfreeze forces, the cone diameter should
be minimized. The use of heat, or anti-friction coatings currently
being considered for ice breakers (MAKINEN, 1975) are other possible
ways of reducing these potentially high forces to manageable values.

Local Ice Pressures

Regardless of the total load on a structure, its outer surface
will have to be designed for high ice crushing pressures. Experience
gained in the use and design of ice breaking vessels should be
applicable here.

The ice breaker design codes suggest local ice pressures for
design of up to 1200 psi for the bow plating. To my knowledge, no
failures have occured in the plating of ships designed to this
pressure.

For many structures conceived for the Beaufort Sea, the design
thickness of the outer shell is controlled by local ice pressure
criteria; and Teads to considerably more structural material than
would be required to resist the total ice force. So the incentive
to refine the prediction of local ice pressures is, therefore, high.
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Ice Action on Wide Structures (Istands)

Artificial islands are being used to conduct exploratory
drilling in the shallow water of the Beaufort Sea.

RILEY (1975) describes construction of these islands, which
takes place in the summer using dredging equipment. Geotechnical
aspects of island stability have been described by HAYLEY and
SANGSTER (1974).

An island has only three designer controlled variables:

 height (freeboard)
« beach slope angle
- surface area

These three parameters combine to give the dredged fill volume
which, for Tow cost and construction time, should be minimized.

The lateral ice pressure on an island, if <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>