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PREFACE 

Thi s report was prepared by F.D. Haynes, Materials Research Engineer, 
Applied Research Branch, Experimental Engineering Division, of the U.S. 

Army Cold Regions Research and Engineeri ng Laboratory (USA CRREl). The 
report is funded under Civil Works Project CWIS 31066, Harbors and Chan
nels in Cold Regions. 

Techn ical reviewers of this report were Donald E. Nevel and Kevin L. 
Carey. 

The contents of thi s report are not to be used for advertising, publica
tion, or promotiona l purposes. Citation of trade names does not constitute an 
offic ial endorsement or approva l of the use of such commerc ial products. 
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SURVEY OF DESIGN CRITERIA FOR HARBORS 
AND CHANNElS IN COLD REGIONS 

An Annotated Bibliography 

F. Donal d Hayncs 

INTRODUCTION 

For the design of a harbor or channel in regions where ice frequently presents problems 
to navigation, many significant factors must be considered wh ich may be ignored in temper
ate regions. Forces due to ice are often critical in the design of a marine structure in cold 
regions. Care must be exerc ised in choosing construction material s wh ich w ill be subjected 
to low temperatures and freeze-thaw cycles. Ice suppression and ice removal systems may be 
important considerations in harbor and channel design. Limited time frames for construction 
in some locations are also significant factors. 

The purpose of this report is to present a noncritica l literature survey of harbor and 
channel design in cold reg ion s, although a time constra int prevented the complete coverage 
of subjects pertin ent to harbor and channel des ign and additional in formation is required for a 
comprehensive state-of-the-art report. Since the force exerted by ice is the predominant factor 
w ith rega rd to des ign criteri a, it has been emphasized in thi s survey. An Index at the end of 

the report contains a complete list of the subjects covered. 
Thi s report contains 85 annotations. They are li sted alphabeticall y according to author's 

name. Authors referenced are from the United States, Canada, U.S.S.R., Norway, Finland, the 
Netherl and s, Sweden and Denmark. Two major sources for these entries have been the 
proceed ings of the Port and Ocean Engineering under Arctic Conditions (POAC) Conference 

in Trondheim, orway (1971 L and the Permanent International Association of Navigational 
Congresses (PIA C) Conference in O ttawa, On tario, Canada (1973), Most of the publications 
cited are in the holdings of the USA CRREL library. A few of the publications c ited were 
obtained from the authors, and two entries are based on communications with engineers who 
have experience in cold regions harbor construction. 



AFANAS'EV, V.P. (1968) Determination of strength of ice in the design of hydraul ic struc
tures. Hydrotechnical Construction, no. 5, p. 440-444. 

Equations are presented for ca lculating design loads on structures subjected to pressure 
from an ice sheet. In the U.S.S.R. the equation normally used for determin ing the ice pressure 
P on piers w ith vertica l wa ll s is 

P = mR,p h 

where m is a shape coefficient, Rp is the ice strength (considering loca l crushing). b is the pier 
w idth, and h is the ice thickness. 

In order to obtain a va lue for th e crushing strength of ice, laboratory tests were con
ducted on ice obtained from Tatlin Bay. The spec imens were loaded in uniax ial compression 
w ith one of the unloaded axes confined . Results of the tests were used to derive the fol lowing 
expression for cal culat ing the cru shing strength Rcn of ice: 

Rcn = Rc (5h/b + 1)1 

where Rc is the uniaxial compress ive strength . 

ANDERSEN, P.F. (1972) Ice free harbors. The Engineering Journal , vol. 55 , no. 7/8, P. 23-3 1. 
The problem of keeping harbors ice free is addressed, and the results of using bubbler 

systems for preventing ice formation are described. It was found that large bubbles provided 

better ice prevention than small bubbles, but small bubbles prov ided better water propulsion . 
It was also found that a burper un it outperformed a bubble jet system. Results of ice preven
tion by use of a wave generator are described . A circular tank was used for the tests w ith a 
wave height of 10 cm, a wave length of 100 em and a mass transport of 9 cm/sec. Tests were 
conducted at temperatures down to -30·C, and even though fraz il ice and slush were 
formed, the mass transport velocity remained at 9 cm/sec. It is proposed that harbors can be 
kept ice-free by wave mach ines placed in th e back portion of the harbor so that slush ice 
could be transported out of the harbor. 

ANDERSON, c.c. (1971) O ffshore tank loading in th e North Sea. Proceedings, POAC Con
ference, Trondheim, Norway, vol. II , p. 1037-'1045. 

A term inal for the loading of crude oi l on tankers at the Ekofisk location in the North Sea 
is described. Three ideas for a terminal were considered. The first idea was an artificial 
harbor, floating, perforated breakwater type. It was rejected because of insuffi cient operating 
experience and high costs in the 235-ft water depth at Ekofisk. The second idea was a 
multiple point mooring system consisting of a series of buoys anchored to the bottom and 

oriented in the directi on of preva iling winds. But since the w ind approach is nearl y equal 
from all d irections at Ekofisk this system was also rejected . The third idea, which was ac

cepted, was a single po int mooring system consisting of a large buoy anchored to the bottom 
and fi tted w ith a turntable which allows 360· ro tation of the mooring connection and loading 
hose. 

The buoys that have been installed are des igned for 60,000 dead weight ton (d.w.t. ) 
tankers and for loading in 20 It significant waves. They are designed to ride out a 100-year 

max imum storm condit ion without a moored tanker. The buoys are located in 235 It of water, 
165 miles from the nea rest shore. They are about 50 It in d iameter and are secured wi th six 
anchors and chains. 
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ANDERSON, D.M ., loW. GATTO, H.lo MCKIM and A. PETRONE (1973 ) Sediment distribu· 
tion and coastal processes in Cook Inlet, Alaska. Preprint, Proceed ings of the ERTS·I Sym
posium , Goddard Space Flight Center, Greenbelt, Maryland . 

Hyd rologic and oceanographic phenomena have been identified from sequen tial ERTS- l 
MSS (multispectral) sa tell ite imagery. Current patterns in Cook Inlet are recogn ized because 
of di fferent ial concentration of suspended sed iment. The abi l ity to monitor currents and 
coastal processes by use of satell ite imagery can be of great importance to mainta ining 

navigation channels and harbors. 

ASSU R, A. (197 1) Forces in moving ice fields. Proceedings, POAC Conference, Trondheim, 

Norway , vol. I, p. 11 2- "1"1 8. 
Several des ign problems are outl ined for structures subjected to moving ice. Forces 

depend upon the geometry of a structure, the ice collars which su rround a structure, the ice 
properties, and the ice fa ilu re modes, as well as other factors. A statistica l approach is 
suggested for dealing w ith the forces exerted by the randomly fractured ice. 

ATKINSON, C.H., D.loR. CRONIN and J.V. DANYS (1971) Measuremen t of ice forces 
aga inst a lightpier. Proceedings, POAC Conference, Trondheim , orway, vol. I, p. 569-581. 

A lightpier in Lake 5t. Peter was to be used for measuring ice forces in the winter of 
1972-73. Load sensing panels were to be instal led on the conica l section of the l ightpier at 
water level to determine the ice forces. Des ign loads for the lightpier were to be 270 tons 
horizontal force. at high water level and 415 tons at low wa ter level. The assumed effecti ve 
crushing strength of the ice is 250 psi. 

BAl ANIN, V., A. DYTMAN, E. ZUGROVA, M. ZHI DKIKH and lo BYKOV (1972) Navigation 

lock equ ipment for operation at negati ve ai r temperatures and lock cla ssifi cation. Interna
tional Association of Hydraulic Research Symposium, Ice and its Action on H ydraulic Struc

tures, Leningrad, U.S.S. R., p. 214-2 18. 

In th is paper a discussion of navigation locks used in the U.s.S. R. is presented. This 
classification of locks is based on the fo llow ing: 

1. type of arrangement - either a channel or a floodplain arrangement with an outer 
harbor 

2. upstream and downstream level conditions - either stab le or fluctuating due to 
hydroelectr ic power demands 
3. navigat ion lock-chamber location - either above or below the dam 
4. the type of fi lling and emptying system - either controlled or uncontrol led 
5. gate des ign - miter, rolling tainter, etc. 

A typica l layout of a lock operating at below-freez ing temperatures is descri bed . Some of 

the equ ipment in the lock des ign includes ice booms for the upper and lower gates, bubbler 
systems located immediately downstream of the ice booms, and heaters bu ilt into the lower 
gate. 

Equations are presented for ca lculating the fo llowing des ign loads: 1) the dynamic 

pressure of a separate block of ice, 2) the pressure of broken ice on an ice boom, and 3) the 
pressure on a linear meter of an ice boom. 

BATES, Charles C. (1973) Navigation o f ice-covered waters. Some new ini tiati ves by the 

United States of America. PlANe. XXIII Congress, O ttawa, O ntario, Canada, papers S. 11-4 , p. 
139-164. 

Thi s report identi fies the problems associated w ith ice-covered wa terways in the U.S. It 
also descri bes programs designed to handle th ese problems. These programs are directed 
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toward the fo llowing geographic regions: the Great Lakes and St. Lawren ce Seaway, the 
Mississippi River system, the New England coasta l region and the Alaskan waters. 

Agencies invo lved in the Extended Navigation Season Demonstration Program for the 
Great Lakes and the St. Lawrence Seaway and their contributions are identified. Ice engineer
ing work is being done by researchers at USA CRREL. They are conducting tests to delerm ine 
the ice force on shore structures. 

Operation of a bubbler system at Duluth, Minnesota in the w inter of 1970-71 is de
scribed. The system created open water about 25 ft w ide over the pipe length. Ice thickness 
varied from 20 to 24 in. over the pipe. Operation of the system at the Lime Island site in the 
w inter of 1971-72 is also reported. 

Among some of the problems wi th ice on the Miss issippi River system are the following: 
icing of recesses in lock miter gates, ice buildup on lock wa lls and gates, freezing of lock 
valves, and difficulty in navigat ing ice-covered river bends. 

An experimen tal ice buoy was to be tested by the U.S. Coast Guard in the w inter of 
1972-73. It is an octagonal 5- x 18-ft buoy weighing 15,200 lb. It has reserve buoyancy to 
support 44,000 Ib of ice, equiva lent to a 53 -in . covering. 

BEHLKE, Charles E. (1970) The interaction between structures and pressure ridges. Proceed
ings of I.A. H.R. Symposium , Reykjavik, Iceland, paper 6.5. 

Fixed offshore structures may initiate pressure ridge formation in sea ice. Additiona l ice 
pil eup may result, causing the structure to be inaccessible by ship. Pressure ridges cou ld 
adversely affect a ship using offshore submerged load ing faci lities. Ice moving beneath the 
ship could sever the connection between the ship and the faci l ity. 

BERNARDT, Cl. (1971) An experimental study of corrosion of reinforcement in concrete in 
seawater environment. Proceedings, POAC Conference, Trondheim, Norway , vo l. II, p. 
944-947. 

Tests were conducted to determine the corrosion of steel reinforcement bars in concrete 
exposed 10 seawater. The concrete qual ity was va ried by using water/cement ratios between 
0.5 and 1.0. The concrete cover over the reinforcing bars ranged from 1.5 cm to 4 .5 cm. 
These quality and cover limits were well below those used in standard practice so that 
corrosion attack would occur w ithin a reasonable time frame. Throughou t the tests, electrica l 
potentials were measured between the reinforcement and the concrete. 

Resu lts after 36 months showed that: 1) most of the cracks were parallel to and just in 
front of the main reinforcing bars in the high-tide level zone, 2) crack development was 
clearly influenced by the concrete cover thickness, 3) there was a connection between the 
permeabil ity of the concrete and the cracking phenomena, 4) the electrical potential shifted 
from about 75 mV to 500 mV and was definitely dependent upon the qua lity and cover of the 
concrete, and 5) corrosion occurred w hen the chlorine content of the water reached about 

1.0%. 

BLENKARN, K,A. (1970) Measurement and analys is of ice forces on Cook Inlet structures. 
Preprint, 1970 Offshore Technology Conference , Houston, Texas, paper no. OTC 1261, vol. 
II , p. 365-378. 

A platform structure instrumented w ith strain gauges was used to measure ice forces in 
Cook Inlet, Alaska during the period from 1963- 1969. It was found that st ructura l loading due 
to ice pressure is less than 125 psi. Ice floe temperatures were measured and correlated w ith 
the ice pressure. Results indicated that the temperature did not strongly influence the pres
sure. Forces due to pressure ridges can be two or three times the forces of uniform floes. It was 
found that pressure ridge loading can be in the range of 60,000 to 70,000 Ib per ft of leg 
diameter. 
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BLENKARN, K.A. and A.E. KNAPP (1969) Protection of offshore structure from icebergs. U.S. 

Patent Office, USP·3,436, 920. 
This patent involves a fending system for protecting an offshore structure from icebergs. 

A medium·size iceberg may have kinetic energy of about 50,000 ft kips. To design a structure 
which cou ld w ithstand these forces wou ld present a heavy financ ial bu rden. Th ree fending 
systems are described which incorporate energy absorbing members such as crush tubes. The 
three systems are 1) a network of buoy·supported cables anchored to the ocean floor, 2) a 
spider·web system with the outer ends of the cable anchored to the ocean floor and the inner 
ends anchored to the offshore structure through) tubes and crush tubes, and 3) a protectil1g 
structure surrounding the offshore structure and attached to it by crush tubes. 

BOCK, R., F. CORDES, H.D. DUDZIAK, L. FRANZIUS, H, GROTHUES·SPORK, F. GUN

NEBORG and H. WISMER (1973) Effects of ice on structures. PIANC XXIII Congress, Ottawa, 
Canada, paper S. 11-4, p. 81·1 10. 

Ice pressure measurements were made at the Eider Dam by instrumented flat and tubular 
piles. Unconfined compression tests were conducted on sma ll cubes with loads applied 

parallel to the c·axis. Ice pressure resistance values ranged from 242 psi at - O.soC to 568 psi 
at -10°C. 

Model tests have been conducted for ice-breaking bulk ca rriers, but considerable re
sea rch is needed before ships can be designed for transporting arctic mineral resources. On 
the tidal Elbe, channel modification is proposed as a means for reducing ice problems 

associated with shoal ing and ri ver irregulari ti es. 
The use of air bubblers as a means of ice suppression is not feasible on inland waterways 

because sufficient heat is not avai lable on the bottom. However, bubbles have been used 
successfu lly to keep locks ice-free in the Hannover, Germany area for the past three years. 
The di scharge of coo ling water from power plants and industrial pl ants into channels has 
proven to be a suitab le method for combating ice. 

BOLSENGA, S,j, (1968) River ice jams: A literature review. Department of the Army, Lake 
Survey District, Corps of Engineers, Detroit, Michigan, Research Report 5-5. 

This author reviewed about 400 manuscripts, and summaries of these papers are pre
sented. The first part of thi s report covers ice jam characteristics and effects. A genera lly 
accepted method of predicting ice jam format ion is H.R. Kivisild 's criterion for Froude num
bers of about 0.08. Descriptions of frazil ice formation are given. Reg ional characteri st ics of 
ice jams for North America and Eurasia are presented, as well as ice jam effects on water 
levels and river beds. 

The second part of this report describes ice jam prevention and removal. Techn iques 

used for preven ting or removing an ice jam are ice breaking, dusting, thermal regime 
modification and explosives use. River mod ification is achieved by use of ice retention and 
diversion structures. Channel modification by removing constrictions in a river can be em

ployed to allow ice passage and preven t jam formation. 

BRANDTZAEG, A. (1971 ) Maintaining stability of a slender ore-loading pier for ships of three 

times design tonnage: Analys is and fendering. Proceedings, POAC Conference, Trondheim, 

Norway , vo l. I, p. 293-305. 
An ore loading pier at the northern Norwegian harbor of Narvik was built after World 

War II for ships in the 27,000 d.w.1. class. Today ships in the 80,000 d.w.1. class are load ing at 

the pier and concern abou t its stability in the event of a ship col li sion has resulted. Alterna

ti ves for so lving the problem were: 1) providing new la(eral support, 2) using energy
absorbing fendering, or 3) combining methods 1 and 2. The third alternative was selected 
after a preliminary analysis. 
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A dolphin was constructed at the head of the pier wi th fendering provided by Seibu VIII 
hollow rubber units. Another fendering system tested was a Cordkapp unit, consisting of 
several heavy truck lires filled w ith pieces of cut cord, strung on a steel rod and compressed 
axially to about 70% of the or iginal length. The cost of the Cordkapp was 41 % of the Seibu 
VIII but the energy absorb ing capacity is on ly 44% of the Seibu VIII. 

BRUUN, P.M. and Palmi jOHANNESSON (197 1) The interaction belween ice and coastal 
structu re. Proceedings, POAC Conference, Trondheim, Norwa y, vol. I, p. 683-712 . 

Ice piling on shores and coastal structu res is described and analyzed. Forces which 
cause pil ing of ice are w inds and currents. The shear force due to wind Tw is 

T .. = (1/3600)U,; (kgflm') 

where U •. is w ind veloci ty in m/sec. 
The cu rrent force T, is 

(kgflm') 

where Uc is the current velocity in Ill/sec. 

Field observat ions have shown that slop ing structures favor ice pi l ing, and vertica l walls 

do not favor it. Piles may reach a height of 10 to '15 m. Resul ts show that if the water depth in 
front of the structu re is geater than 6 m, the ice wi ll be forced down and wi ll not pile. At the 

ordre Rose offshore lighthouse in Denmark, where the wa ter is sha llow, ice piling has 
occurred on both sides o f the structu re w hich increases its effective width. 

CAREY, Kevin L. (197 1) Performance of the demonstra tion bubbler system, Duluth harbor, 
M innesota. USA CRREL Technica l Note (unpubl ished). 

A bubbler system was tested at Du luth harbor in March, 1971 and the water temperature 
near the system was measured over a one-month period. Before the testing began, it was 

assllmed that the temperature o f the water would drop as heat was extracted from it to melt 
ice. The test resul ts showed th at the water temperature dropped, but then rose again duri ng 
the operation of the bubbler system. It was concluded that the hea t extracted was replaced by 
heat ad vected andlor conducted into the area from elsewhere in the harbor. Based on th is 
conclusion it was assumed that a bubbler system cou ld operate for a longer time period than 
one month, and that a larger system could be successfull y operated. Three weeks' operat ion 
of the bubbler system resulted in thawed openings averaging up to 38 ft in the 2-ft-thi ck ice. 

CAREY, Kevin L. (1972) Performance of the demonstration bubbler system, Lime Island turn, 
51. M ary's Ri ver, Michigan. USA CRREL Technica l Note (unpubli shed). 

In the w inter of 197 1-72 a bubbler system was tes ted on the 51. Mary's River in Michigan. 
Water temperature measurements were made to determine the heat 1055 from the river water. 
The St. M ary' s Ri ver nea r Lime Island possesses characteristics of both a river and a lake 
because il is a large channel w ith a low flow rate (V, fUsec). 

O peration of the bubbler system produced modest results in th is quasi-river situat ion. 
Temperatu re profiles showed only sli ght increases in temperature w ith depth . This resul t 

ind i ated a lack of ava ilab le heat for melting, although it was found that heat was constan tly 
advected into the bubbler area by the river flow. It was concluded that a series of bubbler 

operations would not be successful because each successive downstream system would have 
a smaller heat reserve. 

CARIGAN, P.H. and c.L. HUMPHREY (1973) Untitled. PlANe XXIII Congress, Ottawa, 
Canada, paper 5. 1-1. p. 171-1 87. 
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A general report is given on inland waterways of the United States. Criteria for channel 
and lock improvements are discussed. The Corps of Engineers is developing on inland 
waterway systems analysis to optimize capital expenditu res. The use of simulation models as 
an aiel to waterway users in schedul ing traffic movements is proposed. 

CLARK, A.A., R.J. LACAVICH, D.N BROWN, W.K. DORNBUSCH, R.W. WHALIN and F.B. 
COX (1973) Port construction in the theatre of operations. U.S. Army Engineer Waterways 
Experiment Station, Vicksburg, Mississ ippi , Technical Report H-73-9. 

This report provides basic information on planning and construction of military ports and 
port faci l ities in moderate cl imates. It presents state-of-the-art techniques in port develop
ment. Many topics are covered, including: site selection , hydrographic surveying, ship dis
charge faci lities, analysis of the DeLong barge, fenders and dolphins, construction barges, 
pile driving equipment and dredging equipmen t. 

CROASDALE, K.R. (1970) The nutcracker ice strength tester and its operalion in the Beaufort 
Sea. Proceedings of I.A.H.R. Symposium, Reykjavik, Iceland, paper 6.4. 

Four nutcracker tests were conducted in January 1970 at the Mackenzie delta area. The 
objectives were to determine the fai lure stress of ice on a vertical cylindrica l structure and to 
record the modes of fai lure. The nutcracker device consisted of two loaeling legs 16-ft long, 
and 30 in. in diameter wi th a 1-in. wa ll thi ckness. These legs were hinged at the bottom and 
pushed apart at the top with hyd rauli c rams. Outriggers and floats enabled the device to be 
floated until freezeup. The device was designed for testing 5 ft of ice and a 600-psi nominal 
ice failure stress. All four devices and related equ ipment operated successfu ll y in the -20°F 
to - 40°F temperatures. 

DANYS, J.V. (197 1) Effect of cone-shaped structures on impact forces of ice floes. Proceed
ings, POAC Conference, Trondheim, Norwa y, vol. 1, p. 609-620. 

Descriptions of some lighthouses in the St. Lawrence Ri ver are presented, and a detailed 
description of the Prince Shoal Lighthou se is given. The modes of failure of an ice sheet on a 
structure are buckling, crushing, shear and bending. Equations are given to calculate the ice 
force for each mode. Since the flexural strength of ice is about one-third the crushing strength, 
conical structures have a considerable advantage. In addition, as the ice sheet rides up the 
slope of a conica l structure, a downward force results which increases the structure's stabi lity. 

DANYS, J.V. (1973) Effect of ice and wave forces on the design of Canadian offshore light
houses. Paper presented at Canadian Hydraulics Conference, University of Alberta , Edmon
ton, Alberta, Canada. 

The main factors to be considered for of Ish ore lighthouse design are ice and wave forces. 
The ice force occurs either as a static ice thrust or as a dynamic ice impact force. 

In Canada, concrete dams are designed lor ice loads 0110,000 Ib/ lin. ft. For ligh tpiers in 
lakes a des ign load of 25,000 Ib/lin. I t is used. (In Sweden, design loads up to 66,000 Ib/l in. ft 
of diameter are used on the west coast and loads up to 132,000 Ib/ lin. ft are used in the Gulf 
of Bothnia.) These va lues are generally based on the compress ive strength of ice, with values 
ranging from 120 psi to 400 psi. 

For the Prince Shoal lighthouse near the Gulf of St. Lawrence the governing design force 
was the force of waves. The l ighthouse was designed for 25 ft waves; however in December, 

1966, it wi thstood waves of over 30 ft. 
The Prince Shoal I ighthouse was labr ica ted of steel in drydock, floated into position and 

founded on a rock fill directly above bedrock . To prevent scouring at the base, an outer ring 
of sheet steel pilings was driven into bedrock and grouting placed between the piling and the 
base of the lighthouse. Heavy riprap was then placed around the outside of the pi ling. 
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The substructure of Canadian lighthouses has generally been of a conical shape since 
th is w ithstands considerable ice impact forces . The follow ing equation is used to calculate 
the ice force P on a structure: 

P = mnbhq 

where m = shape and contact coeffic ient, from 0.4 to 0.9 
n = slope coeffic ient, depend ing on angle 
b = projec ted w idth of the structure 
h = effecti ve thi ckness of ice sheet 
q = effecti ve compressive strength of ice. 

DAVIS, R.M. (1966) Design, construction and performance data of uti lity systems Thule Air 
Base. USA CRR EL Spec ial Report 95 , p. 49·57, AD 483678 L. 

The construction and maintenance of the dock ing fac ili ties at Thule A ir Base, Greenland 
are descri bed. A DeLon&Jiock was constructed in 195 1. It is essenti ally a barge towed into 
position and supported by steel ca issons driven to refusa l. The barge is then jacked·up onto 
the ca isson legs to a desired elevation. Each caisson is cut off at the dock surface and filled 
wi th concrete. A rock-fil led causeway wi th side slopes not greater th an 1 to 2 was constructed 
to connect the dock to shore. One problem experienced w ith the caissons is th e development 
of cracks due to thermal stresses in the steel (which has a ducti l ity transition temperature of 
59°F). At Thu le, temperatures below - 40°F occur. These cracks have subsequently allowed 
erosion of the concrete fi ll, and steel belts have been used to repair them. Another problem 
experienced w ith the dock is damage to th e barges by ships because fendering was not 
provided. 

A floating power plant was towed to Thule in 1959 and was moored in an enclosed 
basin. The rec tangu lar basin was formed by a dock and closure section w ith rock fi ll on the 
remaining two sides. The dock and cl osure section was bui lt of 40-ft-d iam steel sheet pil ing 
cells and the piling was driven to the desired grade. Each cell was fi lled w ith rock and the top 
5 ft was backf illed w ith non·frost·susceptible material. Des ign cri teria for the cell were: 300 
Ibl ft' for dock surface, ice loading of 15 kips/ft acting at mean water level, and a factor of 
safety of 2 against overturn ing and slid ing. 

DINKLA, E. and T.,. SLUZMER (1 975) Ice pressure against iso lated structu res. Proceed ings of 
I .A. H .R. Symposium , Reykjav ik, Iceland, paper 6.6. 

The effect of pressure ridges must be considered in design cri teria for structures subjected 
to them. Measurements on 14-ft-d iam cylinders in Cook Inlet, Alaska ind icate that the load 
from a pressure ridge could range fro m 1.5 to 3.6 times greater than the load from the parent 
sheet. A factor of 2.2 was adopted for design work and a safety factor of 2 was appl ied to 
arrive at a des ign load of 11 ,400 kips on a 25-ft-diameter structu re. A maximum ice thickness 
of 4 ft was also assumed. Research is needed to more accura tely determine pressure ridge 
effects. The heterogeneous nature of ridges compl icates the problem. 

DONALD William (1973) Personal communication . Carr, Donald and Associates, Toronto, 
Ontario, Canada. 

Carr, Donald and Assoc iates is a consult ing fi rm that has done preliminary surveys for 
dock sites in cold regions. They have worked on the Lost Ri ver Project in Alaska and on a 
docki ng fac il ity on Baffin Island . Construction at Lost River w ill proceed on a year-round 
bas is. O re ca rr iers are expected to operate 6 months per year for the present, w ith a projected 
operation time of 10 months for future icebreaking-reinforced ore carr iers. A DeLong type of 
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dock structure w ill be used on Baffin Island. In order to prevent the fa ilures encountered with 
the Delong dock at Thule, Greenland, a steel with a low ductile transit ion temperature wi ll 
be used for the ca isson s. 

One of the problems experienced with the construction of the wharf at Deception Bay 
was the fo llowing: after dredging for the causeway connecting the dolphins and the shore a 
hard layer was found, and it was assumed that bedrock was reached. However, when the 
rock fill was dumped on top of this layer it sank because soft silt underlay the harder layer. 
This situation necessitated additiona l rock fill and consequent delays in construction. 

EDWARDS, R.Y., J.W. LEWIS and l. BENZE (1971) An arcti c ice model basin - design, 
construction, and operating experience. Proceedings, POAC Conference, Trondheim , Nor
way , vol. I, p. 541-568. 

The design and operation of an arctic ice model basin are described. The basin had 
dimensions of 60 X 8 X 4 ft w ith refrigeration provided by a liquid nitrogen spray system. 
Models of the Wind class icebreaker and a drilling platform were tested. It was concluded thai 
the basin could successfull y model the interaction between ships, structures and ice. 

FRANKENSTEIN, G.E. (1966) Sirength of ice sheets. Proceedings, Conference on Ice Pres
sures Against Structures, l aval University, Quebec, P.Q. , Canada, 10-11 November, p. 
79-87. 

Resul ts of field tests on an arctic lake are described. Bearing capac ity tests were con
ducted for: I ) distributed loads and 2) relatively concen trated loads. A deflection profi le is 
presented for each test to show the deflection of the ice sheet at various distances from the 
load. The deflection results were compared w ith D.E. Nevel's solution' for a viscoelasti c 
plate on an elasti c foundation. Test results show that the elasti c constant increases when the 
ice temperature decreases. 

Cantilever and supported beam tests were also conducted in-situ. The flexural strength of 
the ice sheet was determined by these tests and the average va lues ranged from 2.84 to 8.19 
kg/cm'. 

FUGLUM, Arne (1971 ) Experiences from engineering works in the port of Drammen. Pro
ceedings, POAC Conference, Trondheim, Norwa y, vo l. I, p. 3 19-325. 

A description of the problems with ice and dredging in the eastern Norway port of 
Drammen is given. The use of electrica l heating wi res has proven successful in removing ice 
on dock ramps. Possible solution s to other ice problems are discussed, includ ing: use of a 
shed or thermal roof over the entire port area, locating ports in large heated halls in 
mountainsides, dusting ice to increase absorption of solar radiation, and using a polyester 
bubble over a port area to create an artificial climate. 

GAITHER, W.S. and R.E. DALTON (1969) All-weather tanker terminal for Cook Inlet, Alaska. 
American Society of Civil Engineers Waterways and Harbors Division Journal , vo l. 95 , no. 
WW2, p.1 31-148. 

The design and construction of a tanker terminal in Cook Inlet are described. The dock 
layout consists of two breasting dolphins with a loading platform between them and two 

mooring dolphins. It was designed to berth 30,000 d.w.1. tankers on a yea r-round basis and 
60,000 d.w.1. tankers during ice-free periods. 

A design ice load of 151 kips per horizontal foot was determined from an assumed ice 
cru shing strength of 300 psi. This design load is the expected 100 yea r occurrence and can 
act at any elevation in the 36-ft tide plus w ind set-up range. 

"0 . Nevel ( 1966) Time dependent deflection of a floating ice sheel. USA CRR El Research Repon 196. 
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The stru ctural steel members were fabricated from ASTM A-537 Grade A low tempera
ture steel. Pipe piles below a 12-ft water depth are of ASTM A-36 steel, since the wa ter 
temperature at this depth does not drop below 28' F. Fendering on the breasting dolphins 
consists of movable fenders automati ca ll y ad justed to be always above the water level by 
ho isting engines. 

GAITHER, W.S. and W.M. SAN DERS (1973) Arctic marine terminal fac il ities. Arc ti c Marine 
Commerce, Arl ie House Workshop, The Arctic tnstitute of North America, Washington, D.C. , 
vo l. IV, appendix D, p. 62-86. 

Stated objecti ves for thi s panel were the determination of the state-of- the-art for termin al 
technology, the determination of opportun ities and problem areas in arctic navigation, and 
the form ulation of a technology development strategy for promoting arcti c marine commerce. 
Eleven program elements are proposed to accompl ish the objecti ves, and one of the top 
pr ior ity programs invo lves design criteria development. It is proposed that research be in
itiated to determine design cr iteria for terminal facilit ies, including wharves, and offshore and 
underwater fac ilities. 

GERRITSEN, Frans (197 1) Ice problems in the Du tch rivers and estuaries. Proceedings, POAC 
Conference, Trondheim, Norwa y, vol. I, p. 582-608. 

The designs of several large projects in the Netherlands have considered problems w ith 
ice and ice discharge. A correlation of the Froude number F with the formation of ice jams on 
Dutch rivers has been done: 

F = V(gh) - I 

where V is the average stream velocity, g is the acceleration of gravity, and h is the local ri ver 
depth . Resul ts show that jams have formed w hen Froude numbers of 0.06 to 0.09 were 
reached. An electr ic analog field plotter was used to study ice floe movements through the 
estuary and river systems. 

GERW ICK, JR., R.C. (1971) Util ization of prestressed concrete in Arctic Ocean structures. 
Proceedings, POAC Conference, Trondheim, Norway, vo l. II , p. 917-933. 

The advantages of using prestressed concrete in cold regions harbor structures are pre

sen ted. Enumerated are the economy of la rge stru ctures, ease of fabricating shapes involving 

cones etc. , ductility of prestressed concrete at low temperatures, inheren t ri gid ity, freeze
thaw res istance by use of air-entrai nment, and natural vibration frequencies dissimilar to ice 
cru shing frequencies. O ne major problem of abrasion or plucking due to ice adhesion can be 
solved by use of steel armor pl ates. 

Cone-shaped concrete ca issons have been selected for a proposed offshore terminal 40 
km north of Prudhoe Bay, Alaska, in 30 m of water. The ca issons would be 85 m in d iameter. 

To supplement this termin al , a Z-shaped terminal would be used to protect a tanker from ice 
floes. 

New polymer-impregnated concrete shows promise for future construction. It has a high 

strength (1600 kg/cml ), is impermeable, and has excellent abras ion resistance. Another new 

concrete is the po lypropylene or wi re fiber reinforced type. It possesses good tensile and 
shear strength and high impact res istance. 

Gj(J) RV, O .E. (1971) Durability of marine concrete stru ctures under arcti c conditions. Pro

ceedings, POAC Conference, Trondheim, Norway, vo l. II , p. 934-943. 

Results of a comprehensive field investigation of concrete structu res in Norwegian har

bors are reported. Chemica l deterioration depends on the tricalc ium aluminate content and 
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the permeability of the concrete. A water-cemen t ratio not greater than 0.5 should be used for 
most portland cements. A sulfate resisting cement should be used for underwater construction 
to prevent an increase in the permeability. Deterioration due to freez ing and thawing in the 
tidal zone can be inhibited by the use of air-entrained concrete. 

The most seriou s problem found in the investigation was corrosion of the reinforcing 
steel. Steel corrosion was greatest on structures exposed to intermitten t wetting and drying. 

After steel corrosion and concrete spalling has occurred, changed electrolyti c cond itions 

should be considered before repa irs are undertaken. 

GOLD, loW. (196 1) Conference summary. Proceedings of the Symposium on Air Bubbling , 
Ottawa, O ntario, Canada, p. iii ·vi. 

A summary of the eight papers presented at the symposium is given. In freshwater lakes 
which are thermall y stra ti fied, wa rmer wa ter may have a temperatu re range between 32' and 

39.2' F, and will be at the lake botiom. Ai r bubbles, emitted from submerged pipes, can 
entrain th is warm water as they ri se to the surface, and thi s source of heat may prevent ice 
formation at some locations. In most rivers the flow is turbulent and a temperature difference 
of only 0.2s' F may be found between the surface and bollom. A bubbler system would likely 
have litt le effect on surface ice formation in rivers wi th flow velocities of 3 fUsec or greater. 

From theoretical considerations, the vo lume of water transported to the surface is propor
tiona l to (Z)," and (Qa)' /) where Z is the depth of the bubble source and Qa is the ai r volume 
discharged from the orifice. Field observations show that for a given total air discharge rate, 
the greater the number of orifices, the greater w ill be the vol ume of warm water placed in to 
ci rculation. 

GREAT LAKES AND ST. LAWRENCE SEAWAY NAVIGATION BOARD (1972) Survey report. 
U.S. Army Engineer District, Corps of Engineers, Detroi t, Michigan, p. 23-63. 

In order for the navigation season to be ex tended in the Great Lakes area, ice mod ifica
tion techniques w ill have to be developed. Harbor icing problems derive from the fo llow ing 

conditions : ice formed on an open lake and ca rried by w ind into a harbor, ice formed in an 
outer harbor and blown into an inner harbor form ing pancake .~", and ice formed by freezi ng 
along docks. Several ice modification techniques are suggested in th is report. Among them 
are bubbler systems, thermal check va lves (heat pipes), flow diversions, and dusting. O ne 
problem un ique to repeti ti ve passages th rough the same track in ice (experienced by ca rferry 
operators) is the fo llowing: after a track is established, ice may form overn ight and when 
broken it is thrown upon the older ice, resulting in a thickening of the ice bordering the track. 

Slight ice sheet movement may then narrow the passage requiring a new para llel channel to 
be broken. 

HAFSK)OLD, P.S. (1971 ) Design and constructi on in Norwegian port engineering. Proceed
ings, POAC Conference, Trondheim, Norway, vol. I, p. 306-3 18. 

Construction of a dolphin at the ore load ing pier at Narv ik, Norway is described. The 
dolphin consisted of a concrete ca isson bu ilt on a slipway, floated into position, and then 
gradually sunk as the wa ll s were completed to their full height. The foundat ion for the ca isson 
was a concrete slab on top of steel piles dri ven to bedrock. The caisson was grouted to the 

foundation slab and fi lled with sand. High quality concrete has proven to be a durable 
material for harbor structures. 

HULGAARD, E. and T. S@RENSEN (1971 ) Some solutions of the lateral bottom support for 
arcti c wharf structures. Proceedings, POAC Conference, Trondheim, Norway, vol. II , p. 
1262-1273. 
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The bed condition in some arctic locations consists of bare rock or a thin layer of 
sediments. This causes the problem of insufficient lateral support for wharf piling above 
bedrock. Several solutions to this problem that have been used in Greenland are described. 
The simplest solution is to fill the bed with sand or rock. Anchors, connecting the pile to an 
anchor plate buried in the backfill, have also been used. A so lution for sites w ith mild ice 
conditions is a combination of strong-points (rock filled caissons) and bridge structu res. After 
experience in wharf construction in Greenland, the conclusion has been made that a struc
ture should be as independent of bottom conditions as possible. 

HWANG, C T., D.W. MURRAY and E.W. BROOKER (1972) A thermal analysis for structures 
on permafrost. Canadian Geotechnical Journal, vol. 9, p. 33-46. 

The resu lts of a study of the thermal regime associated wi th an arctic harbor develop
ment are reported . A concrete caisson, placed on and retaining a gravel fill , was cons idered 
for the study. A finite element layout and a computer program were used to determine the 
depth of thaw of the permafrost upon which the gravel fill was placed. Boundary conditions 
were obtained from mean daily temperatures, sea water temperature profiles (wi th and with
out an ice cover), and an assumed temperature for the building which the caisson supported. 
Numerical solutions gave the depth of thaw for different time intervals up to 18 years. 

JOHANNESSON, P. and P,M, BRUUN (1971) Hydraul ic performance of rubble mound 
breakwaters; reasons for failure. Proceedings, POAC Conference, Trondheim, Norway, vo l. I, 
p. 326-359. 

An analysis of rubble mound breakwater failure is presented. Failures are concentrated 
near the lowest level of wave retreat due to drag and lift forces. The commonly used trapezoi
dal profile should be modified to obtain an improved compatibility between wave action, 
slope geometry of the structure and cover block geometry. To achieve maximum stabili ty the 
profile may be divided into three zones with different slopes. 

KOBUS, Helmut E. (1968) Analysis of the flow induced by air-bubble systems. Proceedings of 
Eleventh Conference on Coastal Engineering, London, England, vol. II , p. 1010-1031. 

The determination of vertica l velocities caused by air discharged into water through an 
orifice is approached both analytically and experimentall y. It is assumed that the velocity 

profile at any horizontal section can be described by a Gaussian distribution with a linear 
spread in the vertica l plane. Consideration of the momentum-flux increase due to the 
buoyancy of the air along with the spread of the velocity profiles makes possible a complete 
description of the flow field. Good agreement was found between the analytical and experi
mental results for the vertical velocity and the volume!f lux ratio for both a single orifice and 
rows. It is concluded that the analysis should apply to larger water depths and air suppl ies, 
allowing the prediction of the volume flux for any air-bubble system. 

KOElE,L.A, and J.P. HOOFT (1973) Some deSign-criteria for offshore structures ca rrying 
sensors and monitors for the information to large vessels. PIANC XXIII Congress, OUawa, 
paper S. 11-3, p. 73-94. 

On the Holland coast the approach channels extend far into the sea, so that an offshore 
structure is needed for sensing and monitoring information. Real time information provided 
by these structures includes wind, tidal and wave motions. 

The design of fixed and floating navigational aids used in Dutch harbors is discussed. An 
equation is given for calculating the load distribution per unit of wave ampl itude on a fixed 
pole. Graphs are presented to show the bending moment and shear stress on a pole due to 
wave action. 
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KORZHAVIN, K.N . (1971) Action of ice on engineering structures. USA CRREL Draft Transla
tion 260, AD 723 169. 

This report covers a w ide range of topics including: the na tu re of interactions between 
ice and structures, mechanical properti es of river ice, ice pressure on abutments, ice pressure 

on large stru ctures, methods of determin in g ice pressure, and the passage of ice near struc

tures. 

Strength va lues are given for ice in compression, bending, crushing, shearing and ten
sion. The compressive strength range for the northern U.S.S. R. is 100-120 tonslm' and it is 
50-70 tonslm' for the European part of U.s.S.R., while the bending strength is 90-120 tonslm' 
and 50-70 tonslm' for these two areas respectivel y. 

The equation used for calculating the maximum pressure P exerted by a large ice field on 
a pier is 

P = K,P.IJ 

where bo is the pier width , and h is the ice thickness. K. is a coefficient equal to 

K, = (2.5R,mklv" ') 

where R, is the ice compressive strength, m is a shape coeffic ient, k is a contract coeffic ient, 
and v is the floe velocity. 

KRAUSS, Frederick E. (1973) Pneumatic technique for buoyant caissons. American Society of 
Civil Engineers Journal of the Waterways, Harbors and Coastal Engineering Division , vol. 99, 
no. WW1 , p. 19-26. 

Placement of steel caissons using a compressed ai r system to control si nking is di scussed. 
Careful control of lowering or raising a ca isson is possible by regulating the air in the 

buoyancy tanks which are an integral part of the caisson. Icing deterrents used on caissons 
are wood screens and rubber-coated metal screens. 

KRAY, Casimir J. (1973) Design of ship channels and maneuvering areas. American Society 

of Civil Engineers Journal of the Waterways, Harbors and Coastal Engineering Division , vol. 
99 , no. WWI , p. 89-110. 

The following fac tors influence the design of ship channels: 1) the controllabil ity of 

ships, 2) the human element, 3) external forces such as wind s, waves, currents, and passing 
ships, 4) the optimum direction of entrance channels, 5) turns in channel direction, 6) the 
channel width around turns, and 7) the dimension of maneuvering areas. Research is needed 
to develop an optimum channel geometry considering these factors. Model studies and 
simulation tra ining are required to arrive at reliable design criteria. Larger vessels will be built 
in the future because of the principle that an increase in length reduces the water resistance 
per ton of displacement for a given velocity. 

MAGOON, O.T. and Nobuyuki SAIMIZU (1971 ) Use of dolos armor units in rubble-mound 

structures e.g. for conditions in the Arctic. Proceedings, POAC Conference, Trondheim, 
Norway, vol. II, p. 1089-1108. 

For design waves greater than 30 ft, concrete blocks are relatively more stable than 

stone. Dolos armor units have been used successfully for design waves of 40 ft breaking 
directly on the structure. They have also been used in northern orway wi th no major 

problems. 
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MCINTOSH, I .A. (1972) Fol low-the-wire marine aid to navigation system: Report on an 
initial demonstration installation . Office of Research and Development, U.S. Coast Guard 
Headquarters, Washington, D .C., Project 726450. 

In order to demonstrate high accuracy navigation in ice-covered rivers and channels, a 
fo llow-the-wire system was tested on the Muskegon Channel, Michigan. The system consists 
of an energized cable laid on the channel bottom, and sensing coil s and displa y equipment 
mounted on the ship. The cable's magnetic fiel d induces vol tages in the sensing co il s which 

are used to generate an ellipse on the face of a cathode ray tube. The relat ive location of the 
ship to the cable is shown by the tilt angle of the ellipse. Results ind icate that the system is 

reliable, accurate and inexpensive. 

MICHEl, Bernard (1970) Ice pressure on engineering structu res. USA CRREL Monograph 
III-B I b, AD 709625. 

Some of the major topics discussed in th is report are: static ice forces due to an expand
ing ice sheet, impact loading, and vertica l forces exerted by ice on structures. For a static ice 
thrust, Canadian engineers use design val ues between 10 and 15 kipslft for rigid structures 
and 5 kips/ft for flexible structures. 

For impact load ing, des ign va lues are given as 400 psi for compressive strength , 200 psi 
for flexural strength, and 120 psi for shear strength. Formu lae are presented for finding the 
impact loads on stru ctures for va rious ice floe sizes, types of fa ilure, and stru cture geometries. 

A verti ca l force is exerted on a hydrauli c stru cture if the water level fluctuates. A formula 
given for finding thi s load is 

P = sLtlH(2)1 

where P = load on stru cture, Ibl ft 
s = foundation modu lus, 62.4 Ibl ft ' 

tlH = water ri se, ft 
L = radius of re lati ve sti ffness, ft. 

The vertica l force transmitted to a structure may be limited to the strength of adhesion of 
the ice on the structure material. Some ice adhesion va lues are given, but there is considera
ble scatter in the experimenta l resu lts. 

NEILL, C.R. (1970) Ice pressure on bridge p iers in Alberta, Canada. Proceedings of lAHR 
Symposium, Reykjavik , Iceland, paper 6. 1. 

Bridge piers on I'wo centra l Alberta ri vers were instrumented to measure ice forces during 

sprin g breakup. The ice force was measured by the reaction of a simple beam located on the 
upstream side of the pier. Over a four-year period unit pressures in the range of 100 to 160 psi 
have been obtained. This range is based on ice thicknesses of 1.5 to 3 ft. 

An analysis was performed to determine the ultimate strength of five old piers sti ll 

standing. Based on an ice thickness o f 3 ft , the estimated ice pressure that would cause fai lure 
ranged from 120 to 250 psi. Severa l suggestions are offered for those plann ing similar field 
testing. 

NEVEl, D.E. (1966) Li fting forces exerted by ice on stru ctures. Reprin t from Proceedings of 

Conference on Ice Pressures Against Structures, Lava l University, Quebec, P.Q., Canada, 
10-11 November 1966, USA CRREL M iscellaneous Publication. 

Consideration is given to the force that a floating ice sheet connected to a struc tu re w ill 
exert on that structure when the wa ter level is increased. Equations are developed for ca l

culating this force when there is cylindrica l bending of the ice sheet near a long structure and 

14 



symmetrica l bending near an iso lated pile. Formu lation of the so lution provides for an in
crease in water level. Thi s increase is composed of a linear combin ation of ramp functions of 

time w ith w hich any function can be approximated. 
An analys is is also presented of thermal stresses in a floa ting ice sheet when the ice is 

considered viscoelasti c. Equations are given for calculating the force that an ice sheet can 
exert on a structure due to thermal stresses. 

NEVEl, D.E., R.E. PERHAM and G.B. HOGUE (1972 ) Ice forces on verti cal piles. Army 

Sc ience Conference Proceedings, vol. III , U.S. Military Academy, West Point, N.Y., June, p. 
104-114. 

Laboratory tests were conducted on sea water ice to determine its failure strength and the 
mode of failure. Variou s shapes of verti ca l piles w ith w idths ranging from 4.5 to 36 .7 in. were 
used. The piles were pushed th ro ugh the ice w ith a hydraulic ram to simulate the colli sion of 
a moving ice sheet and a pile. The ice thi ckness range was from 3 to 8.4 in . and the ram speed 
range was from 0.09 to 19.7 in .lsec. 

The nominal ice pressures obtained from th e tests ra nged from 60 to 600 psi. The 
predominant mode of fa ilure was crush ing, although some buckling and bending modes were 
also observed. 

NUTTAL, J. and loW. GOLD (1966) Model study of ice pressures. Proceedings, Conference of 
Ice Pressures Against Structures , Lava l Univers ity, Quebec, O nawa: National Research 
Council of Canada, Technical Memorandum No. 92 , p. 125- 130 . 

For ca lcu lating the force that ice w ill exert aga inst a structu re, a value of 400 psi for the 
crushing strength of ice is commonl y used. Tests were conducted to determin e if ice could 
sustain a stress of 400 psi. Blocks of co lumnar-gra ined ice were loaded in a biaxial stress 
state. The axes of the gra ins were perpendicular to the appli ed load. Test results showed that 
ice can sustain a stress of 400 psi for apprec iable periods. 

OBERMAN, loS. and A.T. ROSSELLI (1973) Untitled . PIANC XXIII Congress, Onawa, Canada, 
paper S. 1-6, p. 257-280. 

Port des igns are changing due to the use of container ships w ith RO-RO (Roll -on, 
Roil-off), LAS H (Lighter Aboard Ship), O BO (O il /Bul k/Ore), and 00 (Oil /Ore) bulk ca rgo 
carriers. The current pattern in ship building is toward larger ships, which necessitate offshore 
mooring installations because of insu fficient draft in many world harbors. O ne important 
decision for the des ign of offshore terminals is whether berthing structures should be of fixed 
or variable heading. The type of ca rgo affects the design dec ision, since the use of pipelines to 
transfer ca rgo permits greater ship movement. 

OLSEN, c.P. (197 1) Des igns for the construction of harbours in Holsteinborg and Jul ianehab, 
Greenland . Proceedings, POAC Conference, Trondheim, Norway, vol. II , p. 1274-1 284. 

The des ign and construction of breakwaters and wharves are described. Several d ifferent 
wharf des igns are detai led, each corresponding to a di fferent need and geologi cal formation . 
Steel sheet piling is used w ith tie rods and anchor blocks and w ith rock and sand fill. At one 

wharf. a quarry rock and gravel berm was constru cted at the foot of the piling on the channel 
side. This was necessary to stabili ze the footing because of a soft si lt layer overly ing the 
bedrock. 

A superstructure of wood on the steel sheet p iling has been used on some of th ese 

wharves. The use of wood el iminates corrosion, w hich is about 0 .3 mm/yea r for steel in 
Greenland . The superstru cture consists of piling of trop ica l hard wood (basralocu,), pl aced 
on top of the steel sheet piling. Thi s type of wood is ro t and marine bore resistant. 
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PAIGE, R.A. (1969) M cMurdo ice wharf - physica l characteristics and criteria for protection. 

Naval Civ il Engineering Laboratory, Port Hueneme, Cal ifornia, Technical Note N·1 030. 
Shore·fast ice has been used successfull y si nce 1964 as a wharf for unloading ships at 

McMurdo Sound, Antarctica. Damage and deterioration of the wharf has been caused by ship 
wastewater discharge. wave action and meltwater runoff. A protective dock is pl anned for the 
ice wharf. The design consists of a vert ica l dock face extending from 10 ft above sea level to 
20 ft below sea level. It w ill be supported by beams placed on the wharf surface and welded 
to piling set in the ice wharf. It is bel ieved that interna l temperatures of the ice wharf are 
sufficientl y low to prevent further deterioration after the protective dock is in place. 

PARFENOV, A.F., V.V. BALANIN and L.V. IVANOV (1973) Effect of ice on ships and stru c
tures and maintenance of their operation at sub-zero air temperatures. PIANC XXIII Congress, 
Ottawa, paper S. 11-4, p. 165·200. 

Ice problems on Russ ian waterways are described along w ith ship ic ing. Preven tion of an 
ice cover on waterways has been done by several methods. Bubbler systems have been used 
successfully, and empirical relationships are presented for predicting their effecti veness. The 
use of a canal as a cooling pond for electric generat ing plants appears to be a promis ing 
method of ice suppression. Experiments with ant ifreeze films and foami ng compounds for 
water surface insulation have been performed. Resu lts show that a film can be maintained for 
on ly a short time and is inefficient at low temperatures. A po lystyrene floating collar has been 
used to prevent adfreezing of ice on pilings. 

For preventing pack ice from en tering a port, one proposed design is to place a row of 
floats, anchored to the bottom to act as a boom, at the harbor entry. Ship passage is permitted 
by pushing the floats aside; then they return to their in itial position after the ship has passed. 
O ther proposed ice prevention methods include using exhaust gases from aircraft-type gas 
turbines and placing electric heating floa ts along lock wa ll s. 

PAUL, M.W. and W.F. BAIRD (197 1) Discuss ion on breakwater armour units. Proceedings, 

POAC Conference, Trondheim, Norway, vol. II , p. 1109-11 35. 
A 3400-ft rubble mound breakwater was constructed for the harbor at Cap aux Meules in 

the Gul f of St. Lawrence. Th e inner 1400 ft was armored w ith loca l quarry stone, the next 
1 SOO ft w ith 4-ton dolos uni ts and the fi nal 500 ft w ith 6-ton dolos units. The mound has side 
slopes of 1: 1 \I, on the seaward side and 3:4 on the harbor side. 

The dolos units were made of concrete specified to produce a compressive strength of 
4500 psi after 28 days. Air-entrained concrete was used but reinforcing steel was not. No 
effect from ice forces was found on the breakwater mound after a usual w inter wi th the 
occurrence of ice sheets up to 2 ft thick. 

PETRUNICHEV, N,N. (1972) Dynamics of ice pressure on hydraulic structures. Draft Transla
tion 310, AD 73781 5. 

Equa tions deve loped by other authors for predicting the ice impact force on a structu re 

are analyzed. It is pointed out th at th ese equations are very indefinite. The author presents the 
fo llow ing express ion for predi cting the ice impact force on a structure: 

where P = ice impact force 
b = structure width 
h = ice th ickness 
Ko = experimentally determined coefficient 

T max = maximum shear stress. 
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It is recommended that the field tests be conducted to verify th is expression. It is further 
recommended that laboratory tests must consider the criteria of simi larity to field application. 

PEYTON, H .R. (1968) Ice and marine stru ctures, part 3. Ocean Industry, vol. 3, no. 12, p. 
51-54, 56, 58, 60. 

Two examples are given for the design of a marine structure in an ice-covered ocean. 
The first gives three alternatives for the design of a small boat harbor. The second considers 
the ice forces against a permanent offshore drill ing platform . A location assumed for the 
platform is the Continental Shelf where the tidal range is 10ft, the 100-year recurrent ice 
thickness is 40 in ., and where pressure ridges are known to occur. 

The ice wi ll fai l in a cru shing mode on a verti ca l pi le. A maximum stati c ice force was 
found by multiplying the ice strength by the pile wid th and the ice thickness. The ice strength 
value used was 475 psi. Thi s va lue is about 50% of the strength found from small-sized 
compression tests, but represents the actual force that a large ice floe w ill exert upon a 

stru cture. A total design ice loading of 2.3 x 10' Ib/ft was ca lculated. The loading due to 
pressure ridges is assumed to be double the force due to an ice sheet. 

Ice will fail in a bend ing mode on a con ica l structure. An analysis done by D.E. Nevel is 
used for the consideration of a bending failure. The analysis shows that failing the ice in 
bending wil l require much less force than in compress ion. 

PORTLAND CEMENT ASSOCIATION (1946) Depositing concrete under water and in deep 
foundations. Concrete Information , New York: Portland Cement Assoc iation, Report 
IS0022.02B. 

Methods and specificat ions for placing concrete under water are presented in thi s report. 

The use of tremie tubes is described. Concrete should not be placed in water below 35°F 
because it w ill harden very slowly, and the temperature of the concrete should not be above 

80°F. Buckets with a drop-bottom or roller-gate opening have been used to place concrete at 
depths of 240 ft below water level. 

QUALE, Hartvig (197 1) Examples of some special poin ts, which we consider important in 
Norway for design and construction of concrete quays under arcti c conditions. Proceedings, 
POAC Conference, Trondheim, Norway , vol. I, p. 381-391. 

Quays in Norway are usuall y made of concrete resting on piles or pillars. Underwater 
concreting is done with tremie pipes. Steel pipe-piles are driven to bedrock, fil led with 
concrete and used for founding docks. Reinforced concrete prefabricated quay slabs are used 
for dock constru ction . Giant concrete caissons are being built to store oi l and serve as 

offshore tanker terminal s. 

REINIUS, E., S. HAGGARD and E. ERNSTSO NS (197 1) Experiences of offshore lighthouses in 
Sweden. Proceedings, POAC Conference, Trondheim, Norway, vo l. I, p. 657-673. 

Li ghthouse construction in Sweden employs a telescopi c method. First the bottom ca is
son is bui lt in drydock, and then the superstructure is constructed as a separate ca isson. O nce 
thi s caisson set is floated into position, the inner ca isson is lifted by jacks and pumping water 
into the space between the two caissons. Then the bottom caisson is founded by filling it w ith 

sand and gravel. A temporary wa ll , or cofferdam, is placed around the bottom ca isson to 

provide stability during towing and sinking. 
Design spec ifications for severa l Swedish lighthouses are given. The Svenska Bjorn 

I ighthouse in the Baltic Sea was designed for 14-m waves producing a force of 3800 tons and 
an assumed max imum ice force of 4000 tons. Model tests were conducted for the wave 

forces. Tests showed that a balcon y on the tower wi ll prevent wave run-up and spray which 
cou ld prove problemati c in the winter when ice cover on the tower could result. 
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Design ice loads vary from 50 to 100 tons per meter of diameter of l ighthouses on the 
west coast of Sweden, to 150 to 200 toes per meter for those in the northern Gulf of Bothnia . 
The tower of the Nuggram lighthouse was broken in 1969 when pack-ice cau sed a calcu lated 
bending moment of 800 ton-meters. In thi s case, the applied moment because of the ice 
th ickness was higher than designed for. 

REKONEN, Timo (1973) Effects of ice on nav igation and on navigational ai ds. PIA NC XXIII 
Congress, Ottawa, Canada, paper S. 11-4, p. 45-62. 

A description of the ice formation along th e coast of Fin land is presented. Properties of 
the ice, including thickness, salt content, strength and temperature are al so given and the 
effect of ice on w inter navigation is expla ined. Variou s navigationa l aids are descri bed , 

including radar and radar reflectors (Racon ). 
Des ign criteria for channel beacons founded in water are given. Lighthouses made of 

re inforced concrete have been the most common type, and a conical-shaped structure at the 
water line has been favored because of reduced ice forces in bending. h Vn cver, for eco

nomic reasons the la test designs are cylindri cal. Tests have shown that ice loads decrease 
considerab ly to the pl 'nt where structure diameter and ice thi ckness are equal. An ice force 
of 150 tons/m has been safeiy applied in design ing ca isson type lighthouses in Bothnian Bay. 
A safety factor of 2.95 against overturn ing has been used, and des ign ice loads for inland 
waterways are considerably less at 7 ton s. The fol lowing equation is given for determining ice 
forces F under variable ice thicknesses and structure diameters: 

F = Khbq 

where K = coeffic ient in which the shape and size of structure in relation to ice thickness is 
considered 

h = ice thickness 
b = diameter of stru ctu re 

q = compress ive strength of ice at a given temperature. 

The coefficient K has va lues ranging from about 0.7 to 2.2 for corresponding h/b values of 0.2 
to 2.0. A val ue of K = 0.67 is generally used for a cylindri ca l structure, when h/b is less than 
0.2. 

RIVER AND HARBOR PROJECT (1971) Duluth-Superior harbor. U.S. Army Corps of 
Engineers, St. Paul , Minnesota, p. 66-67. 

Detail s of breakwaters, piers, and pierheads are presented. Typi cal rubble mound 

breakwater construction has a slope of 1: 1 'I, and has a cap of 10 ton stone. Piers and 
pierh eads bui lt in 1904-07 were made of con crete and placed on driven timber piles. In 
1958, steel sheet pi ling was dri ven near the side of the piers and backfil led w ith concrete. 
Th is was done to prevent undermining at the base of the pier. 

ROSS, B., S. HANAGUD and G.S. SIDHU (1971) Ice floe offshore platform interaction. 

Proceedings, POAC Conference, Trolldheim, Norway, vol. I, p. 674-682. 

Thi s report anal yzes the problem of ice forces 0 11 a rigid pil e. Governing equations are 
developed for a dynamic plane stress treatment of the problem. A numerical solution is 

obta ined by use of computer programs which yield complete stress fiel ds in the ice and forces 
on the pil e. 

SAUNDERS, T.F. and M. TlMASCHAEFF (1973) Ice effects on planning, design and operati on 
of a major oi l terminal. PIANC XXIII Congress, Ottawa, Canada, paper S. 11-4, p. 5-1 9. 

Construction of a w harf on the SI. Lawrence River nea r Quebec City was completed in 
1970 to receive tankers up to the 100,000 d.w.t. class. The wharf layou t consists of three ice 
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deflector cell s, each 79 ft in diameter, aligned perpendicularly to the channel, and four 
berthing cells (also 79 ft diam) loca ted downstream of and parallel to the channel. For the 
structural analys is the equi va lent of an ice floe wi th a thickness o f 15 ft and a weight of 
700,000 tons was assumed . A dynamic impact ice strength of 200 psi and a static short 
duration ice strength of 400 psi were used in ca lculating the design loads. Th e deflector cells 
were designed for an ice thru st o f 9,000 kips and the berthing dolphins were des igned for a 
load of 6,500 kips. Other factors, such as waves, w ind and berthing forces proved to have 
little influence on the structural design. A safety fac tor of 2.0 was applied against slid ing and 
overturning. 

Cell construction consisted of a peripheral concrete wall and internal diaphragms for 
stiffeners. Outside wa ll s were thickened on the inside where high poi nt loading was ex
pected. Base pressures up to 10 ton s/ft' were allowed in the design. Cell construction was 
started in a drydock up to a height of 15 ft; then the cells were floated to their fina l position 
and pouring continued unt il the 90-It-high structu re was completed. The cell s were placed on 
a graded rock mattress which dispersed the load over the channel bed. The cells were fil led 
w ith granular material and water. 

The use of float ing 12-ft-diam pneumatic rubber fenders has proven to be successful. 
They are equipped w ith a lilting mechan ism for raisi ng when not in use. All-year operation of 
the wharf has been demonstrated. The deflector cel ls have performed as expected in splitting 
floes and rotating them away from the dock. 

SCHWARZ, Joachim (1970) The pressure of floa tin g ice-field s on piles. Proceedings of IAHR 

Symposium , Reykjav ik, Iceland, paper 6.3. 
An investi gation was conducted to determine the ice pressure on marine structu res. 

Laboratory tests were done to determine the compress ive strength of fresh water ice and salt 
water ice. The temperature dependence of fresh water ice strength was found to be abou t 4.5 
kg/cm' ' C, and for sa lt water ice it was about 2.5 kg/cm' 'c. Field tests were done to measure 
the ice pressure on a pile by instru menting the pile w ith 50 pressure cell s. The results of these 
tests enabled the fo llowing equation to be proposed to determine the maximum pressure P of 
floating ice- fields on piles: 

P = [(0.5 )(0.66)(CT"'8) + 0.35" (TL - T",) + 12. 5(n - 0.15)] hb 

where 
0.5 
0.66 

= coeffic ient of contact 
= coefficient of form (pile diameter = 60 cm) 
= compress ive strength of ice at O' C and 

deformation rate of 3 x 10 -) sec -, 

0.35',,(TL - T", ) = influence of temperature 

" Tt 

Til' 
0.35 
12.5 (n - 0. 15) 

n 
h 
b 

= temperature factor 

= average temperature of last 24 hours 
= water tempera ture 

= fac tor to obtain mean ice sheet temperature 
= influence of thickness in proportion to width of pile 
= thi ckness of ice/width of p ile 

= thi ckness of ice 
= width of pile. 

SHADRI N, G,S, and D.F. PAN FllOV (1972) Dynamic pressure of ice on hydraulic structures. 
USA CRREl Draft Translation 348, AD 741874. 
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Equations are developed for predicting the ice force on both verti ca l and sloping struc
ture surfaces. For vertica l wa lls, an equation proposed by Petrunichev (1972) is used, w ith 
coefficients proposed by the authors for different geometries . The fa ilure mode for ice on 
vertical wa ll s is assumed to be crushing and on sloping surfaces it is assumed to be bending. 
An express ion is given for predicting the ice force on a slop ing surface, which was deri ved 
from the so lution of the equation for bending of a plate on an elasti c foundation . 

SHERMAN, T.A. (1969) The economics of shipping in polar seas. The Polar Record, vol. t 4, 
no. 91, p. 479-487. 

The author describes the background of shi pping in the Arctic and analyzes its economic 
structure. O n a cost per ton-mile basis, onl y a pipeline is a more economica l mode of 
transportation than an ocean fre ighter. Dri ft ice presents a primary hazard to navigation in 

polar and sub-po lar waters. W here large ice masses are present, the greatest da nger ari ses if a 
shi p is caught fast and is subsequently crushed by pressu re waves w ithin the ice sheet caused 
by curren ts and w ind s. 

A financial analysis is presented to determine the prof itabi lity of po lar shipping; the costs 
of construction, insurance and other operatin g expenses are considered in thi s ana lysis. The 
return on investment for an ice strengthened ship was found to be 21 %, whi le for a sh ip 
which is not strengthened the return on investment is negligible. It is concluded that polar 
shipping w ill increase as icebreaking freighters are buil t. 

Sill DES, George C. (197 1 ) Project feas ibi I ity report for a dock faci I ity at St. M ichael, Alaska. 
The Division of Water and Harbors, Alaska Department of Public Works, Juneau, Alaska. 

It is recommended in this report that a dock be constructed at St. Michael, Alaska, on the 
south shore of Norton Sound. The proposa l is for the docking of lighterage barges only. The 
dock would consist of two steel barges, one 150 ft long by 50 ft w ide, the other 125 ft long by 
35 ft w ide. These barges would be secured in pl ace, th e longer one parallel to shore and the 
other projecting seaward from the beach, forming an L-shaped dock. Thi s type of dock has 
been used at Kotzebue, Alaska for years and is presentl y in use at Prudhoe Bay. It is recom
mended that steel sheet piling be eventuall y pl aced at the seaward side of the ba rges to 
protect them from sea action and to prov ide a more suitable pier face. 

SORENSEN, A.H . (197 1) Dredging system s and th e bas ic dredge laws. Proceedings, POAC 
Conference, Trondheim, Norway, vol. I, p. 872 -888. 

Dredging by use of a pump is discussed and analyzed. Dredging effic iency and produc
tion equations are presented. Production is limited by: 1) suction cond itions (barometric 
head), 2) pump horsepower ava ilable (discharge heat requirement), and 3) velocity (convey
ing capac ity). 

STAGG, Robin P. (197 1) Fi xed offshore platforms in the Arcti c Ocean. Proceedings, POAC 
Conference, Trondhe im, Norway, vo l. II , p. 1054-1062. 

Des ign loadings for marine structures in the Arcti c Ocean are discussed . Wave forces are 

a significant des ign consideration. Ice w ill impose primary lateral load ing either as pack ice 

w ith pressure ridges, ice islands, or bergs. In some areas, load ings due to seismic activity must 
also be considered. Because of vary ing ice conditions, des ign loads may be un ique for each 
given location. 

It is not believed th at a mat foundat ion, used for massive li ghthouse structures, wi ll be 
capable of res isting overturning uplift in the Arctic Ocean. Greater res istance must come from 
the mass of the structure, which w ill probably require pile support. These pi les may, however, 
act as conductors for thawing perm afrost found in some offshore loca tions. A proposed 
solution is the use of refrigerants in the pile-well cas ing annuli to act as thermal piles. 
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STRAUMSNES, A. and P. BRUUN Cl971) Comparison between spray and splash at some 
typica l permeable coastal structures and the in fluence of ice floes deposited on these struc
tures on spray and splash quantit ies. Proceedings, POAC Conference, Trondheim, Norway, 
vol. I, p. 713-723. 

This paper reports the results of labora tory tests w ith models of three kinds of sea wa ll s 
(the model sca le was 1 :30). The three wall types were: I ) straight rubble mound, with a block 
weight of 8 tons, 2) rubble mound with a berm, with a block weight of 8 tons, and 3) vertica l 
permeable cri b, wi th a block weight of 3.8 tons. 

Spray caused by wind and wave action was measured beh ind the three designs with and 
without ice floes on the water. When the wave height was large compared to the heigh t of the 
structure, the cr ib was the least favorable design. When the wave height was sma ll compared 
to the structure height, the crib was the most favorable design. 

TASK COMMITTEE ON HYDROMECHANICS OF ICE, COMMITTEE ON HYD
ROMECHANICS OF THE HYDRAU LI CS DIVISION (1974) River ice problems: A state of the 
art su rvey and assessment of research needs. Journal of the Hydraulics Division, American 
Society of Civil Engineers , vol. 100, no. HYI , Proc. paper 10281, p. 1-1 S. 

A Task Committee on the Hydromechanics of Ice was formed to consider engineering 
problems associated with river ice. The highest research priorities in the comm ittee's report 
were attached to the following: I ) formation processes of river ice, 2) ice jams, 3) ice forces, 
and 4) heat exchange process and the effects of therma l enrichment. A discussion of each 
topic is given in the report. 

In the discussion on the formation processes of river ice, several areas are mentioned 
where research is needed. Among these are: prediction of the da tes of freezeup and breakup, 
formation of frazi l ice and accumulation of floating ice. Research to gai n a better understand
ing of the formation process of ice jams is also needed so that preventi ve measures may be 
taken. The following ice forces are discussed: forces exerted by floating ice sheets, forces of 
fragmented ice accumulations and forces exerted on moving vessels. Under the discuss ion on 
thermal effects, research needs center on the documentation of natural therm al regimes and 
on the effects of th ermal effluents. 

Several other problems are discussed including ice formation on submerged surfaces, 
friction factors, sed imen t transport in rivers with ice and ice at navigation locks. 

TAYLOR, W.H. (1965) Concrete technology and practice. New York : American Elsevier 
Publishing Company, p. 135, 249, 423-424. 

Several underwater concreting methods are described and specifi cations given. Tremie 
tubes are used for large volumes of concrete. The tubes are charged by inserting a bag fi lled 
w ith straw at their top; then water is expelled from the bottom as concrete pushes the bag 
down the tube. The discharge end of the tube is buried in the newly poured concrete, while 
the tube is kept ful l of concrete by a hopper above the water surface. Typica l tube sizes are 
3-ft, 6-ft, and 12-ft lengths wi th 6-in. to I O-in. diameters. Tremie tubes are usually placed on 
8-ft to 16-ft centers and raised vertica ll y, but not moved laterally. 

Air-entrained or plasticized concrete can be used to fac il itate placement and improve 
compaction. Two add itional advantages of delibera te air-entrainment are a reduction in the 
capillary structure of the concrete, and an appreciable reduction in the cap il la ry forces which 
cause water to be drawn into the concrete. 

TEESON, Douglas H. (1971) Corrosion protection for steel surfaces exposed to moving sea 
Ice. Proceedings, POAC Conference, Trondheim, Norway, vol. II, p. 948-964. 
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The control of steel corrosion on icebreakers and offshore structures is discussed and 
recommendations are given. The strength of steel structures in arctic waters is reduced by ice 
abrasion and corrosion. Pitting of the steel su rface is dangerous because cyclic loading near 
areas of concentrated stress can lead to catastrophic failure. 

Oxygen performs a major part in the corrosion mechanism. Areas on a steel pile closest 

to the surface, where oxygen is more available, act as cathodes to speed corrosion reactions 
in deeper areas. This is a possible explanation for an increase in corrosion with depth in the 
tidal zone reported in Cook Inlet, Alaska. Ice may also be an important factor in the corrosion 
mechanism because it prevents the accumulation of corrosion products which slow the 
reaction rate. 

Inorganic zinc is considered the best protective coating for most applications. Other 
materials that have been used are: neoprene, vinyl plast ic, concrete, nickel-copper alloys, 
stain less steel and a remote-anode impressed current system. 

THE GREAT LAKES-ST. LAWRENCE SEAWAY W INTER NAVIGATION BOARD (1973) Sec
ond annual report. U.S. Army Engineer District, Corps of Engineers, Detroit, Michigan, p. 
58-59. 

Six ice buoys were tested in the winter of 1972-73 by the u.s. Coast Guard. Various sizes 
were used to determine the optimum cost ratios, ice forces experienced, handling capability 
and ice accumu lation on the superstructure. 

Three buoys were deployed in the St. Mary's River area. One of these was 9 ft in 
diameter and 20 ft long, with a conical base, The sloped surface of the base enabled the buoy 
to ride up to the ice surface under high ice forces, reducing the force on the anchor. Th e 
second buoy was cylindrical , 9 x 32 fI and the third buoy was an octagonal discus type, 16 ft 
in d iameter with a shallow draft. The third buoy had sloping sides to allow it to ride up to the 
ice surface under ice pressure. Each mooring chain to these buoys was equippa l with a 
recording tensiometer so that the ice forces cou ld be determined. 

Three cyl indrical buoys 5 fI in diameter anell8 ft long were deployed in the Detroit and 
St. Clair Ri vers. Ice accumulation on the superstructure causeel problems with stabi lity in 

these areas. 
Test results indicate that the buoys successfull y maintained their position in ice, and 

were detectable visually and on radar. Information to date indicates that a viable ice buoy 
system can be used for all-year navigation. 

THURSTON, E,F, (1973) Personal communication. Asbestos Corporation Limited, Montreal , 
P.Q., Canada. 

A wharf w as completed in 1972 at Deception Bay on the Hudson Strai t, (approximately 
62"N lati tude and 75°W longitude) which serves as a shipping point for the Asbestos Corpora
tion's Ungava Plant. The wharf cons ists essentia lly of three 40-fl-diam cel ls of steel sheet 
piling, driven to refu sal in abou t 45 ft of water. The cells were iilled with rock with a 
maximum size of 10 in. and connected to the shore by causeways with slopes of 1 verti ca l to 
2 horizontal. Protection of the causeway was done wi th riprap consisting of one-ton rocks. 

Ice th ickness at spring breakup is expected to be about 4 ft. Design criteria for ice loads 

were the fo llowing: 1) 60 kips per linear foot of wid th on a continuous face, plus 1000 kips 
concentrated force on the stru cture, 2) 75 kips per linear foot of width on iso lated piles. The 
wharf was des igned to w ithstand forces from 12-ft waves and from berthing and mooring of a 

50,000 d.w.t. ore ca rrier. 
Bollards of SO-ton capacity were installed on the cell s. One capstan of to-ton capacity 

for each of two bollards was also installed, Floa ting inflated-bulb type rubber fenders were 
proposed for use on the wharf. 
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The two major problems in the constru cti on of the wharf were: 1) the short construc tion 
season (about four mon ths), and 2) the presence of underwater soft silt overlain by a harder 
layer l im ited the ava il able location and caused di fficulties w ith dredging. 

A recommendation for research is the use of the ice as a platform for dredging, driving 

piles, etc. This cou ld be particularly useful considering the shor t construction season. 

TOBIASSON, W ayne (1970) Deterioration of structures in cold regions. Proceedings of the 
Symposium on Cold Regions Engineering, University of Alaska, College, Alaska, vol. 2, p. 

426-448. 
Rupture of the steel ca issons supporting the Delong dock at Thule A ir Base, Green land is 

d iscussed. The concrete ba llast fi ll ing the caissons contains en trapped water w hich freezes 
and induces stresses in the steel. The teel used is brittle at low temperatures and the freeze

thaw cycle caused by daily tides resu lted in rupture. 

TRYDE, P. (1973) Forces exerted on structu res by ice floes. PIANC XXIII Congress, O ttawa, 

Canada, paper 5. 11-4, p. 31-3 4. 
In this paper, theory is developed for analyzing the force that a moving ice floe w ill exert 

on various structures. The types of stru ctures are : vertica l piles, bridge piers (both vertical and 

vertical-wedge), inclined wedges, and breakwater faces, both verti ca l and inclined. A govern

ing equation is obtained by appl ying a force balance on a drifting floe, and an energy 
.equation is used to determine the penetration of the fupture force. A numerica l so lution 

employing a computer program is obtained for these equations. 

TYLER, Ivan l. (1964) Concrete in marine environments. America n Concrete Institute Publi 

ca tion, SP-8, p. 1-7. 

It is necessary to adhere to the usual recommenda tions for producing high quality 
concrete when concrete is used in marine structures. Four additional recornrnendations are 

given: 1) high impermeab ility concrete must be used in freez ing cl ima tes to delay satura tion 

of the cement paste and reduce damage due to fros t, 2) air entrainment is a necessity to 

reduce the rate of sea water penetrati on, 3) the depth of cover over rein forcing steel should be 

at least 2 in. and preferabl y 3 in. , 4 ) for cement of high trica lc ium aluminate content, a 

moderate sulfate resistance is recommended. 

U.s. ARMY COASTAL ENGINEERING RESEARCH CENTER (1966) Shore pro tection, plan

ning and deSign. Technica l Report no. 4, Third Edition, Washington, D.C., p. 302-303. 
Ice forces are described and design loads due to ice forces are given. The maximum 

probab le pressure produ ced by ice forma tion in a confi ned area is 30,000 Ib/ in. ' Structures 
subject to forces due to floating ice shou ld be designed to wi thstand ice pressures from 10 to 

12 ton/ft'. 
The average coefficien t of expans ion of ice between -20°F and 32°F is 2.84 x 10 -< . A 

rise in temperature of 50°F would cause a sheet of ice a mile long to expand 3.75 ft. 
Normally, wave forces and ice forces are comparable. Usua lly no spec ial allowance is made 

for the overturning of a struc ture due to ice thru st, but precautions should be taken to prevent 

a structure from sl iding on its base. 

U ,S. ARMY CORPS OF ENGINEERS, ALASKA DISTRICT, ANCHORAGE, ALASKA (1971) 

Water resources development. 

A list of nav igation projects on Alaskan harbors is presented. Harbors are built by either 

enclosing an area of open water w ith breakwaters or dredging estuaries. The harbor entrances 

are protected by jetties or enlarged by dredging. Descriptions and maintenance costs are 
given for each major Alaskan harbor. 
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U.S. DEPARTMENT OF THE NAVY (1962) Design manual: Harbor and coastal faci lities. 
Department of the Navy Bureau of Yards and Docks, Navdocks DM-26, p. 26-2-13 to 
26-2-30. 

Pressures exerted by waves on marine structures are described. Some of the effects 
produced by waves are: direct horizontal compression, suction due to back draft, impact 

loading, vi bration, and cavitat ion due to compression and expans ion of the entrapped air. 
Equations are given for calcula ting the maximum dynamic pressure, stati c wave pressure and 
the maximum static pressure. For ca lculating wave forces on pilings, the piles are considered 
as equivalent rectangles subjected to wave pressures. Test results indicate that a flat pile with 
the same projected w idth as a cylinder sllstains about 25% more wave force than the cyli n
der. 

For the design of breakwa ters the fo l lowi ng forces must be considered : waves, currents, 
ice, dead weight and buoyancy. The types of breakwa ters described include rubble mound, 
vertica l face (concrete blocks. steel sheet pile, prefabricated caisson, fil led timber crib). 
composi te, floating and pneuma tic. If the primary purpose of the breakwa ter is shoreline 
stabi lizat ion, a rubble mound breakwater is considered the best type. Equations are given for 
calculating armor stone size related to design wave height. 

Jetties are sim ila r to breakwaters in construction, e.g. rubble mound, but th ey are located 
in relatively shallow water and must be impervious to the passage of littoral drift. 
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This paper presents a summary of techniques used in the United States for controlling 
li ttora l drift. Means of protectin g enlrances to harbors and estuaries are discussed. Al though 
groins are w idely used, a better understanding of thei r structural design is needed. 

WEEKS, Wilford (1973) Arc tic marine navigation and ice dynamics. Arctic Marine Com
merce, Arlie House Workshop, The Arctic Institu te of North America, W ash ington, D .C., vol. 

IV, appendix D, p. 90-100. 
A panel considered arctic transportation by ships, submarines and air-cushioned vehi

cles. Problems related to the development of termina ls were also cons idered. Some of the 
research requirements for term inal facilities were determined to be the following: improved 
ability to predict ice forces on structures, information on ice scouring, increased knowl edge 
of shear ridge formation , data on off-shore permafrost, a risk analysis of ice island-termina l 
co lli sions, and a meteorologica l data system to warn aga inst storms. The panel concl uded 
that an all-weather satellite ice reconnai ssance system is required. 

WENTWORTH, R.C. (1973) Untitled. PIANC XX III Congress, Ottawa, Canada, paper S. 11 -5 , 

p.13 1- 147. 
Appl ication of computer sc ience in port planning and operation is di scussed. Areas of 

application include deve lopment of data bases, standard statistica l summaries, stalistica l 

forecast ing, dynamic si mulation , and optimization techniques. Th e use of a computer in port 
planning and operation w i ll primari ly be in the developmen t of stochastic simulation models 

of the ports. There is significant world-w ide computer usage in ports but the level of sophisti 

cation is relati vely low. 
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