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<PREFACE 

This technical backgrourid briefing do~ument fs the first step in the preparation of a plan for 
the development of the technology needed for Arctic offshore oil and gas recovery. Sponsored by the 
Department of Energy, this report is to be followed by a small workshop which will prepare a specific 
engineering research plan • 

. The terms of reference appl fed in th1s planning process include both exploration and production 
of offshore petroleum resources in those waters of the Bering, Chukchi~ and Beaufort Seas that are 
covered with ice for any part of the year. A. ten-year time frame is suggested, with production 
initiated in.1990-1992, although a shorter time· frame is possible if sufficient resources are avail­
able; The intent is to have adequate technology available; other considerations certainly enter into 
the decision-making process as applied to lease sale, exploration, and production decisions. How­
ever; it is important to have the best technology available, and to establish quantitative confidence 
levels for technicai performance, as an aid in decision-making as well as in the optimal execution of 
any production plans. 

Some .of the technological frontiers are -~he subject of current industry research; some frontiers 
are the responsibflity of government agencies, such as the U.S. Geological Survey, the U.S. Coast 
Guard, and others; and some technological frontiers are not being advanced. Once these areas are 
identified, existing activities can be encouraged, and additional resources can be allocated to 
important ·technical topics that have been neglected. . . 

One might ask whether industry can or will execute all of the research identified in the plan. 
Some items mentioned in the summary are beyond the traditional scope of industry (e.g. satell~tes for 
ice forecasting, ice-breaker operations, earthquake detection). Other research subjects involve very 
large financial commi trnents, which industry may be unwilling to make in advance of a lease sale; 
these subjects may require more years for .research than fs normally allowed between exploration and 
production. Extremely large commitments often must follow a substantial discovery, and again insuf­
ficient time may be ava;J.able 'for optimum tecnnological solutions. Generally speaking, the objec­
tives of providfng.petroleu~ to the American public at the lowest cost, more quickly, in the largest 
total quantity, and with an appropria t~ degree of envi ronmenta 1 safety, do not result in the same 
research. plan u would be deriv.ed from objectives .oriented toward maximum return on industry owner's 
equity. Although technical .objectives will be .similar, differences fn timing and scale are to be 
expected. 

This report only contains bri~f. discussions of environr:~ental assess~~~ent of the Arctic outer 
continental shelf, r:tonitoring of offshore operations during production, and cleanup of oil spills. 
Although these topics involve technology applications in the Arctic offshore and deserve to be advan­
ced, time did not permit adequate review of them in detail. When one makes a survey of this breadth, 
there must be a compromise with respect to the breadth and depth of each specialty explored. Tech­
nical specialists may consult the .bibliographies in Appendix E for further details. Constructive 
comments on the material discussed in this report are most welcome, and should be directed to the 
author, who takes sole responsibility for the material herein. 

June 6, 1980 
, .-, q I I 

,/J-,/1'_ 'C:-~~~ 
William H. 3ack1ng~r 
Geophysical Institute 
University of Alaska 
Fairbanks, Alaska 99701 

Note for the Second Edition: The constructive conwnents of G. Weller, J. Prince, K. Croasdale, \1. F. 
Weeks, and J. Kreider were most helpful, and are sfnctl'tly appreciated, 
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EXECUTIVE SUMMARY 
·• 

This technical background briefing report is the first step in the preparation of a plan for 
!ngineering research oriented toward· Arctic offsh9r:e oil an~ gas recovery. 

A five-year leasing schedule for the ice-prone waters of the Arctic offshore -has been illus­
trated in Figure E-1,. which also shows t.he projected dates of the lease sale for. each area. In 
Figure E-2, the estimated peak production rates for these areas are given, based on Department of 
Interior estimates (April 1980). There is considerable uncertainty for all these production esti-
nates, since no exploratory drilling has yet taken place. . . . 

· In view· of the world petroleum situation since 1973 1 the pro~b111ty of successful Prplort~tion 
-1nd production from some _areas of thf ~r~t1~ offshore. at some timP. in th~ f,r,unb1e futuro, ic 
very high. Uhenever and wherever that occurs, it will be in the public interest to·bring to bear the 
best technology, to minimize risk, quantify cost and time factors, and maximize the quanfity of 
petroleum delivered to the American consumer. 

The flow chart in Figure E-3 relates the spec:hl Arctic factor!;, t;IJCh a! 1ce and permafrost, to 
the normal petroleum production sequence. Although the following text goes into much more detail, 
some highlights can be drawn from the chart and from the technical review. 

1) In many Arctic offshore -locations the movement of sea fee causes major lateral forces on 
offshore structures, which are much greater than wave forces. In such locations, new design 
procedures are required, and the structures must be very rugged. 

2) Spray .ice buildup on structures, ships and aircraft will be considerable, and must be pre­
vented or accOmmodated wfth special designs. 

3) The time available for .sunvner exploratory drilling, and for deployment of permanent pro­
duction structures, is 1 imited by the return of ·the pack ice. This time may be extended by 
ice-breaking vessels in some cases. 

4) During production, icebreaking workboats will service the offshore platfoms fn most areas 
throughout the year; winter ice roads will be used near the coast in Beaufort and Chukchi Sea 
Access to offshore platforms may be made diffi~ult by ice rubble, 

5) Transportation of petroleum by icebreaking tankers from offshore tanker loading points is a 
h~ghly probabl~ situation, except in the Alaskah.Beaufort, Thi~ is a consequence of the lack of 
ice-free deepwater ports on the Berh1g and Chukchi 'oast·s, the technical problems of ice scour 
and subsea permafrost as hazards to seafloor pipelines in the Chukchi Sea, and the high cost and 
time for completion of a land pipeline to an ice-free port on the Gulf of Alaska. 

6) Arctic pipe1 ines must contend· with permafrost, which ;s prone to thaw near a wann buried 
pipeline, causing loss of support, or which forrns ice. lenses around a cold buried pipeline, 
causing upward frost heave. Both of these mechanical changes are non-uniform and can often lead 
to rupture of the pipe. Instrumentation is needed to detect these subtle changes of the pipe 
before rupture occur". 

Ot!'ler technological frontiers are identified in the 'final section of this report.· All of the 
subjects mentioned there should. be advanced, to extract 'Arctic offshore oil and gas in an optimized 
and economic manner. Fortunately, the required teclll'lology is witnin r~oJch. \.lith the coordinated 
efforts of 1ndustry and government, and the allocation of sufficient resources 1n a timely manner, 
··all of these technical advances can be accomplished in· the decade ahead. 

iv 
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NATUPAL FORCIS. 
UINDS AND WAVES . 

In the Arctic offshore region, the forces of winds, waves, and sea 
ice are very large and. are interrelated. Since high w_inds .and long 

fetch cause high ~ave .. heights, as well as direct loadi.ng of offshore 

structures, it is impo.rtant to review the 100-yE;!ar return period values 
for maximum sustained O:~·minute) w1nd speed given in the· literature. 1 

For the Bering Sea, Fi_gure 1 shows how the region has been d1vided into 
five parts, for purposes·.of calculation,·and the ~pplicable values for 
wind and also wave height2 are given in Figure 1. The wave height~s··are 
calculated, 1 based upo~ the work of Thom,·3•4 and do not include the 
possibility that the wind. fetch and wave height are . reduced by. the 

possible presence of ice cover.· The location of floating, drifting pack 
ice is so strongly affected by the storm conditions in turn, that .the 
complete interactive. description of ice movement during these conditions 
is stil'l the subject .of. research, to be discuss-ed bel~~· Certainly, 
however, prudence would .. require the assumption that th~ 10~-year storm 
may arrive· when ice cover is absent. However, the data in -Figure 1 may 

be mfsleading ev.en if _used for design purposes for summer lo~ding by 
. -

winds and waves. The sum.mer period of open w~ter is of brief duration . 

in the Chukchi and Bea1,.1fort Seas, a.s is discussed below, but the same 
Climatic Atlas1 prov1des: similar predictions for three regions there, 5 

as shown in Figure 2~ The fact that the extreme wave height 

predictions 5 should be-disregarded in the Beaufort-and northern Chukchi 

seas, because ice covet~ reduction of wave fetch· was not included, wa5 
pointed out by Heidema.n6 ~ . A good review of existing oceanographic data 
for the Beaufort Sea has. been given by Heideman, 6 who also had access to 
two proprietary storm hind.cast studies' carried out by Intersea ·Research 
CorpJ• 8 The hind-cast approach is outlined. in his paper, 6 and his 

results (including the effect of ice cover) for' the Beaufort Sea are - ' . ' 
presented in Figure 3 for a hypothetical site in 30 foot water d~pth 
near Prudhoe Bay. For a 100-year return period, he predicts that a 

storm. surge of 6.3 feet. is accompanied by a maximum wave height of 27 
feet, very nearly that of a breaking wave. at th~t depth. 9 It appears 

1 
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RETURN 
PERIOD 

(YRS) 

25 

100 

OCEANOGRAPHIC DESIGN CRITERIA, ALASKAN BEAUFORT GEA, 
30 FT DEPTH INSIDE BARRIER ISLANDS 

SlORM STORM MEAN CURRENT 810. WAVE Sin. WAVE MAX. WI-. Vfi. 
SURGE WATER 6P(::Eo•• HEIGHT Pt:moo. HEIOHT 
~FT) DEPTH.(FT) (FTISEC) (FT) (SEC) . (fT) 

.... 4 35 3.4 12··· 7* ._. 22 . 

8.3 37 4.4 14 '1 17 

*INCLUDES 0.7 FT ASTRONOMICAL TIDE BUT EXCLUDES WAVE SET-UP. 

'.!AX. CREST 
HEIOfiT 

(FTI 

17 

22 

••RESULTANT-CURRENT. NEGLECTING SMALL COMPONENT DUE TO ASTRGNIOMICAL TIDE; AI'PAOXIMATELV IN THE 
. SAME DIRECTION AS WAVES. · . . . 

•• •siGNIFICANT WAVE HEIGHT AND PERIOD' fOR A 10-VEAR RETURN PERJO:!l WOULD BE ABOUT 10FT AND 6 SEC. 

3. Estimate of oceanographic environmental e.<pcslllre, Alaskan 
Beaufort Sea, 30 ft. d~pth inside barrier.isla~d 
{from Heideman~ Ref. 6) 



that a similar hindcast approach would be appropriate for the Chukchi 

Sea, (Figure 2}, maki.ng use' of known information about ice cover during 
the seve.re historical. stonns. Hindcast studies in: the Bering Sea, which 

include the effect ~f · ice cover,· would also be useful. The 100-year 
return period values for wind and wave loading on offshore structures 

are important, but the sea ice forces are also· very significant, and 
should be considered carefully •. Since the natural oceanog~aphic forces 

cause sea ice movement, these movements are discussed bel ow. Knowledge 
of waves and currents is important for construction planning and for 
design against ero~ion and scouring. All of the natural forces should 

be considered, first in relation to a fixed .structure, and then as they 
affect marine transportation. 

ICE 

Ice accretion on ships and structures can be. a serious hazard. 
Smaller ships, such as tho.se used for resupply of offshore platforms, 

are susceptible to. wave wash, heayy spray, and freezing rain, which can 
greatly increase the. vessel •s weight and elevate the center of gravity. 

Very large gravity loads can be imposed upon fixed offshore platforms 
subject to ice accretion. The most common and most rapid ice accretion 

occurs with freezing sea spray, when sea surface temperatures are bel ow 
+5°C, and air temperatures are below -2°C. The National Heather Service 

uses the nomograph shown in Figure 4 for forecasting spray ice accumula­
tion.10 As an example, consider the January· condition in the Bering 

. ll 
Sea. In Figure 5~ the sea su.rface temperature extremes are shown. In 
Area B 10% of the observations were below +l°C. Using St. Pal!l as an 
example, 12 a wind speed of· 22. to 33 knots, combined ·with an air 

temperature of less than -l3°C, occurs 2% of the time, from Figure 6. 
Using these conditions for the nomograph of Figure 4, one expects heavy 
icing, 2.6 inches to 5.7 inches in 24 hours. 

Und~r freezing condittons, frazil ice particles are floating in the 
upper parts of the water column, mixed by wave action. As large waves 

break against offshore structures, the frazil ice adheres to the struc­

tures.· Buildup. of ice on structure .areas washed .by wave action can be 

5 



SuperStructure Icing 

Ice accretion is a cJmplex process that depends on 
sea condit.ions, ntmosp•>eric conditions, and the &hip's 
size and behavior. lei"(· can he caused by heavy sea 
spray, freezing rain, or 'og. II can onean no more than 
slippery docks on largt> merchant vessels since they 
often rass quickly througn Icing conditions and 
e• per ience less wave W!lsh in rough seas because of 
their high freeboard. A~ other times, even large vessels 
may experience problems. Smaller ships with relatively 
lower freeboard, such as· fisliing v .. sels, small mer­
chant shitu, and coasc wuard cuners, are susceptible to 
wave wash in rough se:IS. Icing. can greatly increase a 
vessel's weight and elev.ole the c:unter of grnity, mak­
Ing It top heavy. Ice _may increase the sail area and 
heclint moment due to winol action, and· rrim can· be 
change{! because ol nor•uniform ice distribution. Icing 
also hampers steera!>ility and lowers ship speed. Similar, 
pot,.,tially dangerous stresses can occur on oil·dfilllng 
and other st~tionary platforms: 

Freezing spray b the most common and dangerous 
form ol icing. It can OCC\6 when the air temperature falls 
below the freezing teml"'rature of sea water lusuaily 
about -2nCI and ·wh~n sea surface temperatures .are 
below about 5° C. If t,.. air !limperature falls ·below 
about -18°C, wind·indu2d spray may freeze before 
striking tho ·ship and not adhere. The lower the temp­
erature and the stronger l'le wind, the more ra.,idly ice 
accumiSiates. Freezing spoay may deposit. thick layers 
of ·Ice c;.n rigginy or on deck areas, rapidly Increasing the 
vessel's weight, which can cause ii to sink. 

Nomograph for forecasting 
spray Ice ·accumulation 

Surface Wind lknotsl 

tnslroCtiom: Say that you ellimote that the 

·afr &empet.tur• Is 14°F. wind vtrlociry II 
30 knou. end lhe sea tempe, tnure 11 32°F. 
Enter· the nomograph on lhe ·t4°F tine. 
Fot..,.. this li~ to ·the 30 •not. wWI 
velocity line. From the lnte•section ol "tt•e 
IW~tO· li.nu_•. follow the diauunal line to .. the 

IIR'IOI'•iate wa"ter temJMWature line. At the 
inaet&eetion read oil the king c•tegory-in 
this caw, heavv'lcltlg. 

n ... ltlrig cat.ries •ned by tho NWS 110: 

C..~ Accumutetion 

li.lf\t 0.4 .. to I .4 ·• in 24 hours 
:JII•!fer .. e 1.4" to 2.8'"l~ 74 hours 
!Heavy 2.6""1o 5.7"'1n 24 houri 
v..., Huvy 6.7" i In 24 houri 

Adoa>ted lrom: CombW,., A. 1!176. 'V..sell!cing-Kn- When to bpect 11. AI.,._ · 
$«.,. -Couu. Uni .. u:ilv ol Of.las'e, lllosl• SeoiG•onl Proorom. 4151; pp. 6-7. 

4. Nomograph for forecasting spray ice accumulation (adapted ·from Ref. 1) ~ 
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much more rapid than the· spray buildup process described by the nomo­

graph of Figure 4. In both cases, however, it is clear that many inches 
of ice accretion are possible. . Designs must accurately assess this 

additional load and ~ake. i.t into consideration·, o.r, qlternatively, 
methods to prevent ice adhesion must be included in·any designs for the 

Arctic offshore •. Special ·surface coatings such as PTFE may be consid­
ered,13. and waste heat may be utili.zed in certain circumstances. 13 

~1oreover, the surfaces of struct1,1res and sh1ps must be resistant to pack 
ice gouging, as will be described. below. · 

. SEA ICE 

The features of sea ice which initially are recognized as being 
hazardous to offshore structures and to. marine transport vessels are its 
location, movement, thickness, and physicai properties. These factors 

vary considerably from one basin to another, with. time of year, and frorn 
year to year. It should be kept in mind that offshore structures may be 

of the artif.icia.l gravel is.land variety, appropriate for shallow water, 
or of the steel or concrete variety as used in deep water els·ewhere in 
the world. Ice loading is a major consideration for both, if they are 
located in the Arctic. 

Regardless of the choice of s~ructure, it must be put in place. It 
is obviously far easier to do so durin~ a period of ice-free open water, 

for most structures; {one exception is that gravel islands can be 
constructed by trucking fill over the shorefast ice and dumping through 

a hole in the ice·, during· winter). Ice movement is a statistically 
varying quantity, and. it is possible to develop statistics on the time 

available for construction purposes during the open-water summer season. 
A summary·of a study of this sort for the Beaufort Sea from Cape Halkett 
to Camden· Bay has been given. by Wheeler. 14 As an example of the 

information needed; Figure 7 defines nomenclature14 for summer-ice 
14 statistics, and Figure 8 gives a summary of the results of the study. 

In the first column of Figure 8, the probabi 1 i ty of open water in a 

particular year is 91.3%. However, open water is subject to pack it:e 

invasions; the probability of no invasions is 23.8%; of just one inva.s-

9 



NOviENCLATIJRE FOR Sill-t·IER- ICE STATISTiCS 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Breakup 

First Open Water 

Last Open Water 

Freeze-up 

Continuous Open Water 

Maximum Continuous Open Water · 

Total Open Water 

Gross Open-Water Season 

Invasion 

10. Global Maximum Cover 

11. Percent Multiyear at Max 

12. Expected Max Oktas 

13. Expected Date of .Max 

14. Area Percent of Floes 

15. . Large- floe ·Invasion 

First occurrence of less than 8 oktas 
cover 

First occurrence of the oktas of ice 
cover in which the operation can be 
conducted 

Last occurrence of the oktas of ice 
cover in which the operation can be. 
conducted 

The !irst of two consecutive weeks of 
8-okta c:nw~r; following breakup 

Expected duration of an open-water period 

Expected duration of the longest open 
water period in a year 

Expected sum of all open water periods 
in a year 

Time between first and last occurrence 
of open water 

Ice coverage in excess of open water.· 
that is preceded and followeq by open 
water 

The maximum ice cover (oktas) that 
occurred during an invasion in 23 
years 

The expected percentage of the ice cover 
that is multiyear during anY invas.ion 

Th~ expected maximum i <:e cover during an 
invasion 

The expected date of the invasion that 
h.a.s the lfla .. :d.murn ice cover · 

The expected areal percentage of floes 
in the stated size ranges at the peak 
of an invasion 

An invasion having one or ~ore oktas 
coverage by floes with diameter greater 
than the stated value 

7. Nomenclature for summer sep ice statistics (from Wheeler, 
Ref. 14.) · 
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~r Ice Statistics 

Ocerational 
Ice Tolerance (olcus) 

Breakup 
Std. Dev. (Days) 

First Cpen Water 
Std. Dev. (Days) 

Last Open \iater 
Std.· Dev. (Days) 

Free:e-uo 
Std. oev. (Days). 

Ooen \iater 

P'rooab ili cy it 0c:c:urs 

~~ec"ed Duration 
Continuous OW 

Std. Dev. 
~Ia.~ Continuous Ob' 

Std. Dev. 
Total (Days) 

Std. Dev. 
Gross (}'( Season 

Std. Dev. 

Invasions 

Probability, Given Open Wat~r 
Of :'olone 

Cne 
Two 
Three 
Four 

E.:"Cpeco;:ed Duration (Days) 
First 

Std. Dev. 
Second 

Std. Dev. 
Third 

Std. Dev. 
Fourth 

Std. Dev. 
E:q>ected Time 

First 
Std·. Dev. 

Sec.:lnd 
·Std. Dev. 

Third 
Std. Dev. 

Four..h 
Std. Oev. 

C.lobal ~lax Caver 

PeT.Cent ~1YR at ~Ia.~ 
Std. Dev. 

Expec"ted ~Ia.~ Oktas 
Std. Dev. 

E.-q>ec~ed Date of ~!ax 
Std. Dev. (Days) 

Are:1 Percent of Floes 

.t.t. 65 Ft. 
Std. Oev. 

63·1600 Ft. 
Std. Dev . 

. cc: 1600 tt. 
Std. Oev. 

Lar;e-floe !nvasions (1600 Ft. Floes) 

?robability, Given ·Open \'late-:-. 
Of ~lone 

One 
1\."Q 

0-l 

Jul. LZ 
s. 

Jul. 30 
14. 
Sep zz 
14. 
Oct ol 

9. 

0.913 

20.6 
Z3.9 
33.1 
Z9.~ 
46.0 
ZS.1 
61.1 
Zl. 3 

O.Z38 
0.381 
O.ZS6 
0.048 
0.048 

13.5 
10.8 
6.8 
2.1 

12.0 
8.5 
6.0 
o.o 

Augll 
18.4 
Aug 29 
14.5 
Sep 10 
1Z.7 
Sep 16 
o.o 
7.0 

48.1 
.q.:s 

3.8 
2.1 
~g17 
u. 

-'5.0 
3%.1 
49.8 
31.1 
s.z 

15.4 

o. i62 
o.zsa. 
o.o 

z 
Jul lZ 
s. 

Jul. Z4 
10. 
Se-o Z2 
10: 

Oc: "' 9. 

1.0 

32.3 
29.1 
54.0 
Z4.9 
62.1 
19.9 
70.7 
16.2 

0.392 
0.391 
0.130 
0.087 
o.o 

9.9 
6.9 
8.4 
3.3 
9.0 
4.2 
o.o 
0.0 

Augll 
22.3 
~Zl 
"16.6 
Sep 10 
8.5 
~ 
0~0 

7.0 
35.4 
36.~ 

4.9 
1.6 

.<\ug ll 
Zl. 

35.3 
16.:! 
S6.S 
13.6 
S.l 

17.3 

O.i39 
o • .:61 
o.o 

Jul. lZ 
s. 

Jul. 18 
9 •. 

Sep zs 
9. 
~4 
9 •. 

1.0 

49.4 
30.7 
67.3 
13.6 
il.O 
15.2 
1i.O 
15.4 

0.609 
0.304 
0.087 
0.0 
0.0 

8.7 
6.1 
6.0 
o.o 
o.o 
0.0 
o.o 
0.0 

Aug$ 
25.1 
~~ 5 
4.2 
be 
o.o 
~· o.o 
7.0 

23.4 
26.4 
6.0 
0.9 

Aug 11 
14. 

zs.s 
20.7 
49.5 
22.5 
21.9 
26.0 

0.696 
Q.l!a"t 
0.043 

8. Summer ice st~tistics, Alaskan Bea~fort Sea (from Wheeler, 
Ref. 14). 
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sion is 38.1%; of two invasions, is 28.6%, and of three or more, is 
9.6%. The first column also gives the expected duration of these 
invasions. 14 Wheeler14 has used these to calculate the probability for 
job completions, as shown in Figure 9. Such results quantify the risks 
related to ice intrusion during open water periods, and can be combined 
with the statistics of open-water conditions (waves, storm surges, 

.· ' 

winds) to give the optimum time and the likelihood of success of a 
sp~cific structure installation event. A similar set of statistics i~ 

being developed for Chukchi and Bering Sea lease sale areas by Sea Ice 
Consultants, Inc., as an AOGA project. 

Ideally, for safe design of an operational offshore structure,· the 
maximum ice forr.P. to be expected 5hould be known. Typically, stru,ctures 
are des1gned for ertvironmental forces and structural loads which have·a 
small but finite probability of occurrence. The return interval of 100 
years has been commonly used for offshore structures which are to hav~ 
an anticipated useful life of 20 years. Whether this is adequate in a 
particular case, cons1dering the risks of capital assets, human life and 
economic value of adjacent marine resources in a philosophical matter, 
but is it possible to use return intervals of as high as 1000 years if 

. . . 

necessary. The primary technical matter is the establishment ·of the 
statistical base, from which probabilities (or return intervals) are 
estimated with confidence. 

At least three different times of year ian be concepbJally. cons1d­
ered, on the basis of distinct differences in ice loading conditions~ 

First, in the late winter, in the Beaufort and Chukchi Seas (and 
the landfast ice regions of the Bering Sea, Figure 10) thP. annual ice 
may be up to 6 feet thick, relative continuous and immnhile. Thi.s 11 land 
fast ice 11 may move from zero to 335 feet or more during thP. winter 
depending on location. 14 ,15 In the winter, the upper part of the ice 
sheet is cold and strong in most locations. 

Secondly, in contrast, during summer breakup the ice is warm, weak, 
discontinuous, and highly mobile. A third notable condition is during 
summer or fall, when the intrusion of the pack ice e~ge (in Chukchi and 
Beaufort Seas orily)·may involve the impact of a multi-year pressure 
ridge against a structure. These formidable multi-year ridges have 

\ 

12 



PROBABILITY OF SUMMERS FOR COMPLETION 
1.0 1.0 1.0 . 

~ 
)>-o ' ~ ~ -s ' ll.IO 

' JOB TIME= ' JOB TIME= VI 0'" 0.8 A"ll.l 

' ll.IO'" 2 WEEKS 4 WEEKS ::s ..... t ~ 

\ CD -'• 
CDrt \ ll.l~ 
c 0.6 0.6 J -i) -i) 
00 

\\ -s-s 
rt 

n 
(./) 0 
CD3 

0.4 0~4 ll.l "'0 
~ 

,;.......n) 
-i) rt -s ..... 
00 
3 ::s 

0.2~ t\ 0.2~. i\ o OPEN WATER = 0:.1 OKTAS ::e:o 
::T -i) 

6 OPEN WATER= 2 OKTAS CD 
CDil.l 
~ ::s ~ CD. 

__. -s -'· :;::j 
J:" .... ':."':'==-c I 0 w ~ ::s 

~ Do VI 
:;c rt 2 4 6 0 2 4 6 CDil.l m -i) ~ 

0 0.8 0.8 . ~ 
ll.l a: ~ ~rt a.. 

~ -'· \ -a \ • ::s 
JOB TIME= JOB TIME=· "'0 0.6 \ 0.6~ -s \ 6 WEEKS 8 WEEKS 0 

. ~ c.... \ CD 
\ ' n 

rt 
\ ' ..... 0.4 ::s 

VI 
c 
3 
3 
CD 

0.2 -s 
..... 
::s 
rt 
::T 
CD 0' I b.-J ~ 6 0 

0 2 4 6 0 . 2 4 6 
YEARS REOUIRED TO ACCUMULATE THE SPECIFIED NUMBER OF WORI<ING DAYS 

# • • .. .. ~..... • --,-.! 



SEWARD PENINSULA 

•••a ,....., 

26. 

BERING SEA RE.GIONAL 

NEARSHORE ICE CHARACTERISTICS 

-20- INDICATES 2D-METER ISOBATH . 

IJK IIUN VECTOR WINO FROM 
-NOVEMBER TO APRIL 

"S" INDIG&T£9 5HOAL5 

·--AYFAA•H tU~~ OF FAST ICE 

V77777IAAEA OF GREAT VARIABILITY 
'IL/iiJJOF fAST ICE EDGE 

~ZONE WHERE THIN ICE IS OFTEN 
~8EING COMPACTED 

-

ZONE ll' llllkU IN,LUENCE 
!NORTON ICE/BERING PACKi 

lli:mijmmiARU 0' RECU~ING POLYNYAS 

'b;!@ 4 '.s-r 
•--.o•ttn 

26. 

26. 

BRISTOl. BAY 

31. 

..... a-.. ...... ,tDOidcit•,_.bef'OI'dnw20-Ntw-.....· 

t.,..ic:eldiQit--fr•h8tDr.ycndlheZO..mnritdl01b. TNibltii!M:wil 
Mltld 10 ..... of~ br .,-CU'dtd feaUet. 

S. Blri'IQ S.. IIIOd a o--=ti.,... ~olen; ttisc.oosr. 

4. AJdJinfa il of• tan.d l'llre brice pushed into IIIIOirint poc:lr; strealfl. 

5. ,._ice on.. "tefldl past ttw 20-fnttw daba1l'l betWMI Slld9illskN Old Capt-­
SIId;ll fsbd cxr. n Cll'l Oftdl:lrinQ and""'*'ino II'IICI'o'liiM. 

IS. let •idliltM:wtan ~is91N"JI'r IIIO'in9sou"-tward eM toiOeol.irds. 

7. WriWI lwl41111 a..r.11o ~ot-tr kwmldiu, -.ill lf'lic:tMss ,.,._... _. .. _. 
8. ~ ....... partD of NcrtcWI Boy is utually fast die entwe MOlOft 

9ttewifbilletnlaneisof•parrotn.NartanBDJfctSJC.. ltttndi.IOtnaloffOid 
t.tON_portolllllod;oc..t~. 

10 Areo of ,_..,ing~ lcrlllld tJr...:licn of ice soutt.nt.crd dYe tobcal.-..,.. 

11. GeNrauy rou ~-ic• -· 
IZ. ~C.~rllittcneisprOM totnaltin!l~. T..-ncy incrlosts witi\MOSan odvance. 

··l~tasl~lhlite..-. 
t4.fGJI<ttiN'ollya...alld'lldrd.-lhMOIOft. COIIIWa~ndQIH tee 

17CUidldGnthlolsatsoomto~fostici. 

t5.Fos:liceeO)tlocofed cDI;tdgtofll'ldlr.otw eccwcnent. AJ ... edl;)t;,orrtr~ 
aJ '"* Wmtttr befW:fl, QrOUfiOid fidQirl caa OCOIJ atllldino lust iurot4mtltr 
dtpthlJfbOttolllofncarp.nent. 

liS. lei piiCb Gil hWrsiwt ShOats dlriiQ ...... I'ICIIIftl ~lui! ice. These faotloftl 
Wid ID ftCII bacl as W»"ifl; CWOC!Chn. 

t7.Paclliceii'IN001tlwDJ<tofttnft~motionpost,.tn~IDNarmSo.n:lc:nd 
.. dehaofhll\l&cnRi.,... 

r&. "-'ct~!IIO«<Itdftwofertlnsthan6Nters 6Hpct tapotblncfl, ~ 
off~ft)'toe4lftlltrl Todr:ll rctmtranddMntt ofnd;lin9cnre~ forkd. 
of fop ite past nw. di!PIM. mcai'l9 fast itl .. ,,. 

19.Fostiai-.Horeni]Jcry~'lill11!1111httl 

tQ ThiiMIMI'dMmirofNCMt&OIItdQiol fosiC1 c .... will\ IN 6~~~ettritctlottl 
.,... - ..,!"'!·~"''' ur.t ;, ~. n~., at.u ~.,..,..., 111!11 ·~ atllllll ftl tk!H 
''"''"'*)II'IOJ'bl~. 

21. Fast a oruw:t """*lslclllil1co~fm ta walt1'1 imtwn nf tt-10-* ....- • 
111UPfA1'8It&~lli41i61di , 

A. Ill I'Hpottion Of fliiiOUu.n COGII IN 2011111W iscb:l1fl i•""" ca. to 
ltlln, ,.. becouM of pfJIKticn offnd irl ltlis cna, fCDI ice ar.rdl ,., -· 

UAnir'I9"""Q''rirl~mcrtion~EtulinSiraittcanplltup011Uioolt. 

I;J~ti;oitllcG1ldo.nod fbJ"inwotwt ftOGieotrfllcllo ... _.... 

2". ==~ioftlrc.rp .. $"Wftrr)il~ k!r~iclfram .. Kdlot.ira 

H Tfd cno ofl•1~ ODifi.UtiF GJid braUn ice, llitfliunllttt pa., fQalllf ....... 

26. Pa:liclotflfttllolllsifnolrtCIIGfld tlreotCIJI ond fonrraticl'lol,_.ice. 

27. Fast ~c,._. 101111 llfCII'iationiriQter~tO.tooccotictlof ~an .-a. 
enS is QIIWOIIY IOUfld ft ._,..litis 111m 6 lllltcrl dllp. , 

·28Fmticlanrfllnor"-"'Aof~BaybcUIIinldto~CifOIIctldcno:t' 
witt~ WCIWOICJII'IIIenftat,4..w.. Tdr!IJOflllisottJ'ICrlasf...-s. 

29. Thitcnoitott.looat,.,a araatrp~J~~.....,-..•ic•. 

5QitllirtltncnoctotMn~IIIIIQc.t~;...._..,,,_.....arcl. 

)t.IU •IIWI£1!if10t£krt llaftln ~., ,..,-., ~111o '••·""" a ... 
iU~tlodoPCNGIIItMIIOiftfNed,.jtlt-a. , 

SZ.Fcnt ic1 CllonO Hll -~ 1110 or•ithlll Borit""'"* toCif'lcno ctoM to 
... o,of.....,..-ciiOIIdColll', ... l,, 

l5.DwMQ ~ ,.;m ••'- 8lriiiQ S.O Ice, fast icecCif'l bl fauliodGklnt 
tt;1 coast. Wirldt.t-~o:.~~;..!lllftfll.-.o.""t. Orollb\;11 !, '''" 011 
•tena~v• SMOr ridfl ,,.,_ wen ~ r--

213. 

26. 

Df1fll11 '-r L.a IUrhft 

•ao ..... 

10. Bering Sea regional nearshore ice characteristics (after Stringer and Barrett, 
c.f. for example Ref. 70). 14 



experienced several years of melting and refreezing, and are as much as 
137 fe_et thick. 16 They· are free of voids, 16 and are of low salinity and 
great strength. 

For a site in 1_90 feet of water in the Canadian. Beaufort Sea, 
Bercha and Stenning17 have estimated the 100-year_ :return period 
multi-year ridge to be ll5 feet deep,- 398 feet wide, 500 feet long, 
embedded in an ice sheet 15 feet thick. -For structures in deeper water, 
and for ships, multi-year ridges· represent the ·most severe sea ice 
hazard. 

However, embedded within the pack ice are ic~. islands, {which would 
be called tabular icebergs in the Labrador Sea). These are shelf ice 
fragments originating on Ellesmere Island which are carried by the pack 
ice around the Arctic basin. They are of fresh .ice, very strong, and 
with a thickness which depends upon the extent of inelting which they 
have experienced. Thicknesses greater than 150 feet are possible. 

17 . 
Bercha and Stenning have estimated the largest ice island ·hazard at 
their Canadian Beaufort site to be 7.14 miles in diameter, 164 feet 
thick, and having a velocity of 1.25 knots. Such ice islands move with 

I 

the ice pack, and are found only in the Beaufort and Chukchi Seas. At a 
given site, they occur very infrequently, but the probability in a given 
region ·remains to be established. They could perhaps be tracked, and in 
a production situation, active countermeasures might be used {i.e., they 
might be destroyed). 

In the Bering Sea, the pack ice outside of the landfast zone moves 
considerably. throughout the winter, and in that respect resembles 
conditions of ice breakup in the Beaufort and Chukchi Seas. Ridge~ of 
annual ice, with heights of up to 23 feet, 18 have been observed in the 
Bering Sea. Using Kovacs'findings, 19-20 the keel depth of a first-year 
ridge is approximately 4 to 5 times the ridge height,· suggesting .that 
annual ice ridges in the Northern Bering Sea with thickness of as much 
as ll5 feet may occasionally be enco-untered. This may appea~ to be 
implausible, but further field observations can quantify such details. 
Annual ice ridges have many voids, and are held together -by both 
adhesion of the ice blocks and by a layer of refrozen ice near the water 
line. 21 -23 In some instances, however, ice rafting during the ridge 
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fonnation process can lead to consolidated ice thicknesses of as much as 

20 feet. 23 It should be pointed out that most ridge sectioning upon 

which this is based has been done in· the Beaufort Sea of Al aska23 and 

Canada, 21 , 22 and alsp in the Gulf of Bothnia, 24 , 25 between Finland and 

Sweden; only one report of annual ice ridge sectioning in the ice of the 

Bering Sea has yet been published. 26 

Clearly, offshore· structures and also icebreaker transport will 

encounter much more· formidable ice forces in the Chukchi and Beaufort 

Sea, due to the multi-year ridges and ice islands. However, the mode of 

interaction of the ice with a structure has a great effect upon the 

lateral loading, as will be discussed below. 

IC~-STRUCTURE INTERACTION 

Three approaches have been used to investigate this problem area. 

Theoretical calculations have been made; mode1 tests have been carried 

out; and certain full-scale measurements on structures have been 

completed. Attempts to relate all of these approaches have met with 

only partial success. To appreciate some of the reasons for this lack 

of quantitative agreement, it is worthwhile to consider 

which enter into the ice/stt·ucture inlt!ract1on 1ii 

situation. 

the variables 

a t'ull-scale 

The ice itself, adjacent to the structure, is not a homogeneous, 

ic;Qtropic material of uniform thickness, but r·dlh~r has a th1ckness 

which depends upon the location of snow drifts on the upper surface. 

Deep snow drifts cause a reduction in ice growth, b~cause of their low 

thennal conduction. The ice thickness (in the absence of ridging) c:i)n 

vary by as much as 25% of the mean thickness, based u.pon late wintP.r 

measurements. 27- 29 Moreover, early in the winter, wind-driven thin ice 

moves against structures forming ice rubble which may not necessarily 

clear itself away from structures located in shallow water. t1odel tests 

by Prodanovic30 have indicated that ice rubble acts as a Mohr-Coulomb 

material. The variation in thickness of the annual and multi-year ice 

ridges is an additional major parameter • 

. 16 
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The engineering properties of sea ice depend upon salinity; 

temperature and crystal. orientation. An. excellen't review of" these 

properties has been gi~~n by Schwarz -and Weeks. 31 Temperature and 

salinity vary with thickness· through the ice sheet; a representative set 
of .curves, ~dapted from Schwarz and ~leeks, 31 .is given in ·Figure 11. 

Compressive· strength would be important. for the case of an ice. sheet 

moving aga~n~t a verticaj. structural surf~ce. In Figure 12, ~~mpress~~e 
strength as measured for small samples .is presented as a function of 

str~in rate,'. temperature, and orientation of the force. 31 ' 32 · Additional 

:data taken ~t constant ·l.oading rates has b~en obtained by Shapiro.116 

For purposes of structural design, one may note. that the strongest sea 

ice is at the lowe·st salinity and temperature. The strength is abo.ut 

20% higher when compressed in the horizontal direction rather than in 

the verti~~l direction. 31. The compressive strength also depends upon 
' . . 

strain rate, with max.imum strength at a strain rate of about .3 x 
10-3sec-1 .... This is associated with the tran·~·ition between creep-ductile 

and brittl~ failure, and has been noted also .i.n tests of fresh-water 

ice. 32 ~tore recent results of Wang33 show a similar strain. rate 

dependence. _I_n Figu~e 13-16, tak~n from Wang's paper·; the compressive 

strength of sea ice at -l0°C is plotted versus str~in rate for granular, 
. . . . l ' ' .. 

unoriented ~olumnar, and oriented columnar sea ice. G'ranular ice is 
1. ;• ... 

normally found near the top of a thick ice s~eet, below which is found 

unoriented columnar ice, and finally oriented columnar. ice is found in ., . . . . 
the lower. part of the ice sheet. As Figure 16 shows, there is a 
variation oi compressive strength from l300 p.s.i. to 500 p.s~i. as the 

angle between. the applied load and the c-axis varies from 0° to 45°, 

indicating that oriented sea ice is strongly anisotropic. S~gnificantly 
. ' 

different properties have been observed in large-seal~ tests, suggesting 
that_ natural cracks in large samples ~ay be important .• 21 

As will be discussed below, one way to reduce lateral loadi~g is to 

provide an inclined structure surface, so that ice fails by fl~x4re and 

buckling against it. Flexural strength has normally been measured by 
. . ' . 

either simply-supported beam tests or ca~tilever beam tests. Cantilever 

tests have the advantage that they can be performed in the field without 

the occurrence of excessive brine drainage. Some results have been 

17 



E 

. 
"' "' .. 
c: 

.;& 
u 
~ 
1-

cD 
u 

H 

-24 

-Temp 

---Salinity 

' .. 

:11. Representative annual sea ice temperature and salinity profil~s on about 
1 May for 0.2, 0.8 and 3.0 meter thickness (from Schwarz and Weeks, Ref. 31). 

.c: -Cl 
c: 
cu ... --(/)N 

E ., ..... 
-~ z ., 
., 11)0 cu . ... 
0.-

E 
0 
u 

b"' 

--Force Porcillel 
--- Force Perpendicular to 

Growth Direction 
Temp . 
(oC) "'..,+' 

"' ' -20 ', 
>" ~ ' ...... 

., ~20~ - ~ ·~ 
rl' -10~-~-:--~ .. _____ . 

. . -·~ -- ......... 
==-------10~ ... ·. ~ 

... --·· 0 ~ .... --. .... --_.. ..... --o· -~-.--~ _. 
~ ----~.~--· ---

~~o~-4~--~---~~o~-3,_~----~Lo~-2~.-------~Lo--~, -------~Lo~o 

Strain Rote (51) 

12. Compressive strength of Baltic Sea ice as a function of strain rate, ice 
temperature, and orientation of the force (from Schwarz and Weeks, Ref. 31). 

18 



--(I) 
Q.. -
:J: .... 
t!J 
:z 
w 
a: .... 
(I) 

ICE· SOURCE 
Prudhoe Bay, 1978 
Prudhoe Bay West Dock. 1978 
Pt. Mcintyre, 1978 

GRAIN SIZE 
•· < 2 mm 
o ·2-3 mm 

.-a-----
/.

1 ·. 4.. •• 

!IC ' •• s.
. ~ • I 

!. :. ?1 ___ ..!_ __ 
• 0 •. . 

• • ··o . . . . 

/l I . • :. . o, 
¥ • . Q> 0 0 . 

/
.~ . ... 
' ·~· : 

. . ~!i~ ... 8 
..,.... . ........... . . 

. o . 
. ' . 

0 
0 

• 

• 
0 

0 

100~~----~------~------~------~------~--~ 
10-7 10-6 10-5 10-4 

STRAIN RATE tSEC-1 ) 

13. Compressive strength of granular annual sea ice at -l0°C (adapted from 
Wang t R2f. 33). 



N 
. 0 

--U) 
Q..· -

: .. _ .. 

.. • ~ :.: t ....... 

1000r-----~-.--------.--------r--------~----~~--~ 

100 

0 

10-6 

0 

/.

. ___ ._.,_- -10mm 
- . • • 

~·-•4-- -15 mm 
" I o • ·;.. • • • A o 

0 

' 
0 

GRAIN SIZE 

10 mm 
11 mm 
15 mm 

ICE. SOURCE 
A Flaxman. 1978 , 
• Rein~eer lsland.-1978 
o Prudhoe Bay.1978 

10-5 lo-4 

STRAIN RATE (SEC-1 ) 

14. Compressive strength of unoriented columnar annual sea ice at -l0°C (adapted 
From Wan£, Ref. 33). 



--en 
a.. -
:J: 
1-
Cl 
z 
w a: 
1-
en 

N _. 

GRAIN SIZE 
11 mm 

T .. 
l0-6 

• " 

-..,.....- -- - :_-- oo 
• -- -....:..---....:..- 90 ° 

• 

yJy--'Y---- 45° 

" " - ~ 
J , • ' • .• .. ~ • l. ( , ~ · ...... "; 

" "' 

ICE SOURCE 
Reindeer Island, 1978 

• oo 
.. 45° 
• goo 

10-5 10-4 10-3 

STRAIN RATE (SEC - 1 ) 

1'5. Compressi'<'e strength of oriented columnar annual sea .ice at -l0°C (adapted 
from Wang. Ref. 33). · 



.MAXIMUM STRENGTH OF ORIENTED-
. . 

·COlUMNAR. SEA ICE 
1500 ~---~~-~-------~ 

-- 1000 .. 
en 
Q.. -:c 

AVERAGE 1-
C!J 
2 
LU 
c:: 
t- 500 Cl) 

0 45 90 
ANGLE BETWEEN APPLIED LOAD 

AND c~AXIS {DEG) 

16. Maximum compressive strength of oriented columnar annual sea ice at -l0°C 
as a function of sample orientation {adapted from Wang, Ref. 33). · 

22 



summarized31 and are .plotted in Figure 17 •. The interpretation of such . . . . 
' . 

. results, ·and indeed the calculation of flexu~al response for anisotropic 

ice sh~ets with temperature and Splini.ty.variations, is perhaps possible 

through the ~pp.licati.o·~: of Hu'tte.r•~ th~ory, 34 but. much additional work 

remains to be done if this is to be accomplisheq. 

Considering the· complex properties of sea ice sheets described 

above, it is clear that the model ~ppr.oach in an ice tank cannot hope to 

scale all of the properties of the ice sheet. If anisotropy, 

temperature and salinity gradients are .n~g.lected, . some 'siJCCess i-n 

.scaling of bulk properties is possi6le, but simultaneous scaling of the 

frictional forces .at the interface remains a formidable task .. 

Researchers are now attempting to relate scale model tests to 

analytical models and to .full-scale field test results, to establish 

empirical rules of ~orrespondenc~ which might be used in fut~re 

structure model tests. 

A. typicpl design calculation procedure for a gravel island is given 

by Ralston, 21 who makes assumptions about the ·iSland bound~ry, the 

failure mode, .the .ice. type, thickness, salinity,· temperature .and the 

strain rate. The strain rate is a particularly important parameter, as 

shown in Figures 13-16. 

Observations of the boundary between the ice sheet and both natural 

and artificial islands have revealed that the ice in the boundary region 

is usually quite complex. There is at .least one tide crack, and often 

several. Snow has formed deep drifts at the boundary, because of the 

·heigh~ difference between the island and the ice sbeet. This retards 

the rate of ice formation, warms the ice sheet, and provides a. gravity 

load which often puts the water line above the ice ·sheet, causing sea 

water. to. c~~e up through the .tide cra~k. High ·winds in early winter 

often move the thin sea .ice·~ ~reat deal, leading to the·fracturing·and 

buildup of ice rubble piles at the boundary of the island. 35 Clearly, a 

realistic model of this complex .situation is extremely difficult. This 

aut~or•s observations of severa1 situations in which an 1ce sheet was 

pushing against an artificial island have indicated that initial closure 

pf the tide crack was followed by a tendency of the ice sheet to buckle 

upward at the tide crack; of course, purely compressive failure modes 
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are theoretically possible. Ralston 21 ~as therefore conservatively 

assumed that failure occurs in compression, for a cold (-l0°C) thick (7 

ft.) ice sheet composed of granular· sea ice (upper 5 feet) and columnar 

ice (lower 2 feet). 

The relationship between the ice sheet movement rate and the 

effective strain rate at the region of failure is difficult to establish 

in full scale in the field. However_,- the strain rate is an important 

parameter, as shown in Figures 13-16. ·Small-scale laboratory tests have 

been made by Michel and Toussain.t, 35 in which rectangular indenters of 

widths from 6.3 mm to 203.2 mm were used. They found the relationship 

v 
e: = 4b 

to hold, where ~ is the equivalent uniaxial strain rate in sec-1, Vis 

the rate of indentation, and b is the width of the indentor. Larger 

scale indentor tests in the field have been reported by Croasdale et 

al, 37 for a flat indentor of. width 0. 75 m and height 1.0 m; (ice 

thickness ranged from 18 em to 99 em during the ·tests). Their results 

also show the strain rate dependence associated with the transition from 

ductile to brittle behavior. The formula given by Michel and 

Toussaint36 has been used with modification by Ralston21 in a design 

calculation for a gravel island of 500 ft diameter. 

Ice crushing loads against a vertical pier have been calculated 

based upon the early formula of Korzhavin, 38 

p = Imka 

where p is the ice pressure, I is the indentation factor, m is the shape 

factor, k is the contact factor and a is an (undefined) compressive 

strength of the ice. The usefulness of this equation is 1 imited unless 

one knows the appropriate values of I, m, k, and a; much of the 

engineering reset~rch in recent years has revolved around . the 

determination of these values. Empirically, I = 1 for a wide structure 

and about 2.5 for a narrow structure. Horeover, k = 1 for perfect 

contact, and m = l .0 for a flat face; m = 0. 9 for a round face. The 

value of a d~pends upon strain rate, as discussed above. 
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For a wide structure; such as a gravel island, Ralston 21 has 

modified the above equation to give the force F on an island as 

F·= k!abt 

where ·t is the ice thickness, b is the diameter of the island, and the 
other symbols are defined above. As the ice sheet moves a~ainst ttie 

island, the load may be expected to vary irregularly with time, and this 
equation expresses the first peak load, which corresponds to a condition 

where the contact factor k is a maximum (k~l). A plastic limit analysis 
has been used to find an upper bound of I = 3 in columnar ice and 

I~ 1.2 1n .granular i~e. 39 
Ralston advocates the use of a factor 2 (rather than the factor 4. 

as in Michel and Toussaint) 36 in the denominator of the ·equation 
relating strain rate to ice sheet velocity. 21 However, he.makes use of 

the average ice movement rate of 8 ft/hr., associated with a 100-year 
return period, as derived by Wheeler. 14 Wheeler's paper indicates that 

ice sheet position information was sampled every ten minutes. It 
appears possible that the movement recorded between two adjacent 

sampling times may have occurred in an extremely brief time interval, 
.conceivably of the order of a· few seconds, and in such a case that 

. . 
strain rates calculated on the basis of an average over a ten-minut~ 

sampling interval could be as much as 100 times too low. Until some 1ce 

movement data 1 s taken with a short sample time i nterva 1, and the 
results analyzed together with existing data, the ice movement rate:used 

by Hheeler for so-called "landfast" ice should be regarded only as a 
first estimate. Using the 8 ft/hr average rate, Ralston21 calculates a 
strain r·aL~ uf 2 x 10"'6 sec·1, and an island lQading of 340 kips/ft. of 

island diameter. The use of defensive techniques, such as cutting slots 

in the· ice sheet,. was assumed by Ralston to offer a reduction in the 
contact factor to an estimated value of k = 0.8, giving an estimated 
load for an exploration island (with defense) at 270 kips/ft. of 
diameter. This example calculation contains several assumptions,· and 

should serve only as a starting point for more refined calculations. 
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.It s·hould be mentioned· that an attempt to allow for ice· rubble 
accumulation, as .. an.- ralternative ·design ·condition, has also been 
discussed. 21 The major unknown .in.that insta.nce is the degree to which 

the ice rubble ·has :grounded on the seafloor adjacent· to the is1and, and 

the· resulting additional resistance ·to ice sheet pressure which it 
provides. .counterbalancing that effect is the fact that the diameter of 

.the rubble pile is greater than that of the island, leading to greater 
total forces. In practice, rubble piles grow on their outer periphery, 

:as the ice.fa·ils in flexure or in shear~ .and in some~instances the ice 
stress observed between grounded ridges ·and land is low even ~hen ridges 

are buil~ing.4° It is .this author's npinion that in most instances the 

·presence of. grounded ice. ridges· or rubble. provides a net protective 
effect for an island; experiments· are curr~ntly in progress to attempt 
to. verify this. 41 Kry113 has suggested that simultaneous failure does 
not. occur across the entire island diameter, so that the total load is 
less. · Even submerged shoals collect ice rubble ·which offers S4fficient , 
lateral resistance to cause the .growth of additional ridges and rubble • 
. These· calculations will be .used fn distussions about offshore structure 
.1 oads bel ow. 

OFFSHORE STRUCTURE DESIGN 

The only fixed offshore structures in the Beaufort Sea which have 
been designed· and ·constructed to date are artifical islands. Many 
islands, in water ·depths up to 60 feet, have been built in the Canadian 

Beaufort' Sea. 117 A design example has been presented· recent1y42 •43 by 

Prodanov1c. A representative well-grad~d sandy gravel availa~le at 
Prudhoe Bay has a typical unit weight of 115 pounds per cubic foot (pcf) 

above water level and 65 .pcf buoyant weight below water level. For 
trucked unfrozen gravel, the strength ·is expressed by the 1 nterna 1 

friction .angle of 34°, with 32° friction angle for dredged fill and 30° 
for granular subsea soil. Alternatively, the subsea soil is assumed to 
have an undrained shear strength of 1000 pounds per square foo~. For a 
fill island, the resistance Rf is given by42 
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where pl and p2 are unit weights above arid below the waterline, respec­

tively, v1 is the fill volume. above water level, v2 is the fill volume 

between water level and shearing plane, <Pis the· angle of internal 

friction, and Ymf is the granular material factor (taken to be 1.2). For 

the case of cohesive soil, the resistance is taken to be42 

R =A-c-
c Ymc 

where A is the shearing surface area, c 1s the soil cohesion, and Jmc is 

the cohesive material factor (taken to be 1.4). This design example was 
presented to illustrate one procedure for island design; the numerical 

values would likely be different for different 16cations. 

Additional complexity is introduced by the advance of the rreezing 

front into the island after it's fonnation, the rejection of brines . . 

downward during that process, and the properties of the resulting frozen 

saline granular fill. A sequence of alternate annual freeze/thaw cycles 

could transport fresh water from snow melt into the island, resulting in 

a .rather complex layered island structure. There are a number of such 

problems related to artificial islands which remain to be examined in 

detail, prehaps by using a finite element computational approach 

t.uyf:'ther w1th a deta1led set at field observations. 

Island freeboard is detennined by both oceanographic and ic~ load 

criteria. Storm surges, wave setup, and astronomical tide set a ~inimum 

for island freeboard. . However, applicatiuu uf the i<;:e load Cr1tena 

may result in higher freeboard. In the example of Prodanovic, 43 this is 

the r.ase, and the design freeboard of 11 feet includes a· safety mdry in 

of 56%; island shearing resistance exceeds the 100-year estimated· ice 

load by this margin. ~lave runup depends l!pon island beach slope, 44 ilnd 

appropriate beach protection for production i$lands should include not 
only sufficient height to prevent overtopping, but also large aggregate 

or some armor layer to prevent wave erosion. · ~1oreover, during large ice 
movements, such as those occurring during breakup and freezeup, fragmeri-
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.ted ice cover can move and. pile up o~ the beaches of artificial islands, 
forming piles as high as 22 m ~t or near the beach. · An extensive review 
of all published -observations of such pil ups has been given by Kovacs 

·and Sodhi. 45 ,46 .While such pileups are of little consequence if they 
are confined to the beach, it is necessary to design the beach profile 
so that. ice sheet. breakup and pileup does occur at the island edge. The 
four techniques for this as described by Jahns47 ·are: 1) a rough beach 
with a high sliding resistance; .2) a steep bluff at the top of the beach 
to cause jamming; 3) an. eight..-foot high benn to trigger pile-up; 4) a 
buffer zone behind the berm where ice can accumulate without interfering 
with operations. A discussion of these techniques for production 
islands is given by Jahns, 47 and certainly a great deal more observation 
of ice pileup· would assist in the synthesis of appropriate specific 
beach profiles. Ice ·sheets can ride up shallow beaches and travel on 
the order of 100 meters inlan~, 44 but this can be converted into pileup 
with appropriate sharp. beach profiles. 47 Clever innovation in beach 
design might reduce ice rideup and pileup to a predictable location and 
extent, but more rese~rch is needed. 

The probability of encountering multi-year ice should be~evaluated 
when designing production islands. For the Beaufort Sea, (and presum­
ably for the northern Chukchi Sea), Bercha and Stenning•s17 estimate of 
a maximum multi-year ridge thickness of 115 feet (based on 100-year 
return period) means that in most water depths {less than 115 feet) the 
island may encounter ice of thickness equal to the water depth. 
Multi-year ice is low-salinity ice at a temperature close to 0°C. If 
one uses the small-scale data summarized by Michel and Toussaint, 36 

Figure 18, ·and if com~ressive failure is assumed, extremely large 
calculated forces result. Hence attention is given to the flexural mode 
of failure when one is considering practical production structures 
resistant to multi-year ridges in deeper water. The ideas behind such 
designs are discussed below. 

In many bridge piers emplaced in ice-infested rivers, the upstream 
faces are made in the shape of inclined wedges. The maximum force 
predi.cted by Korzhavin's formula 38 is reduced, and Tryde48 has suggested 

a reduction factor Cf' which depends upon the geometry and the ice 
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properties. Other early work by Tryde49 considered the forces on a 

sloping plane. A more elaborate theory has recently been developed in a 
50 ' 

thesis by S~renson. He recognizes that·the initial region of contact 

between the ice sheet and the sloping structure leads to a crushing 

failure, and only after the local crushing contact region is large 

enough to provide sufficient lifting forca is it possible to produce a 
I 
bending failure at some distance from the ice sheet/structure boundary: 

Because of his·assumption ~hat the ice sheet is of uniform thickness, we 

wi.ll not repeat his results here; the interested reader .can tefer to his 

thesis. 50 It should. ·be pointed out that the cross-section of a 

multi-year ridge is approximately trapezoidal, 
51 

both below and above 

the water 1 ine, and the details of interaction of a multi -year ridge 

with a sloping (circular) structure. are quite different than in 

S~renson•s model. 
. . 

A preliminary design of a conical structure with a 45° angle, for 

water depths up to 41 meters in the Canadian Beaufort Sea, has been 

described by Jazrawi and Khanna. 52 Horizontal loads due to wave forces 

were established by a l/90 scale model test, and the maximum horizontal 

wave force was expected to be 64,500 kN., corresponding to a 10 meter 

wave with 9 sec. period, in 41 meter water depth. In Figure 19, they 

have given the horizontal load due to an impact of a 14 meter thick 

multi-year ice ridge, which they calculate to be loo·,ooo kN. Also in 

Figure 19 is an estimate of the horizontal load from the impact of an 

ice island of dimensions 200 m x 200 m x 18m, moving at a velocity of 

0.6 m/sec. Such an ice island is only a fragment, but they estimate a 

horizontal load of 112,0'00 kN. for this event. Clearly, their calcula­

tions show that ice forces are dominant in the design of conical 

structures for the Beaufort and Chukchi Seas. 

The discoveries in the Canadian Beaufort Sea have lead to the 

publication of another conical structure design, 52 for water depths of 

150 ft to 250 ft. Stenning and Schumann have described a gravity 

structure with a conical section beneath the waterline to break ridges 

in flexure, a cylindr1cal section piercing the waterline to fail sheet 

ice· in the crushing mode, and prevent ride·-up and adfreeze. An ice 

island event was considered unlikely, but provision was made for such an 
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event by means of disconnecting the superstructure from the base near 

the seafloor •. They expected a maximum keel depth of 150 ft. for ice 

islands in the Canadian Beaufort Sea region of interest, and with the 

assumption of 200 ft. water depth, they designed the base section to be 

only 50 ft. high, so that an ice island would clear it without damage. 

For water depths shallower than 150ft., they suggest other platform 

concepts as being more economic. Their maximum ice load was for a ridge 

115 feet thick, frozen into a 10ft. thick multi-year ice sheet. A 

companion paper by Bercha and Stenning17 outlines the analysis of the 

interaction of such an ice ridge with the conical structure. · For a 45° 

cone; topped with a 50 ft •. diameter cyl indrfcal section, his curves 

(F1gure 20) predict a maximum horizontal load of 100,000 kips. A very 

detailed analysis has obviously been made by Bercha, and it will be very 

interesting to review his assumptions, procedures, and results when they 

are completely published. He does mention the scale effect, related to 

the fact that for very wide structures, failure is 1 ikely to occur 

sequentially along the interface, rather than simultaneously, and that 

total loads would be reduced. Further study is needed to quantify this 

reduction factor. 

Another study of a conical offshore structure concept has been made 

·by Pearce and Strickland, 54 but no detailed results are given. Tests on 

conical structures have been made at the Esso Resources Canada ice test 

basin, at a relatively large structure size (10ft. diameter). 

A wide variety of novel conceptual designs for Arctic structures 

have been proposed, including an ice-cutting rotating monopod. A review 

of earlier concepts .has been given by Strain. 55 Generally, the lack of 

acceptance of novel designs in the past few years can be attributed to 

the feelings· throughout industry that a passive (rather than active) 

defense against ice forces is' more relinhle, and that traditional design 

techniques are more reliable. Of co•H·~e, rcl iab111ty 1ssues and cost 

issues are inextricably intertwined, in the development stages as well 

a~ in the operational phases. 

It should be pointed out that the ic::e conditions in the Canadian 

Arctic Islands, and the drilling methods there, as described by 

Strain, 55 are different from those applicable in the Alaskan Arctic. 
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~ater depth between the Canadian Islands is . typically 500 ft; or 
greater, the multi-year ice is restrained in its movement by the 

islands, and it is practical to drill from a thickened ice sheet without 

experiencing so much lateral movement that the niarine riser exceeds 

allowed deflection.· There is· no comparable situation in the Alaska 
Arctic. 

Based upon published calcu·lations1 (which should be refined 
further), the wind and wave conditions in some· ·parts .of the Bering Sea 

•r~ as.severe as in any other part of the world subject ~d offshore oil. 
and gas development. A large literature has been developed which gives 

extremely sophisticated tools to the offshore structure designer. ·The 
guidelines for struct1,.1re design hcwe hf;'P.f"! set by Oet Nor~kc Veritas, 

Lloyds Register of Shipping, ·and the American Bureau of Shipping. The 
U.S. Geological Survey Arctic Operating Orders apply in the regions 

considered here, and are given in Appendix A.· The most detailed set of 
design guidelines are those of Det Norske Veritas, 56 which are 

reproduced in Appendix B. The variety of detail which must be taken 
into account in a structure verification program is illustrated there. 

The U.S. Geological Survey Conservation Division has recently initiated 
a structure verification program as well.llS The ice conditions in the 

Bering Sea do repre5cnt additional loading, and ·are worthy of such 
special considerations.· 

Production 5tructure~ for the Ber·fng Sea· need on·iy contend with 
annual icc !iheets, and first-yt:!ar 1ce r1dges. A "I though such ridges may 

be thick, they are not ·consolidated, and presumably have much lower 
strength than multi -year ridge.s. Consol irlated rafted annual ice more 

than 10 m thick has been reported near St. Lawrence Island, however. 118 

The necessity for a conical shape is no lQnger obviou!i, rtlt.ho•.tah it may 

be desirable. The· ice movement in the Bering S~a is often of the cirder 
of 30 em/sec, and ice fragment accumulation upon or.around a structure 

cotild be sub~tantial. Moreover, for structure ·diameters of 10-20 
meters, and an ice velocity of 30 em/sec, use of the strain rate 
relationship of t1ichel and Toussaint36 provides a strain rate in the 
range associated with maximum values of crushing strength of ice. 

Assuming granular ice, and a temperature of -l0°C, a compressive 
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strength of the order of -1100 p.sd is. ·obtained from ~·Jang's 

curves33 (.Figure 13). ·The approach of Ralston21 may be extended to· 
this ~ase, ·with a contact factor ·of.0.6, and an indentation factor of 

1.·2. If the ice is 5 feet thick (4 feet of competent ice), a horizontal. 

load of the order of 450 kips/ft of diameter results.. The load on ·a 

cylindrical monopod of diameter 5.8 meters would be about 8600 kips. 
This- should only. be taken as an approximate indication of lateral load, 

to_ indicate that ice Joading may be significant in the Bering Sea 
because of the high strain rate associated with ice fa~lure against the. 

structure. Muth.more data, particularly at temperatures near 0°C, ·needs· 
to· be obtained on· Bering-Sea pack ice morphology, mechanical properties~. 

and movem~nts before these values .can be established with confidence. 
Two large-scale test. structures have been built in recent years in. 

waters subject to moving ~annual sea. ice sheets. One, in the Finnish 
waters of the Gulf of Bothnia, 57 is located in.a water depth of 12 . . 
meters, and is subjected to a maximum ice sheet thickness of 0.9 meters, 
wi.th ·ridges of ·3 meter· ·height and 12 meter keel -depth. A .cyl i_ndrical 

monopod of 5.8 meter diameter penetrates the wate.r line. A conical base 
is attached, and the transition from cone to cylinder takes place 4 
meters below the waterline. This lighthouse structure was erected in 
1975 using prestressed cor.crete, at a cost of 5 million Finnmarks. The 

fundamental resonant frequency is in the range 2.8. Hz to 3.2 Hz •. This 
. . 

artifical structure replaced ~n earlier structur.e which failed. because 

of fatigue caused by ice-induced vibr~tions. 58 

These .Finnish structures have been subject .to dynamic analysis by 
~1aattanen, 59 and it should ·be .recognized that the ice loading is 
dynamic, leading to periodic structure and fo~ndation loading. Any 

artificial steel or concrete structure designed for ice-covered waters 
should be subject to dynamic analysis. Existing finite-element computer 

programs have been applied to offshore structur~s~ but the nature of the 
ice forcing funttion, and the pro~erties of the structtire foundation and 

adjacent seabed under cyclic loading, remain to be determined ahd 
integrated into such dynamic computerized analysis. 

The KH1I I. Finnish lighthouse described above is instrumented to 
measure ice forces and structural response. It has four accelerometers, 
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four. vertical ·rods to measure bending deformation, and 30 pressure 

transducers along its outer surface to measure local ice pressures and 

pressure ridge. loading distributions against the structure. Two 

telemetry systems transmit data to a receiving station on the shore, 

where data is recorded and analyzed. Limited results are just becoming 

available; 60 the quantity of data obtained depends to a large extent 

upon the degree of ice movement in a given year. 

A test. structure was constructed in the Sea of Okhotsk, about 600 

meters offshore near Mombetsu, Hokkaido, Japan, in 1975, by r1itsui 

Shipbuilding and Engineering Co., Ltd. Under the sponsorship of Mitsui 

and also the Japan National Oil Corp., this effort's purpose was to 

develop a design for operation in ice-covered waters. Few results· have 
been published, but Tabata and Nohguchi 61 have reported that the lateral 

load oscillated between 90 tons and 30 tons, with a period of about 20 

seconds. After about ten such cycles, the ice failed in a different 

manner and the force dropped to the 10 tons to 30 tons range, still 

oscillating •. The resonant frequency of the tower was about 15Hz. Two 

seasons of data with a cylindrical tower were taken, and at least two 

seasons of data with a conical tower have also been taken. 62 Additional 

laboratory tests have been performed on the adfreeze bond o{ sea ice to 

offshore structures. 62 The current research phase involves the loads 

·imposed upon the structure by ice ridges. 62 , 63 Data from this 

structure, when it becomes availahlP., will be of great interest to those 

involved in the design of offshore structures for the Bering Sea. At 

this time, however, it is not clear whether a sufficiently diverse and 

large number of tr.ansducers were installed on the ~1ombetsu tower in 1975 

to i=trlswer the significant dr.sign-related quest10rl!:i which remain. Test 

results in such an experiment are invariably 1 imited by ice conditions 

presented by nature. 

It is the opinion of many engineers involved in Arctic design that 

it would be quite· useful to construct a carefully-instrumented test 

structure in a representative ice-covered Arctic region in order to 

answer many of the unknown questions which remain. The validity of 

Korzha~in's ex~ression is in question, for compliant structures that are 

excited by ice movement. For cases where it can be used, the appro-
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priate values of contact factor and indentation factor, for full scale 

structures, remain to be ·determined exper.imentally. Ice compressive 

. strength varies with depth through the ice sheet, and· the appropriate 

values for strength are open to question. Some thought sho~ld be given 

.to the kinetic friction conditions at the structure interface. If a 

structuTe does vibrate, it may enhance the ice-fracturing capability of 

the structure. Finite element formulation of the ice-structure 
interaction . problem should be considered. Very few measurements of 

physical and mechanical properties of sea ice have been made in th-e 

field, in the Bering Sea and the Chukchi and Hope Basins. If these 

gaps in our knowledge are filled, and carefully assembled together, it 

should be possible to optimize the design of safe, economical production 

structures for the recovery of Arctic offshore oil and gas reserves·. 

SUBSEA GEOTECHNICAL HAZARDS 

Seafloor conditions vary considerably among the several lease areas 

included in the current Arctic OCS lease schedule. t1arine geologists 

have made great strides in the past decade, characterizing the seafloor 

sediments in the Bering, Chukchi, and Beaufort Seas. Beneath the sea­

floor in the Beaufort and Chukchi Seas 1 ies subsea permafrost, which 

must be taken into consideration in drilling and completion plans. Ice 

ridge keels scour the sea floor near the coast in the Beaufort and 

Chukchi Seas, and in shallower parts of the Bering Sea. All of these 

conditions affect offshore oil and gas recovery, and will be reviewed 
briefly be'l ow. 

A comprehensive book by G. D. Sharma64 has recently been published 

which provides much useful information on sediment size distribution in 

the Arctic offshore areas. First, one may consider the Bering Sea, and 

specifically the Norton, St. George, and Navarin basins.· From the 

bathymetry chart65 given by Sharma (Figure 21), the Norton Basin water 

depths are in the range 20-30 meters, the St. George Basin water depths 

are 100-140 meters, (see Figure 22),
66 and the Navarin Basin is a large 

basin in water depths of 100-200 meters. Although ·the Bristol Basin is 
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·not presently scheduled for oil exploration, the probability of oil 

reserves is· appreciabl~ there, a·nd the water depths are in the range of 
· 50 .meters. 

. .The sedim~nts ·in Norton Sou11d -ar~ high in s.ilts, as shown in 
Figures 23-27 1 taken from Sharma•s work. 64 The Yukon river discharges 
so~e 88 to 100 rili 1l ion metric tons per year into Norton Sound. 64 The 

U.S •. Geological Survey, as part of the OCS Environmental Assessment 
Program, has conducted detailed studies of thiS area, and a summary of 

their results has been presented by Thor and N~lson. 65 lhey have indi-­
cated that gas-chatged s~di~erits arid sediment susceptible to 

liquefaction by cyclH;-wave loading are two potentially unstable 
conditions found in Norton Sound, A large acoustic anomaly, probably a 

gas accumulator, has .been ioc:a·ted some 30-40 km south of Nome. This is 
about 9 km in diameter and 100 ni below the sediment surface. Vibracorer 

penetration rates were three times faster in such regions of gas-charged 
sediment, and ~~s bubble train~ ~man~~ing from the sea floor have been 
observed. They ~~rn . ~h~t _liany. ar~ificial str~c;tures P.!i!netrating the 
large gas accumu·la-tion ~t 100 m.-••••• may provide direct avenues for 

u"contrQlleQ g~~ migration · to the seafloor ... 65 According, to their . . . . . . . 

stu~ i.e~, the ~e~rsurface gas may ~e t~mpo.rari ly trapped by a 1~2 m 1 ayer 

of imp.ermeable Holocene mud, but during storm. c011ditions,, the sealevel 
setup, seiches, and stQrm waves cause rapid changes. in porewater 

pressures, sP.ctiment 1 iquefaction. gas venting, sediiner.rt era ~ers, and 
depressions wh1eh would challenge the stability of gravity foundations 

for offshore structures. The shear $trength of the_ sediment is reduced 
and is· locally variable because cif th~- gas and· ofganic content. 65 • 66 ~ 67 

Obviously, the Norton Basin presents a s~:n·iuus clia11enge 1n geotechnical 
design for permanent offshore structures. Fortunately,·. according to 

Hopkins~ 68 the ·1 ikel ihood of. encou·nteri·ng pe~afrost in submerged areas 
of the northern Be·~ing Sea is very low'. The most likely regions for 

possible relict .permafrost are na"rrow nearshOre &etts. a: few hundred feet 
wHfe· between the'. Koyuk River and Cap·e Denbigh, betwe~n St.- r1ichael and 

. Apoori Pass; and between Kwfkioak Pass and Cape Romanzof. Field measure­
m·ents by Harrison. and Osterkamp _are currently .in progress to confirm 

· this predictlon·; no subsea permafrost has yet been found. The sediments 
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of Norton Sound are subject to ice scour by ridge keels, and the region 

subject to scour is shown in Figure 28. Scour marks are a maximum df 1 

meter deep, and are most numerous in the shear ice zone near the 

boundary of the shorefast ice. 68- 70 Such ice scour is a very important 

consideration for the design of offshore pipelines, and presumably th~ 

water depth at which it occurs can be used as an indicator for the 

thickness of annual sea ice ridge keels which may frequently be expecteq 

in q given location.. In Figure 28, the known nearsurf~ce faulting is 

also indicated, and this hazard is important in connection with the 

choice of drilling sites. 

A very detailed field survey of the marine. geology of the St. 

George Basin has been given by liardiner, Vallier, and Dean. 11 Their 

results, shm·m in Figure 29, indicate that surface sP.diments in the 

lease sale area are mainly sandy silts located directly over th~. bas~n. 

Analysis of the gaseous hydrocarbons in the sediments did not show ~ny 

excessive concentrations, which could cause sediment 1nstabiliti~s. 

Acoustic records did show anomalies at depths of 200m - 300m, which 

are assumed to be gas, but their data suggests that these gases do not 

leak to the surface. Their initial research was not specifically 9rien-

ted towards geotechnical engineering properties determinations. ho~P.vP.r, 

and some additional work in these directions will be needed. They have 

also given a map of known faults in the area (Figure 30). Seismic 

hazards are significant, in their opinion, and they have given a· map of 

epicenters for the entire southern Aleutian region of the Bering SP.a 

(Figure 31). They suggest that seismic events can trigger unstable 

sediments on the continental slope and walls of submarine canyons; the 

rather gradual gross bathymetry shown in Figure 22 suggests that this 

may not be a serious problem in most of the lease sale area of the St. 

George Basin, with possible very local exceptions. 

Tile very limited data on seanoor· sediments for the Navarin Basin 

suggests that they are fine, (Figure 27), ·but more detailed surveys 

remain to be completed and geotechnical investigations should also be 

done. 

The Chukchi Sea is presently scheduled for two lease sales; one, in 

the vicinity of Kotzebue Sound, is the Hope Basin; the other is termed 
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the Chukchi Basin, and is a muc~ larger area between Cape lisburne and 

Point Barrow. · A flat and featureless bathymetry is typical in· both 
areas~ wit~ water depths in the 20 m - 40 m range; ~ ftotabl~ ~xception 
is the Hop.e_ Sea Valley,. which penetrates towards Kotiebue SOund, just 
south of Point_ Hope (Figure 32). In the· Hope Basin, sand is typical 

near the . shore, with finer sediments· farther offshor~ (F~gure 33) ., 
Dense sedim~nt plumes are found in Kotzebue Sound itself, at the mouths 

of the Kobuk and Noatak Rivers. The geotechnical engineer~ng reconnais­
sance· of both the Hop~ Basin and the- Chukchi Sea remains ·to be 

completed •.. A very likely hazard is .subsea permafrost. In the Chukchi 
Sea, seafloor gouging by the-keels of multi-year pressure ridges and ice 

islands is likely. Detailed side_-scan sonar surveys of scour tracks 
remain to be done in these areas. A mode' for iceberg scouring has been 

given by Chari, 72 ·which might be adapted to ~redict scouring in the 
Chukchi Sea. Oat~ pr~sented· by Lewis73 on ·ice scours in the Canadian 

Beaufort Sea has shown that the seafloor ·is virtually saturated w1th 
ice-scour tracks in water depths from 15 m to 40 IT). This depth range 

corresponds to the Hope Basin and th~ Chukchi Shelf, which, although ice 
conditions are different, may also be subject to ice scour; field data 

on scours remains to be taken. Scour depths reported by Lewis73 on the 

average range from Q.S m ~o 1.0 m, but maximum depths range at least to 
6 m below the seafloor. Some very rare scours are ·even up to 10 m 
deep. 73 · The ability to predict extrem~ penetration depths for ice keels 

is essential from a subsea pipeline engineering standpoint, and Lewis 73 

has discussed this in some detail. It is important to differentiate 

between areas of active scour and· relict scour, in this connection, 
Lewis 73 has resolved this, and as an example of his results;· Figure 34 

depicts the impact return ~eriod across one kilometer of pipeline length 
as a function of water depth, for several burial dep~hs from 0 to 3 m~ 

A great deal of data acquisition and. ana1ysis remajns to be done in th~ 

Chukchi Sea before similar statiStics are available for production 

subsea pipeline designs there. One alternative which .has been proposed 
for the Beaufort Sea is to elevate pipelin~s on gravel causeways, 

avoiding subsea pipelines entirely, and making ice scour less important. 

49 



(.11 

0 

168° 

. . ··· 

.... -'·····. 
I : ... ·; 

~ 

16·)0 

AI?C'iiC 
OCEAN 

A L A·S K A 

Oec:th i• Melen 
SEWARD t"E:NI~·suLA 

32. Bathymetry of the eastern Chukchi Shelf, 
depth in meters (from Sharma, Ref. 64). 

sa· 

., . 

&&· 

SIZE (Mz) 

''0' 164· 

33. Sedimenr. ~ean size distribution, eastern Chukchi 
Shelf (fro~ Sharma, Ref. 64). 



. -

" 0 -· 10 
Cl. 

10 l 
';.;.· 

0 0 0 
~ .. 

> -::; I ... 
"' " ' 'l: -0 

"' a. a. 
~ ! "' c. 0 

"' -.... - "' -... . _, < 1d t ·10 "Cit "" g· 1·5 ::I z ... 0 
~ ... 
.... z "' - "' z ... 0 0 a. "' a. u 

·VI < ·"'. 0 0 

"' •l l Q u 10 10 ~ Cl: ... ... a. 

< 
"' z 

"' - ::I 
v -... < 

"' a. 
.! -u -· 10

4 < 10 - a. 

:! 

IQ5L.....-.........,.....-.. ______ ~o:----~--~-_,105 

0 10 20 30 40 50 

WATER DEPTH (m) 

34. Theoretical ice keel impact rates and return. periods fer a 1 km section of a 
pipeline ~laced at Various depths relative to the seafloor. Value~ are 
plotted vs. water depth for the Beaufort Sea Continental .Shelf, Canada, 
(after Lewis, Ref. 73). 

51 



For Chukchi Sea reservoirs in 20 m to 40 m water depth, such methods are 

clearly. impractical because of the tremendous quantity and cost of fill 
required for a long causeway into deeper water. Methods for deep burial 

or for armoring buried subsea pipelines should be reviewed, and system 
design alternatives such as offshore loading terminals should be 

considered. 
In the Beaufort Sea near Prudhoe Bay, an intensive marine 

geological· program has ·been underway for nearly a decade. A summary of 

all of the findings up to 1977 has been presented in the Beaufort Sea 

Synthesis Report, prepared by the OCS program. 74 The Final 

En vi ronmenta 1 Impact Statement75 contains similar information for the 

area ot· the· 'lease sale of Decemher 1979. The bottom sediments are 
reasonably well-mapped, as shown in Figure 35. The lease sale area 

scheduled for February 1983 extends west of the 1979 sale area, and has 
mainly clay and silt, from Figure 35. Specific geotechnical sampling in 

the area of the 1979 Beaufort Sea sale has been completedt 75 but a great 

deal more remains to be done to characterize the engineering properties 

of the sediments for the 1983 Beaufort Sale region. 

It iS generally recognized74 that subsea permafrost is found a.long 

the entire Beaufort Coast, and it is very likely to be found along the 

Chukchi coast as well. It is a relict feature in most areas, and is 

degrading as a result of the intrusion of seawater upon the coastline. 
The processes of therma 1 conduction and sa 1 i ne water convective 

transport are combined in various proportions74 to cause the melting of 

ground ice and other relict terrestrial permafrost features beneath the 

seaf'loor. This oversimplified picture of subsea permafrost thaw is 
accompanied .by the fact that. such thaw· is followed by mechanical 

subsidenc~. ·In locations where the ice-bonded subsea soil is close to 
the surface, i'!ny foundation preparation activity, or any heat 

tNnsmitted ft'Oiu foundut1ons to the seafloor, could cause thaw and 
subsidence,. and- possibly eventually challenge the stability of the 

foundation. Generally, researchers have found that the top of the 
ice .. bonded permafrost is near the surface of the sea float' close to the 

shoreline, in shallow (0-4m) water, and also in areas which are overlain 
with consolidated fine-grain sediments, such as clay, which retard the 
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penetration of seawater into the sediments. Even ir the subsea 
permafrost is quite far bel ow the sea floor, however; Goodman77 has 
pointed out that ·adjacent production wells· which penetrate the 

permafrost could have thaw/subsidence zones which overlap and coalesce 
after a number of years of production~ The composite casing/thawed soil 

system will develop strains ·during subsidence which must be kept within 

the allowable design limi~s of the casing system~ chosen. If w~lls in a 
cluster are shut-in after drilling or after a brief production period, 
freezeback will proceed slowly around each well, and. the resulting 
confining pressure· on the casing must be kept bel ow those pres~ures 

which cause casing collapse. The. combined thennal and mecha.nical 

analysis of 
remains to 
production 

however. 78 

such a pr·oblem, using a f1n1te-element computer approach, 
be published. The more elementary problem of a single 
well thaw/subsidence has bee:~ solved and published, 

Ice scour has been extensively documented for the Beaufort Sea of 
Alaska by Barnes and Reimnitz. 79- 81 Vibracores have been taken along 
the Beaufort Shelf to establish stratigraphy •. Many of the dynamic 
geological processes in the Arctic marine environment have ·be·en 
established and geotechnical engineering properties . of unbonded 
sediments have been determined for· the Prudhoe Bay vjcin.ity by· Sellmann 
et a1. 82-85 However, engineer1ng properties of ice-bonded· sediments· 

·remain to. be determined,. and. more field measurements· of engineering 
parameters of seafloor thawed ·sediments f~r the remainder of the 

BeaJfort and Chukchi Seas should be made as well. 
Once the engineeriny parameters of subsea. soils in the Arctic 

offshore h~ve been determined, the accumulated geotechnical . knowledge 
whi.ch hai been obtained in othet~ offshor·e areas, such as the Gul.f of 
~1exico and the North Sea, can be· applied. ·. Pnenomena such as vortex 

shedding around pipelines, sediment slope instability 7 cyclical loading, 

and shear: strengths as applied to specific foundation designs can be 

predicted. 
The dynamic response of specific structure/foundation designs. may 

also be ~valuated once the seismic excitation for a giv~n area i~ known. 
The existing se.ismic network in northern and western Alaska has shown86 
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that Norton Sound, Hope Basin, and the eastern Beaufort Sea are regions 

of moderately high seismicity; the pr~sent data shows little activity in 

•the Navarin Basin, 86 St. George Basin~ 87 and Chukchi Sea. 86 However, it 

--has been· pointed out by Oavies87 that ·the . instrumentation on the 

Pribilofs, ~djacent to th~ St. George Basin, has. limitations, and that 

the seismic·'activity may be greater there. Earthquakes of magnitude 

.greater than 4.0. o~ the Richter sc~le, dete~ted by the world network, 

are shown· in f,igure 36, for all of Alaska. The ·more intense activity of 

the· Norton and· Hope Basins ar~· indicated86 in Figure 37, and the 

Beaufort and Chukchi Sea seismic events are in Figure 38.86 . There is an 

instrumentation gap· in the Navarin Basin, and .also from Point Hope .to 

Point. Barrow.,· along the Chukchi~ Sea. The complicated faults in the 

· 1 atter offshore region may be active; a dense seismic network to assess 

this question remains to be deployed. Possible· seafloor fault·movements 

could threaten .the integrity of buried pipelines, so more dense seismic 

coverage would be useful. Finally, it should be emphasized that no 

relationships have yet been experimentally established b~tween seismic 

events and local .seafloor accelerations and displacements in the Arctic 

offshore· areas of the Bering, Chukchi, and. Beaufort Seas. This data is 

very important . · 1n structural ~ynamic analyses, ·and· requires 

sophisticated seafloor ihstrumentation in representative offshofe 

locations. Once that data is available, structure designers can proceed 
with vibration analyses using known techniques.88-9l . 
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TRANSPORT AT! ON OF ARCTIC OFFSHORE OIL A"'D GfJS 

· SUBSEA PIPELINES 

For situations in which both oi1 and gas .are to be··produced, 
conventional practice is to pipe both products to the adjacent landfall 

and provide:, fqr separation, limited processing,·. and transport there. 
However, the Arctic coast of Alaska is not free of ice for the entire 

year, and. furthermore a P.ipeline system .from western. Alaska to an 
ice-free port on .the Gulf of Alaska WO!Jld be very long and expensive. 

Such an approach would perhaps be justified if very 'large reserves were 
found. A much more realistic situation is that many smaller reservoirs 

will be found in succession. The extraction of oil from many ordinary 
offsho~e reservoirs can begin .more quickly and be economically justified 

at lower threshold reserves if a marine transportation system (in this 
case, ice-breaking .tankers) is used. 114 However, very few natural deep 

water harbors exist along the coast of the Bering, Chukchi, and Beaufort 
Seas of Alaska. In fact, the Bering Strait bathymetry is in the 40 

meter range, implying that only vessels of modesi (20 meter) draft are 
likely to be used. Even with 20 meter draft, natural harbors are rare, 
and would be expected to be congested. with ridged· ·shorefast ice for a· 
large part of the winter. The hazards to .subsea pipelines posed by 

fishing trawls would be ·present in the Bering. Sea, just ·as have been 
experienced in the North Sea~ Pipel1ne burial to a depth of 1-2 meters, 

plus reinforced .concrete armor around the pipe~ has provided a workable 
solution for this ·type of natural hazard in the North S~a. The 

additional hazard which should be noted is the possibility of ice scour. 
If the water depth is in the 20 ni .: 40 m range, such as in the Norton 

Basin, annual ice keels may scour the seafloor. However, observed scour 
marks are of the order of 1 meter deep, suggesting that the 

unconsolidated annual ridge keels do not have. sufficient strength to 
gouge much deeper. It appears that a 1-2 m burial~ perhaps combi~ed with 
reinforced concrete armor, would protect a submarine pipe from such ice 
scour. Pipelines may cross faults, and if they are surficial and active 
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·some hazards might be encountered~ In parts of the Norton Basin, 

submarine pipelines may be poorly supported by the gas-charge(.fine 

sediments, and differentia 1 settlement perhaps caul d occur, which may 

lead to pipeline buckling. It is possible that a pipeline may avoid 

such sediments, or it is possible that special pipeline· burial and 

buoyancy might be used to overcome this difficulty. There is ro0m for 

innovative subsea pipeline design in the Norton Basin. 

In the Hope Basin, the Chukchi Sea, and th~ Beaufort Sea,· subsea 

permafrost is widespread. Warm subsea oil pipelines will: transfer heat 

to the surrounding sediments, and if the ice-bonded·: permafrost i.s 

within - conservatively ,. 10 meters of the seafloor, there is the 

possibility uf the heat from the pipeline causing thaw of th~ it:~-bonded 

sediments, i1m.l puss1ble subsidence if they have a high ice· content. 

These conditions exist at the shoreline, and also in some recen~ly 

inundated offshore bars and regions of consolidated clays. However, iM 
other locations, particularly where coarse sediments offer the 

possibility of thermal convection cooling of the buried warm pipe, the 

rate of thaw wou1d ·perhaps not be accelerated by the p'resence of tne 

pipe. There is a need for a computer model which includes neat, mass 

and salt transfer, and phase changes, to provide some insight into this 

question. The major design question of the transition from offshor~ to 

land (elevated) conditions should also be considered. Elevation on· a 

short causeway, or remov,;1l of beach flPnn.:~frost and buriill in c~ar··~e 

backfill, are b1o possibilities which have been mentioned. Regardless 

of the region, once a landfall is reached, the pipeline is subject to 

potential Arctic prnhlems associated with permafr-ost, such as 

thaw/subsidence 'or frost heave; this category of /\rctic hazard will be 

discussed in a separate section helnw, 

OFFSHORE TERMINALS IN THE ARCTIC 

The scarcity of harbors in the Arctic offshore naturally leads to 
the consideration of offshore terminals for loading tankers. Several 

natural forces should be taken into consideration. High winds and waves 

can prevent terminal loading operations during open water conditions. 
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The statistics of such extreme conditions should be determined, but the 

technology of offshore loading in the North Sea has progressed to the 
point where (i~· the. Thistle Field)92 a .maximum wave height of 7 mat 9 

sec. period, a 50 khot windspeed~ and a peak hawser force of 200 tonnes 

has been certified by Lloyds Register. Oil transfer time in i978 for 

this single anchor leg mooring system ranged from 80% of the time in 
August to about 40% _in November, depending primarily on weather 

conditions. Three 100,000 dwt tankers were used, with platform storage 

limits of 70,000 bbls. and projected production at 180,000 bbls/day. 

The system is illustrated in Figure 39. An articulated oil loading 

column has been used at the Beryl Field, 93 as shown. in Figure 40. This 

has been used up to 8-9 meters wave height and winds of Force 9. The 

articulated column concept93 dates back to 1963, and has reached the 

operational stage successfully. The 99.4% efficiency of the Beryl SPf1 

is due to the large (900,000 bbl) storage capacity of the Beryl Central 

Platform, which allows oil prod~ction and storage in times of extremely 

adverse weather. The use of yoke moored. tankers for storage at SP~1 

locations is qu.ite. widespre~d, 94 as shown in Figure 41. These floating 

storage and transfer vessels can al~o incorporate processing, delivering 

processed crude, LPG, and fuel gas. t1aximum wave heights to 85 ft. and 
wind speeds to 87 mph have been provided for, 94 as shown in Figure 42. 

None of these techniques have been used in ice-infested seas, but 
the extension ·of.· such techniqUes to the Arctic deserves some 

consideration. I.ce reinforcement of moored tankers would be necessary, 

and· will be discussed below in connection with ice-reinforced transport 

vessels. High mooring forces wou1d be required. At Heryl, a maximum 
hawser tension of 102 metric tonnes was registered for a 4-meter wave 

height and an average wind of 37 knots. The natural drift velocity of 

the ice sheet may be· taken to be of the order of 30 em/sec.; brittle 

compressive failurP. is likely to be involved in such cases. A mooring 

load in .drifting ice remains to be determined, but may be even larger 

than the· breaking strength used in the mooring design for the LOOP 
deepwater port design for VLCC tankers offshore of Louisiana. 96 t1ooring 

design innovations are ·likely to be needed for tankers during loading 

operations. One fundamental design principle for offshore fixed struc-
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(l) ODe of th~ ~"9 vnada 1D a&rvic• at aru•n<. 

110. 

4 

a 

10 

u 
u 

u 

110. 

6 

10 

ll 

12 

OP!kAtoR 

PbUUpo 

PbUUpo 

Culf 

Shell/!xxaa 

S.tiltan 

A*> CO 

ADDeo 

-·11?.:0 

Petrobru 

aP 

Shell/tzxoa 

Y£Ail INST ALUJI 
(INSTAILA:ION 
~ECTill) 

1974 

1975 

1976 

1977 

1978 

lt7V 

1979 

1979 

(1979) 

(1979) 

Cl979) 

(1980) 

(1980) 

(~/A) 

n.OATIHC STORACE FACIUnES - nU.INC STATION CI)NCEn 

CI)UilTI!T 

Norvay 

""•••7 
DenuriL 

U.l'\. 

c.~. 

u.~. 

U.l. 

a.,. 
luz11 

ll.l. 

..... u 
u.~. 

(INSTALLED OR ON OR.DER) 

LOCATION 
(nE!.Il! 

.EILoHoiL 

!lo.vfhl< 

Dantleld 

4101< 

Ari)'U 

Montro•• 
Hantt'otll 

Tbllth 

E.a.c:hova 

&uchau 

C:..J'Oup& 

Breac 

TA111CD 
CAPACITY 
H!BL. 

300 

~ 
400 

)00 

300 

700 

700 
UQ 
3)0 

)50 

uo 
600 

T.UL! 3 

IIOORINC IIT.Tl!OD 
STORACE TANKEl 

CAIJI 

<.:ALII 

CALK 

ELSBK 

CALK 

c.uJI 

CAIJI 

lALK 

CALK 

CAIJI 

QA1JI 

CAIJI 

RICII>-YOKE ltOORIMCS INSTALL[D OR ON ORDEl 

CI)UilTI!T 

Tun1a1a 

lndoneaia 

SpaiD 

Kahyola 

l"dvu••1• 
Pb111pp1aeo 

Bru11 

Uaited Arab 
!airacea 

Tun1a1a 

Italy 

Dubo1 

U.l. 

U..itod Sue .. 

Ololll:ll 

SliP A 

Ctc1 .. 
Servtea 

Atlantic 
R1chtio1d 

Shell 

!xxoa 

e...,....., 
C1t1 .. 
Service 

Petrobru 

nEIJ) 

Mhtarc 

Po1ea& 

'C.H•l;OI! 

Pulai 

ii..iau1 
South llido 

Amerada Heat Arlallah 

SNPA .Uhtan 

ACIP NUde 

Conoco Fu;ab 

Sboll/f.xxoa Fulur 

T!P! 

sas 
SBS 

S!S 

$,\I,S 

SALS 

JIIS 

S!S 

SBS 

SIS 

MI.' 
Toke 
CAIJI 

Toke 
rover 

Toke 
SALK 

DtSIC!IER 

SliM 

SliM 

sa.~ 

SBK 

sa.~ 

SliM 

SliM 

Cll 

sa.~ 

£7RCO 

I::xtdeo 

T£Ail INSTALLED 
Cl NSTAI.U. nON 
E.Xl'!Ctm) 

1971 

1971 

1973 
l9n 
1975 

1976 

1976 

1977 

1979 

C197il 

~UIIdbj 

Sc&.Ddby 

TANKER 
SIZE 

70,000 

70.000 

66,000 

)6,000 

167,000 

102,000 

70,000 

54,000 

2)2.000 

llS. 000. 

110,000 

126,000 

210,000 

SO,OOO 

D£SICNU 
STOMCt SPK 

tHC Cuac.o 

KcDer.tt 
Sill 

SID! 
l.odc::o 
l-eo 
Sllll 
SBK 
Sll! 
SIJI 

IIIC Guoto 
SBII 
51111 
So fee 
l-ea 
SBK 
Sllll 

PES I GilD. 
STORACI SPII 

SBK 

51111 

SliM 

IIIC Guoto 

51!1 

SIK 

SliM 

Uil 
SliM 

PRODUCTS 
(l!YDROCAUONS) 

?Toceaaed Crucle 

PToceaaed Crude 

U."'• C•ude 

PTOcuaed Crude 

Procesaed Cnade 

Procesaed Cnade 

1.1vc an<l 
Proces•ed Crude 

Proce•••d Cru.de 

ProccJaad Crude 

Live Crude 

Proc•• •eO Crude 

Fuel c .. •ad 
Proc••••d Crude 

Moored tanker oil 
Ref. 94}. 

storage installation statistics (from Smulders and Remery, 
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TABI:E 4 

JUc;ti>- YOK! 11XlRINGS - SITE CoND.lTIONS 

Ill tiD 
TAIIKEll SIZE ~ATER DEPTH WAVE HEICBT SPEED CllRllE!IT 

NO. nno (lllo"T) (n) (FT) (MPH) (KNOTS) 

1 Aahtan 70,000 '220 ~1 78 2.5 

2 Poleng 70,000 130 27 81 3 

Ardj u.n.a 66,000. 149 27 81 3.5 
Cute11on 58,000 )~9 52 76 2.5 

5 Pu1a1 167,000 220 44 94 2.5 

6 Uda"g 102,000 305 39 69 2.9 

7 South Nido 70,000 200 40 75 

8 Gai:oupa 54,000. 400- 51 84 3.5 

9 Arzall4h 2.52,000- 107 . 25 82 3 

10 Aahtart 135,000 220 41 78 2.5 

ll NUde 80,000 312 60 101 2.3 

.12 Fateh 126,000 130 36 69 3.5 

13 Fulma.r 210,000 269 85 87 2.4 

14 Santa 50,000 490 41 7.5 
Barbara 

42. Ri_gi-<;:1-yoke moorings-site conditJons ""(from Smudlers and-Remery, Ref. 94) . 
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tures in ice-covered waters .is that the ice ·forces -increase as the 

cross-sectional structure area pres·ented to the ice sheet increases· •. In 

view of this, it seems appropr-Iate to consider oil storage at the 

platfonn in tanks on the seafloor, as is common practice with North Sea 

grav.ity structures such as CONDEEP. 97 With such a scheme, the only 

structures which penetrate. the waterline are the loading buoy and the 

transport tanker itself. . The ·design of the loading buoy may be 

articulated; it may include subsea guys, borrowing from the guyed tower 

concept; to minimize ice forces ft· should have a small cross-sectional 

area presented to the ice sheet.· 

The tolerance of an artic~lated loading column to angular 

displacements permits the ·fee fracture to be in the flexural mode rather 

than in the compressive failure· mode, resu·lting in lower lateral forces. 

Clearly, such an off:;hore loading terminal would require extensive 

conceptual ~nd d~tailed desi~n, mod~l testing, and field tests, but at 

this point in time there seems to be no reason why such an offshore 

loading concept .could not be. developP.n for. the deeper waters of the 

Arctic Alaskan Shelf. 

An alternative approach is to ·construct wide and extremely robust 

structures, relying upon· the strength ·provided by the large amount of 

structure material. This.· is ana·lagous to the design concept of the 

artificial isiand. Near the shore-line, oil storage on land may also be 

considered. An artificial harbor has also been considered by Dorne 

Petro1eum Ltd. 114 

lri ~ater·depths of 20 meters or 1·ess, th~ ice fracturin~ ~round the 

structure would very likeiy build ridges which become-grounded and stay 

in place, presenting_ an obstacle to the ar'rival . and loading·· of 

ice-breaking tankers. The· buildup of. 1ce ridges around fixed structures 

could also impede resup,ply traffic. ·The Norton Rilsin, with its shallow 

bathymetry, wo1.Jld face this problem. The Beaufor:·t Seil· is shallow as 

well, but sirice there is already a transport method :available· (th-e 

Trans-Ala·ska pipeline), marine transport is not needed. For the Hope 

Basin and the Chukchi Sea, as well as. the Norton, St. George, and 

Navarin Basins, marine transport is likely to be a cost-competitive mode 
of petro.leum extractfon, and shouid be thoroughly investigated. It 
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should be mentioned that fixed (non"7articulated) single-point loading 

structures rilay be appropriate as wel.l ,· and that direct loading from a 
specially-designed offshore production platform may be· technically 

feasible in some medium-depth lo~ations such as th~ st~ George and 

Navarin·Basins. 

ICE-CLASS TANKERS IN THE ARCTIC OFFSHORE 

The voyages of the Manhattan .. in. • 1969 demonstrated that 

ice-reinforced ta~kers could succes~fully traverse th~ ~nn~al ice of the 

Northwest Passage. ·The economics of. tanker operation,. plus the techno­

logical uncertainties of an offshore deepwater loading terminal in the 
Beaufort ~ea, and other factors as perceived ten years ago, led to the 
decision to construct the trans-Alaska pipeline •. Several recent 

propos a 1 s for tanker ~ran sport through the Northwest Passage have been 
made. 98 ·The Department of Energy discussion of alternatives to the 

Northern Tier pipeline contained such a proposal; Seatrain lines 
proposed a marine transport system to the Department of Energy; Dome 

Petroleum has proposed a fleet of Canadian Class .7 icebreaking tankers 
to service its proposed Beaufort S.ea production; Globtik has proposed 

' 

such a system; and Newport News Shipbuilding has also· studied such a 
sys tern. Conceptua 1 designs for such 1 a rge projects have often been 

prepared; but the technical and economic difficulties inherent in such 
systems often remain obscure. The most serious set of proposals have· 

been consistently presented and refined by Dome Petroleum Company99 

which has made several very promising discoveries· in the waters of the 

.canadian Beaufort Sea (90 ft to 190ft depth). A m~jor Canadian govern­
mental commitment has already been made to indirec;tly·supp.ort the 

exploration for oil and gas in the Beaufort Sea, and 
that the discovery of sufficient reserves there 

emplacement of ·a production and transportation 

it can be expected. 
will prompt the 
sys.tem. 114· The 

proportionally higher cost of the offshore production structure suggests 

that the lower cost marine transport of oil will be used rather than a 
long pipeline. 
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For the United States, however, the icebreakers and i ceb rea king 

tankers requ_ired·_- in the Bering Sea would be Canadian Class 3 to 5, 

depending on location. This type of ship is operational in many parts 

of the. world. The U.S.A. has two new icebreakers potentially capable of 

routine operation. in even more severe conditioris, the Polar Star and the 

Polar Sea.·. The F'innish . and Swedish icebreaker fleet is made up of 

vessels capable. of operating in.~nnual ice in the Baltic, which is of 

lower salinity -and higher strength·than Bering Sea ice. Their fleet 

includes· several ice-strengthened' .tankers. The largest fleet of 

ice-breakers and. ice-reinforced vessels is operated by the U.S.S.R. on 

their Northern Sea Route. T~ere ari ~hree nuclear-powered ships {L~nin, 

1
Arktil<at and _Sibir 1

), which ar·e capa_ble of transiting a~nual ice and 

thin multi-year ice. A photograph· of the Lenin, the first nuclear 

icebreaker, is shown in . Figure 43. The • table given' by Armstrong100 

{Figure .44) gives the details of the Soviet. icebreaker fleet. In 

addition, there are many ice-reinforced cargo vessels, as shown in 

Figure 45, a total of 287 ships in all. In August 1977, the Arktika (a 

class 7} sailed to the North Pole, covering 3,852 nautical miles in 14 
days at an average speed of 11.5 knots. {The decision to make this 

voyage was bas.ed -upon real-time ice reconnaissance which showed an open 

lead - a huge polynia - extending to the Pole).· The newest icebreaker, 

Sibir•, is shown in Figure 46 leading a convoy in annual icP in the Kara 

Sea. Armstrong reports that the Sibir• was. completely stopped by a 

heavy multi-year ice floe in the East Siberian Sea; she mounted the 

floe, failed to break it, heeled over 20°, and finally slid backwards 

into the water. 10° For the Berin.g Sea, it appears th~t self-powered 

icebreaking tankers in the 100,000 dwt class could readily be used to 

transport oil and LNG.. For the Hope Basin and Chukchi Sea, icebreaker 

support would probably be needed for some of the winter months, and two 

icebreakers are more than twice ~s useful as cmr.. 100 · The route for 

these. icebreaking tankers would presumably be to the U.S. west coast~ 

since the transit of the Northwest Passage in the winter would be more 

demanding. The Soviet fleet is operational from r1arch to January on the 

Northern Sea Route, and year-around operation could be designed ·into any 

marine ojl transport system for the Bering and Chukchi Seas. The eco-
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43. Soviet nuclear icebreaker Lenin, in annual sea ice (from The Two Poles, 
by Gennady Koposov, Pl aneta Pub 1 i shers, 1975). 
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Table 1 

Soviet icebreakers used on the northern sea route, in service 1978. 

Arktika 
Sibir' 
~ 
~k 

Ship 

Admiral Makarov 
Krasin 
Hu:.kva 
Leningrad 
Kiy_e_y 
tlurm~tnsk 
Vladivostok 
Kaei_-tan Sorokin 

Kapitan Nikolayev 

Kapitan Belousov 
Kapitan Voronin 
Kapitan Melekhov 
Vasi1iv Pronchishchev 

(ex Ledokol-1) 
Afanasiv Nikitin 

(ex Ledokol-2) 
Khariton Laetev 

(ex Ledokol-3) 
Vasiliv Poyarkov 

(ex Leookol-4) 
Yerofev Khabarov 

(ex Ledokol-5) 
Ivan Kruzenshtern 
(u: Ledokol 6) 

Vladimir Rusanov 
(ex Ledo}<:ol-7) 

Semen Chelyuskin 
(ex Ledokol-8) 

Yuriv Lisvanskiv 
(ex Ledokol-9) 

Pe tr Pakh tusov 
Geo1 g { v SeLiov 
Fedor Litke 
Semen Dezhnev 
Ivan Hoskvitin 
9tto Schmi_<!!_ 

2 Sorokin-class 

'W'here 
built 

USSR 
USSR 
USSR 
Finland 
Finland 
Finland 
Finland 
Finlanrl 
Finland 
Finland 
Finland 
Fi,.,1and 

Finland 

Finland 
Finland 
Finland 
USSR 

USSR 

USSR 

USSR 

USSR 

USSR 

USSR 

USSR 

USSR 

USSR 
U~!:;R 

USSR 
USSR 
USSR 
USSR 

Finland 

'W'hen 
completed 

197.5 
1977 
19.59 
1974 
1975 
1976 
1960 
1961 
19Gj 
1')68 
1969 
lCJ77 

1978 

1954 
1955 
1956 
1961 

1962 

Before 
1963 
1963 

1963 

1964 

1964 

1964 

1965 

1966 
1967 
1970 
1971 
1971 
1978 

On Order 

1980-81 

Power 
shp 

75,000 
7.5,000 
44,000 
36,ooo 
36,ooo 
36,ooo 
22,000 
22,000 
22,000 
<:2,000 
22,000 
~~.ooo 

22,000 

10,500 
10,500 
10,.500 

.5,400 

5,400 

· 5,4oo 

'L400 

5,400 

5,400 

.5,400 

.5,400 

'5. 400 

under 5,000 
under 5,000 

5,400? 
5,400? 
5,400? 
5,400 

22,000 

Displacement 
tonnes 

23,400 
23,400 
16,000 
20,240 
20,240 
20,240 
13,290 
!J, 290 
13,290 
J.),L~U 
13,290 
14,900 

14,900 

5,)60 
5,)60 
5,)60 
2,500 

2,500 

2,500 

<,500 

2,500 

2,500 

2,500 

2,500 

~.500 

J,6su 

nuclear 
nuclear 
nuclear 

shallow­
draught 
shallow­
draught 

14,900 shall o.,.-_ 
draught 

Source: Polar Record and Inter-~oc~. p~~~im, based on Soviet pres~ ~~ports. 

44. Soviet icebreakers in service in 1978 (from Armstrong, Ref. 100) . 
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Table 2 

Sea-going self-propelled ships of over 100 GRT on the Soviet register i.n 1977. 
cleared for sailing on the northern sea route 

Ship Types 

Icebreakers 
Specially strength-
ehed freighters 
( ULA) - ch i e f1 y 
dry cargo 
Timber ships 
Tankers 
Passenger ships 
Ory cargo 
Tugs & salvage 
vessels 
Sealers & fishing 
boats 
Container ships 
Hydrographic &. 
expedition ship~ 

TOTAL 

% · Place of Registration 
built White & OWt in Barents Far Baltic Black Caspian Lena tonnage USSR Seas East Sea Sea Sea River 

354-6,147 52 
~ 

310-9,280 81 5 13 2 1 

4,454-6,780 50 12 7 7 

17,2:00 0 9 1 
2,L27 100 5 
7,430 0 1 

71-605 46 10 47 24 40 17 2 

790- ~ ,139 0 12 17 

6,270 100 3 2 l 
190-4,220 7 8 2 

43 48 101 38 42 17 2 

Source: Registrovaya kniga morskikh sudov SSSR l9?6-17 
(Lenin;~rad, 1976),and Prilozheniya (Supplemerrts) 1-3, 1977 

Unat-
tached 

30 

3 

6 

39 

TOTAL 

30 

21 

26 
10 

5 

1 
143 

29 

6 

16 

287 

45. Soviet ice-reinforced car9o vessels, icebreakers, and hydrographic ships, 1977 
(from Armstrong, Ref. 100). 



46. Soviet nuclear icebreaker Sibir', leading a convoy in annual sea ice in the 
Kara Sea (from Soviet Life, March 1980). 
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nomics of trans-shipment into· VLCC's at a deepwater port ·in the 

Aleutians should be examined. The draft of the vessels for the Norton 

Sound and Chukchi Sea service sho.uld be as shallow as possible •. : 

There. are many aspects of polar marine technology which should be 

advanced, as such a system is contemplated. A recent report of the 
·.r-1arine ·soard, National Academy of Sciences, l"Ol lists several areas. 

Ship icing defense, ice navigation training, ice movement studies; ice 
mechanics, communications, remote sensing, and system studies were among 

those· recommended. 101 

The design of icebreakers has advanced. in recent years, 102- 103 but 

further improvements (while not structurally necessary from a safety 
standpoint) would lead to significant cost savings in fuel consumed over 

the life of an i.cebreaking tanker fleet. Active icebreaker design 
groups in Finland, Hest Gennany, Canada, U~S.S.R., U.S.A., and Japan are 

involved in research and model studi~s. Because· of its obvious 
importance, research on icebreakers, i cebreaki ng tankers and service 

vessels has been recommended by the ~1S-9 Panel of S.N.A.~1.E. Details 
. will n~t be discussed here, but some of the ice-related factors entering 

into icebreaker design will be mentioned. 
The dynamic friction between the icebreaker and the ice sheet is 

important, since it reduces the power available for forward motion. 
Icebreakers often traverse snow-covered ice sheets, and should be coated 

with materials having high abrasion resistance as well as a low dynamic 
friction coefficient with the snow and the ice. Breakage of the ice 

sheet obviously depends upon mechanical properties of ice in the regime 

of rapid lo.:trling ratP.s and flexural failure. Stress concentrations at 

the contact interface between ship and ice sheet deserve more attention. 
Ice fragments sliding beneath the hull offer considerable resistance to 

ship motion, and interfere with efficient operation of the ship's 

propulsion screws. Recent tests· of Dome Petroleum's new icebreakirig 
workboat Kigoriak have shown that special water flooding at the bow can 
reduce fricti.on, that. a spoon-shaped bow promotes flexural failure of 

the ice, and that a slightly wider bow section reduces fr.ictional drag 

along the sides of the ship. 
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Of course, if open water regions or non.:.ridged regions can be 
located ahead ·Of the ships on a real-time basis, and· the interpreted 
information or imagery transmitted to the captain along with .an accurate 
short-tenn ice movement forecast, great savings caul d result. To obtain 
imagery over a large area,· useful for a ship routing plan for 12-24 
hours, impHes either satellite surveillance or other high-altitude 
surveillance. Fpg and clouds are al~ost always present, meaning that an. 
a'cdve microwave system such as side-looking airborne radar (SLAR} or 
synthetic aperture radar (SAR). must be used. The SEASAT satellite had 
SAR ·capability and very good ice pictures were obtained. 104 . The L-band 
SAR imaged a 100 km swath at a resolution of 25 meters on the ground, 
over a path length of ~bout 4,200 km, within view of a receiving station 
such as the one at Fairbanks, Alaska. The data rate was 110 
megabits/second, and the orbital tracks converged at latitude 72°N, 

producing 
areas. 104 

overlapping frequent coverage of some Arctic offshore 
The possibility of obtaining ice position and velocity 

vectors thus existed, but unfortunately SEASAT-1 failed on October 10, 
1978, and the next one is scheduled for launch after 1985. The high data 
rates are related to the massive number of picture elements per swath. 

The infonnation must be optically correlated, or correlated by digital 
processors; to accomp1ish this in a near-real-time mode is a heroic task 
in electronic system engineering. Some on-board processing is possible; 
to transmit data to the bridge of a ship in near-real-time would still 
take a very wide-band satellite communications link. The proposed ICEX 
satellite105 experiment will approach this capability, according to its 
recent report. Operational use of satellite SAR data in near-real-time. 
is possible, however, and within the next decade will probably occur. A 
numerical model for the prediction of ice motion could theoretically be 
operated in a near-real-time mode with real-time imaging as its input 
data. However. the models presently used for research purposes, such as 
the AIDJEX model, do not lend themselves to real-time operation, nor do 
they have appropriate boundary conditions. With sufficient time and 
resources, such sophisticated tool~ conceivably could be put to use in a 
predictive near-real-time mode, however. 
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A major use of the numerical models for pack ice motion, such as 

the AIDJEX model, is in the prediction of transport of spilleQ.;.oil. The 
probabii ity of an offshore oil spill remains finite, because .. of human 

error, and the movement, fate, and effects of an oil spill is one of the 

major concerns of the Outer Continental Shelf Environmental Assessment 

Program ·(OCSEAP) of the Department of Interior. This program began in 
Alaska in 1975, and has produced many useful results, some of which have 

been specifically referred to above. Of course, the transport of 
spilled oil in moving pack ice is of major interest to the u.s~ ·.c.oast 

Guard, which is charged with the mission of oil spill containment and 
cleanup. An industry oil spill organization, Alaskan Beaufort Sea Oil 

Spill Response Body (ABSORB) has also been established, and is 
conducting research. From the discussion above on ice movement, it is 

apparent that oil spill cleanup in moving ice presents a major 
engineering challenge at this time, but a full discussion of that topic 

is beyond the scope of this report. Innovative designs and field tests 
will be required. 

Central to the safe operation of offshore structures and loading 

terminals in ice-infested waters is the capability ofsurface transport 

in small vessels, for logistics, resupply,. human transport, and 

assistance in loading operations. Tugboats and workboats are suitable 
in open water, but must be ice-reinforced for winter use. A. high 

power-to-displacement ratio is a typical requirement for both tugs and 

icebreakers, so only ice-reinfbrcement of tugs is likely to be required. 
Poor visibility and ship icing is inevitable, so special superstructure 

design and precise electronic navigation (satellite navigation, for 

example) will be required, along with the usual radar. Hovercraft have 
been suggested for over-the-ice transport; apparentl.y, the spray icing 

problem has been overcome in Canadian industry trials. Another craft 

capable of traversing a mix of water and ice cover has been developed by 
tHtsui; it floats upon two parallel counter-rotating flotation 

cylinders, with spiral flutes on the cylinders providing for forward 
motion. Other design ideas may offer promise for stable surface 

transport, and should be considered. Because of high winds, turbulence, 

and ice conditions, helicopter access to offshore operations will be 
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limited oftentimes by inclement weather. Special . navigation and 

de~icing equipment on helicopters can b~ used to improve this situationw 

Helicopters must be sheltered from spray icing when not in use. 
Some spectacular offshore failures in the North Sea, such as the 

Ekofisk marine riser problem, can be attributed to marine corrosion. 

Special corrosion conditions in cold oceans are associated with high 

dissolved oxygen levels, stress-corrosion ·fatigue, and inadequa~e 

cathodic protection. A massive research program is underway in.the U.K. 

and Norway to overcome. these problems, and it is important in Arct·ic 

development in Alaska to keep abreast of such progress. It also may be 

necessary to specifically addres~ ice-rel~ted corrosion problems in. 
cathodic protection which are not characteristic of the North S~a. such 

as the effectiveness of cathodic; protection on structures surrounded by 

ice. 

LAND PIPELINES 

The option of transport by subsea pipeline and land pipeline m4st 

be considered, and indeed the existing trans-Alaska oil pipeline anq the 

proposed Alaska Highway Natural Gas pipeline bear witness to their 
advantages in the case of large, proven reservoirs. From a technical 
standpoint, the major obstacle for such pipelines is permafrost. 

In the case of the hot oil pipeline, the escape of heat can cause 
thaW of the surrounding soil in which the Hne is buried. If the soil 

is ice-rich, this leads to subsidence of the soil supporting the line. 
Differential subsidence can cause excessive stresses and failure of the 

. ' ' 

pipe by buckling, for example. To avoid this, approximately half of the 
line length (about 400 miles) was elevated on stable supporting piles. 

Nevertheless, in some regions of pipe burial where widely-:spaced drill 
holes showed thaw-stable soils, there are thaw-unstable soi1s·· beneath 

the pipe which are thawing. slowing. · Two pipe failures were reported in· 

the summer of 1979. If a rapid, unambiguous, continuous subsurface 
remote sensing survey with high resolution could have been inade between 
drillholes along the pipeline right-of-way before installation, massive 

ground ice could have perhaps been avoided. Only recently, however, has 
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the equipment been developed which approaches the capabilities required. 

An impulse radar now appears to be a promising choice for such a survey, 

.and it remai.ns to be tested extensively along existing and future 

·right-of-ways. Future right-of-way surveys deserve the mo.st 

sophisticated remote sensing equipment available, and. there is a need 

for additional development of· such equipment, including computerized 

methods for data presentation. 

The inverse problem of frost h~ave in fine-grained unfrozen soils 

is encountered when one attempts to place a chilled gas pipeline in 

discontinuous permafrost. Differential frost heave of the proposed 

chilled gas pipeline remains as the single largest unsolved technical 

problem at this time. Tests are in progress, but as yet no technical 

solution has been presented which permits burial of a chilled gas 

pipeline in fine~grained permafrost soils~ In Appendix E, a bibliogtaphy 

of frost heave literature is provided so that the interested reader may 

explore the geotechnical problems in greater detail. A potential design 

alternative is to elevate the pipe above the ground, as was done in the 

oil pipeline case. This offers less security but greater mechanical 

stability. Elevation of a gas pipeline leads to the possibility of very 

cold temperatures during winter shutdown. Special steels with low 

ducti 1 e•to-brittl e transition temperatures may be necessary; otherwise, 

greatly reduced operating pressures may be used, as is typical in -the 

U.S.S.R. 

Regardless of the type of installation, it is important to be able 

to identify regions of a pipeline which are beginning to develop 

geomet~ical distortions such as buckling. During the trans-Alaskan 

pipeline project, this was recognized and a development program was 

initiated for a sophisticated pipeline pig, which could be passed 

through the line, recording a particular pipe orientation si'gnature, 

which would be compared with previous signatures. Unfortunately, the 

mechanical hardware aspects· of that project and the statistical basis 

for interpretation failed to meet expectations. However, it should be 

possible to accomplish this objective, if careful attention is given to 

the appropriate instrumentation. The economic and environmental· costs 

of failure for large pipelines, either offshore or onshore, are substan-
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tial, and the ~uccessful development of a "smart pig" could eventually 

save hundreds of millions of dollars. 
The aurora borealis causes a time-variation in magnetic field which 

induces very large currents .in the trans-Alaska pipeline. Wherever 
these currents l.eave the pipeline, they leave in the form of metallic 

ions, a corrosion current. In most cases the·sacrificial zinc anodes 
are supplying these ions, and they will probably have to be replaced 

earlier than expected. Howeve.r, '!leasurements by the author hav_e 
confirmed that ·~he potential difference provided by-the usual sacri­

ficial zinc anodes in the corrosion protection system is inadequate in 
... 

some locations in times of active aurora, and some corrosion at defects 

(holidays) in the pipe coating does occur. Laboratory experiments have 
' . . 

also established that when steel leaves an anode due to corrosion, it 

forms a insoluabl~ ·precipitate, an in··ever·sable process. Thus, .al!r·ur·dl 

corrosion of buried pipelines is cumulative and time-varying; Arctic 

pipelines should have an adaptive time-varying .corrosion protection 
system. Development and testing of ·such a system remains to be. 

accomplished. It should then be made available for the long-term 
protection of any land pipeline in Alaska. 

The security of elevated or buried sections of pipeline against 
terroriSts or saboteurs remains a major concern~ The remotene~5 of 

Alaskan territory is generally a positive factor,·but makes surveillance 
dirficuit. Instrumentation related. to pipeline security deserves further 

attention. 

DRILLING AND WELL COMPLETIONS 

The presence of permafrost complicates the drilling an~ well 
·COmpletion process. Drilling fluids are usually water-based, and can 

contain freezing-point depressants permitting use below 0°C. However, 
the heat generated during drilling usually results. in drilling mud 

temperatures above 0°C during drilling operations. The permafrost 
surrounding the well bore melts gradually during drilling operations, 

causing some limited thaw subsidence. Fast drilling rates are 
advantageous, and any developments leading to faster drilling rates 
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would be worthwhile for Arctic operations. In offshore Arctic 

exploration drilling, during the summer, the return of the. icepack 

represents a time constraint on drilling, testing, logging, and other 

operations. Rapid drilling techniques can, in ice-infested regions like 

the Chukchi Sea, make the difference between one and t~o summer. seasons 

for an exploratory well. 

The major thaw and subsidence occurs during production, for wells 

completed in permafrost. An excellent review of th{s type of Arctic 

problem has been given in a series of eight articles by 

Goodman. 77 •106- 112 Special cementing techniques, toge~her with allowed 

strain in casing, has resulted in the successful operation of over 100 
production wells through permafrost at the Prudhoe Bay fi.eld. However,. 

in offshore production sites, clusters of well bore~ will penetrate 

relatively warm offshore . permafrost, and the degre~ of thaw and 

. subsidence is expected to· be considerably greater, as discussed by 

Goodman.7 7 ·It will undoubtedly be necessary to develop a model of thaw 

subsidence for clusters of offshore wells, and to attempt to devise safe 

and economical well completion techniques for such installations. 

Another problem noted in early Arctic operations was the freezeback 

of permafrost around wells that had been drilled and shut in, prior to 

production. Casing collapse is possible in such instances, as freeze­

back pressures can be more than 1 .6 times the overburden pressure. 1 06 

Designs to prevent this effect are presented by Goodman, 110 and the use 

of sufficiently strong casing seems to have overcome this difficulty. 

The presence of clathrates (solid gas hydrate crystals) in the 

lower layers of permafrost,· and beneath the permafrost, has been noted 

in some Arctic drilling in Canada and Siberia. 107 Hydrate decomposition 

due to the heat of the drilling operation will cause the release of 

large volumes of gas into the mud, which is not effectively controlled 

by increasing mud weight. 107 A large cavity is produced, as has been 

determined by caliper logs. 107 Although proper temperatures and 

pressures prevail for gas hydrate fonnation, the specific local geology 

also helps determine whether gas escaping from deeper reservoirs 

accumulates in large quantities as hydrates. However, the possibility 

of .advance detection of hydrate zones by seismic methods waul d enab 1 e 
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drilling engineers to be ·prepared for hydrate zone penetration. 

Specific operational procedures should be developed to contend with the 

penetration of hydrate zones during drilling. The possibility of 

extraction of gas from hydrates, as a resource, may be of interest as 

well. 

Logging of wells· in permafrost requires special ·interpretation 

techniques. The major need for log' interpretation in permafrost is to 

provide lithological, thermal, and mechanical properties so that 

appropriate casing designs can be made to accomodate thaw subsidence. 

Goodman109 has described the use of gamma-ray, induction, neutron, 

density, crystal cable; sonic, spontaneous potential, and temperature 

logs in perm9fro~t~ 
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TECHNOLOGY FRONTIERS 

The following technological frontiers .c.an be listed as relevant.to the 

re~overy of Arctic oil and gas resources. No order of prior·ity is implied 

in this 1 ist. 

1. RegionaL statisticaL distributions of extreme .wind~ wave~ and storm 

tide conditions~ based on hindaasting. 

2. Design techniques to minimize.ship and struature ice accretion. 

3. Statistical predictions of pack ice edge intrusions in summer months~ 

which would interfere with exp~oration drilling and emplacement of 

permanent production struatures. 

4. A prediction of statistical dist!'ibu.tions of extreme ice ridge and 

kee~ size.s~ d.egree of consoZidat;ion~ a11d velocity~ for. each offshore . . . 

basin, Annual and ~lt~-ye~r ridge~ must·be examine~ and ~istin­

gui~hed. 

5. Development of a statistical data base for annual ice sheet thickness 

and movement for each basin with as high a spatial· and temporaL resolu-

tion as possible; 

6. Data should be developed on· sea ice·mechanical properties~ particu-

larly on the compressive strength and flexu:ro.L strength of warm 

(-2°C) annual sea ice~ as a function of. strain rate and orientation. 

?. The limits of validity of Korzhavin's empirical formula shoul-4 be .. 
established by_a comb~nation of theoretical analysis and Large scale 

fi.€ld tests. 

B. A reLiable contingency technique for the, protection of offshore 

structures from ice islands should be developed. 
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9. Deta-ils of failure mechanics of an ic:e ridge thrusting against a 

sloping offshore structure bowidai>y shou.ld be analyzed, and appro­

priate field tests undertaken to the ·extent possible. 

10. The rate of penetration of the freezing front into artificial 

islands, the .salinity of both the .frozen ·and unfrozen regions, and 

selected geotechnical engineering properties shoutd be monitored 

as a function of time. 

11. A detailed study of beach profiles where .ic:e r:ideup oc:c:urs during 

spring breakup would provide quantitative design rules for boundaries 

of artificial ialands which would. resist ic:e override an.d excess·ive 

pileup. 

12. A well-instrumented·struc:ture should.be built in a region exposed 

to multi-year ic:e, to provide detailed verification. of design 

principles. Over a short time period, the design load may not be 

reached, but data_ during normal ic:e interaction events will assist 

in improving design procedures. 

1J. Representative marine geotechnical engineering data for foundation 

design·should be c:otlec:ted for each Arctic: offshore basin. 

14. For Norton and Hope basins in particular, the seaj1oor acceleration 

and velocity during several significant earthquakes should be 

determined, to enable prop~r structure foundation design. 

15. Vibration analyses of offshor-e structures S'l'.multaneously loaded 

with both ic:e sheet and· earthquake excitation should be made. 

16. Seafloor scouring by grounded ice features should be examined 

when the known grounded ice feature is present, and the relationship 

between scour depth and ice feature size should be established. 
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17. A method for dating the age of seafl-oor ice SCOW'S shoul-d be devel-­

oped~ and a compl-ete statisticaL. analysis of ice scouring: depths.in 

·the Chukchi and Hope basins shoul-d be compLeted if subsea pipelines 

are to be seriously considered .. . ·. 

18. The depth to the bonded subsea .permafrost should be determined in 

the Chukchi and Hope basins. 

19. A finite-element anaZusis of the thaw of subsea.permafrost near a 

hot oil- pipel-ine -making a b?.a'ied tran·sition across the beach ·Woul-d 

be quite usefuL .. . This shouZd incl-ude. conduction~ convection~ and 

salinity gradients~ and phase change at. the boundary of the bonded 

permafrost. 

20. Alternative designs for an offshore single point mooring terminal 

in ice-covered Arctic waters should be evaluated. Model testing of 

the.most promising designs should be undertaken. 

21. Instrumentation of existing icebreaking tankers· should be executed~ 

and data collected during routine passages. Ice morphology should . 

al-so be monitored duririg such. transits. .. 

22~ AU exist~ng data on icebreaker performance should be assembled~ 

analyzed~ and the ·resul-ts SW11TT1arized. 

23. · Specific voyages of Polar-class icebreakers into difficult Arctic 

areas shoul-d -be made with full complement of functionaL instrumen­

tation~ to determine operating limitations as related to oil 

deve topmen t. 

24. Methods for enhancing icebreaker effectiveness should be explored. 

These incl-ude Zower friction~ shape alteration~· stress concentration 

at the ship/ice interface~ reduction of ice mil-Zing by propel-Zors~ 

and other factors. 
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25. A conceptual design should be made for an active satellite-borne ice 

. surveillance system with near-real-time imagery transmission to an 

operating ship. If this appears feasible~ a second phase could 

consider the inclusion of a real-time .operational ice movement model 

into the system. 

26. Equipment should be improved for oil spill cleanup in waters covered 

·with moving ice. 

27 • . Ice..:traversing or icebreaking workboats should be designed. 

28. .·Corrosion problems which may be encountered on offshore structures 

in the presence of ice· should be examined, and corrosion protection 

systems developed. 

29 . . Remote sensing techniques for detecting thaw-unstable permafrost 

should be verified. 

30. Mechanisms for reduction of frost heave around buried~ .chilled gas 

pipelines in discQntinuous permafrost should be evaluated. 

31 .. A detailed design study of a sophisticated pipeline surveillance . 

pig should be made~ and the Limitations of such a device clearLy 

established. If warranted~ a prototype device should be built 

and tested. 

32. Corrosion of pipelines due to currents induced by the aurora borealis 

should be investigated~ and an effective corrosion protection design 

should be developed for all ~orthern pipelines taking this into 

account. 

33 •. Intrusion detection and other security measures for remote Northern 

pipelines deserve further attention. 
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34 .. AnaZysis of thaw subsidence for cZusters of weZZbopes penetrating 

offshore permafrost shouZd be made~ and appropriate cqmpZetion 

techniques deveZoped. 

35. The techniques for remote detection of cZathrates shouZd b,~ examined~ 

_and driZZing procedures deveZoped to accommodate clathrate-penetra­

tion without excessive gas evoZution or Zoss of weZZ controZ. 

36. A manuaZ for Zog interpretation in permafrost shouZd be prepared~ 

and those aspects of Zog interpretations which need improvement 

shouZd be identified. 

c 
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