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ARCTIC HAZE is a documentary 
which has been picked up by PBS for 
their 89-90 season and was shown on 
KUAC-TV in Fairbanks, Alaska on 
November 2 at 8 p.m. ARCTIC HAZE 
was honored at the Intemazionale Del 
Cinema ATtico in Fermo, Italy, this 
year. Check your PBS station schedule 
for show dates in your area. 

Something's happening to the 
arctic. Skies that were once a clear, 

deep blue are turning dirty white and 
hazy brown. Pollution from large in
dustrial areas of the world is drifting 
thousands of miles on northern winds 
and clouding the once pristine arctic. 

ARCTIC HAZE, a 30-minute 
television documentary, explores the 
mystery of polluted air invading the 
arctic and addresses both scientific 
and environmental questions about 
the pollution, its composition, origins 
and effect on the fragile web of life in 
the arctic. The story is treated as a 
mystery with scientists moving from 
clue to clue as they put together the 
pieces in the puzzle. 

Until quite recently, it was thought 
that the northern polar regions were 
some of the least polluted on earth. In 
1972, studies began on what is now 
known as "arctic haze," when it was 
discovered that pollutants traveling to 
the arctic from thousands of miles 
away brought in soot, sulfates and 
gases. The results have caught the at
tention of scientists and concerned 
citizens around the world. 

ARCTIC HAZE traces the discovery 
of this air pollution from its mystery-
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novel beginnings in atmospheric re
search and travels around the globe in 
search of answers. It takes us to an 
Alaskan village where an elder has 
seen the arctic skies change color, to 
the nuclear reactor which is 
"fingerprinting" pollution through a 
revolutionary process; and to 
Cambridge, England where we meet 
scientists from around the world as 
they gather to share their knowledge 
of arctic air pollution. ARCTIC 
HAZE is more than an exploration of 
a global issue in science and the en
vironment- it shows how the world is 
without borders when individual 
countries pour pollutants into the at
mosphere. 

Arctic haze has been seen by pilots 
since the early 1950s, but it wasn't until 
the mid-1970s that Dr. Glenn Shaw of 
the University of Alaska Fairbanks 
positively identified it as pollution. 
Using a small plane and a vacuum 
pump, he obtained samples of the pol
lutants in the air but was unable to 
discover their source (see TNE Vol. 
15, No. 3.) This detective work took 
the skills of Dr. Kenneth Rahn, an 
atmospheric chemist at the University 
of Rhode Island. Using a nuclear reac
tor, he discovered a way to break down 
pollution samples and detect their 
regional origins. The consistent 
makeup of samples from different 
parts of the world shows that regional 
pollution sources have unique "signa
tures" or "fmgerprints." Using these, 
he was able to trace the dirty air to its 
sources: Europe and the Soviet 
Union. ARCTIC HAZE illustrates 
the pollutant's origins and long 

transport pathways, and reflects the 
concerns of those most directly af
fected- the people of northern Alas
ka as well as scientists studying the 
global consequences of air pollution. 

Mattuew Bean, a Yupik Eskimo, has 
seen changes in the sky, the wildlife 
and the tundra. Bean, an elder in his 
community, who has always lived off 
the land in southwestern Alaska, has 
seen changes in the sky and is con
cerned. "I'm starting to realize how 
much pollution is possible in our at
mosphere," he says. "Some time back 
the sky used to be deep blue all over, 
even on our horizon. Now you hardly 
ever see that ... It's always pale blue, 
almost white in color." Scientific re
search has just begun on the effects of 
air pollution in the arctic. However, in 
other parts of the world, pollution has 
been linked to acid rain and the green
house effect. Could pollution also 
harm the arctic environment and 
climate? This is Matthew Bean's con
cern. 

Is arctic haze harming the northern 
polar environment and climate? 
ARCTIC HAZE highlights the scien
tific puzzle and environmental con
cern of air pollution in the far north, 
and shows the unique qualities of the 
polar region as a natural laboratory for 
predicting global climatic changes and 
the impact of pollutants on a fragile 
ecosystem. And it asks, how much 
more can this world handle? 
(Background photo courtesy Glenn Shaw.) 
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Maintenance of a Railway Grade Over Permafrost in Canada 
by 

D.W. Hayley 

This article has been reprinted from the Proceedings of the 
Fifth International Conference on Permafrost conducted in 
Trondheim, Norway, August 1988. 

INTRODUCTION 

The Canadian North comprises about 4.5 million square 

kilometers (km) or about half its land mass. The presence of 

permafrost affects almost all civil engineering structures, with 

the greatest impact on linear transportation facilities such as 

railways, roads and pipelines. The demand for transportation 

facilities has been constantly increasing as new resources are 

found and Northerners are no longer content to live in isolation. 

The high cost of construction, difficult access and harsh en

vironment has fostered innovation among practicing engineers. 

Basic design methodology for dealing with permafrost was 

developed in Canada in the 1950s and 1960s. The 1970s saw 

quantification of some of the more difficult technical challenges 

faced by designers. Major initiatives in resource development 

led to improved methods of analysis of the ground thermal 

regime. Contributions were made to predictive capability for 

creep deformations in frozen soils and to the illusive prediction 

of frost heave displacements. Much of the research and 

development conducted in Canada during the past decade was 

driven by a perceived immediate need to solve these more 

complex technical problems in order to safely produce oil or gas 

in the Arctic. 

Permafrost research and development occurred at a hectic 

pace during the decade that preceded the last International Con

ference on Permafrost In contrast to this, the past five years 

have been a period of application and refinement of new tech

nology. In some respects, the past five years can be referred to 

as an era of maintenance. 

This paper describes recent Canadian experience with main

tenance of the Hudson Bay Railway-a pioneering facility cur

rently operating over permafrost in Canada. On-going research 

to find a method for dealing with thaw-induced embankment 

settlement is summarized and the challenges posed by simple 

stream crossings are described. New technology is being ap

plied to very old problems in the hope of reducing high main

tenance costs and improving operational safety. The quest for 

new and innovative solutions is vital to the very future of this 

facility. 

THE HUDSON BAY RAILWAY 

In Canada, the Hudson Bay Railway was the frrst major 

transportation facility to be built over permafrost It provides 

the most direct grain transport route from Western Canada to 

Churchill, Manitoba, a seaport located on the Hudson Bay. The 

line extends northeast from The Pas, Manitoba, 820 km to the 

northern terminus of Churchill. Permafrost ranges from iso

lated and sporadic at the south end to continuous at the north. 

The topography is subdued with much of the landscape either 

post-glacial lake bed or marine lowlands that emerged as 

recently as 10,000 years ago. The climatic and drainage condi

tions which have prevailed since deglaciation have resulted in 

widespread accumulation of peat. 

Permafrost is present in elevated peat landforms or "peat 

plateaus" which have a surface covering of sphagnum mosses, 

lichens and black spruce. The plateaus become extensive north 

of the community of Gillam where permafrost underlies more 

than 50 percent of the landscape. Between the frozen plateaus 

are unfrozen water-saturated fens in which ponds and streams 

are common. The fen-plateau boundaries denote permafrost 

transitions that appear to be stable in their natural environment. 

However, it is hypothesized that they in fact respond to minor 

changes in microclimate, snow accumulation and drainage to 

such an extent that permafrost aggradation and degradation 

processes can co-exist (fhie, 1974). The permafrost peatlands 

provided a particularly challenging environment for the plan

ning and construction of the railway to Hudson Bay at the 

beginning of this century. 

Construction of the line began in 1917 but was not com

pleted until1929. Progress was interrupted by World War I and 

by a re-evaluation of the terminal site resulting in a substantial 

shift northward to the Port of Churchill. This added about 200 

km to the length of the Railway and forced the route over the 

Hudson Bay Lowlands, one of the most extensive permafrost 

peatlands in the world. A description of the grade construction 

techniques is provided by Charles (1959). He comments on the 

importance of route location, avoidance of cuts, placement of 
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ftlls over frozen peat and the stability of water crossing struc
tures; both bridges and culverts. This historic paper documents 

30 or more years of early Canadian experience with embank

ment construction over permafrost. 
The Railway line has been in continuous operation since 

1929, however, with passing time, quality of the track has 
deteriorated, maintenance costs have increased, and operational 
hazards are now a real concern on the system. Even with annual 
expenditures on maintenance three times the normal cost for 
western Canadian railways, it has barely been possible to keep 

pace with grade deterioration. The situation is further ag
gravated by improvements in rolling stock that demand a better 
class of track structure to carry greater axle loads at higher 
speeds. The operational challenge is primarily due to the 
presence of permafrost with the widespread occurrence of peat 

being a secondary factor. 

THAW-SETTLEMENT 

Thaw-settlement of the embankment at a discrete location 
has been termed a "sinkhole" by maintenance personnel. 

Sinkholes are widespread within discontinuous permafrost and 
there are indications that they are spreading north well into the 
region where permafrost is normally considered continuous. 
Most sinkholes require 100 to 150 milimeters (mm) offtll each 
year to maintain the track in serviceable condition. Sinkholes 
invariably form at the transition point between permafrost peat 

plateaus and the adjacent fens. A section of track across the 

permafrost peatlands is shown in Figure 1 and a typical sinkhole 
is shown in Figure 2. 

An hypothesis that explains the occurrence and distribution 
of sinkholes is reproduced as Figure 3 (Hayley et al., 1983). 
Progressive lateral thaw of an unstable, near vertical, per
mafrost boundary causes the sinkhole to slowly migrate into an 

otherwise stable frozen peat plateau. The key to restoring 
stability of the embankment resides with stopping the retrogres
sive thaw. Vertical heat pipes, inserted through the ftll into the 
thawing subgrade, were shown to be effective at cooling the 
transition area after a trial installation in 1978 (Hayley et al., 
1983). In order for this technique to be adopted for large-scale 

use along the route, it must be shown to be not only technically 
sound but economically viable. The following factors were 
identified as critical to adoption of heat pipes as a route 

stabilization technique: 

Figure 1. Railway crossing disco1Jiinuous permafrost peatlluulnorth of 
Gillam, Ma1Jiloba. 

Figure 2. Typical si1Jkhok. 

a) characterization of sinkhole distribution and frequency 

along the route; 


b) development of a rapid and effective means of locating 

the permafrost transitions in order to correctly position 

the heat pipes; 


c) adoption of a generic design that is relatively inde

pendent of site-speciftc conditions; and 


d) development of an efftcient, rail-mounted, means of 

installing the heat pipes. 


A thorough evaluation of the 600 km route over permafrost 
was conducted by review of track maintenance records, air

photo examination, and geophysical methods. The northern 
100 km and the southern 200 km are relatively free of thaw-set

tlement. An approximate distribution of sinkholes by frequen
cy for the middle half of the route is shown in Figure 4. Seven 

hundred active sinkholes were identifted and characterized in 
this study. 
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The distribution of sinkholes can be directly related to varia

tions in organic soil cover and climate. The sinkholes can also 

be broadly categorized as simple or complex. Simple sinkholes 

are characterized by a short, abrupt dip in the track. They 

typically have two to three transitions from frozen to non-frozen 

subgrade soils. In contrast, complex sinkholes are often as long 

as 300 meters (m) and are underlain by four to seven permafrost 

transitions. Complex sinkholes represent a more advanced 

stage of permafrost degradation and are common to the 

southern half of the route. A closely spaced group of simple 

sinkholes impedes the progress of train traffic; however, it is the 

long complex sinkholes that pose the greatest operational 

hazard because differential settlements are more severe both 

along and across the track. 

Application of Ground Penetrating Radar 

Effective use of heat pipes requires a reliable method for 

determining the location of permafrost transitions within in

dividual sinkholes. Experimentation with ground penetrating 

radar on the Hudson Bay Railway has confrrmed that it is both 

fast and effective at locating the permafrost transitions for soil 

conditions particular to this route. Ground penetrating radar has 

been used experimentally for some time to differentiate be

tween frozen and thawed soils (Annan and Davis, 1976) or to 

characterize permafrost by ice content (Kovacs and Morey, 

1985). However, there is no precedent for application of this 

technology to collection of route data for design purposes. 

The first radar survey was conducted along 77 km of route 

during the winter of 1985. The antenna was towed behind a 

vehicle at speeds ranging from five to seven kilometers per 

hour. High frequency pulses (120 MHz) were transmitted into 

the ground and a reflection was received by the same antenna. 

The signal was processed on electronic equipment carried in the 

vehicle then printed in analogue form on a strip chart recorder. 
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Figure 4. Frequency ofsinkhole occurrence relative to the distribution 
ofpentlllfrost. 

A sub-surface boundary between granular and cohesive or or

ganic soils or between frozen and unfrozen soils can normally 

be distinguished because there is a change in electrical proper

ties of these materials. 

Typical data from a radar trace over one of the early heat 

pipe test sites (1978) is shown in Figure 5. The bottom of the 

granular embankment can always be distinguished as can the 

groundwater table. Fill that has recently been placed in active 

sinkholes is also evident. The radar signature from the peat 

plateau is evident as it is more intense than the return from the 

fen. Nevertheless, precise detection of the frozen/non-frozen 

interface is not particularly reliable perhaps because it normally 

coincides with the base of the ftll. The nature of the interface is 

such that a relatively steep slope is defined where there is a 

transition from thick fill over unfrozen peat (fen) to thin fill over 

a permafrost peat plateau. These characteristic features on the 

radar proftles are considered to be reliable indicators of the 

degrading permafrost boundary. This has been confrrmed by 

comparison with geotechnical data obtained by drilling and 

sampling. 

Reasonable success from initial field trials prompted use of 

radar to locate heat pipes, just ahead ofan installation crew, and 

as a monitoring tool. Results of sequential survey data obtained 

both from summer and winter surveys have been compared to 

assess changes. 

Prototype Heat Pipe Installation 

A prototype installation was completed in 1987 to test the 

validity of using heat pipes to stabilize a meaningful segment of 

track. Two 3.5 km long route segments were chosen to repre

sent worst case conditions on the northern and southern ends of 

the most troublesome portion of the route. These sites 

reasonably covered the range of the closely spaced simple 

sinkholes (northern site) and long complex sinkholes (southern 
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Figlll't! 5. Ground penetraJing 1YIIlllr tmee ol!er 1978 test site No.4. 

site). The permafrost transitions were located using ground 

penetrating radar traces. A generic design was developed for 

each of the sites based on results of the 1978 installation 

(Hayley et al., 1983). Data from the previous installation indi

cated that a transition could be stabilized with as few as four 

carefully located heat pipes spaced four meters apart with two 

pipes on each side of the rails. 

A sketch of the generic design adopted from past perfor

mance observations is shown in Figure 6. Selective bank 

widening was required to stabilize the sideslopes. The heat 

pipes were nine meters long for the northern site and eleven 

meters long for the southern site. 

The design was supported by thermal performance data ob

tained from two years of comparative testing at Thompson, 

Manitoba. The two units, manufactured in Canada--Cryo

Anchors t8Ild Thermo-Probes-were installed at a non-per

mafrost research site and monitored to determine the extent of 

the frozen cylinder that formed around the pipes each winter. A 

heat transfer coefficient was back-calculated from the results 

for comparison with the manufacturer's published data. The 

results compared well, resulting in acceptability of either unit 

for use on the railway. 

Construction was initiated in September of 1987, following 

a competitive bidding process for both the supply of heat pipes 

and the installation services. The heat pipes chosen were 

manufactured in Winnepeg, Manitoba by Arctic Foundations of 

Canada Inc. These units were of standard Thermo-Probe 

design-charged with carbon dioxide. The steel pipes were 

upgraded to make them more robust and to allow a free standing 

radiator. 

A total of 400 heat pipes were installed in 26 days using a 

custom designed, rail-mounted drilling rig. A continuous flight 

augur, mounted on a long mast attached to a backhoe, rapidly 

drilled a hole that was slightly larger than the diameter of the 

heat pipe evaporator (61 mm). Mud was injected through the 

center of the augur to fluidize the drill cuttings and stabilize the 

hole. The heat pipe was installed with a small crane immedi

ately after the augurs were withdrawn. The entire operation 

was conducted from two flat rail cars that were moved with a 

small shuttlewagon. The construction operation is shown in 

Figures 7 and 8. Installation rates varied from one to six units 

per hour with an average of 3.3 units per hour. 

Representative segments of the test sections have been in

strumented with thermistor cables and settlement survey points. 

These will be monitored for two years to provide a quantitative 

means of evaluating performance. In addition, operating and 

maintenance personnel will provide their own assessment of the 

installation effectiveness. A significant improvement in overall 

track quality through the 3.5 km test sites is essential before the 

measures can be judged a success. 

Figlll't! 6. HeGipipe instal/4tlon sclamtlllic. 
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STREAM CROSSINGS 

General upgrading of the railway would require replacement 

of a number of timber bridges. The timber bridge decks are all 

supported by timber piles that have commonly experienced 

substantial frost jacking. The small bridge, shown in Figure 9, 

illustrates a rather severe case of bridge deck distortion caused 

by pile heave. The structure at Kilometer 612, shown in Figure 

10, is more typical of many of the original timber bridges on the 

route north of Gillam. Even with extensive shimming, piles no 

longer bear evenly on the cross beams, as shown in Figure 11. 

In many cases, the piles have been cut off as they were progres

sively jacked out of the ground. 

The crossing at Kilometer 715 provides some insight into the 

extent of the redesign measures that are required to provide a 

stable structure in this environment. Figure 12 is a schematic 

illustration of the soil conditions at this location. It was con

structed from four geotechnical boreholes and limited survey 

data. The stream is about 10 m across with a 12 m wide 

floodplain on each bank. The original timber structure was 

34 m long, with 10 simple spans between pile-supported 

bents. Soil conditions in the valley consist ofalluvial silt and 

sand with a veneer of gravel overlaying very hard till. Thick 

peat overlies the alluvial soils on the floodplain and it ex

tends under the abutments and approach fills. The alluvial 

soils are only five to six meters thick, thus the timber piles 

met refusal at a shallow depth in the hard till (about seven 

meters). 

Permafrost is not present below the active channel or on the 

floodplain but is present below the abutments. The water depth 

varies substantially throughout the year, but seldom exceeds 

one meter. It is usually very low in late fall (300 mm), thus the 

stream will freeze completely in winter, except perhaps for one 

small channel. 

The original timber structure was replaced in 1978 with the 

steel bridge shown in Figure 13. There are five bents, each 

supported by six steel H piles (300 by 300 mm) that were driven 

to depths ranging from 11 to 12.5 m. When the bridge was 

inspected by the author in 1986, heave of the piles supporting 

the center bent was obvious. The center bent was 100 mm 

above the adjacent ones with the displacement clearly notice

able on the lower flange of the superstructure. Only the piles 

supporting the center bent, located in the stream channel, had 

heaved (Fig. 13). 

Fig~~n 7. AugurdriU arul cra11e installillg hetllpipes. 

Figure 8. l11stallatio11 crew with rail moullled equipmelfi. 
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Figurt1 9. Bridge deck distorlio11 due to.frwt het111e (1978 photo). 

Figurt~11. G~~ps tUUl shims 011 top oftimber piles. 

The depth of seasonal frost penetration into the stream bed 
was estimated to range from two to three meters. The uplift 
resistance for piles driven into unfrozen alluvial soil and till is 
predicted to be about 565 kN, thus the average heave stress for 
three meters of frost penetration probably exceeded 150 kPa. 
Such a high average heave stress has also been reported by 
Penner and Goodrich (1983) from tests on restrained steel pipe 
piles at Thompson, Manitoba. Their data shows the detrimental 
effect that a 0.5 m thick surface layer of gravel has on the 

adfreeze stress, increasing the average stress by a factor of 
about four. Such a condition usually cannot be avoided when 
piles are driven into an active stream bed. 

Reconstruction of the timber bridges on the route must care
fully address the pile heave potential. Clearly, timber piles are 
not a good choice for the conditions described because they 
cannot be driven deep enough to establish sufficient anchorage 

Figurt~10. Typical timber bridge at Kilome"r 612. 
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Figurt~12. Si" cOIUiitiolls at KiloMeter 715 crossing. 

against frost heave. Steel H piles can be driven to considerable 
depths; however, they expose the maximum surface area per 
meter of length to adfreeze. Steel pipe piles provide the best 
compromise between drivability and heave potential. To en

sure that adequate anchorage is provided against heave, a 
penetration depth in the order of 20 m would be required. 
Alternative solutions to deep driven piles have been considered 
but rejected because they have been judged to add unreasonable 
complexity to the construction effort. 

CONCLUSIONS 

The practice of engineering for permafrost conditions in 

Canada has matured to the extent that we now have transporta

tion facilities and structures that have completed their life cycle. 
These facilities require either maintenance or reconstruction if 
they are to continue in operation. The Hudson Bay Railway is 
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a depth of 20 m, is required to provide reasonable 

assurances that stability will be maintained. 
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The North Slope Borough's Experiences with Incineration 
by 

James E. Thomas, P.E. and Jack Coutts, P.E. 

This paper was originally presented at the International Con
ference on Municipal Waste Combustion held at Hollywood, FL 
inAprill989. 

ABSTRACT 

The North Slope Borough operates the largest incinemtor in 

Alaska at Prudhoe Bay. Although the incinerator serves the oil 

patch industrial area, the solid waste contains a large fmction of 

shop and camp waste. The incinerator is a BASIC Model 5000 

with two cascading hearths, an auxiliary burner, twin cyclonic 

section afterburners, water wall construction, and a boiler sec

tion. A two-field electrostatic precipitator was retrofitted to the 

incinemtor in 1987. Recovered heat is used to heat the solid 

waste plant building and an adjacent borough office/residential 

complex. The incinerator operates under an Air Quality Con

trol Permit issued by the Alaska Department of Environmental 

Conservation. 

In addition to following the Air Quality Control regulations, 

the permit requires the incinemtor to meet a 100 ppm CO 

standard and a minimum combustion temperature of 1500<>p. 

Experience with the entire opemtion from trash collection to 

flue gas monitoring indicates the difficulty of opemting in the 

Arctic. Considemble effort and millions of dollars were in

vested in meeting the gmin loading standard. 

PRUDHOE BAY'S NEED FOR INCINERATION 

Prudhoe Bay 

Prudhoe Bay, Alaska is located at the extreme northern coast 

of Alaska on the Arctic Ocean at a latitude of70°15", 225 miles 

north of the Arctic Circle. The area is an arctic desert, with 

nearly continual winds, an annual avemge precipitation of less 

than six inches and temperatures below freezing for more than 

300 days per year. Prudhoe Bay, location of the largest single 

oil field in North America, has become an industrial complex of 

oil and service company facilities which continually develop 

and operate the oil field. Approximately 3,000 full-time 

workers live and work in Prudhoe Bay on a rotation type 

schedule. Their work day is generally 10 to 12 hours long since 

they are working in a remote location and there are no normal 

public or community facilities available. All workers live in 

company provided camps with dormitory style housing includ

ing central dining and recreational facilities. 

Wildlife and Permafrost 

The entire developed area has been established as a wildlife 

preserve to protect the local and migrating animal life which 

includes caribou, grizzly and polar bear, fox, wolves, falcons, 

and ducks. Any landfill disposal of municipal wastes would 

have an adverse impact on these animals by attracting them, 

resulting in danger to both the animals and the landfill 

operators. Polar bears do hunt humans! 

Another problem with landfill disposal of municipal wastes 

in the Prudhoe Bay area is that the annual average surface 

temperature of the ground is 25<>p, making the ground con

tinuously frozen or permafrost Any decomposable wastes 

buried in the ground would be permanently frozen and never 

decompose. Also, digging into permafrost is extremely dif

ficult and very expensive; therefore, landfilling of municipal 

wastes is not an environmentally sound, nor economical, option 

to the waste problem. 

FACILITY HISTORY 

Borough Powers 

To control the problem of municipal waste disposal in the 

Prudhoe Bay area, the North Slope Borough (NSB), the control

ling local government, established an ordinance which required 

all municipal wastes to be disposed of by the NSB. To ac

complish this, the NSB initiated construction of a central 

facility containing a water treatment plant, sewage treatment 

plant, shredder, and incinerator. 

First Incinerators and Shredders 

The initial facility was completed in 1979. It consisted of a 

Heil shredder feeding a 200 and a 4000 pound per hour hand or 

manual fed incinemtor designed by R.C. Johnson. The Johnson 

incinemtors were combined with a heat recovery boiler and a 

bag house ftlter. Waste heat recovered from the incinerators 
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was used to heat the solid waste facility and adjacent camp and 

office complex. 

Immediately after start-up, the Hell shredder was found to be 

incapable of processing the large quantities of industrial con

struction waste materials consisting of timbers, pallets, wooden 

boxes, etc., being generated. To resolve the problem, a Saturn 

300 shredder was installed, found to be be too small, and sub

sequently upgraded to a Saturn 600 shredder. 

Replacement Incinerator and Shedder 

After two years of operation, the R.C. Johnson incinerators, 

boilers and bag house showed signs of severe internal corrosion. 

High labor costs and large maintenance requirements associated 

with the two Johnson units led the NSB to replace them with a 

single mass feed BASIC 5000 shaking hearth incinerator in 

1982. This required expansion of the existing building to allow 

installation while the Johnson incinerators were operating. 

Since pre-processing requirements for the BASIC 5000 were 

different from the Johnson incinerators, a "Triple/S Dynamics 

MSW 80 Roragator," a flail mill shredder, was installed. This 

unit met production requirements for the BASIC 5000 and 

provided for smooth processing of the solid waste stream from 

delivery to fmal feed of the BASIC 5000. 

WASTE COLLECTION 

Collection Area 

The oil and service companies have facilities spread out over 

an area of about 500 square miles. Most of these facilities are 

connected with gravel roads accessing the drill sites, processing 

facilities, and camps. However, most exploration drilling rigs 

are temporarily constructed on snow pads and accessed by ice 

roads (a road built across the tundra, lakes or the Arctic Ocean) 

constructed by spraying water and allowing it to freeze. 

Dumpsters 

The NSB performs solid waste collection by providing either 

a 27 cubic yard or a 4.7 cubic yard dumpster at a location 

designated by the customer. These dumpsters are picked up 

either on a regularly-scheduled basis or on a call-out basis. 

During most of the year, two full-time truck drivers pick up the 

27 cubic yard dumpsters using White Expeditor 240 solid waste 

trucks. The small4.7 cubic yard bins are emptied on-site using 

a Dumpster Dinosaur bin backer also mounted on a White 

Expeditor 240. When the quantity of waste being generated is 

in excess of what two truck drivers can handle in a single day, a 

third driver is added to the collection effort. This addition 

normally occurs during the summer months when construction 

activity increases. 

Collection Fees 

The cost of collection varies depending on the type of ser

vice provided and location of the facility. These rates are estab

lished by the local utility board and approved by the NSB 

Assembly, but are not enough to pay the entire disposal costs 

due to the extremely high cost of facility operation. 

Disposal rates are shown in Table 1. 

TABLE 1. DISPOSAL RATE SCHEDULE 
Cost 

Type of Service per Bin 
27 Yard Bin - Scheduled $ 825.00 
27 Yard Bin- Unscheduled 1,097.25 
4.7 Yard Bin- Scheduled 175.00 
4.7 Yard Bin - Unscheduled 232.75 
TruckTimeperhour 100.00* 

* 	Truck time is charged on pick-ups which are greater than 
12 miles from the NSB facility and are charged to the 
nearest one-half hour. 

WASTE CHARACTERIZATION 

Sources 

The solid waste collected is generated by three main types of 

facilities: drill rigs; maintenance shops and production 

facilities; and camps and offices. The waste stream generated 

by each of these types of facilities has its own characteristics 

associated with the type of activity at that location. The two 

major oil companies generate 80 percent of the total waste. 

Drill Rigs 

Drill rig wastes generally consist of shipping pallets, empty 

drilling mud boxes, empty cement bags, plastic wrap, oil spill 

clean-up absorbent pads, and timbers. These wastes will al

ways need to be shredded prior to incineration since the 

material is too large to fit into the loader conveyor feeding the 

BASIC5000. 

Shop and Production Facilities 

The maintenance shops and production facilities have very 

diverse waste, generated from construction, maintenance and 
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operational activities. Typically, this waste contains shipping 

pallets, oily rags and absorbents, shipping boxes and plastic 

wrapping, vehicle tires, rubber hoses, insulation, cut lumber, 

office trash, and snack bar wastes. This waste usually needs to 

be shredded prior to incineration. 

Camps and Offices 

Solid wastes received from the camps and offices rarely 

contain anything but large quantities of wet material generated 

by the kitchens and large quantities of paper products generated 

by daily cleaning of living quarters and office complexes. 

Waste Volumes 

Table 2 summarizes the percentage of waste received from 

the three types of facilities in 1988. 

TABLE 2. WASTE VOLUMES 
Tons Percent 

Waste Generator Received Contribution 
Drill Rigs 2,800 22% 

Shop and Production Facilities 6,090 48% 

Camps, Offices & Kitchens 3,800 30% 
Totals 12,690 100% 

Composition 

Studies performed on the different types of wastes generated 

by these three different facilities show the moisture content 

varies from 37 percent for drill rig waste to 51 percent for 

kitchen and camp waste. Table 3 presents the moisture, heat 

and ash content data. The moisture content data does not reflect 

the presence of snow in the collection boxes which accumulates 

in significant quantities during severe winter wind storms com

mon to the entire North Slope of Alaska. These winter "blows" 

fill the collection bins with large quantities of windblown snow 

which is nearly impossible to separate out because additional 

waste is dumped on top of the accumulated snow. Separation 

during the pre-incineration processing is difficult because the 

plant and bunker area is usually at or below 32<>p and significant 

melting does not occur. For this reason, moisture content varies 

widely between the four summer months and the eight months 

of winter. 

The amount of ash produced by the three different waste 

streams also varies. The kitchen and camp wastes reduce to 

about seven percent ash when the feed rates are high and there 

is plenty of woody material to dry out the material so complete 

combustion can be accomplished. The heat content (BTU/lb, 

dry) is higher than typical municipal wastes. This is probably 

due to the large amount of wood and plastic waste. 

TABLE 3. WASTE CHARACTERIZATION 
Heat 

Moisture Content Ash 
Waste Generator Content (BTU/lb) Content 
Drill Rigs 37% 7900 18% 

Shop & Production Facilities 42% 9000 13% 

Camps, Offices & Kitchens 51% 9300 7% 

Waste Staging 

The layout of the NSB utilities building is shown in Figure 1. 

The 27 cubic yard waste bins are brought into one of two doors. 

Kitchen and camp waste bins are brought in through the west 

door and dumped directly onto the loading floor. Other wastes 

from the drilling rigs and shops are brought in through the east 

door and are dumped directly onto the loading apron that is 

tilted to a conveyor belt leading to a Triplets Dynamics shred

der. 

A chain saw is used to cut long timbers to size before they 

are conveyed to the shredder. A hydraulic boom grapple is 

mounted at the base of the conveyor to assist in unloading and 

feeding operations, and to lift out metal objects such as pipe, 

fittings or structural steel which would damage the shredder 

blades. Metal objects are taken directly to the ash box for 

disposal. 

Kitchen wastes, shredder output and wastewater sludge filter 

cake are mixed as they are pushed with a Caterpillar 920 front

end loader onto the incinerator feed belt A smaller Bobcat 

front-end loader used for many years was too small. Proper 

mixing assures better combustion because dry wood helps to 

burn wet, frozen garbage. 

!INCINERATOR CONFIGURATION AND OPERATION! 

BASICSOOO 

The BASIC 5000 incinerator was designed to handle up to 

40 MM BTU/hr of municipal solid wastes-up to 100 ton/day 

depending upon heat content, or 5000 lb/hr at 8000 BTU/lb. 

The 40 MM BTU/hr maximum input is the combined value of 

the waste input and heat input from oil burners. This is one of 

the frrst BASIC 5000 units built. 

Figure 2 is the incinerator elevation drawing. The four foot 

wide by fifty foot long conveyor belt feeds the blended waste 

into a 4 x 4 x 4 foot feed hopper for the incinerator. The 
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hopper's far wall is a ram face. 

When the hopper is full, as indi

cated by a photocell, a sliding door WATER 
TRHNT 
PLANT

closes the hopper's top and a gear 

driven ram pushes the waste 

through a hinged wall section door 

into the incinerator. SKI' Alfl ST!JW;E 

Floor Grates 

The incinerator grates are two 

tilted, longitudinal trough-shaped 

hearths. The incinerator is rectan

gular in shape. The main chamber CRAI'I'LE 
SEWACE 

TREATIENT 

is approximately nine feet wide by l'lAifT 

twelve feet high by twenty-eight 
~ 

feet long. The hearths, which are 

slightly sloped toward the outlet a 8' 
I 

'111 
I 

18' 
I 

Ill' 
I 

1M' 
I 

11!8' 
I 

(ash) end, are pulsed with air blad

ders which rapidly inflate and push 
WEST 110011 EAST IJIQ. 

the hearth into a rubber bumper 

causing burning wastes to cascade Figure I. Facility lllyout. 

toward the outlet with each pulse . ...---------------------------------, 


Pulses are set to occur about once 


every 20 to 100 seconds, depend


ing upon burning characteristics. 


Waste residence time on the 


hearths is 2 to 2-1/l hours. The 


incinerator's main chamber has OPACfTY 


water tube walls for heat recovery. 


Main Chamber 

Combustion air enters the main 

chamber as underfrre air through 

air jets located along the length of 
IU'ICH PIT FEED FLY ASH 

CDIYEY~ cn.LECUIJIthe hearth at various elevations on 

the stepped sides (trough) of the 

hearth (Fig. 3). Air also enters the Figure 2. Incinerator elevation. 

chamber as leakage around the A 105 gallon per hour (gph) maximum rating oil-fired burner 
inlet ram gate and around the seals between the pulse hearths is mounted on the back wall above the level of the frrst hearth. 
and the chamber walls. The main chamber was intended to When operating, this auxiliary burner is normally frred at 40-50 
operate without excess air for combustion but, in practice, that gph. During the winter the burner is cycled on and off as 
has not been possible. Gas temperatures near the top of the required to keep the combustion chamber temperature above a 
main chamber can be below 1000<>p when burning wet garbage minimum of 1000<>p. Ice, snow, frozen garbage, and air infiltra
without the oil burners. tion keep the combustion zone temperatures down. 
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tore. The recirculation fan is 

driven with a 40 HP electric motor. 
~---------------------l~ 2"'---------------------~~ 

Flue gases above 1150<>p carry 

----4' 8-l/2"·----- sticky flyash which adheres to the 

convection tubes. Originally, the 
2' 4" 

tubes were finned but because of 

fouling problems they were 

replaced with bare tubes during 

elecrostatic precipitator (ESP) in

stallation. The heat, recovered as 

hot glycol, is used to heat the solid 

waste plant building and an ad

jacent borough office and residen

tial complex. The fmal induced 

Ut-OER FIRE AIR £TS draft fan is driven with a 100 HP 

METAL FRAMI~ 

Figure 3. Incinerator hearlh detail. 

Ash and char drop off the second (lower) hearth into a water 

bath approximately 18 inches below the end of the hearth. The 

submerged ash is then removed with an ash drag which dumps 

it into an ash box. During wintertime operations, combustibles 

in the ash have been visually estimated at 20 percent. The ash, 

along with metals removed before the shredder, are hauled to 

the borough's landftll. 

Reborn Tunnels 

Just above the auxiliary burner, hot flue gases exit the com

bustion chamber and enter 2 parallel horizontal four foot 

diameter cylindrical reborn tunnels where oil burners can raise 

temperatures to 1700<>p or higher. A 30 gph maximum oil-frred 

burner is mounted on the cylindrical axis of each reborn cham

ber. The burners can modulate from a low fire of 15 gph to a 

high of 30 gph. It was intended that all excess air be introduced 

into the reborn tunnels. Air for reburning is blown with four 

fans into the tunnels on a tangent to induce cyclonic flow. 

By-Pass Stack, Boiler and Electrostatic Precipitator 

After the reborn tunnels, the gas enters a rectangular section 

which is the base for a by-pass stack. After this base the hot 

gases enter a high, followed by a low, temperature convection 

section. These sections are labeled ''boiler" in Figure 2. A 

portion of the exhaust gases from the boiler section are recircu

lated through the boiler section to reduce boiler inlet tempera-

electric motor. 

MAJOR MODIFICATIONS 

Many modifications on the BASIC 5000 incinerator were 

initiated to increase its efficiency. Some of the modifications 

were necessary to make the incinerator operate more reliably 

and others to raise the internal combustion temperatures or 

increase turbulence to reduce emissions. 

Efficiency, Emissions and Safety Instrumentation 

Shortly after start-up of the BASIC 5000, the system ex

perienced a major failure when the boiler section became too 

hot, resulting in a rupture in the hot water piping. The safety 

instrumentation failed to shut the incinerator down when the 

boiler section reached the maximum allowable temperature. To 

prevent this from happening again, additional temperature and 

pressure sensors and automatic start-up, operation and shut

down controls were installed. 

Fire Bricks and Insulating Blankets 

The original hearths in the BASIC 5000 were lined with two 

layers of fire bricks. The frre bricks worked for a short time but 

the pulsing action of the hearths and damaging effects of metal 

objects present in the industrial wastes quickly broke out the 

brickwork. When one brick was lost from the hearths, adjacent 

bricks quickly loosened and waste moving along the hearths 

would catch on the hole left by the lost brick, preventing move

ment of waste through the incinerator. To solve the problem, 
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the fire bricks were removed and the entire hearth refractory 

was reconstructed using an abrasion-resistant costable refrac

tory. The configuration of the hearths was kept the same, utiliz

ing three steps on each side of the hearth to provide turning of 

the wastes and underfrre air inlets. 

The inside of the BASIC 5000 main chamber was originally 

constructed with the boiler water tubes partially exposed to 

allow both radiant and convective heat transfer. Difficulties in 

maintaining high combustion zone temperatures were partially 

attributed to heat loss through the boiler tubes and main cham

ber walls. An effort to reduce this heat loss and increase com

bustion chamber temperatures included installation of an 

insulating blanket on the inside walls and ceiling of the main 

chamber. The frrst installation used 1800<>p materials which 

succeeded in increasing the combustion zone temperatures sig

nificantly, but also increased those temperatures above the 

operating temperature of the blanket material resulting in its 

accelerated degradation. When the 18()()0p blanket material 

deteriorated beyond its useful purpose, it was removed and 

replaced with 2300<>p blanket material. 

The 2300<>p blanket held up to higher combustion zone 

temperatures but in time began to pull away from the anchoring 

pins. Flyash carried by turbulence in the chamber collected in 

the insulating blanket material causing it to become heavier. 

The internal strength of the blanket material was not enough to 

support the weight of the accumulated flyash, and the blanket 

ripped from the anchoring pins. At this point, turbulence car

ried more flyash on top of the blanket, weighing it down even 

more and causing large sections to pull away from the walls and 

ceiling. 

Boiler water temperatures obtained during operation with 

the blanket material indicated that sufficient heat could be ex

tracted by the convection section and that heat recovery from 

the radiant section was not necessary. This prompted replace

ment of the main chamber blanket with a sprayed-on refractory 

which finally provided a long term solution for maintaining 

hotter combustion zone temperatures. 

Pulsing Hearth Modifications 

Several modifications to the pulsing hearths were required to 

increase their reliability. Due to the jerking nature of the puls

ing action, the hearths are continually subjected to high stresses 

causing failures of the weaker components. Modifications of 

the yoke and bumper systems were necessary to increase the 

strength of these components and to provide good pulsing ac

tion. 

The hearth suspension system, which allows the hearths to 

swing forward during pulsing action, went through three dif

ferent configurations. Originally, the hearths were suspended 

by linkages attached by pivot pins. These linkages were prone 

to cracking and required constant maintenance and replace

ment They were replaced by several coils of 3/8" diameter 

wire rope which were wrapped around a curved support welded 

to the incinerator support structure and hearth. These coils 

experienced chafing and wearing to the point that they needed 

replacing on a regular basis and were eventually replaced by a 

single braided loop of 1-1/4" diameter wire rope. This con

figuration has performed very well and is still in operation. 

Installation and Removal of Exciters 

An exciter was installed in the two reborn tunnels to increase 

their effectiveness. These exciters were 16 inch diameter 

cylindrical inserts placed in the center of the tunnels to cause a 

vortex flow and inject oxygen to enhance burning of the flue 

gases. Performance of the exciters could never really be 

verified but their existence significantly increased the difficulty 

of cleaning out the accumulated flyash in the tunnels. 

Mter installation of an electrostatic precipitator, the exciters 

were removed since emission standards were being met and the 

reborn tunnels were no longer being operated as a fmal combus

tion zone. 

Installation of the Electrostatic Precipitator 

The State of Alaska Department of Environmental Conser

vation issued a Compliance Order for correction of the emis

sions problem associated with the BASIC 5000 incinerator. 

This initiated a study by the NSB to determine what modifica

tions could be made to the BASIC 5000. United McGill in

stalled two of their Model 150 modular electrostatic 

precipitators connected in a series to provide the necessary 

particulate collection. The precipitators use needled edges on 

positive plates to provide the corona and flat collector plates for 

dust collection. The United McGill precipitator fit nicely into 

the existing building. Limited exterior real estate and the desire 

to keep the precipitator inside for maintenance purposes made 

this a major design consideration. 

Operation of the precipitator has resulted in bringing the 

particulate emissions down to a level well below required max-
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imum limits and has provided good reliability and low main

tenance. 

Installation of a New Boiler 

The initial design of the NSB incinerator system included a 

Deltak heat exchanger which extracted heat from the flue gases 

after they passed through the reburn tunnels and bypass exhaust 

stack. This boiler was constructed with fmned water tubes and 

compressed air soot blowers. Operation and maintenance ex

perience indicated that there was a significant buildup of flyash 

on the boiler tube fms resulting in a decrease in the heat transfer 

efficiency of the entire boiler. Compressed air soot blowers 

were installed in the center of the tube stacks, but did not 

effectively blow the fms clean. The boiler had no easy access 

for cleaning by the maintenance crew. It was felt that the 

Deltak boiler should be replaced with a new boiler which would 

not foul and which would provide fewer maintenance problems. 

As part of their contract to install an electrostatic 

precipitator, United McGill was to install a new boiler section. 

Design of the new boiler incorporated bare water tubes, instal

lation of compressed air sonic soot blowers in the top of the 

boiler, and the addition of collection hoppers under the tubed 

sections. This new boiler section has performed very well and 

the tubes are staying fairly clean. However, the heat transfer 

rate in the new boiler is not as good as it was with the finned 

tube boiler when the fms were clean and free from flyash 

buildup. 

Installation of a CO Monitor 

The fourth permit to operate required the NSB to monitor 

and report on carbon monoxide emissions. To accomplish this, 

a carbon monoxide monitor was installed on the exhaust stack 

just above the existing opacity monitor. Both the CO monitor 

and the opacity monitor were installed below the roof line 

inside the solid waste plant to allow environmental control for 

instrumentation and for ease of maintenance access. A 

Dynatron CO monitor was purchased because the existing 

opacity monitor is also a Dynatron and there is some com

monality between the parts used on both instruments providing 

standardized maintenance and instrument operation. Also, no 

calibration gas is required with the Dynatron CO monitor. 

FUTURE MODIFICATIONS 

Winter Operations 

Operational conditions during the winter months often result 

in combustion temperatures lower than 1500<>p due to frozen 

wastes, the presence of snow in collection bins, and lower 

volumes produced by Prudhoe Bay customers. In order to 

increase main chamber combustion temperatures and to im

prove performance of the BASIC 5000, a major rework of the 

hearth and under-fire air system will be accomplished in 1989. 

This worlc will include complete replacement of the hearth 

refractory, installation of fewer and smaller under-fire air jets, 

installation of new water seals along the sides of the pulsing 

hearths, replacement of the hearth end seals, and a general 

sealing of air leaks around the combustion chamber. It is an

ticipated that this worlc will significantly reduce air infiltration 

(excess air), and provide the proper amount of under-fire air 

need for more efficient combustion. 

Waste Oil and Natural Gas 

The NSB has investigated the possibility of collecting and 

incinerating used oil generated by the large fleet of vehicles and 

construction equipment operating in the Prudhoe Bay Oil Patch. 

Firing used oil in the auxiliary burner would maintain minimum 

combustion zone temperatures and also help keep used oil dis

posal problem in the region to a minimum. A feasibility study 

was completed for this conversion and an EPA identification 

number for hazardous waste activity was acquired. 

An investigation into the quantity of used oil generated in the 

Prudhoe Bay area and its availability for delivery to the NSB 

incineration facility indicated that there were large quantities 

produced. The study also showed that almost all of the used oil 

was burned by the waste producers in their own oil burning 

building heaters. High heating costs and the high cost of 

transporting the used oil to a licensed disposal site made on-site 

burning a most effective solution. The amounts of used oil 

expected to be delivered to the NSB for incineration were quite 

small and did not justify equipment conversion costs. 

Although Prudhoe Bay sits atop a huge natural gas reserve, 

only the oil companies are using natural gas for heating and 

energy production. The NSB solid waste facility and adjoining 

camp do not have natural gas at this time. There is, however, a 

company in the early stages of installing a natural gas utility 

which would provide the NSB facilities with less expensive 
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natural gas. The NSB intends to convert the oil frred burners on 

the BASIC 5000 to either natural gas or #2 diesel fuel oil. 

LABOR REQUIREMENTS 

Labor requirements for operating the incinerator vary ac

cording to the time of year. Wintertime operation usually re

quires a minimum of three operators; one in the control room, 

one on the BASIC 5000 itself, and one operating the shredder 

and working the bunker. Since the incinerator is operated 24 

hours a day, two shifts are required. During the summer, 

deliveries are higher, requiring an increase in staffing levels. 

Usually one operator is added to the shredder/bunker operation 

and one to keep up with normal housekeeping and assist the 

others in clearing up any bottlenecks in the operation. In addi

tion to the operators, there is a full-time mechanic and a full

time electrician maintaining all NSB 's Prudhoe facilities, 

including the solid waste incineration equipment. 

As the facility is located in a remote part of Alaska, NSB 

personnel work two-week shifts in Prudhoe Bay and then have 

two weeks off for rest and relaxation. Therefore, staffing levels 

are usually about eight operation and maintenance personnel 

during the winter months and twelve for the summer. Of 

course, there are associated personnel such as the truck drivers 

and mechanics, office staff, and management personnel in

volved with the operation. Wages are high and associated in

direct costs are also high for all work activity, necessitating 

rather high collection charges. The actual cost to process the 

waste is approximately $35 per yard including pick-up, shred

ding, incineration, and ash disposal. 

COMPLIANCE IDSTORY AND 

PERFORMANCE TEST RESULTS 


State Agency 

The Alaska Department of Environmental Conservation 

(ADEC) is Alaska's environmental regulatory agency. The 

ADEC has been delegated the authority to enforce most 

provisions of the Clean Air Act ADEC decides upon and 

writes all Air Quality Control Permits to Operate (AQCP), 

including conducting all Prevention ofSignificant Deterioration 

(PSD) reviews. 

First Permit and Source Test 

In March 1980, the NSB made application for an AQCP for 

their proposed BASIC 5000 incinerator. The application was 

denied for lack of complete source test results. In May 1980, 

BASIC Engineering provided data to show that emissions were 

below PSD trigger limits (250 tons per year regulated pol

lutant). On June 5, 1980, the ADEC issued an AQCP to the 

NSB for the BASIC 5000.. That permit required a source test 

within 120 days after start-up to demonstrate compliance with 

Alaska's grain loading standard of 0.08 grains per dry standard 

cubic foot (gr/DSCF) at 12 percent C()z and an opacity standard 

of20 percent. The permit 1:::xpired July 30, 1983. 

The BASIC 5000 initially began operating in July 1981, and 

was operated intermittently because of start-up problems and 

problems with the firebrick:. 

A sources test consisting of three runs conducted on July 

20-24, 1982, yielded 0.47 gr/DSCF corrected to 12 percent 

C()z. If the run with the most air leakage was thrown out, the 

average would then be 0.31 gr/DSCF at 12 percent C()z as listed 

in Table 4. All source test results are summarized in Table 4. 

The auxiliary burner was known to be firing only during the 

1984 and the May and June 1985 test. The tests were conducted 

using EPA Methods 1-7 ( 40 CFR 60 Appendix A). 

Because of the poor 1982 source test results, John Basic, the 

original designer, evaluated performance of the incinerator and 

said that he felt the incinerator was tested before it was operat

ing properly. He made the following recommendations: 

1. Increase the reborn tunnel temperatures and lower the 

excess air; and 


2. Raise the feed rate to 40 MM BTU/hr to keep operat
ing temperatures up. 

On July 6, 1983, the NSB reported that there was extensive 

damage in the lower hearth floor area near the ash pit and that 

only about 30 percent of the roof refractory remained and much 

of the insulation and tile was hanging loose. 

Second Permit and SourcE! Test 

Because the NSB was working on repairs, it was decided in 

July 1983 to reissue an AQ::::P to allow continued operation so 

long as the NSB continued to work toward meeting emissions 

standards for the BASIC 5000 incinerator. The AQCP was 

limited to one year and inc:luded an action plan for attaining 

compliance. In addition to a report describing modifica-
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TABLE~SOURCETESTPARAMETERSANDRESULTS 

Parameter 7/82 1/84 
Solid Waste lblhr -6000 

Percentage Excess Air 130 98 
Main Chamber: 

Temperature, op 1500 1100 
Residence, seconds 3 4 

CO ppm 15-110 
Opacity Percentage 0-5 
gr/DSCF at 12% CQz 0.31 O.o74 
with Soot Blowers off 

lions/improvements, the NSB was to complete installation of a 

sewage sludge dewatering system for their sewage treatment 

plant by August 15, 1983, and a solid waste feed handling 

system by December 15, 1983. Another source test was re
quired by January 31, 1984. 

On December 14, 1983, the NSB reported that the sewage 

sludge press was successfully producing ftlter cakes. The 

sludge ftlter cakes are burned in the incinerator. 

The NSB on May 30, 1984, reported that the following 

recommendations had been implemented after the 1982 source 

test but before the 1984 source test 

1. Improved sealing of combustion chambers to reduce 
air inftltration (cut down on excess air). 

2. Installation ofa bulk feed conveying system for provid
ing proper waste input at rated capacity versus the 
previous shredded waste conveying system which had 
too many hang-up points. A new shredder was in
stalled which produces a material size that is more 
compatible with the pulse hearth than was the previous 
material. 

3. 	 Increased the frring capacity of the oil burners on the 
reborn tunnels to ensure that design temperatures of 
1500-17()()0p are maintained. 

4. Added thermal exciters in the reborn tunnels to further 
increase the efficiency of combustion by creating tur
bulence without increasing excess air. That further 
ensures that design temperatures are reached. 

5. Installed 1{2" diameter inserts into hearth air inlet jets 
(previously 1" diameter) to obtain better air penetra
tion into wastes without increasing excess air (Fig. 3). 

6. Monitoring and control 	of draft to limit excess air 
which caused suspension of flyash. 

7. Improvements in the pulse hearth suspension system to 
predict stoking and burning of wastes to help maintain 
adequate combustion. 

Test Data 
2/85 5185 6185 10/87 

-7600 -5000 
123 130 116 152 

1800 1500 1600 1700 
3 3.5 3.5 3.5 

55 23 <100 72 
14 12 7 2-3 

0.32 0.14 0.12 0.038/ 
0.088 0.069 with ESP 

8. 	 Installation and calibration of an opacity monitor. 
This allowed operators to regulate system operation to 
achieve lower opacities and flyash loading. 

9. Provided additional operator training to explain the 
above improvements and emphasize operating proce
dures to reduce emissions. 

As of March 1, 1984 the NSB reported that it had spent 

approximately twelve million dollars on the improve

ments/modifications towards attainment. 

After the above modifications were completed, the BASIC 

5000 was source tested on January 27, 1984. The data are listed 

in Table 4. This was the frrst source test to comply with emis

sion standards. It was also the test with the lowest percent 

excess air. 

For all tests, the solid waste feed rate should be considered 

only accurate to within 30 percent because the compactness of 

the waste after shredding is not exactly known. 

On August 17, 1984, the NSB informed ADEC that the 

opacity meter/recorder system was operational. 

Third Permit and Source Test 

On July 13, 1984, the NSB requested renewal of its AQCP. 

Based on the fact that the NSB complied with the action plan in 

the 1983 AQCP and that the NSB had just passed a source test, 

another one-year AQCP was issued. The new permit required 

operation of a continuous opacity monitor in the BASIC 5000 

stack. Because of expense and poor logistics another source 

test was not requested. The opacity monitor would continuous

ly verify compliance. 

The NSB took it upon itself to conduct three sets of source 

tests in 1985. Between the February and the May 1985 tests, 

the opacity meter was replaced with a newer model and a 

Kaowool insulating blanket was installed on the face of the 

radiant section water wall to raise the main chamber tempera-
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ture. All source test results for 1985, except one with the soot 

blowers off, exceeded the emission standard. On June 13, 1985, 

the NSB wrote the ADEC stating that they had decided to 

proceed with the design and construction of suitable pollution 

control equipment and requested renewal of their operating 

permit. 

Compliance Order, Source Test and Fourth Permit 

The ADEC responded to the NSB's request stating that a 

permit could not be issued to a source violating emission stand

ards, but suggested a compliance order by the NSB 's consent as 

a legal instrument to allow continued operation while the NSB 

completed retrofit of the incinerator emission control device. 

The compliance order was negotiated and signed on January 9, 

1986. It required the NSB to have appropriate air pollution 

control equipment designed and installed by February 15, 1988, 

and that source test results be reported by May 15, 1988. 

Monthly operating reports were also required. 

By October 1987, the NSB had a McGill Model150 electro 

staticprecipitators ( ESP) installed and source tested. The Mc

Gill precipitator has two fields and two hoppers. The in

cinerator with precipitator was source tested on October 13, 

1987. The test results are listed in Table 4. 

The opacity with the ESP is near zero except when the plates 

are rapped in the secondary field, or when conducting particu

lates are in the flue gas; such particulates that are known to 

cause higher opacities are powered graphite and soot. 

On November 19, 1987, the ADEC received the test report 

and a renewed request for a permit to operate. On December 3, 

1987, ADEC wrote back expressing concerns with some of the 

opacity problems in the ESP exhaust and advised the NSB to 

investigate possible solutions. 

The ADEC received the last of the source test data on 

January 5, 1988. On January 13, 1988, the ADEC issued an 

AQCP because for the month of November 1987, the 

incinerator's opacity data summary indicated that the 20 per

cent opacity standard was met 99.4 percent of the operating 

time. Regulations require that opacity be less than 20 percent 

for 57 minutes of every hour. The AQCP will expire on January 

30, 1991. 

New conditions were added to the permit to limit emissions 

of dioxins and furans. The combustion zone temperature had to 

be kept above 1500<>p and the maximum concentration of carb

on monoxide in the flue gas was to be 100 ppm or less. 

MANUFACTURER'S COMMENTS 

Basic Environmental Engineering (BASIC) has reviewed 

the above discussion and has offered the following information 

for a better understanding of some of the problems. Most of the 

information which also deals with experiences at other sites is 

quoted from a letter written February 20, 1989 by John Basic. 

At the time the ModelSOOO was designed an analog control

ler was selected. These controllers were not very accurate. 

Control systems have since been upgraded to include more 

discrete digital control. 

The refractory failure in the main chamber in 1983 was due 

to defective refractory material sold to BASIC. BASIC 

replaced the refractory at its own expense. Hard face refractory 

has been successfully applied to the water walls of a smaller 

BASIC incinerator. 

Installation of longer suspension cables, even though it 

reduced maintenance, has changed the lifting and tossing action 

of refuse on the hearths. Because of the longer arc, the cables 

require more severe forces to move the refuse along the hearth. 

The exciters' importance for higher thermal efficiencies in 

the combustion section could not be elevated because of leaky 

main chamber seals which caused high excess air levels. 

The original boiler design had two sections-a bare tube 

connection section followed by a finned tube economizer sec

tion. The NSB 's installing contractor deleted the Deltak 

designed soot blowers. An economizer at another incinerator 

with a Deltak designed steam soot blower has never been shut 

down for cleaning. Steam is not available at the NSB in

cinerator. 

The incinerator as sold did not have "turn down" features. 

Hence, it needed to operate at 40 MM BTU/hr input to yield 

temperatures necessary to achieve low CO values and good 

particulate burn out as demonstrated during the 1984 source 

test. The 1982 source tests were conducted with feed rates as 

low as 28MM BTU/hr. "That is why the unit did not pass the 

1982 emissions tests." 

SUMMARY 

Six years of operation of the BASIC 5000 has necessitated 

several modifications to the system to get it to operate where the 

latest standards for emissions can be met At the time of this 

writing, the NSB is still fme-tuning the system to get it to 
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operate in an optimum manner. Reducing the amount of excess 

air and using a cheaper fuel should allow the CO and tempera

ture standards to be met at a lower operating cost. Maintenance 

on the system is increasing now that the incinerator is getting 

older and corrosion is becoming more of a problem. 

The incinerator's manufacturer has addressed many of the 

same modifications on newer incinerators operating in the 
"lower 48" states. Also, because of shorter distances and better 

communications within the lower 48, start-up and early opera
tional problems are easier to resolve. 

As most individuals who have experience with shredding 

operations will confess, the shredders are operated in a constant 

state of self-destruction. The shredder at Prudhoe Bay is no 
exception and is continually requiring replacement of teeth, 

broken hydraulics and other highly stressed components. 

DISCLAIMER 

The work described in this paper was not funded by the U.S. 

Environmental Protection Agency or ADEC and, therefore, the 

contents do not necessarily reflect the views of the Agency or 

the State of Alaska and no official endorsement should be 

inferred. 

ABOUT mE AUTHORS 

James E. Thomas, P.E. is currently working as the Facilities 
Engineer for the North Slope Borouch in Prudhoe Bay where he 
is responsible for Service Area IO's engineering, project 
management and regulatory compliance activities. Prior to 
working for the NSB, he was employed by Frank Moolin & 
Associates and assigned to the Barrow Utilities System project 
design team. Mr. Thomas is a graduate of California Polytech
nic State University and has continued his technical education 
at the University of Alaska Anchorage. 

Jack Coutts, P.E. is the Alaska Department of Environmental 
Conservation's Air Program Coordinator for the Department's 
Northern Region Office. He has a B.S. degree in Chemical 
Engineering and has been involved in air pollution engineering 
in Alaska for the past sixteen years. 

THE NORTHERN ENGINEER, VOL. 21, NO.3 21 



Ice Forces: Current Practices 
by 

K.R. Croasdale 

This paper originally appeared in the Proceedings of the we do not yet have universally accepted and reliable methods 

Seventh International Conference on Offshore Mechanics and for predicting ice forces on structures. Valiant efforts by 
Arctic Engineering, conducted in Houston, Texas, in 1988. talented scientists and engineers from several nations have cer

tainly led to progress, and our knowledge of ice mechanics has 
ABSTRACT grown considembly over the last 20 years. But like many 

engineering topics, more knowledge has expanded the comThe issue of ice forces on offshore structures is a major 
plexities of the issues and has not always led to a condensation design considemtion at high latitudes. Yet the prediction of ice 
of methodologies and pmctices.forces, and the optimization of structures to resist ice, is a 

At the same time there has been remarkable progress in relatively new branch of engineering, and one which is still 
designing and opemting structures in the offshore arctic, mostly developing. This paper provides an overview of the develop
for exploration drilling. The first offshore structure was placed ment of the theories for ice loads, the accompanying research, 
in 1972n3 (Immerk a dredged island in 3 meters (m) of water in and actual experience with real structures in the Arctic Ocean. 
the Canadian Beaufort). Today, deeper-water locations are Current practices are described for both vertical-faced and slop

ing structures. Remaining issues are highlighted. being drilled using caisson-type structures in water depths to 

32m (again in the Canadian Beaufort). Between these two 

INTRODUCTION 	 events at least 35 structures have been placed, and drilled from, 

in the Canadian and U.S. Arctic offshore regions. 
One of the most difficult issues facing the designer of an 

It has been fortuitous that the use of structures in the Arctic 
offshore structure in the Arctic is how to design for ice loads. It 

has progressed from shallow to deep locations. In shallow 
is obvious that ice loading considemtions have a major effect on 

locations the ice is landfast for much of the winter and extreme 
the form and cost of arctic structures. To put it another way, if thicknesses do not occur. Consequently, the earlier locations 
it were not for the ice, the structures used in the offshore arctic 

which were designed conservatively, provided the outdoor 
would be similar to those used elsewhere in the world. Despite 

labomtory where ice interaction could be studied and ice loads 
the dominating influence of ice load issues, it is fair to say that 

NOMENCLATURE 

A Contact area between ice and structure F Ice force Vw Wind velocity 

Ao A reference contact area FH Horizontal component of ice force w Pack-ice driving force per unit width 

At Coefficient Fv Vertical component of ice force X Penetration distance 

Az Coefficient g Acceleration due to gravity Xm Maximum penetration distance 

A3 Coefficient I Indentation factor z Freeboard of structure above ice line 

Bt 
Bz 

Coefficient 
Coefficient 

k 
L 

Contact factor 

Width of ice floe 
a. 
£ 

Slope angle of structure 
Strain rate 

bx Width of contact at penetration x M Mass of ice floe Gc Ice compressive strength 

Ct Coefficient m Shape factor Goc Ice compressive strength at reference 
Cz Coefficient n Power areaAo 

Cto Wind drag coefficient p External driving force on ice features Gl) Ice flexural strength 

Cc Current drag coefficient (total) Pi Ice density 

D 

Dr 

E 

Projected structure width or diameter in
direction of ice motion at the ice line 
Structure width or diameter at top of 
slope 

Modulus of elasticity of ice 

p 

t 

v 
Vc 

Ice pressure (average over specified area 
or total contact area; synonymous 
with ice stress acting on structure) 
Ice thickness 

Ice velocity 

Current velocity 

Pw 

Pa 
Vc 
Voc 

li 

Water density 

Air density 

Brine volume corresponding to Gc 

Reference brine volume 

Friction coefficient 
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measured. This knowledge and experience was then used to 
test theories and allow extrapolation of design criteria to deeper 
locations without excessive risk. Approaches to the ice load 
problem have used various tools including empirical methods 
based on real data, theories of material behavior, and model 
testing. Methods have been largely deterministic, but prob
abilistic approaches to determine the appropriate design ice 
feature have been exercised although not proven. Looking back 
at the work done and the experience gained, there is no doubt 
that the most important tools in ice force predictions have been 
based on large-scale data and experience. Without large-scale 
data we would have made little progress, and in fact design 
practices have always been based heavily on previous ex
perience, as they should be. 

Today, current practices for ice forces are largely empirical; 
at least for those types of structures with which we have gained 
experience. For structures which have not yet been used (e.g. 

conical structures), current practice has to rely on theoretical 
models (tested against physical models). 

Theories abound for ice forces, some fit the data better than 

others. Theories based on physics are very important in allow
ing extrapolation of experience to new situations, but there is 
considerable disagreement on which theories and physics best 
fit the data. Of major concern is the apparent over-prediction of 
ice loads by indentation theories using small-scale ice proper
ties as input. 

It will be impossible in this paper to offer all the theories and 
methods which have been proposed for ice loads. I will focus 
almost entirely on global ice loads because this is usually the 
primary design issue. Local ice loads I will briefly cover, 
although they can have a considerable influence on the cost of 
an arctic structure. The dynamic aspect of ice forces I will only 
mention in passing. 

It should be emphasized at the outset that there are, as yet, no 
mandatory standards which identify either specific methods or 
practices for ice loads. API is shortly to issue a revised version 
of API 2N as a Recommended Practice for Planning, Designing 
and Constructing Fixed Offshore Structures for use in Ice En

vironments. The Canadian Standards Association will shortly 
issue a preliminary Code for the Design Construction and In
stallation of Fixed Offshore Production Structures. In these 
documents several approaches to ice loads are discussed but no 
specific guidance is given as to which to use. This is probably 
appropriate given the present state of knowledge. In my 
opinion, it is imperative therefore that those organizations 

responsible for arctic offshore structures involve persons who 
are knowledgeable in ice engineering and design. There are 
currently no "cookbook" approaches which can be used; per
sons looking for such in this paper will be disappointed. 

This paper attempts a brief historical overview within which 

the issues relating to ice loads can be described; and also how 
practices and criteria have changed with new knowledge from 
research and large-scale data. The most popular current prac
tices are summarized. In certain cases, examples will show how 
the results vary using different approaches. Remaining issues 

will be discussed. 
This is not a scientific paper, no new theories or results will 

be presented. Experienced ice engineers will be well familiar 
with its content It is hoped however, that structural engineers 
in general, and newcomers to the field will fmd it useful as a 
road map and background paper. 

THE NATURE OF THE PROBLEM 

When ice moves against a structure, the load generated is 
governed by the deformation process in the ice and its strength. 
In addition, ice loads may be limited by the fmite momentum of 
discrete ice features, and by the environmental driving forces of 
the ice. Ice clearing forces may add to ice failure forces. 

The above limits to ice forces can be categorized as: 

limit stress-entirely governed by local ice failure and 
clearing; 

limit momentum or energy-governed by the limited 
momentum or kinetic energy of a discrete ice feature; 
and 

• 	 limit force-when driving forces are less than local 
failure forces. 

These are illustrated in Figure 1. 
Where local failure or deformation is occurring in the ice, the 

shape of the structure influences the process. Vertical-faced 
structures will cause crushing-type failures, sloping structures 
will encourage bending failures, and wide structures may lead 
to a lack of ice clearing, causing rubble fields, which then 
change the failure mode to rubble-building. 

The strength and deformation properties of ice obviously 
have a major influence on ice forces. Therefore the ability to 
specify the relevant ice strength and deformation properties is 

of paramount importance in predicting ice loads. Unfortunately 
in this respect, ice is a difficult material for two reasons. First, 
it is close to its melting point and therefore like most materials 
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ICE LOAD= pOt 

Limit stress Ice load governed by local Ice failure 

FLCE BTCPPEC 
BEFCRE FULL 
PENETRATION 

MAXIMUM 
PENI!TRATICN 
WIDTH bx 

Limit momentum Ice load governed by Initial speed and 
mass of Ice floe 

/~ I 	 LARGE FLOE 

f (, 
WIND 

RIDGE { l 
L 	 BUILDING I ~ 


BEHIND \ 

THE FLOE\\~ 
 DRAG 

STRUCTURE 

~~~. 
Limit force Ice load governed by driving forces 

Figure 1. Various Umiting conditions for ice loads. 

at high temperatures it exhibits creep, strong temperature de

pendence and a strength which is dependent on strain rate. 

Figure 2 shows a typical variation of ice strength with strain 

rate. In the ductile region it is debatable whether we are show

ing ice strength or simply the ice stress corresponding to a 

particular creep rate in the ice. At strain rates higher than about 

10·3 s·1 brittle failure of the ice occurs, which is the second 

reason why it is difficult to deal with ice. Ice is several times 

more brittle than glass, therefore, cracks easily propagate and 

lead to failure processes which are not easily quantified with the 

classical material models normally used by engineers. It is the 

24 
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Figure 2. Typical ice strength vs. strain rate. 

brittle nature of ice which appears to cause an apparent size-ef

fect which is so important to the topic of specifying ice loads. 

One other relevant property of ice is that its strength is 

affected by impurities such as air and brine and by its crystal 

structure, which can be anisotropic. As a result, ice strength can 

be a function of loading direction, confmement and its type (e.g. 

first-year sea ice, multi-year ice, iceberg ice, etc.). 

Despite the above complexities, during the past 20 years all 

types of ice have been systematically tested in the laboratory. 

When care is taken to prepare the sample and proper test 

machines are used, the results of strength and deformation test

ing on the same types of ice yield consistent results. Earlier 

data tended to yield lower ice strengths because of less than 

perfect sample preparation and inferior test machines. This is 

an important point when it is recognized that early ice strength 

data was related to ice pressures by empirical relationships 

which were derived to fit the data (e.g. contact factors in the 

indentation equation-see below). 

EARLY APPROACHES TO ICE LOADS 

In the late 1960s, North American engineers were faced with 

the challenge of designing structures for the offshore arctic. At 

that time, methodologies and codes had been developed for 

bridge piers in northern rivers, and light piers in navigable 

waterways. Not surprisingly the range of design ice pressures 

was quite large, ranging from about 0.5 MPa (70 psi) to about 

2.8 MPa (400 psi) for vertical piers (Neill, 1976). However, it 
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was recognized that the critical loading for bridge piers was 

during spring break-up (when the ice was warm), and it was not 

clear how to transfer bridge-pier experience to the Arctic where 

the ice is thicker and colder and the structures would be larger. 

Nevertheless, the original approaches to ice loads on vertical

faced arctic structures were based on bridge pier methodology. 

In particular the empirical equations of Korzhavin (1962) were 

used and modified extensively by the new generation of ice 

engineers and scientists. Korzhavin' s approach flfSt relates the 

ice force (F) to an average ice pressure (p) across the structure 

width (D) for and ice thickness (t) according to: 

F=pDt (1) 

Further, the ice pressure (p) is related to the uniaxial com

pressive strength of ice ( O'c), according to: 

p= ImkO'c (2) 

where: 

I = an indentation factor and function of the structure 
width (D), ice thickness (t), and the ice crystal structure; 

m = a shape factor which Korzhavin specified as 0.9 for 
a pier of circular cross-section; and 

k =a contact factor, which would be 1.0 for perfect 
contact 

If the value of m is set to 1.0, then Korzhavin's equation 

reduces to the form: 

p= IkO'c (3) 

which is the form later adopted in the flfSt edition of API 2N 

(1980). 

The indentation factor (I) has been studied using a variety of 

theoretical models, all of which are based on plasicity theoty 

and therefore their application may be suspect at strain rates 

above which brittle failure is occurring. Croasdale, and others 

(1977) published indentation factors for isotropic materials 

which might be considered valid for granular ice (Fig. 3). 

Ralston derived indentation factors for columnar ice. Both 

authors correlate the indentation factor to the aspect ratio D/t. 

Ralston's analysis shows an indentation factor as high as 4.0 for 

a narrow structure (D/t =1.0) and never dropping below about 

3.0 even for higher D/t values. On the other hand, for granular 
ice (Fig. 3) the indentation factor is a maximum ofabout 2.6 and 

becomes asymptotic to about 1.0. 

The contact factor, k, has been studied on the basis of crush

ing experiments (Michel and Toussaint, 1976; Kry, 1981). At 

brittle strain rates, after a first initial peak based on perfect 

contact between ice and structure, the subsequent peaks are 

always less (Fig. 4). The phenomenon of failure associated 
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Figure 3. Theoretical indentation factor, granular ke. 
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Figure 4. Typkal ke force v.s. di.slllnce, brittk crushing. 

with these subsequent peaks has been termed "continuous 

crushing." The contact factor can be considered to be the ratio 

between the flfSt peak, which is associated with perfect contact, 

to the highest of any subsequent peaks. The more brittle the ice 

failure, the lower the subsequent peaks. Conversely at very 

slow strain rates the ice pressure may never drop off as the ice 

"flows" around the structure, and the contact factor remains 

unity. 
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A different and arbitrary setting of contact factors as a func
tion of strain rate was proposed by Ralston (1979). At high 

strain rates the contact factor may be as low as 0.3. In this case, 

the strain rate was defmed as ice velocity divided by twice the 

diameter of the structure, a generally accepted approach. 

In addition to laboratory tests on ice strength, a series of 

indentation tests were performed commencing in the late 1960s 

to better understand ice crushing against vertical structures. 
Indenters up to three meters wide were pushed through ice 
sheets at various strain rates (Croasdale, 1970, 1971; Taylor 

1973). Results of the indentation experiments appeared to sup
port the theoretical work, at least for the initial condition of 

good contact. 

I DESIGN CRITERIA FOR THE FIRST STRUCTURES I 

Based on this early work, design criteria for the first arctic 
structures were derived. It did not seem possible to design them 

for much less than about 3.5 MPa (500 psi) global ice pressure. 
In fact the strict ice, high strain rates, good contact, and small 

scale ice strengths gave design ice pressures of about 8 MPa 

(1200psi). 

However, three possible mitigating factors were recognized 

in the design of the fust arctic structures. First, in the landfast 

ice areas, ice movement rates associated with maximum ice 
thickness were known to be low. This allowed the use of lower 

ice strengths associated with low strain rates rather than the 
maximum ice strengths obtained at high strain rates (Fig. 2). 

Second, some of the indentation testing had indicated the pos

sibility of a size effect on ice strength. Although this was not 
quantifiable, it was known to exist for other brittle materials, 

and it was intuitively expected that ice across a wide structure 
would fail at a lower average ice strength than in the laboratory 
with a small sample. Third, in the landfast ice areas, it was 

expected that defensive measures such as slotting the ice (to 

eliminate perfect contact) could be implemented. 

Recognition of the above factors enabled artificial islands, 

the first arctic structure, to be built for ice loads lower than 
would have been obtained by combining the worst values of 

input parameters in the indentation equation. The early struc
tures were designed for global ice pressures of about 3.8 MPa 

(550 psi) for perfect contact across a wide structure. If uneven 
contact was expected, or defense slots were planned, global ice 

pressures of about 1.73 MPa (250 psi) were used. At the time 

however, it was thought that vertical structures beyond landfast 

ice might have to be designed for higher ice pressures because 

of the higher ice movement rates. 

EXPERIENCE WITH ARTIFICIAL ISLANDS: 

NEW INSIGHTS 


During the period 1973 to 1980, about 20 artificial islands 

were built in the Canadian Beaufort, to water depths of about 
20m (Croasdale, 1983). Also during this period, observations 

and measurements provided new insights-these can be sum

marized as follows: 

• 	 Early movements of relatively thin ice, before it be
comes landfast, create ice rubble around the structure, 
which becomes grounded on the underwater slopes of 
the island (or berm). Ice movement from various direc
tions usually causes ice rubble to form on all sides of the 
structure, although more rubble will exist in the 
predominant ice movement directions. 

The zone of active ice failure will usually move to the 
outside of the grounded rubble. The effective diameter 
exposed to the moving ice is thus increased; however 
the grounded ice rubble provides additional sliding 
resistance. 

Ice failure against the outside of the rubble can be 
caused either by crushing or a mixture of flexural and 
crushing failures. In both situations, observations sug
gested that the failure process can be non-simultaneous 
across the active zone, also that the ice appeared to fail 
in a brittle fashion even at low strain rates. 

• 	 Deductions of global ice pressures based on in-situ ice 
panels, the stability of grounded rubble, and structure 
response measurements indicated that maximum global 
ice pressures were less than about 1.5 MPa (220 psi) 
(Strilchuk, 1977). 

Based on these insights, new approaches to ice loads on wide 
arctic structures were developed recognizing the presence of 
rubble fields and non-simultaneous failures (Kry 1977, 1980). 

Kry's landmark research used real indentation data obtained by 
experimentally pushing indentors about one meter wide through 

columnar ice (Kry, 1981). This indentation data was assumed 
to be the characteristic ice pressure versus distance for a single 
zone. Across a wide structure, based on observations, it was 
assumed that several independent zones of ice failure would 
occur. Ice pressure traces for a single zone were treated statisti

cally to give an average effective ice pressure across the whole 
structure as a function of penetration. This approach is shown 
conceptually in Figure 5. By assuming typical ice movements 

of the landfast ice during the winter, design ice pressures were 
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FigureS. Concept ofnon-simullaneous failure (after Kry, 1980). 

calculated; which were lower than the single zone peak pres

sure. Such new approaches, plus real-world experience, ap
peared to justify using design ice pressures in the range 1.0 MPa 
(145 psi) to 1.7 MPa (250 psi), for first-year ice (even at high 
strain rates). 

MULTI-YEARICE: HANSISLAND 

By about 1980, no arctic structure had experienced the im
pact of multi-year ice. New designs were being developed for 
deeper waters where multi-year ice invasions would be more 
likely. The new designs incorporated caisson structures at the 
waterline, against which the multi-year ice might act directly, 
with no ice rubble protection. This recognition caused en
gineers to ponder how large-scale multi-year ice processes 
could be observed and measured. The solution, proposed and 
implemented by Metge et al. (1981), was to observe and 
measure the impact of multi-year ice floes as they collided with 
a small natural rock island in the high Arctic. Experiments 
were first conducted at Hans Island in 1980, and repeated in 
1981 and 1983. The results from Hans Island indicated 
remarkably low global ice pressures. Peak ice pressures for the 
1980 and 1981 experiments were found to be less than about 
0.4 MPa (60 psi). Even recognizing the warm nature of the ice 
(the impacts took place in the summer) and the potential errors 
in the measurements, it appeared that the design ice pressures 
for typical multi-year ice interactions on Beaufort Sea structures 
could safely be set in the range of 1.0 MPa (145 psi) to 1.5 MPa 
(220 psi). 

EXPERIENCE WITH CAISSON STRUCTURES 

The Hans Island experiments, together with the earlier artifi
cial islands experience in ever-increasing water depths in the 

Beaufort Sea, provided the basis and confidence to design and 
build the next generation of arctic structures. These structures 

were the caisson-retained islands and berm-founded structures; 

including the Dome/Gulf Tarsiut concrete caisson retained is
land, the Esso steel caisson retained island, the Dome SSDC 
(Single Steel Drilling Caisson), the Gulf monolithic steel cais
son, the Molikpaq, and the Global Marine CIDS. During the 
past several years these structures have been successfully used 
at a total of 11 locations in water depths to 32 m. Experience 
with these structures has provided additional data on ice struc
ture interaction, especially with respect to locations in deeper 

water where the ice is mobile for long periods of the year. 

For caissons which sit on a relatively shallow underwater 
berm (i.e. less than 10m) experience indicates that, similar to 
the earlier artificial islands, grounded ice rubble generally 
forms around the caissons. The grounded ice rubble shields the 

caissons from direct ice loads, and the ice loads acting on the 
exterior of the rubble field appear to be low (less than 1.0 MPa 

global average ice pressure). 
On the other hand, for caissons sitting on a deep berm (e.g. 

the Molikpaq at 20 m), experience shows that grounded rubble 
seldom forms. Consequently, in moving ice the caisson is sub
ject to direct ice action over long periods. Furthermore, in these 
circumstances the dynamic nature of ice loading becomes ap
parent, causing potentially severe excitation of the structure. 

The data gathered at the Molikpaq over two winter seasons is 
extremely important because of the 'clean' interactions and 
large number of events. At this time the complete data sets are 
proprietary, although limited amounts of information have been 
referred to in public (Wright et al., 1986). Of particular interest 
are the multi-year ice interactions during the spring of 1986 
with ice up to 11 m thick. The data released to date indicates 
peak global ice pressures during multi-year ice interaction of 
about 1.0 MPa (146 psi) or less, with some evidence of higher 
global ice pressures for first year ice (but lower forces because 
of the thinner ice). As already mentioned, the most spectacular 
aspect of the ice interaction was severe vibration of the structure 
caused by cyclic ice loads. This phenomenon is now receiving 
much attention in an attempt to develop satisfactory theoretical 

models for dynamic loads and structure response (Jefferies, 
1987). 
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crushing pressure against width of struc- Figure 6. Ice pressure vs. area indicating a size effect (Sanderson, 1986). 

ture. Also, others had speculated on an ice 

pressure curve as a function of the aspect 
bridge piers and the Cook Inlet platforms, contact fac

ratio (structure width divided by ice thickness). Figure 7 shows 
tors of between 0.3 and 0.6 have been suggested. 

such a curve which was developed jointly by Metge, Wright and However, as will be shown later, contact factors much 
Croasdale as a preliminary design curve for production struc less than this would be required to match the actual 
tures for the Beaufort Sea. The curve was drawn recognizing data from large structures. The use of contact factors 
more or less the same data as later used by Sanderson (1986). to modify a continuum analysis to account for fracture 

Universal curves need to be used with care because they has been challenged (Sanderson, 1986). 

often encapsulate various failure modes, and there may not be a 2. An alternative method for the creep regime has been 

smooth transition from one to the other, as illustrated concep proposed, the Reference Stress Method of creep 
analysis for loads on structures at low strain rate (i.e. tually in Figure 8 (Croasdale, 1984). It is suggested that no 
less than required to reach the creep-to-brittle transisingle phenomenon can account for strength or ice pressure 
tion). This method has been described by (Panter et

reduction over a wide range of sizes and geometries. Further, 
al., 1983). Sanderson (1984) has also shown that the 

for some effects the controlling parameter might be area, but for results are similar to those obtained using plastic-limit 
others it could be width or aspect ratio. analysis (without the contact factors). The proponents 

of the reference stress method also suggest that once 
CURRENT PRACTICES FOR VERTICAL fracturing starts to occur, neither plastic-limit analysis 

STRUCTURES nor the creep analysis should be used. Furthermore, 
observations and measurements appear to indicate that 

Currently there are three popular approaches used for ice 
fracturing initiates at a lower strain rate, as the size of 

loads on vertical structures (including structures surrounded by the effective contact area increases (Kry, 1981; 
consolidated rubble fields, which can be assumed to present an Sanderson, 1984). 
effective vertical face to the surrounding ice). They are: 3. An approach recognizing this phenomenon has been 

1. The Indentation Equation using indentation factors described by Walden et al. (1987); it has been termed 
derived from plastic limit analysis with strength de the Cut-ofT Stress Method. It proposes that a maxi
pendent on strain rate. Breakout forces (i.e., as mum value of ice pressure or failure stress exists 
sociated with the initiation of ice movement after a resulting from a change in failure mode from creep to 
long period of no movement) are calculated assuming brittle. It is further proposed that the cut-off stress is 
perfect contact, but slow strain rates. Strain rates are scale-dependent, and should be calibrated against full
calculated assuming either V/4D or V/2D. At higher scale data. An example of how to do this was also 
strain rates, the peak strength for the ice is used, but a given by Walden et al. (1987) in the prediction of 
contact factor to account for the brittle nature of the multi-year impact loads using the Hans Island data for 
interaction is invoked. Based on experience with calibration. In this case they used an expression of the 
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form: 

~ n Vc 
p =O"oc (--) (1---) (4)

A Voc 

where: 

p = the ice pressure over the contact area A (structure 
width times ice thickness); 


c:roc = the effective indentation strength of the ice at a 

reference area~; 


n =the slope of the indentation strength (or pressure) 

versus area curve, e.g. 0.5; 


Vc = the brine volume of the ice; and 


Voc =the reference brine volume at which the ice loses 

all its strength (0.16). 


Based on their analysis of the Hans Island data, c:roc was 

derived as having a mean value of 9.88 MPa, and a standard 

deviation of 7.60 MPa for a reference area(~) equal to 1m2. 

COMPARISON OF CURRENT PRACTICES FOR 

VERTICAL STRUCTURES WITH 


LARGE-SCALE DATA 


Consider the April 12, 1986 interaction of multi-year ice 

with the Molikpaq as described by Wright et al. (1986), and by 

Jefferies and Wright (1986). 

The approximate conditions were: 

structure width = 90 m; 


ice thickness about 11 m; 


velocity approximately 0.06 m s-1; and 


ice cold and assumed multi-year. 

Using the indentation equation one would first calculate 

strain rate eas: 

ABOUT 
3000 pal 

MULTI

MODAL 


EFFECTS 


WIDTH OF LOADING 
Ott ... 

Figure 8. Concept ofhowfailure modes govern effective 

ice pressures. 


This would then be related to uniaxial crushing strength from 

small scale experiments on multi-year ice. A typical strength 

value at the above, strain rate might be about 6 MPa (Fig. 2). 

If we also assume granular ice with I = 1.2 and a contact 

factor of 0.5, then the ice pressure (p) using the indentation 

equation is given as: 

p= 1.2x 0.5 x6 = 3.6 MPa 

and the Ice Force= 90 x 11 x 3.6 = 3,564 MN 

The actual force experienced is reported as being ap

proximately 500 MN. 

Thus the indentation equation using a conventional contact 

factor would over-predict by a factor of about seven. The 

contact factor required to match the data point would be ap

proximately 0.07. 

If we now use the empirical cut-off stress method (as 

calibrated from Hans Island), the equation for the ice pressure 

(95% confidence level, i.e. mean value plus 2 standard devia

tions) is: 

1 05
Pe = 25.1 ( ) · (1 - 0.3) = 0.56 MPa 

990 
and the Ice Force= 90 x 11 x 0.56 =553 MN 

This is much closer to the quoted measured load of about 500 

MN. 

Of course it is not surprising that the empirical approach 

gives good agreement, because it is calibrated with large-scale 

data. But as clearly demonstrated in this simple example, the 

indentation equation using previously assumed contact factors 
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appears to be grossly conservative. Hence empirical treatment 

of large-scale data appears to give the most realistic approach to 

ice load design criteria for large diameter vertical structures (at 

least for high strain rates and brittle failure). The use of creep 

analysis and plastic limit analysis may be valid for very low 

strain rates, at which ice loads will be lower than in the brittle 

regime. 

SLOPING STRUCTURES-BACKGROUND 

In reviewing concepts for arctic structures, it was recognized 

early that in deeper waters where the ice was more mobile and 

thicker, sloping structures which failed the ice in bending might 

be designed for lower ice forces than vertical structures. 

Various types of sloping structures are shown conceptually in 

Figure 9. 

In the early 1970s, the oil industry began examining conical 

structures for arctic offshore oil exploration. This stimulated 

extensive model testing (Edwards and Croasdale, 1976) and the 

parallel development of analytical models. The analytical 

models were based on the breaking of ice sheets on elastic 

foundations and were an adaptation of the bearing capacity 

analyses of Nevel (1972). In addition to ice breaking, these 

models also accounted for ice ride-up and adfreeze (Kim and 

Kotras, 1973). The analytical models developed were later 

incorporated into a comprehensive computer program 

(Semeniuk, 1975). At about the same time, Bercha and Danys 

developed similar approaches (1975). 

All the above approaches were based on the theory of elastic 

plates on elastic foundations. An alternative analysis using 

plasticity theory was developed by Ralston (1977). His results 

demonstrated good agreement with the early model tests. 

Between 1973 and 1976, Esso conducted a comprehensive 

series ofsmall, prototype tests on a conical structure of diameter 

3.3 m at the water~line. The tests were used to calibrate the 

analytical models for both sheet-ice and ice ridges (Verity, 

1975). 

As part of an IAHR state-of-the-art review of ice forces on 

structures, Croasdale (1980) revi~wed all methods in the public 

domain up to 1978, and used simple two-dimensional theory to 

demonstrate the relative importance of the influencing 

parameters. 

Croasdale et al. (1978) published theories for ice ride-up on 

sloping beaches. The theory demonstrated the possibility of a 

jamming mechanism against a steeper section of the slope. 

"
L J/ 

--------------~r~ ~'-----------------

~ "1 

NARROW 
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_ ________...\ /---1
l------f' 

DOWNWARD BREAKING 
Figure 9. Types ofsloping structures. 

In the late 1970s, Schwarz and Frederking (1978) conducted 

model tests; in parallel, Frederking developed an analysis for 

ice acting on a flat-faced inclined structure. The analysis took 

account of ice breaking, rotational forces, hydrodynamic forces, 

inertia forces, and sliding. Also about the same time Tryde 

(1977) conducted model tests on a wedge shaped pier and 

developed an empirical approach. Sorenson (1978) conducted 

a thorough analysis of the dynamic interaction between ice and 

a sloping face. 

More recently, Timco (1984) and Frederking and Timco 

(1985) conducted a comprehensive set of model tests on a wide 

inclined structure and compared the results with theory. 

SLOPING STRUCTURES-GENERAL LOGIC 

The general approach to predicting sheet ice loads on a 

conical or sloping structure is shown in Figure 10. The design 

ice load will be the lower of either the adfreeze force or the sum 

of the ice breaking and ice clearing forces. The ice breaking 

forces are determined from the failure of a plate on an elastic 

foundation using either an elastic-brittle or a plasticity ap-
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Figure 10. General logic for iee loads on sloping structures. 

proach. An important input parameter is the large-scale flex mal 

strength of the ice. The ice clearing forces should account for 

buoyancy and gravity forces, rotation, friction and inertia. The 

interaction of advancing ice blocks with the superstructure also 

·has to be considered. 

SLOPINGSTRUCTURE~HEETICE 

A theory based on a two-dimensional analysis of the failure 

and ride-up of a floating ice plate was developed by Croasdale 

(1980). This resulted in an equation of the form: 

Pwgts f 25FH =Ct D CJf [ + Cz z t p· g (5)E t 

where: 

FH =horizontal ice force; 

D =structure width; 

crr =flexural strength of the ice; 

Pw =density of ice; 

Pi =density of ice; 

g =acceleration due to gravity; 

t =ice thickness; 

E =ice modulus; 

z =freeboard of structure above ice line; and 

C1 and Cz are coefficients which depend on the slope 
angle of the structure (a) and the coefficient of friction 
between ice and structure (JJ.). Typical values of Ct and 
C2 are shown in Figure 11. 

5 

eS 
Q 
z c 
u 4 
I 

!z 
w 

(j 1.1. = 0.5
it 3-r---_. 
w 
0 
u 
w 
...I 
~ 
~ 2 

w a. 
g 
en 

0+-----------~---------------~----------~----------~~-----------j
~ ~ ~ ~ ~ ro 

0SLOPE ANGLE - a 

Figure 11. Coefjkientsfor 2-D load equation for 

sloping structures. 


In the above equation, the first term can be considered as the 

force to break the ice, and the second term the force due to the 

ice riding up the slope of the structure. The two-dimensional 

analysis is useful in looking at how the breaking and ride-up 

terms compare in magnitude and vary with various parameters, 

Figure 12. 

In the three-dimensional situation, when the ice is wider than 

the structure, then intuitively it can be appreciated the failure 

zone will extend to a greater width than the structure. In this 

situation the ice breaking term will be greater than the 2-D 
analysis indicates. A simple correction of the 2-D analysis to 

account for this effect has been suggested-readers should refer 

to the original reference for details (Croasdale, 1980). 

A 3-D elastic analysis was developed by Kim and Kotras 

(1973). Their work was later incorporated into a computer 

program (Semeniuk, 1975, also known as APOA Project 87). 

The flow diagram for the computerized solution is shown as 

Figure 13. It can be seen that the method is comprehensive and 

calculates loads associated with radial and circumferential 

cracks, ride-up, adfreeze and ridges embedded in the sheet ice. 

Results obtained using this method will be discussed later. 

An approach for sheet ice loads on a cone using plastic limit 

analysis was developed by Ralston (1977). His work resulted in 
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the following expressions for the horizontal (FH) and vertical 

ice loads (Fv). 

FH =A4 [At crr t2 + A2 Pw gt D2 + A3 Pw gt (02- Dr2)] (6) 

Fv = Bt FH + B2 Pw gt(D2 
- D-11 (7) 

Nomenclature is the same as equation (5) but with the 
following additions: 

DT = the structure diameter at the top of the slope; 

At and A2 are coefficients dependent on: 

pwgD2 

;and 
crrt 

A3, A4. Bt, and B2 depend on cone angle and ice to 
cone friction. 

Values of these coefficients are given in the original refer

ence (Ralston, 1977) and in Figure 14. 

Frederking (1979) developed a 3-D analysis for the sheet ice 

acting on an inclined plane, also based on the theory ofplates on 

an elastic foundation. Frederking developed load equations to 

include the following effects: 

ice breaking-both radial and circumferential cracks; 

rotation of the ice pieces after breaking; 

ride-up (or sliding); and 
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Figure 13. Illustration offlow diagram ofAPOA 87 

Methodology (after Semeniuk, 1975). 


• hydrodynamic and inertial forces. 

Examination of the equations developed by Frederking indi

cate force magnitudes similar to previous investigators for the 

ice breaking and ride-up terms. The hydrodynamic and inertia 

terms are very small, but the rotation term as derived by 

Frederldng is quite large. This could be a result of assuming too 

long a length for the broken ice piece. In many of the physical 

model tests the length of the broken ice pieces are generally 

smaller than assumed by Frederking, with resulting smaller 

rotational forces. Also in Frederldng's analysis the rotation and 

breaking forces are added, however only one can occur at any 

onetime. 

A comparison of fout methods for calculating loads on a 

sloping structure is shown in Figure 15 (Croasdale et al., 1987). 

In this case the load prediction varies from a low of about 

18 MN to a high of about 30 MN. 

Experimental evidence for sloping structures is limited to 

small-scale physical model tests as no large sloping structure 

has yet been built Extensive physical modeling was conducted 

during the 1970s (Edwards et al., 1974). Also a large ice basin 

was built by Esso in Calgary to conduct tests on cones up to 

three meters wide (Verity, 1975; APOA 65 and APOA 82). 
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ridges could be treated as simple beams on elastic 
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a, 	 foundations. Solutions for an infinitely long ridge, 
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Figure 14. Coefjieientsfor Ralston's Equation (Ralston, 1977). Lewis and Croasdale {1978) published results from 

Semeniuk (1975) compared the three dimensional elastic early model tests. Semeniuk (1975) compared the 

analysis of Kim and Kotras (1973) to results from the three theoretical model developed in APOA 57 with experiments 

meter cone in the Esso basin. The comparison is shown as conducted in model tanks and in the Esso basin. Abdelnour 

Figure 16. In 1980, Kry compared the plastic limit analysis of {1981) published results from extensive ridge modeling in 

Ralston with the same data, Figure 17. As can be seen by APOA 86, comparing the results with elastic theory. Wang 

comparing Figures 16 and 17, it appears as though the elastic (1984) published results of model tests conducted for Exxon in 

analysis slightly under-predicts the test data, while the plastic AOGA 96, comparing the results with a theory based on the 

analysis slightly over-predicts. principles of plasticity. More recently, ridge ride-up analyses 

At this time, practitioners must allow for these and other Jtave been developed by Winkler and Nordgren (1986). 

uncertainties in specifying design ice loads. Because of its 
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The largest scale physical tests for ridge/structure interaction 

were conducted in the Esso basin. Results from these tests are 

compared to the elastic analyses derived in APOA 57 and 87 in 

Figure 18. The agreement is quite good. Wang (1984), how

ever, claimed that the method based on plastic limit analysis 

gave better comparison with experiments (especially the 

smaller scale tests). The results based on plastic limit analysis 

are more conservative than those based on elastic-brittle 

analysis. 

ISLOPING STRUCTURES-OTHER CONSIDERATIONSI 

In concluding this discussion of ice forces on sloping struc

tures, the reader is referred back to the overall logic shown as 

Figure 10. The logic shown has to be applied in any considera

tion of ice interaction with sloping structures. Sloping struc

tures are configured to fail advancing ice in bending. The 

forces on sloping structures have been studied using theoretical 

and physical models. This work has led to predictive methods 

for loads on sloping structures, but no large-scale data are 
available to qualify these methods. It has been shown however, 

that theoretical methods agree with physical model test data. 

An important factor to recognize in ice interaction with sloping 

structures is that the global force is made up of an ice-breaking 

component and an ice-clearing component Typically, the ice 

clearing component can be similar in magnitude to the ice 
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Figure 16. Experimental results l'S. elastic analysis for sheet ice 

loads on conical structures (Semeniuk, 1975). 
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Figure 17. Experimental results l'S. plasticity analysis for sheet 
ice loads on conical structures (Semeniuk, 1975). 

breaking component. For downward breaking cones, the ice 

loads may be calculated by using the buoyant weight of the ice 

in the ice clearing components of the previously discussed 

methods (Ralston, 1979). Other factors to be considered are: 

If the ice is stationary for some period it may freeze to 
the structure; this bond has to be broken before the ice 
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can fail in bending. The adfreeze failure load can be as 
high as the crushing load unless special precautions are 
taken to reduce it by special coatings or by heating 
systems. 

The ice will ride up the surface of the slope. All sur
faces subject to ice may have to be designed for high 
local ice pressures. Deflectors may be needed to 
prevent ice encroaching on the working surface of the 
structure. 

Ice riding up the side of a wide structure will probably 
fall back on the advancing ice and interfere with the 
simple flexural failure mode. The rubble field so 
formed will "hide" the structure geometry from the ad
vancing ice and the loads on the outside of the rubble 
will be the same regardless of whether the structure is 
sloped or vertical. 

Physical model tests indicate that narrow conical structures 

are effective in allowing the ice to clear around them. Little 

experimental work has been done to investigate ice clearing 

mechanisms in front of a wide sloping structure. Further it has 

been shown, using simple ride-up math models, that high forces 

can be exerted on the upper vertical faces of wide structures due 

to thick ice jamming against them (Croasdale, 1985). 

An important input parameter to loads on sloping structures 

is the large scale flexural strength of ice. Tests on large in-situ 

beams indicate strengths of about 700 kPa for frrst-year ice 

(Vaudrey, 1979; Kry, 1976). Tests on multi-year ice beams 

indicate similar values (Gladwell, 1978). It has been speculated 

that on a larger scale, flexural strengths may be closer to 

350kPa. 

The major perceived advantage of a sloping structure is to 

minimize the ice forces associated with extreme ice features 

which might act on the structure during its lifetime. Also the 

dynamics of ice loads on conical structures may be less severe 

than pure crushing. 

In Figure 19 comparisons between ice failing in bending 

against a 150m wide sloping structure are made with ice failing 

in crushing against a vertical structure of the same width. It is 

interesting to note that as the ice thickness increases, the ap

parent advantage of a sloping structure diminishes (i.e. for a 

10m thick ice feature, the total load is at the midpoint of the 

range of crushing loads whereas for a 15 m thick ice feature the 

total load is at the maximum of the range of crushing loads). If 

the structure is made narrower however, and shaped in the form 

of a cone, then the clearing forces are proportionally less and 

the potential advantage over a vertical sided structure is in

creased as shown in Figure 20. It should not be forgotten 

though that the loads on the conical structure are less sensitive 

to ice strength. The broken lines in Figure 20 represent the 

effect of reducing ice strength by 50%. In this case, the dif

ference between ice forces on the sloping and vertical structure 

is narrowed. 

ICE LOADS LIMITED BY MOMENTUM 

Referring back to Figure 1, in the case of collision by in

dividual floes and icebergs, the momentum of the floe may not 

be sufficient to create full envelopment of the structure. Hence 

the ice force will be lower than the limit-stress load which is 

calculated assuming ice failure across the full width of the 

structure. 

In this situation, ice forces can be calculated using either 

energy or momentum balance. Both methods give the same 

result The equation based on dissipation of kinetic energy is: 

Xm MV 
2 xj 

0 JFdx=-- + 0 Pdx (8)
2 

In the above equation F is the ice force, which will vary with 

the penetration width, bx, as: 

F=pbxt (9) 

where: 

p =the ice pressure at contact width bx; 
t =the ice thickness; 
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M = the mass of the floe (including hydrodynamic 
mass); 

V = the initial velocity; 

P represents external driving forces on the floe (if any); 

x = the penetration; and 

xm = maximum penetration when the floe is brought to 
rest. 

The energy absorbed by structural deformation can also be 

included in the equation but for most arctic structures this can 

be ignored (Duthinh, 1985). 

Ice loads using this approach have been derived and dis

cussed by many investigators (Cammaert and Tslnker, 1981; 

Kreider, 1984; Croasdale, 1984; Walden et al., 1987). Depend

ing on structure width, limit-momentum loads may be less than 

limit-stress loads for floes less than about 5 km in size. For 

icebergs, the limit-momentum load will always govern. 

ICE LOADS LIMITED BY DRIVING FORCES 

The limit-force ice load may control if locally thick ice 

features are pushed against wide structures in the winter, with 

thinner pack-ice failing behind (Fig. 1). The equation for this 
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condition is simply: 
2 2 2 2F=CwpaVw L +0.5CcpwVc L +wL (10) 

The frrst two terms are the wind and current drag. The last 

term is the pack-ice driving force where Lis the floe width and 

w is the average ridge-building force per unit width across the 

back of the floe. It is usually assumed that ridge-building 

represents a limit of the transmission of forces through pack ice. 

Hence, ridge-building forces and pack-ice driving forces are 

synonymous. 

The major uncertainty in the above equation is w, the pack

ice driving force. It can be shown that the wind and current 

forces are quite small (Croasdale, 1984). Pack-ice or ridge

building forces have been reviewed (Croasdale, 1980, 1981, 

1984; Kreider, 1981); at present there is a wide range of uncer

tainty. Some evidence suggests average values as low as 5 x 

104 Nm-1; other evidence indicates values up to 5 x 105 Nm·1 

across a narrow front. Field measurements in 1986 (Croasdale 

et al., 1987) indicate levels closer to the lower than the upper 

value. 
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For a pack-ice driving force of 105 Nm-1 and an extreme ice 

feature of 10 km width, acting on a production structure 150 m 

in width, Table 1 indicates the relative magnitudes of the limit 

force load and the limit stress load. In this example the limit 

force load is always less than the limit stress load, and therefore 

would be the governing design load. 

TABLE!. 	 EXTREMEICEFORCESDUE 
TO LARGE ICE FEATURES 

LOCAL ICE LIMIT STRESS LIMIT FORCE 
TIDCKNESS WAD WAD 

(m) (MN) (MN) 
10 1500 1000 
20 3000 1000 
40 6000 1000 

Assumptions: 
Structure Diameter = 150 m 
Ice Crushing pressure = 1.0 MPa 
Ice Feature Size= 10 km 
Pack Ice Driving Force= 105 Nm-1 

For narrower structures, smaller floes, and thinner ice than 
15 m, the reverse will be true. Certainly at the Molikpaq no 

evidence of the limit-force condition was observed when multi

year floes acted on it in 1986. 

LOCAL ICE LOADS 

It appears as though global ice loads may be derived on the 

basis of average ice pressures which are quite low compared to 

the confmed compressive strength of ice. However, such a 

mitigation does not seem possible for local ice pressures. This 

means that over small areas, ice pressures of up to about 20 MPa 

may have to be incorporated into the design. 

Local ice pressures will govern the design of the outer shell 

of a structure, so this topic is of obvious importance to the 

structural designer. At present, no generally accepted 

methodologies have been developed for local ice pressures. 

Codes developed for ice breaking vessels are often used and 

typically result in designing for about 8 MPa (1200 psi) over 

small areas, say less than one meter by one meter. Curves 

presented by Bruen et al (1982) for multi-year ice ranged from 

11 MPa (1600 psi) at 0.5m2 to about 3.3 MPa (500 psi) at 
100m2. 

A simple pressure versus area curve for local ice loads is 

probably not appropriate. A confmed area of ice near the center 

of an ice sheet will presumably fail at a higher strength than the 

same area of ice near the surface. This issue has been addressed 

by Blanchet (1986). 
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Figure 21. lyer's empirical ice failure pressure curve. 

Iyer (1983) derived the pressure versus area relationship 

referred to earlier in the paper, (from indentation experiments). 

He also provided a correction for D/t which to some extent 

allows for the confmement effect (Fig. 21). 

Ice pressures measured on the ice load panels at the Molik

paq have been reported (Wright et al., 1986). Over an area of 

about 0.5 to I .5m2
, the upper bound ice pressure was just over 

3.0 MPa. This was for frrst-year ice 0.5 to 1.5 thick crushing 

against the structure. Additional measurements on structures, 

against which ice is crushing directly, are required. Actual 

experience with structures has been favorable, with no local 

failures in those areas reinforced against ice. Examination of 

this favorable experience may provide valuable insight even if 

structures were not instrumented. 

At this time there is no "agreed-on" practice for local ice 

load design. 

PROBABILISTIC METHODS 

Several ice feature parameters are required as input to the ice 

load prediction. Such parameters as ice floe size distributions, 

ice thickness and velocity have statistical distributions and 

therefore ice loads can be determined within a probabilistic 

framework. Probabilistic models for ice loads have been 

described by Wheeler (1981), Marcellus and Roth (1982), 

Slomski and Vivitrat (1983), Bercha et al. (1978), and Jordaan 

et al. (1985). The general logic for ice loads, which incor

porates a probabilistic approach is shown in Figure 22. 
Probabilistic methods are desirable as a means to quantify 

risk, and to ensure safe and economic structures. However, 

they will continue to be limited by our knowledge of the en-
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vironment. They should only be exercised with full knowledge 

of the uncertainties which may apply to the input of ice environ

mental data. 

CONCLUDING REMARKS 

Current practices for ice loads on Arctic structures are heavi

ly influenced by the experience gained in designing and operat

ing structures out to 32 m of water in the Beaufort Sea. Based 

on this experience and parallel research, current practices 

recognize the following: 

• 	 Large-scale global ice pressures are lower than could be 
predicted from strength tests on small ice samples in the 
laboratory. 

• 	 Local ice pressures are greater than global ice pressures 
and can approach the small-scale ice strength. 

• 	 Ice clearing processes and rubble fields (which occur if 
the ice doesn't clear) have a significant influence on ice 
forces. 

• 	 Ice loads are of a fluctuating nature, and can cause 
dynamic excitation of the structure. 

For ice action on island-type structures and near vertical 

caissons there is now considerable large-scale data, but few if 

any theories which satisfactorily explain the data, and capture 

the physics of the observed processes. Approaches which 

recognize non-simultaneous failures, progressive failure, frac

ture mechanics, and the clearing of broken ice offer promising 

lines of investigation. 

For ice action on sloping structures, theoretical models exist 

which check reasonably well against physical model tests. 

However, no large-scale data is available, as no large sloping 

arctic structures exist. 

Ice loads caused by extreme ice features such as locally thick 

multi-year hummock fields and ice islands may be controlled by 

pack-ice driving forces, rather than local failure. However, 

only limited measurements of pack-ice forces exist, so this 

condition is difficult to quantify. 

Probabilistic approaches to ice forces have been formulated 

and exercised. Their use may be handicapped by a lack of 

specific data relating to the physical description and presence of 

various extreme ice features. 
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• CONFERENCES 
January 14-17, 1989-ASME Annual 

Offshore & Arctic Operations Symposium 
will be held in conjunction with the 13th 
Energy-sources Technology Conference 
& Exhibition. The symposium is ex
pected to feature 12 half-day sessions on a 
range of offshore and arctic subjects. 
Topics currently planned include: Off
shore Structures; Tribology Workshop; 
Minimizing Offshore Costs; Corrosion 
Workshop; Arctic Foundations I and ll; 
ROV I and ll; Subsea Systems; Riser Sys
tems; and Downhole Equipment I and II. 
For more information contact ASME 
Petroleum Division; 1950 Stemmons 
Freeway-Suite 5037C; Dallas, TX 
75207; 2141746-4901. 

January 23-25, 1990-1990 Annual 
Reliability and Maintainability Sym
posium will be held in Los Angeles, 
California. The title of the symposium 
will be "Product Assurance Progress 
Report: What Have Been the Real Im
pacts on the Product, the Producer, and the 
Customer?" For more information con
tact Thomas L. Fennell; RADC!RBER; 
Grijfiss AFB, NY 13441-5700; 315!330
2540. 

February 5-10, 1990-Focus on the 
1990s, 25th Annual Alaska Surveying and 
Mapping Conference; sponsored jointly 
by American Congress on Surveying and 
Mapping (Alaska Section), American 
Society for Photo-grammetry and Remote 
Sensing (Alaska Region), Alaska Society 
of Professional Land Surveyors, and 
Urban and Regional Information System 
Association (Alaska Chapter). For more 
information contact Thomas W. Knox; PO 
Box 103294; Anchorage, AK 99510
3294; 9071786-8116. 

• CALL FOR PAPERS 
ASTM Symposium on Mapping and 

Geographic Information Systems
AbstractsdueNovember 15,1989. Papers 
are invited for oral or poster presentation 
on each of three main topics: 

• Maps of all types-geologic, 
hydrogeologic, soils, environmental 
engineering geologic, waste manage
ment, mineral, vegetation, and land 
use. 

• Remote sensing-applications of all 
types and disciplines, hardware, and 
software. 

• GIS-hardware and software (espe
cially the use of desktop computer 
systems), interface of maps and 
remote sensing with GIS, new ap
plications, success and problems, and 
the need for data and other standards. 

For more information contact Dorothy 
Savini; Symposia Operations-ASTM; 
1916 Race Street; Philadelphia, PA 
19103-1187; 215/299-5413. 

Twenty-first Annual Pittsburgh 
Conference on Modeling and Simula
tion-Abstracts due January 31, 1990. 
Emphasis for the 1990 Modeling and 
Simulation Conference will be 
microprocessors, personal computer ap
plications and software, artificial intel
ligence, expert systems, robotics and all 
aspects of control theory and applications 
as well as social, economic, geography, 
regional science, and global modeling and 
simulation. In addition, papers on all of 
the traditional areas of modeling and 
simulation are of interest. Abstracts 
should be approximately 50 words in 
length and should identify one author as 
correspondent for the paper. At least one 
author for each paper is expected to 
register for the conference. Direct all cor
respondence to William G. Vogt or Marlin 

H. Mickle; Modeling and Simulation Con
ference; 348 Benedum Engineering Hall; 
University of Pittsburgh; Pittsburgh, PA 
15261. 

• NOTED 
Streamflow, lake levels and water

quality data for Alaska up to September 
30, 1988, have been published in a new 
report by the U.S. Geological Survey, 
Department of the Interior. The report 
compiles information on sites in the 
southeast, south central, southwest, 
Yukon basin, northwest, and Arctic Slope 
subregions of Alaska. It includes a map of 
each hydrologic subregion and tables list
ing types of data collected and period of 
record. The report, "Alaska Index: 
Streamflow, Lake Levels, and Water
Quality Records to September 30, 1988, " 
by P J. Still and J .M. Cosby is published as 
USGS Open-File Report 89-269. For 
more information contact the Books and 
Open-File Reports Section; USGS; Box 
25425; Federal Center, Bldg. 810; Den
ver, CO 80225. 

In the ftrst case of its kind ever to go to 
a jury, a southwest Alaska man was con
victed of wasting walrus near Cape Peirce 
last summer. Richard L. Clark, 38, a 
fisherman and Alaska native from Clark's 
Point, was found guilty of unlawfully 
taking approximately nine walrus in a 
wasteful manner on July 27, 1988. 

"This jury has sent a strong message 
that the public will not tolerate the wasting 
of walrus," said Roger Parker, a special 
agent for the U.S. Fish and Wildlife Ser
vice who investigated the case. 

The other two men charged in the case, 
Joe Clark, 63, and Sam Clark, 26, both 
pleaded guilty early last spring. 
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After months of rehabilitation and ob
servation, all of the sea otters rescued 
from the oil spill and capable of surviving 
in the wild have been set free. The U.S. 
Fish and Wildlife Service has released 
more than 100 sea otters, which swam and 
paddled their way into the wild in various 
locations from Prince William Sound to 
the Kenai Peninsula. The last three otters 
were released on the 30th of August in 
Kachemak Bay. 

"The whole rehabilitation effort has 
been a tremendously beneficial program," 
Mike Hedrick, USF&WS, said. "It's been 
a lot of work, so we're glad its behind us, 
but it has improved our otter and otter 
habitat knowledge base. Best of all, based 
on our tracking data, the otters we've 
released seem to be doing fme. This fmal 
release is the long-awaited climax after a 
lot of blood, sweat and tears by profes
sionals and volunteers." 

The U.S. Fish and Wildlife Service, 
National Park Service, U.S. Forest Ser
vice, and the Bureau of Land Management 
have released the Alaska Submerged 
Lands Report. 

The Report required by the Alaska 
Submerged Lands Act (PL 100-395) of 
1988, identifies and estimates the acreage 
of all lands currently patented to or 
selected by a Native, Native Corporation, 
or the State of Alaska; establishes 
priorities for the acquisition of lands cur
rently patented to or selected by a Native, 
Native Corporation, or the State of Alaska 
that are within the boundaries of Conser
vation System Units; and makes reccom

mendations as to administrative or Con
gressional action deemed appropriate to 
reduce any adverse effects of the Alaska 
Submerged Lands Act on the management 
of lands or resources within Conservation 
System Units. For more information or 
copies of the report contact Sharon Janis, 
Chief, Division of Realty; U.S. Fish and 
Wildlife Service; 1011 E Tudor Road; 
Anchorage, AK 99517; 9071786-3490. 

• PUBLICATIONS 
The Frozen Earth: Fundamentals of 

Geocryology, P.J. Williams and M.W. 
Smith, Carleton University, Ottawa This 
book describes the effects of cold climates 
on the surface of the earth. Using scien
tific principles, the authors describe the 
evolution of ground thermal conditions 
and the origin of natural features such as 
frost heave, solifluction, slope in
stabilities, patterned ground, pingoes, and 
ice wedges. The thermodynamic condi
tions accompanying the freezing of water 
in porous materials are examined, and 
their fundamental role in ice segregation 
and frost heave processes is demonstrated 
in a clear and simple manner. For more 
information contact Science Publicity; 
Cambridge University Press; The Edin
burgh Building; Shaftesbury Road; 
Cambridge CB2 2RU United Kingdom. 

The programs included in CHEM
CALC 1, Version 2.0: Separations Cal
culations allow engineers to carry out 
separations calculations at their desks, 
quickly and accurately. This latest addi
tion to the CHEMCALC series incor

porates a number of additional functions 
such as color, binary and multicomponent 
flash calculations, and a utility program to 
use in material balance work. This fully
guaranteed software package assists 
process design engineers in the designing 
and modernizing of separations units in 
chemical plants, refineries, and natural gas 
plants. Included are programs for use with 
multi-component mixtures to determine 
the conditions and compositions at the 
dew point and at the bubble point For 
more information contact Cheryl J. Smith; 
Gulf Publishing Company; Book Division; 
PO Box 2608; Houston, TX 77252-2608; 
1-800-231-6275 (in Texas 1-800-392
4390). 

Now available from Cutter Information 
Corp., a hands-on guide for builders, 
designers, engineers, utility program 
managers, and homeowners that explains 
what radiant barriers are and how they 
work. The report, entitled Radiant Bar
riers: Principles, Practice, and Product 
Directory by J.D. Ned Nisson, will serve 
as a guide for anyone considering radiant 
barriers in building construction or 
retrofit In addition to presenting techni
cal and theoretical background, it includes 
specific product information and 
specifications for most of the current com
mercially available products. The infor
mation is of immediate practical use. For 
more information contact Kim Gay at Cut
ter Information Corp.; 1100 Mas
sachusetts Avenue; Arlington, MA 02174; 
617/648-8700. 

THE NORTHERN ENGINEER, VOL. 21, NO.3 42 



Graduate degrees in the following areas are offered through the 
University of Alaska Fairbanks School of Engineering 

u Arctic Engineering 

u ,Civil Engineering 

u Environmental Quality Engineering 

u Environmental Quality Science 

u Electrical Engineering 

u Engineering Management 

u Mechanical Engineering 

Graduate Program 
A graduate program related to en electrical, civil, and mechanical en ment groups, which broadens our 

gineering or water resources is usually gineering, environmental quality students' exposure to new disciplines 
based on a solid grounding in a major science, environmental quality en and ideas, and stimulates the develop
through an academic department or an gineering, marine sciences, geology and ment of interpersonal skills. Students 
individually designed interdisciplinary geophysics, or wildlife and fisheries. benefit from the fact that INE has more 
major, with an opportunity for training Graduate students benefit from daily microcomputers per person than any 
in a variety of fields. INE provides work in a multidisciplinary environ other group on campus. This provides 
funds, equipment, research supervision, ment Informal daily contacts and unprecedented access to data handling, 
and laboratory and office space to Friday afternoon seminars provide an word processing and drafting. Addi
qualified students. Each graduate stu atmosphere for the unique cross-fer tional computers are available for 
dent has an academic program directed tilization of ideas, and techniques of process control of experiments. INE 
by a home department and graduate research and analysis among graduate also has a Hewlett-Packard 9845 com
committee, yet carries out the bulk of students of the many disciplines repre puter with plotter and digitizer, a VAX 
their research program through INE. sented at INE. 11n3o computer, and free and un
Prospective graduate students should INE shares laboratories and field limited access to a VAX 8800. 
apply through specific programs such as sites with other university and govern-
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