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ARCTIC CONSTRUCTION 
BY J. J. SCHEUREN, JR.,* Member 

(Presented at a meeting of the Construction Section, B.S.C.E., held on March 22, 1961.) 

SYNOPSIS 

Tms paper describes construction at Arctic sites in Greenland 
and Baffin Island. Logistics, personnel, equipment, material, and con
struction methods are discussed. Comparisons are made with conven
tional construction procedures in the north temperate zone. 

INTRODUCTION 

The main reason for interest in Arctic construction during the 
past two decades has been the requirement for National Defense. Be
sides the strategic and tactical considerations, there are other reasons 
for interest in construction in the Arctic ( or Antarctic). Sites may be 
developed for communications, navigational aids for aircraft, surface 
and subsurface vessels, scheduled and emergency stops for aircraft, 
weather stations, scientific stations for study of earth and space, and 
for openjng up of natural resources in minerals, oil, and fisheries. 

Continuing research into cold weather construction may produce 
techniques that will extend the construction season in the colder re
gions of the temperate zone. Actually the basic techniques of con
struction have not been modified to any great degree in Arctic work. 

Construction operations in the Greenland-Baffin Island sector of 
the Arctic have demonstrated that constructors can use materials, 
equipment, and methods which are familiar to construction men who 
have worked in glaciated areas of the temperate zone. 

There are three main factors over and above normal problems of 
cold weather construction, which influence Arctic work. These factors 
are relative inaccessibility, climate, and terrain. 

Each of these affects the problems of personnel, equipment, ma
terials and methods to varying degrees. 

* Metcalf & Eddy, Boston, Mass. 
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INACCESSIBILITY 

Ice conditions allow short periods for access by surface vessel. 
Materials, equipment, and personnel for a fifteen month effort may 
have to be unloaded in several weeks. Equipment may be delivered 
during one shipping season, be in use during the next shipping season 
and be idle and not shipped out until the third season. Material 
storage and warehousing are huge tasks. Relatively extensive camp 
construction is required. Unless air support can be provided, to 
evacuate surplus people, excess personnel will be carried over the 
winter season adding to the problems of extra cost and lowered morale. 

Staging of construction is required and facilities for air support 
should be set up early in the program. 

The history of the past ten years of Arctic construction shows 
the value of staging procedures and air support in expediting the 
work. (Figure 1) 

HISTORY OF STAGING PROCEDURE 

When construction was started at Thule Air Base in 1951 certain 
valuable staging areas and airstrips were in existence. A gravel strip 
had been built at Thule after World War II for support of weather 
stations in the area. An RCAF field was available at Resolute Bay. 
Airfields and seaports built in World War II were ready for staging 
and backup at Goose Bay, Frobisher Bay, Sondrestrom, Narsarssuak 
and Ikateq. 

The first landings in connection with construction of Thule Air 
Base were made in February 1951. Between March 1951 and July 
19 51 when the first ships of the sea lift arrived, aircraft had delivered 
the advance construction and engineering personnel and 8,000,000 
pounds of cargo. This cargo included supplies, prefabricated huts, 
bulldozers, trucks, and even a 3/4 C.Y. shovel. The ships brought LST 
hulks which were beached and used as finger piers. Equipment and 
material was brought ashore in barges and landing craft. A dock was 
built and ships were unloaded without need for barges and landing 
craft. 

Most men lived on the ships until the permanent airbase quarters 
were built. This staging technique saved excessive camp construction. 

The sea lift brought in 350,000 tons and 2200 men in 1951, and 
100,000 tons in 1952. The air lift brought in 11,000,000 pounds of 
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FIGURE 1.-MAP OF ARCTIC AREA, 
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cargo and 3,700 people in 1951, and 6,000,000 pounds of cargo plus 
5,200 people in 1952. Over 1,000 flights from the United States to 
Thule were made in 1951. 

Construction at Thule, using both sea lift and air lift has con
tinued into 1961. 

In 1952, using Thule as a staging area, the weather station at 
Nord was built. All personnel equipment and material were trans
ported by air. A small party with several pieces of tracked equipment 
was landed on the ice on Independence Fjord. They travelled across 
country to the selected site. Additional supplies and equipment were 
air dropped; a rough strip was carved out; more material and equip
ment were landed and the weather station and airstrip were completed. 

In 1952 and 1953, Thule was the staging area for two Loran 
Stations. One of these was in such ice bound location that materials 
could be landed only during two or three weeks, and preliminary work 
and camp construction begun. After a month at the site the station 
was secured for the winter. Construction parties went in from Thule 
the following year, completed the job, the Coast Guard moved in and 
the last construction men were evacuated by helicopter to an ice
breaker for return to Thule. 

In 1953 two stations were built on the Greenland Ice Cap. Equip
ment and material were flown from Thule and dropped by parachute 
at the sites. 2,200 tons were dropped at each station with less than 
three percent loss. Personnel and fragile equipment were transported 
by ski equipped air planes. 

Construction of navigational aids and improved facilities con
tinued over several years at Thule, Sondrestrom and Narsarssuak. 
To build navigational aid facilities on the island of Simiutak (BW-3) 
it was necessary to tranship all material from Narsarssuak by barges 
and tugs for delivery 45 miles down the Fjord. Sand and gravel 
aggregate was processed at Narsarssuak and shipped to Simiutak. 

Since 19 5 5 much construction in the arctic area has been done 
under low bid fixed price contracts. 

Facilities at Frobisher were improved and Dew Line construc
tion made extensive use of the airport. Sites in the Canadian Arctic 
were supplied by means of sea lift during the short ice free season, 
by air lift using sea ice and lake ice, by staged construction of roughly 
scraped out strips and by finally attained finished airfields. 

Sondrestrom had become a commercial as well as a military 
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field by 19 5 5. Reconnaissance in 19 5 6 and 19 5 7 from aircraft and 
surface vessels led to the first stage of the Eastern Extension of the 
Dew Line across Greenland in 1958. 

Beach heads were established by sea lift at Ekalugarssvit (Dye 
1) on the west coast and Kulusuk (Dye 4) on the east coast. U. S. 
Navy under-water demolition teams prepared the beaches. LST's 
brought in equipment and men. Beaches were improved. More ma
terial was brought in by landing craft and barges. 

Helicopter support for transport of personnel and critical sup
plies was provided out of Sondrestrom for the west coast station 
and out of Ikateq for the east coast station. Personnel and supplies 
were delivered to Ikateq by 4 engine aircraft from Sondrestrom and 
Iceland, and shuttled to Kulusuk by helicopter or boats. 

By the fall of 1958. (The LST landed in August) the airstrip at 
Kulusuk was sufficiently completed to take · 4 engine aircraft and 
Ikateq was once more abandoned. Construction was resumed in the 
spring of 1959 and the two coastal stations were completed in late 
fall of 1960. 

Material and equipment for the two ice caps sites (Dye 2 and 
Dye 3) were delivered by ship and stock piled at Sondrestom during 
1958. Small test camps were set up at the ice cap sites during the 
summer months and supplied by C-123 ski planes. 

In 1959, 4 engine C-130 ski-equipped airplanes hauled material, 
equipment, and men from Sondrestrom to the ice cap sites. Construc
tion operations were carried on from March to October. 13,000 tons 
of cargo were airlifted in 1959 and 11,000 tons in 1960. Personnel 
strength attained a maximum of 100 at each site in 1959 and 200 per 
site in 1960. Both sites were under construction in 1960 from March 
until completion in December. 

Construction equipment ( cranes, bulldozers, compressors, weld
ers, etc.) was returned to Sondrestrom by airlift. 

1960 was signalized by the construction of a nuclear-powered 
installation in tunnels under the Greenland Ice-Cap at Camp Century. 
Most of the equipment and supplies were delivered by tractor drawn 
sled trains from Thule. Air support was provided by helicopters and 
ski-equipped fixed-wing aircraft. Personnel were hauled to the site 
by either air or surface transport. Equipment and material were 
hauled to Thule by sea-lift or air-lift and hauled over the road to the 
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icecap approach ramp at Thule takeoff (TUTO). This is another ex
ample of staging. 

Staging procedures have been vitally necessary to the success of 
the arctic construction program. 

AIR SUPPORT 

No operation of any size has been accomplished in recent years 
in the Arctic ( or Antarctic) without air support. 

Transport in the Arctic needs to be a combination of sea, land 
and air: dogs, tractors, boats, ships, barges, helicopter, wheeled, 
amphibian and ski equipped airplanes. 

The most efficient use of time is required. No matter what the 
mission of the facility, air support is a necessary tool in Arctic work. 
Use of aircraft is invaluable in coping with problems of personnel 
emergencies, shortages of spare parts, equipment and material. Air 
support provides operational latitude and reduces standby time of 
men and equipment. 

It is practical for construction and operation that each Arctic 
site be equipped with the means of handling fixed wing aircraft or at 
least be provided with helicopter support from a fixed wing aircraft 
base. 

CLIMATE 

There are some benefits bestowed by the arctic climate. From 
May to September the 24 hour daylight provides good double shift 
conditions. The light precipitation usually causes little down time 
for most operations. Even in the winter months advantages are 
gained by ability to transport materials and equipment over frozen 
ground, ice, and snow to be ready for the construction season. 

Disadvantages are, of course, long periods of below zero tem
peratures, months of total darkness, high winds and blowing snow. 
Snowfall varies from as little as one foot to over twelve feet. Even in 
areas of relatively low snowfall high winds may cause drift problems. 

METHODS 

Conventional construction techniques are similar to methods 
used in comparable temperatures in the north temperate zone. 

Cold weather concrete placement, curing and protection are the 
same in Thule as in Northern New England. Duration of the cold 
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weather requires that protection be furnished during most of the year. 
Because winds up to 150 miles per hour are possible, concrete place
ment requires stronger enclosures. Heavier insulation of enclosures 
is required to conserve fuel. Because the weight of the floor slab is 
usually figured as part of wind reaction design, the constructor may 
be unable to take advantage of a closed in building to provide pro
tection and will be required to build a separate shelter for floor slab 
protection before erecting the superstructure. 

Because of the duration of cold weather, efforts have been made 
to extend the construction season for operations not so readily housed 
and heated as concrete placement. 

Cable splicing has been successfully accomplished in heated 
shelters. 

Use of low hydrogen electrodes, a minimum of preheat and heated 
shelters for operators are valuable in Arctic welding just as in cold 
weather welding anywhere. · 

Steel erection, quarry work, panel construction, pipeline and tank 
work are carried on in cold weather with the aid of protective cloth
ing, wind breaks, warming huts, and shelters. 

Except for emergency completion of limited areas, paving and 
grading are usually shut down in the winter. Some minor extensions 
of the working season have been made by use of heated enclosures, 
application of heat to subgrades or binder courses by heater-planer 
(blade grader combined with heater) and in one case by use of air
craft jet blast to thaw and dry base course before asphalt laydown. 
Satisfactory compaction of one minor building subgrade was obtained 
by use of dry gravel brought to optimum moisture content by calcium 
chloride solution. 

Because proper compaction cannot be obtained in frozen soils, 
even those containing minute amount of ice; it is not economical to 
attempt earth work in freezing weather. 

Bituminous concrete is placed in colder weather than usual in 
the United States. Higher mix and aggregate temperatures, higher 
asphalt content, shorter pulls of the laydown machine and more rapid 
application of the breakdown roller are the construction techniques 
used. 

The most feasible winter operations are, of course, those which 
can be carried on inside buildings already closed in during warmer 
weather. 
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It could be estimated that 100% of stateside production is pos
sible in all trades at +so° F and that 0% production is possible at 
-50° F in between the production is subject to several variables. 
These variables are wind chill, darkness, phase conditions ( white 
outs, foehn winds, blowing snow), frost, snow and the usual loss of 
efficiency normal to a seven day work week. 
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THE "WINO CHILL' FACTOR IS AN INDEX THAT INDICATES THE RATE AT WHICH THE NAKED 

HUMAN BODY LOSES HEAT WHEN EXPOSED TO VARIOUS TEMPERATURES 'AND WINO VELOCITIES. 

TH.IS CHART SHOWS THAT HIGH WINDS IN AREAS OF LOW TEMPERATURE HAVE A DECIDED EFFECT 

ON THE RATE AT WHICH. THE HUMAN BODY COOLS. NOTE THAT WITH A WIND VELOCITY OF 

30 MPH, YOUR FACE WILL FREEZE IN ONE-HALF MINUTE AT -32 DEGREES FAHRENHEIT. 

FIGURE 2. 

The wind chill effect is described in Figure 2. The variables of pro
duction in the Arctic may be stated as follows for outside or partially 
outside work: Mid-June to Mid-September 100%, Mid-September to 
Mid-November 60%, Mid-November to Mid-March 20%, Mid-March 
to Mid-April 40%, and Mid-April to Mid-June 60%. 

These estimates may be further qualified by the effect of the long 
work week in an isolated location. This factor may reduce the maxi
mum production by 20%, Even in July expected production may be 
only 80% of that obtainable under optimum Stateside conditions. 
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MATERIALS 

Materials which can be safely stored outside in Northern United 
States may be stored in like manner in the Arctic. Storage areas should 
be sited on high ground to minimize snow drifting and provide for 
spring drainage. Long axes of piles or stacks should be parallel to 
prevailing wind. Wide spacing is required for access and snow re
moval. Because of the large space required to shake out the annual 
supply of materials, it is often necessary to grade considerable storage 
areas. 

EQUIPMENT 

The general construction effort can be handled with conventional 
construction equipment. 

It is usual to provide over-snow vehicles for winter transport in 
some areas and for rescue or emergency travel in all areas. There are 
several types of tracked or semi-tracked equipment for over-snow 
travel. Most of these are low ground-pressure tracked vehicles with 
heated cabs and usually rubber composition tracks. Much improve
ment can be expected in producing over-snow vehicles with more rugged 
characteristics. 

For winter transport of materials for short distances heavy tracked 
equipment and sleds may be used. Regular treads are suitable in 
areas of light snow fall and while wide tracks are commonly used in 
the deeper snow, they don't hold up as well when used in summer in 
rocky areas. 

All problems affecting equipment in the Arctic will be found in 
cold weather construction anywhere. 

A large supply of spare parts is needed. Wear and tear is heavy 
under conditions of extreme cold, frozen ground in winter and mud 
and dust in summer. Equipment should be the heaviest and the most 
rugged that is transportable. The constructor needs complete well 
fitted shops for repairs and maintenance. 

Motor vehicles should have head bolt or other type of engine 
heaters which can be plugged into power outlets in "Hot- Lines" to 
obtain heat for warm starting. The usual use is made of motor ether 
for cold starts and or carbon tetrachloride to dry out moisture and 
blow snow from ignition systems. Permanent type antifreeze is used 
all year in most cooling systems. Corrosion can be a problem. Periodic 
checks should be made of antifreeze quality. 
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Because of low humidity, there is little condensation in fuel tanks, 
but the usual good practice of leaving vehicles with well filled tanks 
should be followed. Various commercial water removal additives are 
successfully used. Air lines from compressors require alcohol in the 
oilers or dehumidifiers to prevent freezing in the tools. 

Because engines on motor vehicles are idling more than usual, 
idling speeds should be higher for lubrication and battery charging. 
All equipment requires well heated cabs. 

Attention is given to low ductility transition temperatures for 
track pads, drill steel, and other metals exposed to shock, impact, and 
percussion loads. Equipment stored for the winter should be on high 
ground and well spaced to minimize snow drifting. 

PERSONNEL 

The Arctic construction man faces personal problems brought on 
by climate and inaccessibility. In general, he will be recruited from 
northern temperate areas. But adaptation to Arctic condition is not 
necessarily easier for the northerner. 

Contractors from Georgia and North Carolina have worked suc
cessfully in the Arctic. The Project Manager for the Contractor now 
at Thule is a native of Arizona. It is probable that much of his state
side work (such as at Garrison Dam) was carried on under as severe 
conditions of cold and snow as he has experienced in his years of 
Arctic construction. 

Because of round the clock contact and the conditions of climate 
and remoteness, men should be carefully screened before shipment to 
the Arctic. The best tests to make of a man are: 1) Do you want him 
to work for you? and 2) Do you want him to live with you? There 
does not appear to be any empirical solution. Various testing methods 
have been used with no conclusive results. However, avoid chronic 
gripers, avoid men with domestic problems, avoid those who wish to 
"get away from it all," and be watchful of those who go for glamour 
or adventure. 

Recruitment should be carefully monitored by supervisors who 
have had Arctic experience and who will be in charge of the men they 
are screening. The ideal Arctic man is skilled in his trade, healthy, 
personnally well adjusted, and in short a sound construction hand 
in any area. A stable and sincere worker in the temperate zone will 
be a good man in the arctic. 
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LIVING CONDITIONS 

A well sited, well built, and well maintained camp is required. 
Buildings for quarters, messing, recreation, shops, etc. should be sited 
in accordance with the criteria for design of permanent structures 
in the area. For snow drift control building will be well spaced, aligned 
with long axis parallel to prevailing wind, will require few windows, 
be tight against blowdown, will have no eaves and no re-entrant 
corners. If they cannot be sited on rock or suitable material provision 
must be made to protect against subsidence caused by permafrost 
thaw. 

Water supply may be developed from local lakes or ponds. Dams 
may be built. Snow melting or sea water distillation may be the only 
means of water supply in some area. 

Water may be distributed by heated tank trucks or by heated 
pipelines. Pipelines or cables should be laid on the ground or. well 
above snow levels to prevent damage by. deep snow consolidation 
(Figure 3). 

Sewage may be collected in pits, carried off in wood stave pipes 
to streams or bays, or collected in tanks and pumped into heated 
tank trucks for haul away from camp. Septic tanks and leaching fields 
are not practical in the arctic. 

Living conditions should be as good as the contractor can afford 
and he should carry in his bid estimate ample funds to furnish good 
food, quarters, sanitary facilities, recreation, mail service, library, 
laundry, medical care, chaplain services and short wave radio com
munication. 

SAFETY 

Safety is a continual function and concern of the supervisors. 
Accidents at a remote site have additional impact on the survivors. 
Basic principles of safe operation are similar to those anywhere. How
ever bulky clothes, awkward footgear, heavy mittens, icy footing and 
poor visibility with goggles and parka hoods multiply the chances of 
falls and collisions. 

Careful fitting and adjustment of protective clothing prevents 
frost-bite. Mandatory use of snow goggles protects against snow 
blindness and eye damage from cold blowing snow. 

There is danger of loss of direction and peril to life in "white 
outs" caused by blowing snow. Personal safety in violent storms 
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should be assured by safety ropes between buildings, by heated and 
provisioned shelters at strategic points and by strict monitoring of 
travel at all times. Movement during bad weather should be rigidly 
controlled and emergency vehicles should be ready. Men have perished 
close to camp when they have been unable to find their way to a near 
by building in a blowing snow storm. 

FIGURE 3.-PIPE-LINE DAMAGED BY CONSOLIDATION OF SNOW, 
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In 1959 a commissary steward at one camp took some sand
wiches from the Mess Hall to deliver to a building less than 200 feet 
away. He walked right by his destination and was headed for a 1,000 
foot drop when he had the good fortune to stumble onto a deadlined 
truck crane. He was able to survive by huddling in the cab until the 
storm cleared. 

Preparation must be made to combat what may seem an odd 
safety hazard-mosquitos and black flies. But head nets, gloves and 
insect repellent are requirements for work near the Arctic Circle. Men 
have required hospital care at Sondrestrom after exposure to the 
vicious arctic mosquitos. 

Dangerous wild animals are few, but many camps, even far out 
on the Greenland Ice Cap have been visited by polar bears. Some
times they can be driven off, but often have to be shot. There are 
authorities who say a polar bear will not attack a man; but at least 
one Eskimo spent some time only last year lying face down in the 
hospital at Resolute Bay after being gnawed by a polar bear. 

Arctic foxes are dangerous if petted or hand-fed. Their bites can 
cause tetanus or worse. A most dangerous Arctic animal is a loose 
sled dog. They should be viewed with suspicion, chained up, tied to 
a sled, or shot. Many people (mostly aged or children) have been 
killed by these beasts. A few years ago an Air Force man lost one 
ear and part of another as a result of an attack by a pack of these 
dogs. Only his heavy clothing and parka hood saved his life. 

It may not be probable that an American, Canadian or Danish 
construction man would be eating local food. But there have been 
fatal cases of botulism traced to tainted seal meat and improperly 
smoked fish. Native food should therefore be mentioned as a safety 
hazard. 

TERRAIN 

Terrain considerations have the greatest effect on construction 
in the arctic. The arctic constructor builds on permafrost or on neve 
Permafrost is perennial frozen ground and neve is perennial snow. 
Permafrost may extend to depths as great as 2,000 feet. On top of the 
permafrost is a surface layer which is subjected to annual cycles of 
freezing and thawing. This layer, called the active layer, varies in 
thickness from several inches under a mat of vegetation or peat to 
several feet under desert type pavement or gravelly material with . 
little or no vegetation. 
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The term permafrost applies to both soil and bedrock, but this 
discussion will use the word as denoting the frozen mantle of soil 
from bedrock to the bottom of the active layer. 

The active layer is relatively dry and usually contains few free 
ice inclusions when frozen. The underlying permafrost, particularly 
in its upper strata, contains varying amounts of ice from minute par
ticles to heavy lenses or layers and often large masses of buried glacial 
ice. Figure 4 shows a cross section of one such condition encountered. 
( Active layer is approximately 3 ¼ feet thick). 

Both design and construction procedures in permanent country 
follow a philosophy of fill rather than cut and rill. Stripping of the 
active layer removes the insulation and causes thawing of the perma
frost. In general cuts should be made only in rock, in quarries and 
borrow pits. 

If siting conditions are such that cuts are required, it must be 
remembered that material obtained from permafrost excavation often 
has an ice content so high that the quantity of solid fill obtained may 
be negligible. In one case it was planned to use earth from tank farm 
grading to build dikes, but the ice content (85-90%) was so high 
that most of the prospective fill drained away and the dikes had to be 
built with borrowed material. 

Building of roads, either permanent or for construction is com
plicated in areas of fine grained permafrost with high ice content by 
inability to balance cuts and fills and because side hill cuts are im
practical in such cases. 

Because of the ice layer of ten underlying the muddy bottom of 
ponds, filling operations may find the fill sliding out into the lake 
away from shore. 

Roads should be raised or follow ridge lines for best snow drift 
control. Windrows of earth, gravel or snow should not be left on road 
edges to serve as snow traps. In road construction on steep grades 
consideration should be given to building a "shoofly" trail and if 
necessary winching machinery to upper level so as to haul down 
hill and end dump fill on undisturbed active layer. Ditches should be 
dug extra depths and partly filled with rock or gravel for protection 
against thaw and wash. Drainage structures, culverts and bridges 
should be oversized. Run off calculations based on precipitation and 
catchment area are not always valid. Look for high water marks on 
stream banks and slopes. Remember that the amount of water from 
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ice cap melt depends on radiation of sun on the edges of the ice cap 
which may drain into the stream. 

Siting of facilities ( roads and buildings) on rock or dry frozen 
permafrost may be desirable, but most construction programs will 

FIGURE 4.-LOG OF FOUNDATION EXCAVATION SHOWING HIGH !CE-CONTENT, 
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require configurations that will require special consideration to pre
serve the established thermal regime and protect foundations from 
thaw. 

Permafrost has high load bearing capacity, but when thawed 
may become a liquid. Increased depth of thaw may be induced by 
removal or compaction of the active layer, by placement of a heated 
building or by decreasing the albedo by black top pavement. 

Thaw depth into permafrost may be decreased by addition of 
an insulating layer, by provision for underfloor cooling of building 
foundations, and by use of reflective paint on black top surfaces. 

The most valuable tool of both designer and constructor of sites 
in permafrost country is called NFS or non-frost-susceptible material. 
This material is a sand, gravel or crushed rock aggregate containing 
less than 5 <fa passing the 200 mesh screen. 

NFS is used for the insulating layers in fills under building 
foundations. It is used for upper layers of road and runway embank
ments. Designers seek to have enough depth of compacted NFS to 
contain the thaw above the ice bearing permafrost and to carry the 
imposed loads. 

If the siting is such that no such material can be found locally, 
it must be manufactured or imported. Sources of NFS are similar to 
sources of good gravel in glaciated areas. Talus slopes generally con
tain ice and excessive fines. But beaches, river bars and deltas, ter~ 
races, kames and eskers may produce satisfactory material. Recon
naissance for NFS is carried on similarly to the search for gravel in 
the states, by geological study and hand or machine made testpits. 
Where hand dug test pits are necessary, shaped charges have been 
effective in opening pits in frozen ground. 

Because of the shallow depth of thaw most NFS deposits are 
scraped and windrowed to give optimum depth of cut for loading 
units. 

Borrow areas should be opened at low point for drainage. There 
is little seepage except in upper active layer. 

Major embankments are not usually constructed until thaw is 
well along. Even small amounts of ice will preclude high compaction. 
If permafrost has to be excavated a close follow up of a layer of coarse 
NFS is made. Shading of excavated areas from sun rays is helpful in 
keeping slopes from thawing and bottom from becoming muddy. 
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Permafrost may be excavated like a .soft rock. During thawing 
weather a shaving operation is possible. Rippers and scrapers may 
expose successive layers and as thaw and excavation proceed the cut 
may be brought to grade without drilling and blasting. Ripping and 
scraping are limited by temperature. The colder the material, the 
more difficult it is to rip and scrape. 

Conventional rock drilling and blasting methods are used. Depths 
of over-drill, shot hole patterns, and loading diagrams are worked out 
by test shots in the same manner as in rock work. 

Drilling may be done in four ways: 

1. Drilling from surface through frozen active layer. This 
is most satisfactory. 

2. Drill from surface through thawed active layer. Loose 
material may fill into hole. 

3. Strip active layer and drill in permafrost. This may give 
a miserably muddy grade to work on, water may leak 
into holes and refreeze. 

4. Strip active layer, place mat on dry sand to get working 
area, protect permafrost from thaw and minimize hole 
cave-in. If active layer is relatively thick this method 
reduces drilling depths significantly. 

Unless the ground is very cold and of low ice content it is best 
to drill only as deep as the drill can drill out No deeper than longest 
starter drill carriage will hold. Constant blowing of hole is necessary 
to keep water and cuttings from sticking to drill. Loading must be 
done closely behind the drilling before material thawed by the drilling 
can flow into hole and refreeze. 

Forty per cent gelatin is a suitable and versatile powder to use 
in permafrost and rock, in heat or in cold, and in wet or dry holes. 
Other explosives including commercial blasting agents are valuable 
if they can be kept dry. 

Powder quantities are sometimes 25-35% higher in pounds per 
cubic yard yield in permafrost blasting than in hard rock. Hole 
spacing is generally closer. 

For best breakage layered loading with millisecond delays is 
desirable. If possible the blaster should avoid concentrations of powder 
at ice layers. Explosive in such case will blow out and melt out the 
ice layer and not shatter the frozen earth. 



ARCTIC CONSTRUCTION 137 

Watch shooting line capacity and allow good factor of safety. 
Misfires are particularly difficult to handle in permafrost because the 
stemming freezes. 

Tunnels in permafrost are experimental in Greenland and of 
course a practical procedure in Spitzbergen and probably in Russia. 

The frozen soil in Thule has been tunnelled for a distance of over 
600 feet. Normal shot hole pattern has been followed, the only pos
sible excavation being an angling of the "cut" pattern to throw this 
material sideways against the rib of the tunnel. Powder yield is com
parable to tunnels in soft rock. Material breaks like a conglomerate. 
The similarity with conglomerate is complete except the cementing 
agent is ice. This has its benefits. A cobble loosened in conglomerate 
will stay loosened; but a cobble loosened in permafrost may regelate 
and become a spare part of the roof or wall. Such tunnels are thus 
very safe as long as the temperature is below freezing. The mines 
at Spitzbergen require much fewer props than would be needed in an 
unfrozen state. 

Whether in opencut or tunnel mucking should start right after the 
blast to prevent the chunks from freezing together. Sheeting or pump
ing are never required if operations are carried on promptly. 

In freezing weather dump truck bodies are heated by circulation 
of exhaust gases to prevent the muck from freezing to the metal. 

Permafrost muck may be used in lower levels of deep fills where 
high density is not required. Some material which may be unsatis
factory in place because of high ice content may be excavated, spread, 
thawed, drained and compacted to NFS specifications. Most perma
frost muck contains little usable fill and is generally wasted. 

PILING 

Driving of wood, concrete or steel piles is impossible in un
disturbed permafrost. Piles are set in pre-thawed, pre-drilled or ex
cavated holes. A slurry of water and sand is poured around the piles 
and allowed to freeze back. Use of steam or hot water to thaw the 
permafrost to facilitate excavation of pile holes may so warm the 
area that artificial freezing must be induced to permit early loading 
of the foundation. 

Drilled in caissons are possible and holes for H piles have been 
drilled with churn drills. 
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Poles have been set by drilling and\c blasting holes. Some poles 
have been set in holes augiered in material thawed by hot water pipes 
set in wagon drill holes. 

Anchors for pole lines and other purposes are easily made by 
drilling a 12 foot deep hole at the required guy angle, setting in a 
cable with clamp and knot or a steel bar with washer and nut, and 
pouring hole full of slurry. The freeze back results in a firm guy 
anchor. 

Driving of piles and sheet piles is feasible under sea water. 
Dredging by dipper and hydraulic dredges is practical. Hydraulic 
dredges can circulate water to sluice, thaw and disaggregate frozen 
layers. 

NEVE 
The neve of the high polar ice caps is another terrain condition 

confronting the arctic constructor. This snow and ice may be thousands 
of feet thick. The Greenland icecap is a great mass of ice and snow 
piled up like a giant mudpie. Each year an average of three feet of 
snow falls on the 700,000 square mile area. This snow melts near the 
edges, but in the interior it accumulates on top of the older snow. 
The weight added each year compresses the snow below so that it 
gradually becomes ice. The flow is downward and laterally toward 
the coasts. 

The downward movement in the interior is related to the accumu
lation. Laterial movement in the interior is minute. Movement is 
relatively rapid in the glaciers that calve icebergs into the coastal fjords 
and bays. 

For design of icecap stations for ten years life, it is assumed that 
the icecap is in equilibrium and that the accumulation of snow com
presses the snow beneath, the mass moves plastically downward and 
outward and flows toward the coast where it breaks off as icebergs 
or melts along the edges. The trip may take thousands of years. Ice
berg and melt quantity each year is assumed to equal the water 
content of the total snow accumulation. The assumption cannot be 
proved or denied by present empirical means but for the short term 
life of the stations it is believed sufficiently accurate. Elevation at 
any point is believed constant from year to year. 

The first ice cap stations as built in 1953 were designed to be 
equal in weight to the displaced snow. Thus they would sink with the 
sinking of the icecap. 
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Figure 5 shows one of the sites in 19 53, Figure 6 again in 19 5 6 
and Figure 7 last in 1960. After seven years the station has been 
either buried under twenty-five feet of snow or has moved down with 
the icecap the corresponding amount. 

FIGURE 5.-COMPLETED RADAR SITE ON !CECAP-1953. 

The icecap stations as built for the DEW Line Extension are not 
designed as submarines, but as above surface structures which can 
be raised periodically to keep a constant height above the surround
ing snow. These stations sink with the snow and also sink into it. The 
footings are timber and steel grillages set on the snow in an excavation 
thirty feet deep. Snow on the icecap becomes denser and of higher 
bearing capacity with increase in depth. It is not a straight line rela
tionship. For instance snow of 0.5 specific gravity may have seven 
times the crushing strength of snow of 0.4 specific gravity. This is 
provided both are at the same temperature and well below freezing. 
Snow of 0.6 specific gravity may have three times the crushing 
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strength of the 0.5 specific gravity snow and the load bearing strength 
exceeds 4000/sq. ft. 

The raising of the stations 3' each year is accomplished by jacks. 
A manometer system provides means of adjusting levels. Some slight 
differential movement is expected and is adjusted during the yearly 
raising. 

FIGURE 6.-1956 VIEW OF 1953 RADAR SITE. 

Despite the features of unique design and the remoteness of the 
installations lump sum bids from several responsible contractors were 
received for construction of the stations. The only concession made 
was agreement to reimburse the contractor if time was lost because 
of foul weather. Cost due to this clause was negligible. 

Excavation for the building foundation and for the buried fuel 
tanks was accomplished by bulldozers and draglines. The same methods 
had been used to lesser depths in the 1953 construction. Excavation 
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for poles is easily made by pouring warm water into the snow to melt 
out hole. 

Icecap snow is an ideal excavating medium and requires no pump
ing, no sheeting, no drilling, no blasting, no overbreak and there is no 
danger of cave-in or slide. It is readily dug with standard bulldozers 

FIGURE 7.-1960 Vrnw OF 1953 RADAR SITE. 

and draglines. Only modification to tractors working in snow is to 
slot the track pads over the sprockets so that snow will be pushed out 
and not ball up in the tracks. 

The layers of ice visible in Figure 8 are caused by melt water 
percolating from surface until it reaches a colder layer and refreezes. 
In the higher, colder areas of the icecap these layers are practically 
non-existent. 

There are really no unique problems in construction work on 
the icecap. When the men and machines and material are all there 
the contractor can dig, dump, set steel, timber, erect panels, build fuel 
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oil tanks, weld pipe lines and conduct operations just as if he were 
doing cold weather work in Boston. 

FIGURE 8.-EXCAVATION FOR POL TANKS AT DYE 2 ON ICECAP. 

CONCLUSION 

Conventional techniques, familiar to constructors with experience 
in the North Temperate Zone, are used in the performance of Arctic 
construction tasks. A few modifications of techniques have been de
veloped in working with permafrost and neve. Logistics require some 
sort of staging program. Sites already developed provide staging areas 
for future development. It has become possible to obtain realistic 
competitive bids from reliable constructors. 

A construction contractor who is efficient, well equipped and well 
staffed will be equally as successful in the Arctic as in the Temperate 
zone. Successful completion of Arctic work as on any construction 
work is the result of careful planning, timely delivery of materials and 
equipment, and on the training, skill and morale of the men on the 
job. 
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SOME HYDRAULIC AND HYDROLOGIC ASPECTS OF 
THE NIAGARA POWER PROJECT 

BY LEE MARC G. WOLMAN,* Member 

(Presented at a meeting of the Hydraulics Section of the Boston Society of Civil Engineers, 
held on November 1, 1961.) 

GENERAL 

THE installed Niagara River hydro-electric generating capacity in 
the United States and Canada exceeds 5 million HP and thus repre
sents the largest local aggregation of electric generation in the world. 

It is not size alone, however, that makes the developments at 
Niagara noteworthy. Unique hydraulic and hydrologic problems con
fronted the designers of the power projects at Niagara. These arose 
from the fact that the huge power developments were not permitted 
to disrupt the famed Niagara cataracts. These continue to demon
strate the awesome force and beauty of nature, as approximately one 
third of the annual natural river flow plunges 160 feet over the Ameri
can and Canadian Niagara Falls. 

Chas. T. Main, Inc., Boston, through its affiliated partnership 
Uhl, Hall & Rich, engineered and is supervising construction and 
offering technical advice on the operation of the most recent and largest 
Niagara project-that of The Power Authority of the State of New 
York (1, 2, 3). At this writing (November 1, 1961) eight of the ulti
mate thirteen units in the principal Power Authority station, the 
Robert Moses Niagara Power Plant are running-producing about 
1,400,000 KW. The first of 12 reversible pump-turbines in the Lewis
ton Pump-Generating Plant has just gone into operation. 

NIAGARA RIVER TREATY 

Diversions from all the International Waters dividing the United 
States and Canada are controlled by Treaty ( 4, 5). Before 1950, 
Niagara diversions were controlled by the provisions of the original 
Boundary Waters Treaty of 1909, signed by Elihu Root, Secretary 
of State of the United States and James Bryce, the great authority 

* Hydraulic Engineer, Chas. T. Main, 'Inc. 
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on American political mores, who was Great Britain's Ambassador to 
the United States. This treaty provided, among other things, that Can
ada could divert at an average daily rate of 36,000 cfs from the Niagara 
River for power purposes, while the United States could divert 20,000 
cfs. At the time of the treaty U.S. interests owned the Rankine and 
Toronto Power developments of approximately 22,000 cfs capacity on 
the Canadian side of the river and the City of Chicago was diverting 
more than 5,000 cfs from Lake Michigan through the Chicago Drain
age Canal and into the Mississippi basin. During World War II, and 
later in the l 940's, notes were exchanged between the Governments 
of the United States and Canada permitting temporary increases in 
diversions aggregating about 25,000 cf s. These diversions lowered the 
level of the Chippewa-Grass Island Pool, the wide and deep reach of 
the river about four miles above the falls from which the high head 
power diversions are made. Since the river below the pool is relatively 
shallow on the American side, lowering the pool level caused a marked 
reduction in the flow down the American Rapids and over the Ameri
can Falls. During the l 940's a submerged dumped stone weir was 
built out from the Canadian shore almost half way across the river at 
the head of the Canadian Cascades, the stretch of rapids above the 
Canadian Falls. The purpose of this weir was to raise the level of 
water in the Grass Island Pool in order both to improve hydraulic 
conditions at the power intakes in the pool, particularly during ice 
runs, and to increase the flow over the American Falls. 

In 1950, as a culmination of over 30 years of discussion and 
study, The Niagara River Diversion Treaty was signed by representa
tives of the United States and Canada. This treaty recognized im
plicitly that the very geological processes that had created the falls 
refused to stand still and were gradually changing the character of 
the Canadian Horseshoe Falls to its detriment. What was happening 
was that erosion was proceeding upstream at a faster rate at the 
center of the Horseshoe than at its flanks, so that progressively less 
water was flowing over the flanks. The two governments reasoned that 
if judicious excavations were made in the river bed along the flanks 
of the Horseshoe, the scenic beauty of the falls would be enhanced to 
such an extent that power diversions could be increased beyond those 
previously authorized without detracting from the scenic beauty of 
the falls. The 19 50 Treaty made provisions for the two countries to 
construct whatever remedial works would be necessary to enhance 
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the beauty of the falls by providing them with an unbroken crestline. 
It also required minimums of 100,000 cfs flow over the falls during 
the daylight hours of the April-October tourist season and 50,000 cfs 
the rest of the time. The rest of the water was allocated for power-a 
sizeable amount since the monthly average flows of the river vary be
tween limits of about 250,000 cfs and 170,000 cfs. 

Pursuant to the Treaty elaborate surveys were made of the river 
bed in the Cascades reach of the river and were followed by model 
tests at the Vicksburg, Mississippi Laboratory of the U.S. Waterways 
Experiment Station and the Islington Laboratory of the Ontario Hydro
Electric Power Commission, and by model verifications from river 
measurements. From the model tests, the necessary excavation was 
determined, as was the need for a control dam just below the submerged 
weir. The control dam as built consists of 13 bascule gates 100 feet 
wide by 10;½ feet high with 10 foot piers between gates ( 6). Without 
this gated dam, it would be impossible to quickly change the flow over 
the falls in accord with the terms of the Treaty. -Also, the dam was 
designed to make it possible to maintain normal Chippewa-Grass 
Island Pool levels in the face of the increased pool diversions permitted 
by the 1950 Treaty. As discussed above in connection with the sub
merged weir, any lowering of pool levels would reduce the hydraulic 
efficiency of the existing power intakes and also make the passage of 
ice runs hazardous. Lowering the pool levels would also increase the 
required depth and thus the cost of the proposed new intakes. The 
gated structure permits surging the pool by alternately closing and 
opening the gates-the sort of operation that is of ten successful in 
dislodging ice and getting it to move. 

After the 13 gate structure was completed, as a result of changed 
conditions including the collapse of the old American Schoellkopf 
plant, it was found that the desired degree of falls control would 
require lower than normal pool levels. That is, to restrict the falls 
flow to 50,000 cfs, it would be necessary to keep the pool at lower 
than expected elevations. Additional model studies were made in 
1960-1961 at the Islington Laboratory, as a result of which 5 ad
ditional gated bays are now being added to the control structure and 
training walls are being built parallel to the Canadian shore, upstream 
and downstream of the dam to funnel ice through and beyond the 
three inshore gates of the existing structure. 
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LAKE ERIE OUTFLOW 

The level of Lake Erie is subject to both an annual cycle and to 
longer but erratic cycles lasting for many years. Winds and pressure 
patterns are always acting on the lake to tilt its surface, sometimes 
toward and sometimes away from its outlet at Buffalo. The tilting 
effect of wind and pressure at times results in Niagara River flow varia
tions in a single day of greater magnitude than are experienced on a 
monthly average basis over an entire year. 

The Chippewa-Grass Island Pool Control Structure (Fig. 1) is a 
real asset to the power project. It makes it possible to absorb much 
of the variation in hourly Lake Erie outflow in the pool. Normal 
operating practice is to maintain the mean level of the pool at an 

FIGURE 1.-CHlPPEWA-GRAss ISLAND POOL IN RIGHT FOREGROUND WITH CONTROL 

STRUCTURE AT !Ts LOWER END. FALLS AT LEFT FOREGROUND WITH ONTARIO POWER PLANT 

JUST BELOW CANADIAN FALLS. POWER AUTHORITY CONDUITS PASS DIAGONALLY ACROSS 

CENTER. (Photo Oct. 21, 1959, courtesy Power Authority of the State of New York.) 



THE NIAGARA POWER PROJECT 147 

elevation appropriate to the flow expected from Lake Erie. The opera
tion of the structure can be illustrated by considering a case where 
Lake Erie is relatively flat at 9: 00 A.M. during the tourist season, 
200,000 cfs is coming down the river, the pool is at its normal level 
for 200,000 cfs, sufficient control gates (about three) are open to 
permit the passage of 100,000 cfs downstream over the falls and the 
Power Authority and Ontario Hydro are each withdrawing 50,000 cfs 
through their pool intakes. If Lake Erie were to now rise quickly at 
Buffalo, that fact would be telemetered to the water dispatch center 
located near the falls, apprizing the power entities of · the changed 
situation on the lake. It would then be impractical and indeed im
possible for the power entities to so change their power operations as 
to entirely accommodate such a change in Lake Erie outflow without 
the passage of any excess flow over the falls. As the increased flow 
from the lake reaches the pool, the power diversions can remain 
unchanged, the pool will begin to rise and the control structure gates 
can be closed sufficiently to prevent the flow over the falls from ex
ceeding 100,000 cfs. The control structure although only "half-a-dam" 
is most certainly better than none. It controls rather effectively, not 
just the 4 mile long Chippewa-Grass Island Pool lying below. Grand 
Island but the entire 18 miles of river up to the lower end of the 
Black Rock Rapids at the Lake Erie outlet. This "reservoir" has an 
area of approximately 8250 acres and thus a capacity of about 100,000 
cfs hrs. per foot of storage. Normally, about a foot of live storage in 
this pool will be available to alleviate the effects of the vicissitudes of 
Lake Erie-about half a foot to absorb flows higher than expected 
and a similar amount to be drawn on for power when flows are lower 
than expected. Half a foot on the pool is equivalent to about 1/4 of 
the average volume of water that flows out of Lake Erie each hour. 

Two methods of predicting Lake Erie outflows are being studied. 
For predicting outflows more than a day in advance statistical pro
cedures will be necessary. There are records of many years duration 
of hourly levels of the lake at both Buffalo and the opposite end of 
the lake at Toledo. From these records groups of probability curves 
for each month can be constructed. The curves would assign fre
quencies to the full range of plus and minus deviations of the Buf
falo gage level from the "flat" lake level (Buffalo-Toledo average). 
Separate curves would be developed for average Buffalo levels ranging 
perhaps from 3 hours to 24 hours (at 3 hour intervals) and from 2 to 



148 BOSTON SOCIETY OF CIVIL ENGINEERS 

30 days. The lake level at Buffalo, of course, is a good index of the 
Niagara River flow. 

For short range predicting, Ontario Hydro is developing a mathe
matical model of Lake Erie incorporating the classical equations of 
hydrodynamics, the empirically determined natural period and damping 
characteristics of the lake and the effect of wind-induced tangential 
shear on the lake. It is expected that this model will be reproduced 
on either a digital or analog computer. Then with the "flat" lake level, 
the level at Buffalo, and the rate of level change at Buffalo at any 
instant together with the expected wind direction and intensity ( at 
the lake surface), the expected course of Buffalo levels for the hours 
ahead could be readily computed. 

lcE 
Strong southerly winds blowing across Lake Erie towards the 

Niagara River outlet when a heavy ice cover on the lake is breaking 
up can hasten the breakup and cause large blocks of ice to wedge at 
the lake outlet, thus obstructing the lake outflow. Only rarely does 
this sort of thing occur to any great extent. 

Normally ice from the lake breaks up during winter and spring 
thaws aric :floats down the river. The extent of these ice flows varies 
with the severity of the winter ( which governs the ice cover formed on 
Lake Erie), with the nature of the thaw ( whether it is sudden and ex
treme or gradual), and with wind conditions on the lake at the time 
of ice break-up. The acts of man can aggravate the ice problem to a 
considerable extent. In the spring of 1961, ice breakers moved in to 
open up Buffalo harbor and loosed "icebergs" down the river. These 
first hung up on the old submerged weir just upstream of the control 
structure and then threatened to obstruct the intakes to the Sir Adam 
Beck #2 Plant of Ontario Hydro. Since the new Power Authority 
plant had just begun operating in February 1961 and had but a few 
units on the line, the conditions at the Canadian intakes were not as 
critical as they would have been had the Authority plant been in full 
operation. There was a relatively large flow of water past the control 
structure, many of the control structure gates were open and condi
tions for the transport of ice to the falls were relatively favorable. It 
was disturbing that, under those conditions, ice represented such a 
hazard to the Canadian intakes. The model tests at Islington to 
determine the number of gates to be added to the control structure 
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were also used to study the ice problem. Paraffin blocks, having about 
the same density as ice, were used to simulate the action of ice. These 
tests indicated that ice would indeed represent a serious problem and 
even with the two inshore gates open might stagnate at the Sir Adam 
Beck #2 intake. Many structures were tried in the model to correct 
the situation. The final solution was a wall paralleling the Canadian 
shore as an upstream and downstream extension to the pier between 
gates 3 and 4. This wall, with gates 1 and 2 and perhaps 3 open, 
created an ice gathering acceleration channel upstream and an ice 
escape channel downstream of the control structure. The acceleration 
channel principle has been successfully used for log sluicing by On
tario Hydro at a number of their northern dams. The Power Authority 
intake is parallel to the American shore and is of the "draft distribu
tor" ( 1) type, similar to the Sir Adam Beck No. 2 intake. The ports 
are about 20 feet below the river surface and the entrance velocities 
are low. A dike upstream of the intake, that will accelerate surface ice 
past the intake, and an ice escape channel excavated in the river bed 
downstream from the intake are expected to produce a sufficient 
downstream surface current along the shore to carry the ice on the 
American side past the Authority intake. Whether a strong· southwest 
wind blowing diagonally upstream toward the intakes will have any 
appreciable effect on ice movements along the American shore re
mains to be seen. 

The treaty requires that 50,000 cfs pass over the falls in the 
winter, while the power entities have the capacity to divert about 
160,000 cfs of ice free water from the Chippewa-Grass Island Pool 
to the lower Niagara River about 5 miles below the falls. The ice that 
is carried down to the pool from Lake Erie by the full river flow of 
about 200,000 cfs will be flushed over the falls by the normal flow of 
50,000 cfs, augmented by judicious releases through the gated control 
structure. The location of the Ontario Power Plant, the Falls Observa
tion Tower ( Fig. 2) and other structures near the normal high level 
of the Maid-of-the Mist Pool appears to make it extremely desirable 
that ice jams be avoided in this pool (located at the foot of the falls) 
and that the ice be kept moving into the fast moving Whirlpool Rapids 
reach of the river. There have been instances in the past when large 
ice jams developed in the Maid-of-the-Mist Pool when the flow 
through that pool exceeded 100,000 cfs. It is anticipated that when 
ice flows are heavy, it will be necessary to release water in excess of 
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the treaty minimum over the falls to keep the ice moving through the 
Maid-of-the Mist Pool. It will require a "learn by trial" process to 
determine what is the most economical way to keep the ice moving 
below the falls. 

FIGURE 2.-JCE IN UPPER END OF MAID-OF-THE-MIST POOL. U.S. FALLS AND OBSERVA
TION TOWER. (Photo January 18, 1961, courtesy Power Authority of the State of New 
York.) 

In occasional years there have been ice jams in the lower Niagara 
River backing up from an ice cover on Lake Ontario. In the spring of 
1956 ice was piled almost 40 feet high at the site of the Robert Moses 
Niagara Power Plant, the Power Authority's main plant. The power 
house has, of course, been designed to operate safely if such a jam 
should reoccur. The major ice jams of this kind occur when north 
winds blowing across Lake Ontario and up the lower Niagara River 
coincide with the occurrence of an ice cover on the lake and heavy 
ice runs in the river. 



THE NIAGARA POWER PROJECT 

HYDRAULICS OF THE POWER 

AUTHORITY DEVELOPMENT 

151 

To this point, the considerations common to all the power de
velopments on the river have been discussed. Now the operation of 
the Power Authority project will be considered. 

Water at specified but varying rates of flow will be dispatched to 
the Power Authority by a water dispatching authority-representing 
the United States and Canadian power entities. This rate will be 
changed as changes occur in some or all of the various factors enter
ing into its determination, i.e., falls flow requirement, meteorological 
conditions on Lake Erie, the general level of the lake and ice condi
tions. The value of the power produced at the project would obviously 
be seriously impaired if power production were at the complete mercy 
of this water dispatch-thus, the need for the well-known pumped 
storage plant at Niagara (7). Not so well-known, perhaps, is the man
ner in which this plant will operate on an hour to hour basis. 

SCHEDULING PROJECT POWER 

The Power Authority has contracted for the sale of the power 
produced at the project at rates which guarantee the payment of the 
interest on and the amortization of the principal of the outstanding 
revenue bonds that provided the funds necessary to build the project. 
All the bonds were offered to and purchased by the public. The most 
economic use will be made of the water power available at the project. 
The power contracts provide that rural and domestic customers in 
the market area of the project who buy project power from the large 
utility purchasers of Niagara power shall be credited with any savings 
that accrue to the utility companies by virtue of the difference in 
cost between Authority power and the most economic alternate sources 
of thermal power for supplying the rural and domestic loads. Optimiz
ing the hourly scheduling of steam generation in a utility system with 
no hydro resources is no simple problem. Adding hydro to the process 
complicates matters but does not render the problem insoluble. Operat
ing the Niagara Project in such a way as to minimize, to the greatest 
practicable extent, the cost of thermal generation in the interconnected 
system, precludes changing the project load every time the water 
dispatch changes. An economic scheduling of hourly project loads must 
be accomplished when no one knows exactly what Lake Erie will do. 
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Thanks to the Lewiston Pump-Generating Plant this fact is not too 
disturbing. Consider, for example, a situation where river conditions 
dictate a 3,000 cfs cut in the Power Authority diversion rate in the 
face of a 23 megawatt load increase at a time when the Pump
Generating Plant is generating. The plant operators would first obtain 
the reservoir, forebay and Niagara River tailwater levels and then 
assume that the entire 23 MW increase were generated at the Robert 
Moses Plant. Under that assumption, however, an additional 1,000 
cf s would be diverted from the Niagara River and the Authority would 
then be diverting 4,000 cfs more than its allocation. One Lewiston 
generating unit at best gate, with the observed Reservoir, forebay 
and tailwater levels, however, can furnish power at Lewiston and water 
for power at Moses equivalent in total to the power produced by about 
4,000 cfs at Moses alone. Thus, the proper operation to keep the 
hydraulic system in balance is to put another Lewiston generator on 
the line at best gate. Electronic load-frequency control equipment 
sensing the Lewiston and Moses Plant generations and the desired 
project output will automatically impulse motors on the speed level 
devices of the Moses governors until the Moses units are at the proper 
load ( desired project load less Lewiston generation). 

SURGES IN FoREBAY CANAL 

The 71 acre Fore bay Canal ( Fig. 3) acts as a simple surge tank 
for the two conduits that lead Niagara River water to the Moses and 
Lewiston Plants. Each of these conduits is 46 feet wide, 66 feet high 
and about 4 miles long. The combined conduit cross-sectional area is 
5616 square feet. Equilibrium in this system is reached when the flow 
through the conduits equals the draft on the Forebay Canal. When
ever there is a change in the forebay draft, such as occurs when there 
is a load change on the Moses Plant, the immediate effect is to change 
the elevation of water in the forebay. The inertia represented by the 
water flowing in the conduits is large in amount and relatively slow 
to change. The large forebay, sized with this in mind, and the conduit 
friction (Manning's "n" of approximately 0.012) lead to rapid damp
ing of surges. On sudden increases in draft even of large amounts 
surges are damped in less than two hours. On decreases in draft, sine~ 
conduit friction is relatively small at the end point, complete damping 
may take a few hours longer. The time of the first quarter cycle of 
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these surges is about half an hour. That is, it takes about half an 
hour after a sudden load change for the forebay level to make its 
maximum change. 

FIGURE 3.-IN CENTER Is 71 ACRE FoREBAY CANAL, BELOW IT Is MosEs PLANT, ABOVE 

IT LEWISTON PUMP-GENERATING PLANT WITH 1900 ACRE RESERVOIR. CONDUITS DIS

CHARGE INTO FOREBAY CANAL AT UPPER RIGHT. (Photo November 29, 1961, courtesy 

Power Authority of the State of New York.) 

HEAD Loss IN CONDUITS 

Actual head losses in the conduits are about the same as those 
computed during the design of the project. As mentioned above the 
estimated roughness corresponds to a Manning's "n" of 0.012. Con
ventional bend loss formulas were assumed, and model losses were 
available for both the intake to and the exit from the conduits which 
were designed for best efficiency in the Islington Laboratory of the 
Ontario Hydro-Electric Power Commission. The maximum practical 
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capacity of the conduits is as yet unknown. This limiting capacity, 
well above the design criterion, is expected to occur at some flow 
above 100,000 cfs, with conduit flow becoming unstable and the con
duits alernately flowing full and part full causing the forebay to 
fluctuate severely. At 50,000 cfs, the head loss from river to forebay 
is about 4.5 ft.; at 100,000 cfs it is expected to be about 18 ft. Be
cause of the large area of the forebay, if it were desired to divert an 
average of 50,000 cfs from the river for an hour following a diversion 
rate of 100,000 cfs, it would be necessary to change the forebay draft 
at the start of the hour from 100,000 cfs to about 40,000 cfs, and to 
maintain that 40,000 cfs for the hour. 

DIGITAL COMPUTER APPLICATIONS 

As the multitude of studies related to operating the Niagara Pro
ject have been carried out, numerous applications have been found 
for digital computers. As one result of these studies a 16,000 word 
magnetic drum computer system will soon be installed at the Moses 
plant. It will dictate the operation of both the Lewiston and Moses 
plants in compliance with the two disparate requirements of water 
diversion and power production, and will also log hydraulic and 
electrical operating data and alert the plant operator to the need for 
rescheduling plant loads in the face of an impending empty or over
flowing reservoir. The simple surge tank problem was programmed for 
direct solution using second derivatives and numerous surge studies 
have been made with a minimum of labor. Various tabulations that 
greatly facilitate operating studies have been made by computer. The 
statistical analyses of lake levels at Buffalo, mentioned previously, 
would be extremely time consuming and expensive were it not for 
the availability of digital computers. 

CONCLUSION 

The great developments alongside the scenic spectacle at Niagara 
are appropriate monuments to the art and science of hydraulic en
gineering. The design of these developments required and their opera
tion involves recognition of a variety of natural and artificial variables. 
These range from meteorological influences on Lake Erie and the 
Niagara River to hydraulic transients in the conduit-forebay syste1t1s 
of the high head power developments, and from the treaty require-
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ments for falls flow to the characteristics of the interconnected electric 
systems in the region. 
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