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PREFACE

Primary responsibility for Project 1, Approach Roads, Greenland
Research and Development Program, was assigned by the Office,
Chief of Engineers, to the U. S. Army Engineer Waterways Experi-
ment Station (WES), Vicksburg, Miss. Prior to 1955 responsibility
for the project had been assigned to U. S. Army Engineer Research
and Development Laboratory, Fort Belvoir, Va. In a letter dated
18 March 1955 WES requested the U. S. Army Arctic Construction and
Frost Effects Laboratory (ACFEL)* to assume the work of planning
and conducting the investigation, including preparation of progress
reports and a final report; ACFEL accepted the work in a 1st in-
dorsement dated 31 March 1955.

This report is the third progress report on the subject. The first
was prepared by ACFEL for the U. S. Army Engineer Research and
Development Laboratories and covered the investigations conducted
in 1954. The second report was prepared by ACFEL in cooperation
with WES and covered the investigations conducted in 1955. This
report, prepared by ACFEL in cooperation with WES, covers the work
accomplished in 1956 and 1957.

Mr. H. W. Stevens, Chief, Greenland Research and Development
Projects, ACFEL, was designated supervisor for the investigation.
He organized the project, supervised the fieldwork, and prepared the
reports. Dr. Ronald F. Scott was Field Project Engineer in 1956, and
Mr. Frederick J. Sanger was Field Project Engineer in 1957. The in-
vestigation was carried out under the direction of Mr. Kenneth A.
Linell, Chief, ACFEL.

WES reviewed and approved the plan of test, provided support
throughout the entire project by furnishing personnel and equipment,
and reviewed the reports. Mr. W. J. Turnbull, Chief of the Soils Di-
vision, following an inspection of the road in 1955, made several per-
tinent suggestions which were adopted in the 1956-1957 program, and
has maintained a continuous personal interest in this project. WES
assigned Mr. William R. Beckett as Assistant Project Engineer in
1956. Mr. A. J. Green held the same position in 1957. Messrs. S. J.
Knight and A. A. Rule of the Army Mobility Research Center repre-
sented WES and worked closely with ACFEL during all phases of the
project.

Mr. C. R. Foster, formerly Chief, Flexible Pavement Branch, WES,
and Dr. Mikael J. Hvorslev, Consulting Engineer, WES, inspected the
fieldwork in 1956 and 1957 and contributed very valuable comments
and suggestions. Mr. Thomas B. Goode, Chief, Field Explorations
Branch, WES, was consultant for core-drilling operations in the fro-
zen ground and ice in 1956 and 1957.

Col. A. P. Rollins, Jr., CE, Col. E. H. Lang, CE, and Col. A. G.
Sutton, Jr., CE, were Directors of the Waterways Experiment Station
during the field work and preparation and publication of this report.
Mr. J. B. Tiffany was Technical Director.

Excellent cooperation was received from Lt. Col. Elmer F. Clark
and the officers and enlisted men of the U. S. Army Engineer Arctic
Task Force. This cooperation contributed substantially to the suc-
cess of the investigation.

* Now the U. S. Army Cold Regions Research and Engineering Laboratory
of the Army Materiel Command Hq, Environmental Research.
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SUMMARY

This report presents the results of investigations (begun in 1954)
conducted during the summers of 1956 and 1957 at the edge of the Green.
land Ice Cap. It is a progress report on the development of methods,
techniques, and criteria for constructing roads on both glacial ice sur-
faces and adjacent ice-free terrain.

Detailed descriptions of the terrain and weather are given, and other
pertinent factors that define conditions under which the criteria devel-
oped for road construction and maintenance may be applied are presented.
Ice movement, ice ablation, meltwater flow, performance and durability of
road fills, subsurface temperatures, and characteristics of thaw penetra-
tion were studied. Measurements were made by surveying, soil testing,
and reading of instruments.

A study was made of the soil properties and physiography of an area
10 to 15 miles square in the vicinity of Camp TUTO to obtain (a) a knowl-
edge of the soils available for use as borrow materials and (b) data nec-
essary for the design of roads, building foundations, and other facilities.
In addition detailed measurements were made of surface soil properties to
complete the information that, together with meteorological data, was re-
quired for making computations to predict rate and depth of thaw.

Road construction in 1956 and 1957 was primarily a continuation of
the road construction begun in 1955 to make existing roads more useful
from an operational standpoint and to construct new roads to satisfy inves-
tigational requirements.

In 1956 an 80-ft-long, wooden-pile-bent bridge was constructed on the
ice by six men in 2-1/2 weeks. The bridge supported the heaviest (29 tons)
mobile equipment at the site and performed satisfactorily for 1-1/2 thaw
seasons with a minimum of maintenance.

It is recommended that certain phases of the investigations be contin-
ued to further develop methods, techniques, and design criteria for construc-
tion of roads on ice and frozen ground.

Appendix A presents the detailed Plans of Tests for 1956 and 1957;
Appendix B comprises tables and charts giving the number of personnel and
types of equipment used in the project, miscellaneous weather data, logs of
borings, and results of ice surface measurements. Appendix C is a report
by Mr. Stanley D. Wilson on the use of the Wilson Slope Indicator at TUTO.
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DEFINITIONS

Ablation The process of removing snow or ice from a glacier or snowfield by melting
and evaporation.

Active zone The top layer of ground subject to annual freezing-and-thawing.

Average annual The average of the average daily temperatures for one year.

temperature

Average daily The average of the maximum and minimum temperatures for one day, or the
temperature average of several temperature readings taken at equal time intervals during

one day, generally hourly.

Berm A blanket of soil, approximately 1 ft thick, spread over the ice surface, con-
nected to the toe of fill of the road.

Degree-days The degree-days for any one day equals the difference between the average
daily air temperature and 32 F. The degree-days are minus when the average
daily temperature is below 32 F (freezing degree-days) and plus when above
(thawing degree-days).

Dirt band A layer of debris (rocks, soil) in firn or ice.

Firn line The lower occurrences of firn (snow at least one summer old) on a glacier;
also "firn limit."

Frost action A general term for freezing-and-thawing of moisture in materials and the re-
sultant effects on these materials and on structures of which they are a part
or with which they are in contact.

Frost heave The raising of a surface due to the formation of ice in the underlying soil.

Frost-susceptibility The property by which ice segregation occurs in a soil when the requisite
moisture and freezing conditions are present.

Ice crack A narrow opening in the ice resulting from differential ice movement.

Ice hummock A mound or hillock caused by an upward pressure within the ice and/or by
differential melting.

Ice lens A discontinuous layer of ground ice tapering at its extremities.

Ice movement The motion that exists within the ice of a glacier or ice sheet; also "glacier
flow."

Mean annual The average of the average annual temperatures for several years.
temperature

Micrometeorology The detailed study of the physics of the zone close to and just beneath the
earth's surface.

Patterned ground A general term describing ground patterns resulting from frost action such as
soil polygons, stone circles, stone stripes, and solifluction stripes.
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DEFINITIONS (Continued)

Permafrost Perennially frozen ground.

Permafrost table An irregular surface that represents the upper limit of permafrost.

Thawing index The number of degree-days between the lowest and highest points on the
cumulative degree-days-time curve for one thaw season. It in used as a
measure of the combined duration and magnitude of above-freezing tempera-
tures occurring during any given thawing season. The index determined for
air temperatures at 4.5 ft above the ground is commonly designated as the
air thawing index, and that determined for temperatures immediately below
a surface is known as the surface thawing index.

Thaw line An irregular surface that represents the lower limit of thaw.

Thaw season That period of time during which the average daily temperature is generally
above 32 F.

Thaw weakening The reduction in strength and load-supporting capacit_,, during thaw periods,
of a frost-susceptible soil in which ice segregation has .

Thermal regime The temperature pattern existing in a body.

REFERENCES

Air University, Research Studies Institute, Arctic, Desert, Tropic Information Center, Glossary of
Arctic and Subarctic Terms. ADTIC Publication A-10S, Maxwell Air Force Base, Ala.,
September 1955.

U. S. Army, Office, Chief of Engineers, Arctic and Sub-arctic Construction-General Provisions
(formerly Engineering Manual for Military Construction, Part XV, Chapter 1). EM 1110-345-
370, October 1954.



APPROACH ROADS, GREENLAND 1956-1957 PROGRAM

I. INTRODUCTION

Purpose

1. The studies described herein are a continuation of work commenced in calendar year 1954.
The objective of this work was to develop methods, techniques, and design criteria for the construction
and maintenance of roads on both glacial ice surfaces and adjacent ice-free terrain under conditions
such as those typified by the TUTO area near Thule Air Force Base, Greenland. Detailed Plans of

Tests for 1956 and 1957 are included as Appendix A.

The investigations were conducted at Camp TUTO which is located 14 miles from Thule Air
Base, near the edge of the Greenland Ice Cap (see Fig. 1). The camp was operated by the U. S. Army
Engineer Arctic Task Force (EATF), a military group organized to support research and development
activities by the Department of the Army. Figure 2 is a detailed map of the area where project activi-
ties took place, and it shows all facilities constructed as part of the project program as well as the
location of test pits, survey points, reference points, and other pertinent positions. The map was pre-
pared from data obtained during the original surveys that were completed as part of the project program.
Location of installations and position of the ice edge will undoubtedly change with time as a result of
new construction and retreat of the ice.

Scope

2. This report summarizes the work completed in 1956 and 1957, but inasmuch as 4 years had
been expended on this investigation by the end of 1957, data are used from all 4 years of investiga-
tions and frequent reference is made to the interim reports of 1954 and 1955.' 6* However, some of
the phases require more detailed investigation and/or observations, and at least 1 year more of field-
work is recommended. This is, therefore, a progress report.

This report contains detailed descriptions of the terrain and weather, and presents other perti-
nent factors that define the conditions under which the criteria developed for road construction and
maintenance may be applied. Criteria, methods, and techniques for road design, construction, and
maintenance are presented, together with recommendations for further investigations.

HI. PROJECT ORGANIZATION AND EQUIPMENT

3. Complex investigations conducted in remote regions, such as Camp TUTO in Greenland, re-
quire careful planning and organization of personnel, equipment, instrumentation, and logistics. Ac-
cordingly, the organization of the 1956-1957 project is described to aid in future similar investigations.
A noteworthy feature of this investigation, and of other investigations in the Greenland Ice Cap Re-
search Program of the Corps of Engineers, has been the cooperation that existed between the various
Government agencies, and between the civilian and military personnel working side by side on the
same project. This close cooperation was essential to the success of this and all other projects in
the program.

1956 personnel

4. As in other years, supervision, testing, data recording, and all technical or specialized func-

tions were performed by civilian employees of the U. S. Army Arctic Construction and Frost Effects

* itaised numbers refer to similarly numbered item in the list of references at the end of the report.
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Laboratory (ACFEL) and the U. S. Army Engineer Waterways Experiment Station (WES). Construction,
maintenance of construction equipment, and maintenance of living facilities at the worksite were per-
formed by military personnel of the EATF. A complete list of personnel is given in Appendix B,
Table B-I.

Civilian. Civilian personnel were responsible for measuring ice movement, ice ablation, melt-
water flow, performance and durability of road fills, subsurface temperatures, and characteristics of
thaw penetration; the measurements were obtained by surveying, soil testing, and reading of instru-
ments. Since this type of work has increased from year to year, the civilian staff was increased over
that of previous years by additional surveying and engineering aide personnel. Eight civilians were in
the field from 4 June to 2 September 1956. This staff provided adequate supervision, technical knowl-
edge, and skills, but they would have been unable to complete the entire program if military personnel
Zrom EATF had not helped them. The education and experience backgrounds of several of the military
personnel were similar to those of civilian project personnel; therefore, similar tasks were assigned. It
is estimated that the civilian staff expended 8820 man-hours in completing the summer's fieldwork.

Military. The foremen and heavy-equipment operators who constructed the gravel roads were
military personnel of EATF (see Table B-I, Appendix B). These men, under the supervision of the Proj-
ect Engineer, the Construction Supervisor, and noncommissioned officer foremen, operated all the equip-
ment used to construct the roads. In addition, a small group from the Meteorological Branch, U. S. Army
Signal Corps, was attached to Project 1. This group, consisting of one officer and three enlisted men,
was responsible for the meteorological measurement program.

Adequacy of personnel. In general, the number and quality of the personnel were adequate. In-
complete phases of the summer's work are not attributable to personnel deficiency or incompetence, ex-
cept that the meteorological data were not complete owing to the small size of the meteorological group.

1956 construction equipment

5. Two years' experience provided guidance on the most efficient type of construction equip-
ment for the job. The selection of type and number of pieces of equipment was based on experience
and the amount of work contemplated for each construction season. EATF provided practically all the
equipment requested; moreover, the items were in good repair, many of them new. Therefore, the analy-
sis of work output for 1956 is more significant than that for other years; it shows the output which can
be obtained in the TUTO environment with a normal quota of equipment and with normal maintenance
and repair.

Equipment. Table I lists the equipment used, the general use to which it was put, and the per-
centage of total work time required for maintenance. Repair time was generally greater than it would
be for similar construction in the temperate zone. Under the rigorous climatic and terrain conditions at
TUTO, above-average breakdown of equipment should be expected. The inevitable (in remote areas)
shortage of spare parts and inadequate repair shops and tools contribute to the increased repair time.

One item of equipment used in 1956 warrants some discussion. It had been reported' that
scrapers were useless in the TUTO ares because of the bouldery nature of the borrow. Yet, consider-
able use was made of a scraper in 1956. It was desired that the construction of road and berms pro-
gress simultaneously, but there were insufficient bulldozers, shovels, and trucks to borrow coarse, fine,
and random material at the same time. When borrowed materials were stockpiled for a scraper by a
bulldozer, the scraper could load Itself and make significant progress in constructing berms, loading,
and spreading. A scraper was employed for some time to construct berms, although the work could
have been accomplished more efficiently with dump trucks.

The standard-type equipment used was generally satisfactory. Because of the extremely rough
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Table L Construction Equipment Performance, 19S6

Item Quantity Use Hour@ Hours %of Total Workof Item Worked Deadlinod Time Deadlined

Bulldozer (D-8) 6 Snowplowing, stockpiling,

spreading, and compacting 2400 283 10.5

Truck, dump, 10-cu-yd 9 Transporting borrow 4041 465 10.3

Shovels, tractor-
mounted

2-cu-yd 1 Loading trucks 450 39 8.0
3/4-cu-yd I Loading trucks 371 88 19.2

Grader, road, motorized 1 Fine-grading gravel roads 394 126 24.2

Scraper, towed type, 1 Loading and spreading
12-cu-yd 312 167 34.8

Rock crusher, 1 Providing crushed rock from No No
2S-cu-yd/hr boulders record record

terrain and the necessity for operating over unimproved ground, large, heavy models are preferred to
small, light types. Repair and maintenance make simple mechanical controls preferable; for example, a
mechanical hoist is preferable to a hydraulic hoist for bulldozers.

Fork output. Table 11 summarizes the work accomplished with the equipment available. This

Table IM Logistical Data for 1956 Road Construction

Eaui1sment Hours**
Truck, Fuel, gal

Quantity Man- Dump, 2-cu-yd 3/4..cu-yd Grader Scraper
cu yd hours D- 10-cu-yd Shovel Shovel DieselrGas

Capacity Diesel _Gas

Coarse Fill

Ramp Road 13,552 3,947 703 1,339 203 9,220 741
Transverse Road 9,375 2,399 486 923 141 4,023 315
Widen Transverse Rd 1,639 610 85 163 25 835 92
L,oading platform 747 172 39 75 12 558 32

25,313 7,128 1,313 2,500 381 _ 14,636 1,180

Fine Fill

Ramp Road 3,026 788 155 256 87 27 17 2,058 142
Transverse Road 1,426 388 75 123 40 13 888 81
Widen Transverse Rd 87 12 5 8 3 1 5 25 12
Loading platform 104 7 5 8 4 3 39 2

4,643 1,195 240 395 134 44 22 3,010 237

Miscellaneous

Haul and TUTO roads 5,326 2,135 278 328 18 140 41 36 3,127 881
Sorms 10,707 3,239 556 785 51 27 254 8,434 624
Crushed rock (road

surface and bridge) 240 64 13 33 70t 3 167 15
Road maintenance J _306

Total 46,229 13,761 2,400 4,041 450 371 394 312 29,374 2,937

* Includes operators, foremen, sad supervisors. Does not include maintenance men, surveyors, or design engineers.

i lncludes hoers of operation. Does not include deadlino time. see Table I for number of pieces of ea*h type of equipment
mad deadline time.

t Includes time loeading ormuhr, in addition to time loading trucks.
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table can be used as a guide in estimating logistic requirements.

Assuming that the equipment listed in Table I is used(one 2-cu-yd shovel, one 3/4-cu-yd shovel,
six bulldozers, nine 10-cu-yd trucks, and one grader), that the workday is 9-1/2 hours, and that the haul
distance is 3 to 4 miles, work output in constructing roads on ice would be as follows:

a. 30,092 cu yd of coarse and fine material were actually placed in 2895 hours. There-
fore, nine trucks could place approximately 94 cu yd per hour or 890 cu yd per 9-1/2-hour day.

b. Approximately 300 ft of gravel road (2-1/2 ft thick, 30 ft wide) can be constructed n,
the ice per 9-1/2-hour day.

c. The 2-cu-yd shovel can load 67 cu yd per hour or service about seven 10-cu-yd trucks
when haul time is 50 minutes or more.

d. The 3/4-cu-yd shovel can load 35 cu yd per hour or service three and one-half 10-
cu-yd trucks when haul time is 40 minutes or more.

The work output is generally less than that expected for construction in warmer climates. Cold,
high winds, blowing snow, and whiteout conditions account for part of the slowdown. Also the coarse,
bouldery material is difficult to handle, and borrow' ng only from the thin, thawed, surface layer means fre-
quent moves to new areas and extra bulldozer work to stockpile material. Special care must be taken to
prevent major breakdown of equipment as replacement is impossible. For example, if a serious mechani-
cal failure had incapacitated the 2-cu-yd shovel, nearly all construction progress would have ceased for
the remainder of the short work season. Although the quantity and quality of the equipment proved to be
adequate for the job at hand, efficiency would have been increased somewhat if additional equipment,
especially dump trucks, had been available as standbys.

1956 test equipment

6. In addition to the construction equipment, EATF furnished several other items of equipment
required for special tests. The more specialized instruments and test equipment were provided by either
WES or ACFEL (see Table B-11, Appendix B).

1957 personnel

7. Table B-Ill, Appendix B, lists the personnel who participated in Project 1 in 1957, including
the military construction group and the military men of EATF who were assigned continuously to the
project and who worked with the civilians. The military group of the Meteorological Branch, U. S. Army
Signal Corps, who conducted the program of meteorological measurements, comprised an officer and
18 enlisted men. This group operated as an independent organization assigned to EATF.

The project staff was adequate, and no significant lack of skills, knowledge, or manpower was
noted. Much credit is due both the civilian and military personnel for the responsible manner in which
they performed their various jobs.

The military construction group operated the bulldozers, trucks, power shovels, graders, etc.,
used in constructing experimental roads and berms. This work required about 1 week. Two civilians and
two Army enlisted men operated the drill rig used to drill holes in the ice for the installation of plastic
tubes for inclinometer measurements. The number of personnel was adequate, and they accomplished the
desired construction in an efficient manner.

1957 equipment

8. Equipment used by Project I was furnished by WES, ACFEL, and EATF. Equipment for the
meteorological measurements was furnished by the U. S. Army Signal Corps, except for a sunshine



PROJECT ORGANIZATION AND EQUIPMENT 7

duration recording instrument which ACFEL furnished. The construction program for 1957 was limited
to 1 week, and no evaluation of the efficiency of the heavy construction equipment was made. Obser-
vations were made of the feasibility of using certain specialized equipment for work on ice, including
a drill rig with large-diameter augers and a trenching machine.

Equipment furnished by EATF. Construction equipment was furnished by EATF. As the 1957
program called for construction of only a few test roads involving about I weeks work, the construc-
tion equioment and operating personnel were under the supervision of Project 1 for this brief time only.
For the remainder of the work season, the construction group was engaged in maintaining and/or im-
proving roads, parking facilities, etc., under the direction of EATF. Project 1 personnel furnished
advice and suggestions for this work as requested. Table B-IV, Appendix B, lists the construction
equipment used during the Project 1 construction.

In addition to the heavy construction equipment, EATF furnished specialized equipment, as re-
quired, from standard Army issue. This equipment is also listed in Table B-IV.

All living quarters and facilities and all maintenance facilities were furnished by EATF.

Equipment furnished by WES and ACFEL. All specialized test equipment was furnished by
WES or ACFEL (see Table B-IV). The largest item of this equipment was the drill rig and accessory
equipment, which required special shipping arrangements. This item and a ditching machine comprised
the two pieces of special equipment tested to determine their feasibility for future use.

Previously it had been noted that a machine capable of cutting channels in the ice would be
useful. Thus in 1957 observations were made of the performance of a standard, crawler-mounted,
ladder-type, ditching machine (Fig. 3). The machine was capable of cutting a trench 2 ft wide and

Figure 3. Ladder-type ditching machine used for
cutting channels in ice (26 Aug 1957).

8 ft deep at a rate of I ft per minute. However, its maneuverability on the ice surface was poor due to
its high center of gravity and narrow crawler treads. In principle the machine is considered excellent
for this use, but it should be modified or redesigned by widening and lengthening the treads and
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lowering the center of gravity. The cutting depth capacity could be reduced to 4 ft without decreasing
the machine's usefulness.

The drill rig tested during the summer of 1957 was developed by the U. S. Army Engineer Re-
search and Development Laboratories. It was an auger type, specially designed to handle large-

diameter (up to 5 ft) augers. It was truck-mounted
and had a 90-ft tower (Fig. 4). A test hole, 5 ft
in diameter and 70 ft deep, was drilled in the ice
at Mile 3 on the ice ramp. Rate of drilling was
1/4 ft per minute and no difficulties were encoun-
tered. This model of the drill obviously requires
a stable, smooth surface to operate on, and there-
fore is not suitable for use on a rough, glacial
ice surface. With a different mount (possibly
skids or tractor), and an outrigger system for level-
ing and Istabilizing, it would be practical for rapid
drilling of large-diameter holes.

Summary

".6 four Army enlisted men supervised the work, con-
ducted all tests, made all measurements, and to
some extent took an active part in construction of
facilities. In addition two civilians and two en-
listed men operated a drill rig for I month to ac-
complish that phase of the work. A force of 27
Army enlisted men, including foremen and equip-

Figure 4. Rig used for drilling large-diameter ment operators, constructed all roads and other
holes in ice (26 Aug 1957). facilities required. This staff was adequate to

accomplish the planned program.

One officer and three enlisted men of the U. S. Army Signal Corps set up and operated the
meteorological station. This small staff was inadequate.

Road construction equipment included six D-8 bulldozers, nine 10-cu-yd dump trucks, one
3/4-cu-yd power shovel, one 2-cu-yd power shovel, one self-propelled grader, one scraper, and one
rock crusher.' Using this equipment, and with a haul distance of 3 to 4 miles, an average of 890 cu yd
of gravel was placed (300 ft of gravel road, 2-1/2 ft thick and 30 ft wide) in a 9-1/2-hour day. The
ratio of trucks to bulldozers and power shovels was approximately correct for the haul time (40 to 50
minutes). Additions to the number of trucks used would require corresponding additions to the number
of bulldozers and power shovels.

Progress was impaired by (a) inclement weather, (b) the difficult, slow procedure necessary to
obtain borrow materials, and (c) the lack of replacement equipment which made it necessary to take
extraordinary precautions to prevent major breakdowns.

The 1957 program. Seven civilians and four Army enlisted men conducted the program in 1957.
Two civilians and two Army enlisted men operated the drill rig used to drill holes in the ice for the
installation of plastic tubes for inclinometer measurements. Seventeen military personnel worked
1 week to construct test road sections. One officer and 18 enlisted men of the Meteorological Branch
of the U. S. Army Signal Corps set up and operated the meteorological stations. All personnel were
carefully selected for personality and ability to accomplish the extensive program in the short working
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time available; their efforts were responsible for the success of the year's work.

A standard, crawler-mounted, ladder-type, ditching machine was found to be efficient in cutting
trenches in ice, but its maneuverability on the ice ramp was poor.

An experimental drill rig capable of handling large-diameter augers drilled a 5-ft-diameter hole,
70 ft deep, in ice. The present model (truck-mounted) is incapable of movement under its own power
on the rough ice surface.

Ill. WEATHER

General

10. In 1954 and 1955, project personnel, in addition to their regular duties, made meteorologi-
cal measurements using such instruments as were available in the laboratories of the cooperating
agencies. Commencing in 1956, the meteorological program was conducted by a detachment from the
Meteorological Branch, U. S. Army Signal Corps. The recorded data were transmitted to the National
Weather Records Center, Asheville, N. C., which furnished tabulations of these data to interested
agencies. The 1956 program was in accordance with requirements submitted by WES and ACFEL. In
1957, the program combined the requirements of several agencies including WES, ACFEL, SIPRE,*
and the Climatic Research Laboratories of the U. S. Army Quartermaster Corps. WES and ACFEL had
two objectives: (a) to obtain accurate and complete weather records for the work season; and (b) to
provide micrometeorological data for use in the continuing study of relations involved in predicting
depth and rate of thaw and refreezing. The latter studies and pertinent meteorological data are dis-
cussed in section VI of this report. In section III, the general weather characteristics of the area in
1956 and 1957 are summarized and discussed. Also, averages for 4 years (1954-1957) are given and
discussed under "Analysis of TUTO Weather" and in the summary.

1956 weather

11. Equipment. Three weather stations were established and operated in 1956. Table III
lists the location of each (see also Fig. 2), the measurements made, the equipment used, and the peri-
ods of record. It took approximately 2 months to erect the stations and set up the instruments because
of the small number of personnel and their lack of experience in arctic operations. Also an unusually
deep snow cover existed until the first week in July. The instrumentation was found to be too complex
for the weather and terrain conditions. During the season, difficulty was encountered with power
breakdowns, maladjustment of instruments, icing during storms, etc. However, a great deal of experi-
ence in the operation of meteorological instruments in the Arctic was gained, and useful data were
accumulated.

Review of 1956 weather. Air temperatures, wind velocities, wind direction, cloud cover, and
relative humidity are shown in Figures BI and B2, Appendix B.

Air temperatures show that 1956 was a relatively cool summer (see references 5 and 6 for
record of 1954 and 1955). At Camp TUTO (Station 1), thawing temperatures did not commence until
IS June, and freeze-up commenced 19 August. Average daily temperatures in July and August were
in the mid-30's, but for a 2-day period in July the temperature dropped below freezing for part of
each day.

The air temperature at Mile 1 (Station 2) on the ice cap was consistently 2 F lower than that

0 Formerly U. S. Snow Ice and Permafrost Research Establlshment, now U. 8. Army Cold Regions Research and Rngineering
Laboratory.
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Table IUL 1956 Meteorological Stations and Equipment

Measurement Instruments Period of Record

Station 1

On Ground: 300 ft from Edge of the Ice Cap, El 1600 ft

Air temperature at 4 ft Hygrothermograph in standard weather shelter 9 June-30 Aug

Air temperature at 4, 8, and Thermocouples in radiation shields with recording, multi- 14 June-31 Aug
16 ft point potentiometer

Ground temperature at sur- Thermocouples with recording, multipoint potentiometer 13 June-31 Aug
face, -1/10, -4, -20 in.

Wind speed at 4, 8, and 16 ft Anemometer, UL-80, with operations recorder 14 June-31 Aug

Wind direction at 4 ft Wind vane, ML-79, observed at 6-hour intervals 15 June-30 Aug

Relative humidity at 4 ft Hygrothermograph in standard weather shelter (checked by 9 June-30 Aug
sling psychrometer at 6-hour intervals)

Barometric pressure at 4 ft Aneroid barometer, ML-102, in standard weather shelter 15 June-30 Aug

Cloud cover Observed at 6-hour intervals 15 June-30 Aug

Sunshine duration Marvin-type, black-bulb meter with operations recorder 25 June-31 Aug

Solar radiation, total incom- Gier-Dunkle-type, aspirated radiometer with recording, 21 June-31 Aug
ing, all wave multipoint potentiometer

Solar radiation, net ex- Gier-Dunkle-type, aspirated radiometer with recording, 13 June-31 Aug
change, all wave multipoint potentiometer

Solar radiation, total hemi- Eppley-type pyrheliometer with recording, multipoint 21 June-31 Aug
spherical short wave potentiometer

Station 2

On Ice: I Mile Out on the Ice Cap, El 1800 ft

Air temperature at 4 ft Hygrothermograph in standard weather shelter 23 June-13 July
22 July-30 Aug

Wind speed at 4 ft Observed at 6-hour intervals with hand-held anemometer, 25 June-30 Aug
ML-433

Relative humidity at 4 ft Hygrothermograph in standard weather shelter 23 June-31 Aug

Solar radiation, total in- Gier-Dunkle-type, aspirated radiometer with recording, 2 July -14 July
coming, all wave multipoint potentiometer 1 Aug - 2 Aug

10 Aug -21 Aug

Solar radiation, net ex- Gier-Dunkle-type, aspirated radiometer with recording, 27 June-14 July
change, all wave, over multipoint potentiometer
snow or ice surface

Solar radiation, net ex- Gier-Dunkle-type, aspirated radiometer with recording, 27 June-14 July
change, all wave, over multipoint potentiometer 1 Aug -15 Aug
gravel road

Station 3

On Ice: 3 Kiles Out on the Ice Cap, El 2460 ft

Air temperature at 4 ft Hygrothermograph in standard weather shelter 7 July -16 July
23 July- 2 Aug

7 Aug -26 Aug

Air temperature at 4, 8, and Thermocouples in radiation shields with recording, 29 July - 2 Aug

16 ft multipoint potentiometers 8 Aug -19 Aug

Wind speed at 4 and 8 ft Anemometer, ML-80, with operations recorder 14 July -20 July
25 July- 2 Aug

9 Aug -20 Aug

Relative humidity at 4 ft Hygrothermograph in standard weather shelter 7 July-12 July
8 Aug -19 Aug

Solar radiation, total in- Gier-Dunkle-type, aspirated radiometer with recording 29 July - 2 Aug

coming, all wave potentiometer 8 Aug -19 Aug
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at Station 1 on the ground. At Station 3, 3 miles out on the ice cap, there were only 30 days when the
average daily temperature rose above 32 F, and the highest daily temperature recorded was 38 F.
Thus, in 1956, Station 3 and the end of the Ramp Road were located quite close to the firn line, and
the snow cover never completely melted during the thaw season.

The occurrence of high winds, blowing snow, and generally stormy weather was no more fre-
quent in 1956 than may be considered normal. Six days of construction were lost during the season
because of bad weather which occurred in four widely spaced intervals, as shown in Figure B2, Appen-
dix B. Activities such as surveying had to be stopped on several occasions when blowing snow re-
duced visibility.

The amount of snow accumulation on the surface is more pertinent to construction planning
than the amount of snowfall. Upon arrival of the field party at TUTO in 1956 (4 June) it was apparent
that the snow accumulation from the winter and/or spring was greater than in previous years. Judging
from snow depths on the open ramp, approximately 1 ft more of snow was present. On the ground, this
larger amount of snow cover resulted in drifts 10 to 15 ft high around parked vehicles, equipment, and
buildings. On the ice ramp, depths of snow ranged from 3 to 10 ft. Because of the late start of thaw-
ing temperatures and the relatively cool summer season, the snow cover was not substantially melted
until the first week in July. During July and August snowfalls were frequent, and on several occasions
accumulation was substantial. On one occasion, snow fell for 3 days (19-21 July), reaching a depth of
6 to 12 in. Therefore, work stoppages and delays in 1956 were caused more by snow cover than by any
other single weather factor. Moreover, difficulties because of excessive snow cover were greater in
1956 than in either of the two previous years or the following year.

1957 weather

12. Equipment. The same three weather stations maintained in 1956 were reoccupied in 1957
by the U. S. Army Signal Corps Meteorological Detachment. Table IV lists the measurements made,
equipment used, and period of record. Although equipment and personnel were adequate in number and
efficiency, two major difficulties prevented the obtaining of complete data for the season. A delay in
shipment of thermocouple wire and recording potentiometers prevented continuous determination of air
and subsurface temperatures and the use of all solar radiation measuring devices prior to 6 July. The
storm of 20 July put the instruments out of operation and forced personnel to vacate the stations.
Therefore measurements were missed on several days.

Review of 1957 weather. A graphic summary of weather data for 1957 is given in Appendix B,
Figures B3 and B4.

It is apparent from the air temperature records that 1957 was unusually warm. Not only was
the daily average air temperature higher than in previous years, but thawing temperatures commenced
earlier and continued later. The air thawing index* at Station 1 was 50% higher than the average air
thawing index of the three previous years of record (Table V). The warm air temperatures were par-
ticularly noticeable at Station 3 where ordinarily thawing temperatures do not prevail long enough to
melt the snow cover; in 1957 above-freezing temperatures were nearly continuous from early June to
the middle of August. Results of such a warm season are obvious. Meltwater flow on the ramp and
in runoff streams attained a magnitude beyond any anticipated. Ablation of the ice surface was un-
usually large. Thaw of the frozen ground was early and rapid, permitting borrow operations appreciably
earlier than anticipated.

The year 1957 was also unique in that high winds occurred frequently. Moreover, the daily av-
erage wind speed for the season was higher than that of other years. On 20 July, the worst windstorm

* 8*. Definition@.
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Table IV. 1957 Meteorological Stations and Equipment

Meesurmemt Instruments Period of Record

Station 1
On Ground: 300 ft from Edge of the Ice Cap, El 1600 ft

Standard hourly obseevationas recorded on WB Form WBAN-10 Hygrothermograph, maximum-minimum thermometers, and hero. 1 June-31 Aug
included air temperature, barometric pressure, relative hu- graph, ML-3. in standard weather shelter
midity, precipitation, dew point, visibility, cloud cover, Precipitation gage. ML-17
and surface conditions Precipitation gage, weighing type

Psychrometer, ML-24

Air temperature at 7.5 and 50 cm, and at 1, 2, and 4 m Thermocouples in radiation shields with multipoint, record- 6 July -31 Aug
iag potentiometers

Wind speed and direction at 7.5 and 50 cm, and at 1. 2, and Beckman-Whitley-type wind speed and direction set with 28 May -31 Aug
4 m operations-type recorder

Ground temperatures at surface, -2.5, -5.0. -7.5, -10, -20, Thermocouples with multipoint, recording potentiometers 6 July-31 Aug
and -25 cm

Sunshine duration Marvin-type, block-bulb meter with operations recorder I June-31 Aug
(Data missing
for 31 days)

Solar radiation, all wave, total hemisphere Gier-Dunkle-type. aspirated radiometer with multipoint, re- 6 July-31 Aug
cording pctentiometer

Solar radiation, all wave, net exchange Gier-Dunkle-type. aspirated radiometer with multipoint, re- 6 July-31 Aug
cording potent iometer

Solar radiation, short wave, incoming Eppley-type pyrheliometer with multipoint. recording 6 July-31 Aug
potentiometer

Solar radiation, short wave. outgoing Eppley-type pyrheliometer with multipoint, recording 6 July-31 Aug
potentiometer

Standard upper air observations (rawinsonde) Recorder. radiosonde AN/TMQS, rwain set AN/GMD-IA 26 June-31 Aug

Station 2
On Ice: 1 Mile Out on the Ice Cap, El 1800 ft

Standard hourly observations recorded on WB Form WBAN-10 Hygrothenmograph, maximum-mlnimum thermometers, and bero- 1 June-31 Aug
included air temperature, barometric pressure, relative hu- graph, ML-3, in standard weather shelter
midity, dew point, precipitation, visibility, cloud cover. Precipitation gage, ML-17
and surface conditions . Precipitation gage, weighing type

Psychrometer, ML-24
Air temperature at 7.S and 50 cm, and at 1, 2, and 4 n Thermocouples in radiation shields with multipoist, record- 9 July-31 Aug

ing potentiometers
Wind speed and direction at 7.5 and 50 cm. and at 1. 2, and Beckman-Whitley-type wind speed and direction set with 28 May -31 Aug

4 m operations-type recorder

Ice temperatures at surface. -2.5. -5.0. -7.5, -10, -20, and Thermocouples with multipoint. recording potentiometers 9 July-31 Aug
-25 cm

Solar radiation over snow or ice surface, all wave, total Gier-Duntkle-type, aspirated radiometer with multipoint, re- 9 July-19 July
hemisphere cording potentiometer 27 July-31 Aug

Sotar radiation over snow or ice surface, all wave. net Gier-Dunkle-type, aspirated radiometer with multipoiat, re- 9 July-19 July
exchange cording potentiometer 27 July-31 Aug

Solar radiation over gravel road surface, all wave. net Gier-Dunkle-type, aspirated radiometer with multipoint, re- 16 July -19 July
exchange cording potentiometer 27 July -31 Aug

Solar radiation over snow or ice surface, short wave, Eppley-type pyrheliometer with multipoint, recording 9 July-19 July
incoming potentiometer 27 July-31 Aug

Solar radiation over snow or ice surface, short wave, Eppley-type pyrheliometer with multipoint, recording 9 July-19 July
outgoing potentiometer 27 July -31 Aug

Station 3
On Ice: 3 Miles Out on the Ice Cap, El 2460 ft

Standard hourly observations recorded on WB Form WBAN-10 Hygrothermograph, maximum-minimum thermometers, and bero- I June-31 Aug
included air temperature, barometric pressure, relative hu- graph. ML-3, in standard weather shelter
midity, dew point, precipitation, visibility, cloud cover, Precipitation gage, ML-17
and surface conditions Precipitation gage, weighing type

PNychrometer, ML-24

Air temperature at 7.5 and 50 cm, and at 1, 2. and 4 m Thermocouples in radiation shields with multipoint, record- 11 July -31 Aug
ing potentiometers

Wind speed and direction at 7.5 and 50 cm, and at 1, 2, and Beckman-Whitley-type wind speed and directico set with 28 May -31 Aug

4 m operations-type recorder

Ice temperatures at surface, -2.5, -5.0, -7.5, -10, -20, and Thermocouples with multipoint, recording rotentiometers 11 July-31 Aug
-25 cm

Solar radiation over snow or ice surface, all wave, total Gier-Dunkle-type, aspirated radiometer with multipoint, re- 11 July-20 July
hemisphere cording potentiometer 27 July-31 Aug

Solar radiation over snow or ice surface, all wave, net Gier-Dunkle-type, aspirated radiometer with multipoint, ie- 11 July-20 July
exchange cording potentiometer 27 July-31 Aug

Solar radiation over snow or ice surface, short wave, Eppley-type pyrheliometer with multipoint, recording 11 July-20 July
incoming potentiometer 27 July-31 Aug

Solar radiation over snow or ice surface, short wave, Eppley-type pyrheltometer with multipoint, recording 11 July-20 July
outgoing potentiometer 27 July-31 Aug
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Table V. Comparison of Thaw Seasons, TUTO and Vicinity

Station 1954 1955 1956 1957 Avg

Thule Air Force Base, el 200 ft
Start of thaw season 29 May 4 June 15 June 2 June
End of thaw season 13 Sept 2 Sept 8 Sept 23 Sept
Duration of thaw season, days 107 91 86 114
Air thawing index, degree-days F 779 688 745 1217 857
Average air temperature for thaw season, OF 39.3 39.6 40.7 42.7 40.6

Camp TUTO
Met. Sta 1, el 1600 ft

Start of thaw season 22 June 7 June 15 June 8 June
End of thaw season 28 Aug 17 Aug 19 Aug 28 Aug
Duration of thaw season, days 68 72 66 82
Air thawing index, degree-days F 508 397 380 606 473
Average air temperature for thaw season, OF 39.5 37.5 37.8 39.4 38.5

Met. Sta 2, el 1840 ft
Start of thaw season 28 June 17 June 20 June 8 June
End of thaw season 28 Aug 15 Aug 18 Aug 27 Aug
Duration of thaw season, days 62 60 60 81
Air thawing index, degree-days F 258 108 238 427 258
Average air temperature for thaw season, OF 36.2 33.8 36.0 37.3 35.8

Met. Sta 3, el 2460 ft
Start of thaw season NR NR (26 June) 8 June

(28 July )
End of thaw season NR NR (10 July) 19 Aug

(12 Aug)
Duration of thaw season, days NR NR 30* 73
Air thawing index, degree-days F NR NR 72* 294 NR
Average air temperature for thaw season, OF NR NR 34.4 36.0 NR

Hard Top (end of Ramp Road), ci 2410 ft
Start of thaw season I July NR NR NR
End of thaw season 25 Aug NR NR NR
Duration of thaw season, days 56 NR NR NR
Air thawing index, degree-days F 119 NR NR NR NR
Average air temperature for thaw season, OF 34.1 NR NR NR NR

Note: NR - no record.

* The 1956 air thawing index at Station 3 includes the sum of degree-days of thaw for two periods of 15 days each. The
algebraic total of degree-days of thaw for the entire summer was minus. The actual average air temperature from 26 June
to 12 August was 30.5 F.

of the four seasons of record occurred; gusts greater than 90 mph were recorded. From 1 May to
31 August 1957, 21 working days were lost because of stormy weather. Fortunately, the longer thaw
season provided sufficient additional time to make up that loss. High winds were responsible for
more lost work time than any other single weather factor.

Snow cover at the start of the 1957 season was relatively light. The snow cover was almost
completely melted on the first mile of the Ramp Road by 20 June, and from Mile 1 to Station 95 + 00 the
snow was melted by 11 July. Beyond Station 95+00 snowstorms during the summer kept replacing the
snow cover so that it varied between zero and 12 in. An unusual amount (more than 2.5 in.) of rain oc-
curred, mostly in July, with as much as 0.5 in. in I day. Occasionally the precipitation was rain at
Station 1 but snow at Station 3. However, snowfall, snow cover, and rain did not in themselves cause
much work stoppage except when accompanied by high winds.

Analysis of TUTO weather

13. Although 4 years of weather recording are insufficient for determining average climate,
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certain limits and characteristics are indicated. They are summarized herein to provide information
for future planning for construction or investigational projects, and tc, define the conditions under
which the construction and research activities of Project 1 were conducted. The effect of weather on
the ground and ice surface and on working conditions is so great that even small variations in sea-
sonal weather characteristics become highly significant.

The thaw season. The length and intensity of thaw in the summer season are important con-
siderations in defining the work season for construction requiring such operations as excavating, bor-
rowing materials, and erecting facilities on the ice surface. Table V lists the air temperature
characteristics of the 1954, 1955, 1956, and 1957 thaw seasons. For comparison, the data for Thule
AFB are listed with those of the three stations at TUTO. At Camp TUTO the length of the thaw
season varied by as much as 22 days, and the date of its start and/or end by as much as 2 weeks.
In planning a summer work season, a 72-day thaw season can be expected, beginning approximately
13 June and ending approximately 22 August. However, plans must be flexible enough to take
advantage of an earlier start of thaw or a later end of thaw and, if necessary, to accomplish the work
in a shorter season.

The amount of heat available for thawing in any one summer varies, primarily because of
variation in the length of the season (see air thawing indexes in Table V). This variation in the heat
supply results in a very large variation in the amount of snow and ice that is melted on the ramp and
consequently in the quantity of meltwater runoff. The annual snow cover is melted rapidly or slowly,
depending on the characteristics of the early part of the thaw season. Records are incomplete for
Stations 2 and 3 on the ice cap, but it is apparent in Table V that the pattern of variation in length
of thaw season at Camp TUTO is followed throughout. However, as the elevation at which no thaw
occurs is approached (Station 3), the variation in length of thaw season has a more drastic effect on
the surface. A short, cool season can result in little or no melt of the snow cover, whereas a long,
warm season can melt not only the winter snow cover but also a substantial thickness of ice.

Figure 5 shows the variation of air thawing index with elevation for the years 1956 and 1957.
In both years (see also report of 1955 investigations') the rate of decrease of the air thawing index

per unit increase in elevation is much greater as
... the edge of the ice cap is crossed and ascended

-. ~ I than is the rate over the land area or on the ice
cap beyond the first 2 miles of ramp (el 2200).
The immediate effect of crossing from the ground

.00. .. . .. to the ice cap is a drop in air temperature, a de-
Soo -crease in the length of the thaw season, and a
00 ,oo ._decrease in the air thawing index that is not com-

W ,mensurate with the increase in elevation.

I- It is important to note that where the ice
iZ T margin has a compatatively gentle slope, as at

-oI •- T TUTO (3 to 7%), the elevation where no melt or

an insignificant amount of melt will occur varies
considerably from year to year.

ELEVA ION IN FEET AOVE M 5 L Workdays lost due to inclement weather.

Figure 5. Air thawing index versus elevation. The number of workdays which may be lost be-
cause of weather is dependent upon the nature of

the work. Road construction work can usually continue unless very high wind, extreme cold, exces-
sive snowfall, or a combination of these conditions occurs and personnel cannot effectively remain in
the open (unsheltered).

In 1954, 1955, and 1956, 6 days per season were lost by the construction crews. During 1957,
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an abnormal season weatherwise, 10 days were lost. Thus, it may be assumed that from 6 to 10 days
of construction work will be lost in an average summer season.

More precise work, such as surveying, is hindered to a much greater extent than construction
activities. Poor visibility because of fog or blowing snow is the usual cause of delay in survey
work. The number of days lost for this category of work is usually at least twice that for construc-
tion work, or from 12 to 20 days per season.

Very specialized activities, such as photography, may be hampered more than 20 days per
season by adverse weather conditions.

Snow conditions. At TUTO the difficulty of measuring snowfall is even greater than usual in

the Arctic because high winds and blowing snow nearly always accompany a snowfall. Moreover,

records of previous winters are not available. Therefore, the average annual snowfall pattern cannot
be described.

Again because of high winds, snow cover on the ground is extremely variable, ranging from

zero on the tops of ridges and hills to 10 or IS ft in the lee of hills, in gullies or valleys, or against
an obstruction such as a building or a parked vehicle.

On the relatively smooth surface of the ramp, the snow cover is more consistent, returning
annually in approximately the same pattern. Figure 6 shows the average snow depth on the ramp at

the start and end of the thaw season. Note that the snow depth is greatest on the first 1/2 mile of

2500

2400 -

2300

Average snow surface at start _C) 10 of thaw season2100 - 'Average highest elevation of complete
0 Vertical Scale i- 0, for snow melt of snow cover in one summer;above2 0 depth measured perpend icul ar this elevation snow cover is spotty,

deslushy, and thin continuing until

1900 -the ice surface. accumulation zone isreached. The
position of the start of the latter zone

- Ice surface varies considerably from year to year
1800 Sse Fig 5)

..J
i.J

1700

1600 ,

15000
0 0 0 0 0 0 0

+ + + + + 4
0 W) 0 io in 0

N N I - NIn

DISTANCE - FEET

Figure 6. Average snow cover at start of thaw season, TUTO Ramp.

the ramp. In the last week of June or the first week of July the snow cover becomes isothermal at

+32 F and very wet, and at times the snow in lower places may become saturated, in which condi-

tion even light-ground-pressure vehicles cannot be supported. Ice is exposed first where the thin-

nest snow cover exists at approximately Station 30 + 00, then at the first 1/2 mile. Thereafter, the

extent of the bare ice zone increases all summer, usually reaching as far as about Station 90 +00.

Beyond this station there is usually some snow cover, although it may be thin and slushy, until the
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accumulation zone is reached. The start of the accumulation zone varies from season to season, and
may be from I to 5 miles beyond the start of the slush zone. In 1957 the pattern was somewhat dif-
ferent; that is, the greater depth of snow in the first 1/2 mile of the road was not so pronounced.
Possibly the high, perched Transverse Road and Ramp Road affected the surface wind pattern.

Summary

14. The Meteorological Branch, U. S. Army Signal Corps, set up and operated three weather
stations (one on land and two on ice) in the TUTO area during the thaw seasons of 1956 and 1957.
Their program of investigation included micrometeorological-type measurements as well as standard
weather observations. Data for 1956 were incomplete; data for 1957 were nearly complete.

The 1956 thaw season was cool and short, and was characterized by a deep snow cover and
large drifts in the early part of the season.

The 1957 thaw season was long and warm with an air thawing index 50% greater than that for
any of the previous 3 years. The season was also unusually windy. The winds of one storm were in
excess of 90 mph, and wind speed for the entire season averaged about 5 mph above that of previ-
ous seasons.

From 1954 to 1957, inclusive, the average length of the thaw season at Camp TUTO was 72
days, commencing 13 June and ending 22 August. It varied as much as 2 weeks in the starting or
ending date and in length. The average temperature for the thaw season was 38.5 F.

The air thawing index decreased very rapidly with rise in elevatio, along the first 2 miles
of ice ramp.

From 6 to 10 days work on road construction was lost in one thaw season in the TUTO area
due to inclement weather, and for as many as 20 days in one thaw season weather was unsuitable for
surveying or similar activities.

At the end of the snowfall season, snow cover on the land areas near TUTO varied from zero
on the ridges and hills to 10 ft or more in the lee of hills, in gullies, and in valleys. On the ice
ramp, the snow cover varied from 3 to 4 ft on the first mile, 1-1/2 to 2-1/2 ft on the next 1/2 mile,
and from 3 to 4 ft thereafter.

IV. PHYSIOGRAPHY AND SOILS OF THE TUTO AREA

15. A study was made of the soil properties and physiography of an area encompassing 10 to
15 square miles in the immediate vicinity of Camp TUTO. Primarily the study was made to obtain a
knowledge of the soils available for use as borrow materials and to obtain data necessary for the
design of roads, building foundations, and other facilities. In addition, detailed measurements were
made of surface soil properties to complete the information that, together with meteorological data,
was required for making computations to predict rate and depth of thaw.

As can be seen in Figure 1, Camp TUTO is located near the edge of the ice cap, 20 miles in-
land from Baffin Bay. It is situated on a large moraine' 4 at an elevation averaging 1550 ft above
mean sea level. The surface is essentially a rolling or gently undulating boulder plain characterized
by "patterned ground." The patterns range in diameter from 5 to 15 ft, usually with slightly raised
centers, surrounded by trenchlike depressions filled with cobbles and boulders (Fig. 7). The patterns
are irregular in shape, and rings, polygons, and stripes may be discerned.
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Figure 7. Typical ground surface in TUTO area.
Note patterned ground (17 Aug 1955).

Some variation in surface soil types is apparent. Several small areas were found where the
surface soils were predominantly sand or silty sand with relatively few boulders. In these places the
patterns are less well defined.

There are no bedrock outcrops in the immediate TUTO area, and the depth of overburden has
never been determined. It is reported' that Camp TUTO is underlain by sedimentary rock. To the
south there is a metamorphic rock complex separated from the sedimentary beds by a fault. Boulders
of sedimentary, metamorphic, and igneous rocks are present on the surface around Camp TUTO, with
the igneous rocks occurring infrequently. The igneous rocks are mainly gabbro and are similar to
gabbro dikes present in the Thule area. Around TUTO, metamorphic boulders predominate, including
granitic gneisses and homblende, chlorite, and garnetiferous schists.

Drainage in the area is largely concerned with dispersion of the meltwater from the ice cap.
At the base of the moraine formation bordering the edge of the ice cap is the large lake called Lake
TUTO. The lake is 'ed by melting snow and ice from the ice cap, and consequently the water level
rises and falls in proportion to the degree of melting under way at any particular time. As shown in
Figure 1, a stream running west along the north edge of the camp drains the lake. Another stream
commencing on the south side of the Ramp Road runs along the edge of the ice cap and out through a
small east-west valley south of Camp TUTO. Both streams merge and form the South Branch of the
Sioraq River. For a period of 2 or 3 weeks in the spring, melting of snowbanks and frozen ground
causes surface ponding in localized areas.

Active zone

16. The depth of thaw of the undisturbed ground in the TUTO area varies from about 32 to
44 in., depending upon the soil characteristics and the intensity of the summer thaw season. A depth
of 39 in. predominates over most of the area in a normal or average season.
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Typical soil characteristics. About 80% of the surface of the area investigated is charac-
terized by the patterned ground formation, with large boulders and cobbles at the periphery of the
petterns. Figures 8, 9, and 10 show typical areas. During the thaw season, test pits were dug at
several locations (see Fig. 2), and the depth of thaw was measured once a week. At the same time,
the water content of each 6-in. layer to top of frozen ground was measured. Once during the season
the density and gradation of each 6-in. layer was determined. This investigation program was con-
tinued from 1955 through 1957. Figures 8 and 9 give the average of all density and water contents
measured for each 6-in. layer of thawed soil during the 3 years of observations together with the aver-
age and range of gradation of soils in the active zone. Figure 10 gives the same data except for ran-
dom depths and for 1957 only. The test pits were dug in the center of the pattern formation, and
therefore test results do not include the boulders and cobbles at the edge of the patterns. It will be
noted that nearly identical soil (silty sand with varying amounts of gravel) exists at all locations
tested, that the dry density averages about 120 lb per cu ft in all layers and at all locations, but that
the water content varies between 7 and 14%. In effect, therefore, the only significant difference in
soil properties is in the water content, which varies from place to place and from time to time during
the thaw season. In general, a high water content resulting from melting snow or from the rise of a
meltwater stream or the lake does not persist for more than a few days, as the water tends to drain
from the soil into the boulder-filled, trenchlike depressions at the edge of the pattern formations. A
high water content usually exists in the 6-in. layer above the frost table; this accounts, in part, for
the increase in water content with depth for each test pit, as shown in Figures 8, 9, and 10.

Fine-grained surface soil. Not typical of the TUTO area, but illustrating the variety of soils
possible in the terrain, is the area represented by the data for test pit 4 given in Figure 11. As dis-
covered by the deep core-drilling operations, this area contains a lacustrine deposit. However, in the
active zone, which at this location is 40 to 44 in. deep, the freeze-thaw action has apparently de-
stroyed the varves. No definite pattern formation is apparent on the surface. The soil has been
classified as a clayey sand, but the percentage of clay and silt varies considerably with depth. Gen-
erally the top 18 in. is coarse (predominantly sand) and the next 18 in. predominantly clay or silt.
The density averages 123 lb per cu ft, and the water content ranges from 8.2% at the top to 11.8% at
the bottom. The water content does not vary appreciably during the thaw season.

Other types of surface soils. In some small areas, the surface is predominantly sand or cob-
bles and boulders. In these areas some type of specialized sorting has taken place. Where cobbles
and boulders occur in quantity, the area has obviously been washed by flowing water as shown by the
fact that such areas are found on the lee side of fairly steep slopes or in old streambeds where snow
fields remain until late in the thaw season. Sandy surfaces occur in high, flat areas where drainage
is good but where there is no flowing water. These areas are usually small and contain no large
boulders or well-defined patterns. The sandy and bouldery areas were used for borrow materials.
Their soil properties will be discussed subsequently in more detail.

Permafrost

17. The entire TUTO area is underlain by permafrost beginning from 3 to 4 ft beneath the
surface and extending to an unknown depth. Exploration of the permafrost has been primarily by
core drilling, although in 1954 a few test pits were excavated to depths of 5 ft.' A very successful
program of core drilling was conducted in 1956. Four holes, designated D3, D4, DS, and D6, were
drilled to depths of from 40 to 60 ft. Frozen cores were extracted with nearly 100% recovery from
10 ft below the surface to bottom of hole. In 1957, holes D7, D8, and D9 were drilled to depths of
20 ft to investigate the properties of the top 10 ft of permafrost. Density tests were run on the
frozen cores as they came from the core barrel by weighing suitable-size chunks in cold diesel oil
(the specific gravity of the diesel oil was determined with a hydrometer). The samples were then
placed in airtight cans and transmitted to a field laboratory for moisture content and gradation tests.
When necessary for classification, tests for Atterberg limits were conducted.
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Drilling procedure. Methods of core drilling in frozen, coarse-grained soil had not been de-

veloped to the extent that success was at all certain. Thus the core-drilling operations were experi-
mental in themselves, and were performed to aid in the dev.elopment of suitable methods.

Standard equipment, more or less readily available, was used almost exclusively (Fig. 12).
The drill rig had a 27-ft mast, hydraulic feed with a 30-in. stroke, and a pump of 70-gpm capacity. A

portable, sheet-metal slush pit of 150-gal capacity was provided. Drill rods were size NX. Standard
double-tube, swivel-head, 4- by 5-1/2-in. core barrels were used with both split-ring and basket-type
core lifters. Both 5- and 10-ft nominal lengths were used. Special bottom-discharge diamond bits
were furnished; the diamonds were impregnated in the matrix, in addition to surface-set diamonds.

Figure 12. Drill rig setup at hole D3. The base point

"NN" was installed in this hole (14 June 1956).

The drilling fluid consisted of water and 2 to 3% by weight of aquagel or zeogel. The mixture
was cooled by the addition of snow and common salt whenever the temperature of the return fluid rose

above 31 F. The concentration of salt varied between 2 and 4%. The rate of fluid circulation varied

between 10 and 30 gpm. The rotation of the bit varied between 90 and 200 rpm, and the oil pressure
in the hydraulic feed system varied between 100 and 175 psi. These pressures correspond to bit
pressures of 1300 to 3000 lb.

In 1956, a total of 213 ft of frozen soil was drilled, with core drilling through 191 ft. Full re-

covery was obtained in all holes below a depth of 10 to 11 ft. The primary cause of the failure to ob-

tain full core recovery in the upper strata was the higher temperature range and the correspondingly

lower strengths of the frozen soil. Further investigations are needed to develop methods of handling

this situation. One method would be to accomplish the drilling during the colder months when both

air and soil temperatures are well below freezing.

Complete details and discussion of the core-drilling procedures have been published by WES

(reference 7).
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Typical permafrost soil properties. Figure 13 shown graphic logs of holes D3, D4, D5, D7,
D8, and D9. Holes DS and DS are shown together as if they were one hole, because although D5 was
drilled in 1956 and D8 in 1957, the holes were located within 20 ft of each other (Fig. 2). Holes D3
and D9 are labeled separately but shown in conjunction with each other. These two holes are located
1545 ft apart, but they are at approximately the same elevation, on the same ridge, and in the same
type of soil. The log of D6 was not included with the group because the varved silt and sand found
at this location were certainly not typical of the area; the graphic log of this hole is shown in
Figure 14. The soil beneath the ice of the ramp was investigated in drill hole Dl1A and is shown in
Figure 14. Each core wan photographed after its removal from the core barrel; some of these photo-
graphs have been combined to form pictorial logs of D5, D6, D8, and D11A, and are included in
Appendix B, Figures B5, B6, B7, and B8.

Generally, the top 7 ft of permafrost (Fig. 13), from a depth of 3 to 10 ft, tends to be coarse-
grained soils, consisting predominantly of sand or gravel with varying amounts of silt and occasion-
ally a thin layer of silt (ML) or ice. The ice content is very high; the measured moisture content
ranged from 10 to 100%. The ice is in the form of lenses up to more than 2 in. thick. The greatest
amount of ice occurs at or just below the thaw line, gradually decreasing to the 10-ft depth. The drill
holes shown in Figure 13 are all located in places where the boulder-polygon type of patterned ground
is very pronounced. It is to be expected that large ice concentrations will be found at the thaw line
since free water accumulates on the impervious permafrost and refreezes during the winter.

Figure 13 shows that below a depth of 10 ft the permafrost is a bouldery till (GP or GM, or
combination of both). Occasional layers of fine soils (SP or SM) occur with thicknesses of from 6 in.
to 2 ft; hole D3 shows a layer of silty sand (SM) 7 ft thick commencing at 20 ft. Boulders are mainly
crystalline rock, up to 18 in. in diameter, occurring at random but tending to be larger and more fre-
quent below a 35-ft depth. (More and larger boulders are found in the active zone and on the surface.)
Ice usually coats the surface of soil grains, cobbles, or boulders, but occasionally a sizable lens or
chunk of ice will be present just above a large boulder. In the coarse soils, 100% saturation is com-
mon. Dry densities range between 128 and 145 lb per cu ft, averaging 134 lb per cu ft. Moisture con-
tents range from 3 to 13%, averaging 9%. The sand (SP and SM) layers contain more segregated ice,
and consequently moisture content is frequently high and dry density low.

Figure 14 shows the log of the last 49 ft of drill hole D11A which is located 1800 ft from the
edge of ice on the ice ramp. Before the underlying soil was encountered, 190 ft of ice was drilled.
The log of DI1A shows a finer soil than that in D5. It is classified as SM with an occasional layer
of GP or GP-GM. The incidence of boulder occurrence increased with depth. All samples tested
were 100% saturated, and there was almost no segregated ice. A pictorial log of hole DIlA is shown
in Figure B8, Appendix B. Note the occurrence of traces of vegetation 1.7 ft below the soil surface.

Lacustrine deposit. The log of drill hole D6 (Fig. 14) shows what is probably an unusual
soil formation for the area, a lacustrine deposit 29 ft deep. The pictorial log in Figure B6, Appen-
dix 13, shows the varves quite clearly. Nothing in the present configuration of the terrain would sug-
gest the presence of this deposit unless it be Lake TUTO, ostensibly a shallow meltwater pool but
actually well over 150 ft deep. The deposit is primarily alternate varves of silt and sand with lenses
of almost clear ice, but clay occurs in thin layers. These layers were usually too thin to sample, but
tests for Atterberg limits at two places revealed plastic characteristics. A layer at 23.6 ft was found
to have a plasticity index (PI) of 8.9, and a sample obtained by selecting the most plastic-appearing
material in the 25- to 34-ft layer had a PI of 21.8. Several other tests of samples at various levels
showed the soil to be nonplastic. Densities and moisture contents were determined in the manner de-
scribed for the other holes. Since it was impractical to test each layer or varve, the results obtained
from tests of sizable chunk samples reflect only the combined characteristics of the several types
of soil and the ice. The soil was determined to be a sandy silt (ML). Density averaged 53 lb per cu
ft in the first 5 ft and about 95 lb per cu ft down to the bottom of varved material. Moisture content



PHYSIOGRAPHY AND SOILS OF THE TUTO AREA 23

tin v~ iit

-g O

,8-,

6 1 a 4Li 0

0A

- .

-t t

'74U



24 APPROACH ROADS, GREENLAND 1956-1957 PROGRAM

S© SOL CONT**% .5 SOI pd S Y ý

0 10A0" Ioto o 10 0 so TOg.L

1- ICE

•4 - : -lo-t.

ML, -1194-

14ý + 202-

+ 

2

• 20- -too-_÷ ! •

AIOULDER
'22 - G P - G m - IS I- 1- -2 0 - --+ - - t

NGM-IC
T24 -S A OI I LN

IS- M L - I S S A F I C E L E N S E S O

I CT- SP-SM- .. SM-IcO A

-a-
-40- • •_228

;P-GM-II I ;

S4P- SM-S T O E R D E N iSo

DRLLIN OPERATEMAIONS. PT OTA

,ELVTO 14. LOCAI o F d RIL L hol ES SHW d IN TUTO MP. E.

IS-I STAIFE IC ESS RLYR

C4OA14GO1PRICE

DRILLING3 OPRAIOS

FiueLVTO 14. Log To N of drill L holes D6 O anD1NA TUTO P, FIGrea.



PHYSIOGRAPHY AND SOILS OF THE TUTO AREA 25

averaged 77% in the top 5 ft and 26% thereafter. An exception was a layer of gravel at the 22-ft depth
which had a dry density of 128.9 lb per cu ft and a moisture content of 10.6%. In the samples the
varves were clearly visible, and the silt, sand, and ice layers could be identified by color and texture.

Commencing at 30 ft, the soil was similar to that in the other drill holes; i.e. a glacial till
with boulders, densities from 134 to 140 lb per cu ft, and moisture contents from 4.6 to 10.1%.

Subsurface temperature

18. Strings of thermocouples for the measurement of temperatures to depths of 40 and 30 ft
were installed in holes D6 and D5, respectively (Figs. 15 and 16). The range of temperatures

Figure I. Thrmoo,,uple installation at hole D6, near test pit 4. Note absence of
pronounced frost iatterns in this area (4 July 1956).

Figure 16. Thermocouple installation at hole D5, near test pit 8.
Note pronounced patterns (12 Aug 1958).



26 APPROACH ROADS, GREENLAND 1956-1957 PROGRAM

measured at various depths in D6 and D5 for the 1957 thaw season are shown in Figures 17 and 18,
respectively. Difficulties in installation at D5 delayed the start of regular readings; therefore the
record is not as complete as that for D6.
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Between the ice cap and the shoreline, borrow materials composed of a mixture of sand and
gravel with varying concentrations of cobbles and boulders are available. Areas may be selected
which contain very coarse materials suitable for road fills and similar construction on the ground and
especially desirable for use on the ice. In addition, sufficient rock (boulders and cobbles) is avail-
able for limited crushing and screening operations. The shallow depth of thaw in the TUTO area is
a deterrent to borrow operations. An economically feasible method of borrowing from the permafrost
soils has not yet been developed, and all borrow has been from the active zone. The material is
pushed into stockpiles by bulldozers, then loaded on dump trucks with a power shovel (Fig. 19).
This type of operation permits satisfactory progress with a minimum of equipment.

"W .

Figure 19. Power shovel loading dump trucks with stockpiled
material in Borrow Area D (5 July 1957).

Coarse, highly permeable soils. The gravel road fills on ice, and at other places where large

quantities of flowing water occur, must be constructed of highly permeable, bouldery material. Such
fill material was found in so-called "boulder" areas, usually on the lee side of hill slopes or in old
streambeds where meltwater flow has washed the surface, removing the fines and leaving almost
clean boulders and cobbles. These areas are usually about 2 ft deep, underlain by a layer of fine
soil containing fairly high percentages of silt. Figure 20 shows a typical borrow area for this type of

Figure 20. Borrow area for coarse (cobbles and boulders)
borrow (16 July 1955).
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material. Figure 21 shows typical gradations of materials from several borrow pits used in 1955,
1956, and 1957. It will be noted that more than 50% by weight of this material is cobble and boulder
size and that more than 90% is larger than 3/4 in. During the 3 years, 51,600 cu yd of this material
was used in constructing roads on the ice surface. The locations of the three principal borrow pits
(designated E, F, and L) from which the material was obtained are shown in Figure 2. Borrow pit L,
the last pit used, is approximately 2 miles from the edge of the Ramp Road. All of the pits used to
date are nearly depleted, and new pits will have to be located if any great quantity of coarse fill is
required in future construction.
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Figure 21. Typical gradations of coarse borrow soils.

Fine soils. It was necessary to surface the fills constructed of coarse soils to provide a

smooth surface for vehicular traffic and to allow for grading and shaping operations. For this purpose,
borrow areas were sought where the surface soil was relatively free of boulders and cobbles and con-
tained a minimum of silt. Although soil with an ideal gradation was not found, an adequate type was
found, as shown by the gradation curves in Figure 22. Note that borrow pit K, used in 1956-1957,
yielded fairly satisfactory sand, but that pits D and H, used in 1955, contained a rather high percent-
age of silt. About 8500 cu yd of this soil was used to surface the roads on the ramp. A small amount
is still available in borrow pit K, but a new location will have to be found if extensive new road con-
struction is contemplated.

Random, mixed-type soils. As previously mentioned, there is an abundance of soil available
in the active zone near Camp TUTO, which has been sorted into patterned ground formations. This
soil can be bulldozed into stockpiles, mixing the boulders and cobbles at the periphery of the patterns
with the silty sand of the center portion. The result is a bouldery till containing about 4% silt and
35% cobbles and boulders larger than 3 in. (Fig. 23). Where free-draining soil is needed, or one with-
out large cobbles or boulders, this mixed type is unsuitable. Howeveri its compaction characteris-
tics are fairly good, and it was used for road fills and for building pads on the ground and dikes and
berms on the ice. Approximately 13,850 cu yd of this material was used to construct berms and dikes
on the ice.

Crushed rock. In the TUTO area, rock available for crushing is limited to the boulders and
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Figure 23. Typical gradation of random, mixed borrow &oils.

cobbles on the surface; there are no bedrock outcrops. Surface boulders are plentiful, and it is possi-
ble to provide limited amounts of crushed rock and, with screening facilities, any desired gradation.
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To date only a small portable crusher (capacity 25 cu yd per hour) has been available (Fig. 24), but
it provided 1400 cu yd of crushed rock of various gradations (Fig. 25). This material was used ex-
perimentally as surfacing for roads and to construct test sections of roads on thin fills. Using the fa-
cilities at the Thule Air Base soil testing laboratory, a durability test, the Los Angeles abrasion test,
was conducted on a specimen of crushed rock. A loss of 32% was measured, indicating an acceptable

material for normal traffic, although on the soft side for heavy-load traffic.

Figure 24. Crushing boulders with portable crusher, capacity 25 cu yd per hour.
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Figure 25. Typical gradations of crushed rock.
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Steam-thawing of frozen soil

20. Steam has been used in the Arctic to thaw frozen ground for excavation and, in particular,
to thaw a cylinder of ground prior to driving a pile. As this procedure had been quite successful, ex-
periments were made to determine the feasibility of steam-thawing the permafrost in the TUTO area to
determine if such techniques could be used to thaw sufficient quantities of material for use in earth
construction.

Procedure. The source of steam was a tank-car heater of 3-car capacity (Fig. 26). It was
supplied with water from a 500-gal tank (trailet type). A special connector was attached to the heater

W4

li~n
Figure 26. Test of steam-thawing of frozen ground. Tank-car heater for steam
supply is shown at right center. Wagon drill for drilling holes in frozen ground

to insert steam points shown in center (30 June 1956).

so that two lines could be attached. Standard 1-1/2-in. steam hose, and standard 3/4-in. steel pipe,
with attached chisel-shaped points, were used. Two
1/4-in. holes were drilled in the points to permit
passage of steam (Fig. 27). A suitable-size hole
was drilled in the ground with a wagon drill, and im-
mediately the point- with steam passing through it-
was inserted in the hole. This procedure was neces-
sary to prevent the hole from closing and refreezing.
It was not possible with the apparatus at hand to
maintain a constant steam pressure, and it varied as
much as 50 psi. Two tests were conducted: three
steam points were used in the first test, and four
steam points in a 4-ft square in the second. This
pattern was chosen because it would be practical to A A

use if a large area had to be thawed. A thermo-
couple was placed in the center of the square to
measure the heat flow.

PLAN
Test 1. The first test was conducted on p__

30 June 1956. Three steam points spaced 52 in.
apart were inserted to a depth of 50 to 55 in. (about
15 to 20 in. was in frozen soil). A thermocouple *'STNDAD ELEVATIONPIPE THREAD •

was inserted in the center between the steam points SECTION A-A

(33 in. from each point) and at the same depth.
Steam was run through the points at pressures Figure 27. Steam point.
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varying from 20 to 70 psi for 6-1/2 hours. At the end of the test, thaw had taken place in a 2-1/2-ft-
diameter area around each point. The surface in each crater had sunk 14 in., and 6 in. of water was
standing in the depression. The thawed soil was mud of the consistency of thick soup(Fig. 28). The
thermocouple indicated practically no change in temperature and no thaw 33 in. from the steam points.

0~

Figure 28. Thawing frozen soil with steam. The condition of the
soil is shown after 6 hours of steam application (30 June 1956).

Test 2. The second test was conducted on 3 July 1956. Four points were installed, one at
each corner of a 4-ft square, again to a depth of 50 to 55 in. A thermocouple was installed in the cen-
ter of the square to a depth of 58 in. Steam was applied at pressures between 30 and 60 psi for 7-1/2
hours. Approximately 300 gal of water was used to provide the steam. Results from this test were
exactly the same as for Test 1, and again there was no measurable rise in temperature at the
thermocouple.

Results. The tests indicated that steam-thawing large areas by the above-described procedure
would be uneconomical and impractical. In addition to requiring an excessive amount of heat energy,
the injection of steam into the soil together with the melting of the ice in the soil created excessive
amounts of water; therefore, extensive drainage and drying would be necessary before the thawed soil
could be used as borrow material for roads or similar facilities. The "zero curtain" surrounding the
steampipe sets a definite limit on the rate of transfer of heat into the frozen ground. In future studies
of artificial thawing procedures, heat should be applied only in the amount necessary to maintain a
reasonable rate of advance of the thaw boundary around the heating pipe, and much greater thawing
time should be allowed. "Cooking" the thawed soil by forcing steam through it makes the soil un-
satisfactory as borrow material because the cooking creates a highly liquefied soil condition; also, it
is extremely wasteful of heat as it causes nearly all the thawed material to be heated to a tempera-
ture far above the melting point of ice.

Summary

21. The site of the investigations, TUTO, is a moraine adjacent to the edge of the ice cap,
1550 ft above mean sea level. The soil is predominantly unsorted glacial debris or till. Permafrost
underlies the entire area, and the surface is generally covered with patterned ground.
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Periodic measurements for three thaw seasons showed that the undisturbed ground thaws to
an average depth of 39 in. The soil in this active zone was tested and found to classify as a silty
sand (SM) with a dry density of 121 lb per cu ft and a water content of 10%. This soil description
does not include the boulders and cobbles in the peripheries of the patterns.

Areas were found where the surface soil was either predominantly clean boulders and cobbles
or sand. One area was found where patterned ground features were not pronounced and the soil was a
clayey sand (SC).

Coarse-grained, frozen soil was successfully sampled by core drilling with standard drilling
equipment using double-tube, swivel-headed core barrels and bottom-discharge, diamond-impregnated
bits. The drilling fluid was cooled to below freezing temperature by the addition of snow and common
salt. Some breakage and loss of cores were experienced to a depth of 10 ft, but full recovery and
nearly perfect cores were obtained from the underlying cooler strata to a maximum depth of 62.3 ft.

Core drilling showed that permanently frozen overburden extends to at least the maximum
drilled depth of 62.6 ft.

Tests on frozen cores extracted by drilling operations showed the top 7 ft of permafrost to be
layers of sand (SP or SM), gravel (GP or GM), and silt (ML) with cobbles and boulders. The water
content varied from 20 to 100% and dry density from 45 to 110 lb per cu ft. Water (ice) contents were
greatest at the frost table and decreased with depth.

Below a depth of 10 ft, the permafrost was found to be a silty, sandy gravel (GP or GM) with
an occasional layer of silty sand (SM) and frequent boulders. Water content varied between 3 and 13%
and dry density between 128 and 145 lb per cu ft.

One drill hole showed a lacustrine deposit having alternate varves of silt, sand, and ice lenses
to a depth of 29 ft. The material was generally nonplastic, but thin layers of clay occurred having a
plasticity index between about 9 and 22. Below 29 ft, the soil was a silty, sandy gravel (glacial till)
with boulders.

Subsurface temperatures were measured in two places to depths of 30 and 40.5 ft, respectively.
The temperature remained nearly constant at about 10 F at a depth of 40 ft.

Suitable borrow materials for constructing gravel roads on the ice and ground areas were ob-
tained within reasonable haul distances. Material from the active zone was scraped up and stock-
piled with bulldozers.

The gravel roads on ice were constructed with a clean boulder and cobble fill that was more
than 50% (by weight) cobble and boulder sizes. This material was found in areas where the surface
had been washed by meltwater flow. A plentiful supply was found within 4 miles of the edge of the
ice cap.

A silty, gravelly sand (SM) was used to surface the coarse material of the gravel roads on ice.
Small borrow areas were located that were free of cobbles and boulders and contained a minimum of
silt. Such areas were at random locations and were found by noting the absence of distinct pattern
formations, An ideal, well-graded material for road surfacing was not found, and most of the material
used was somewhat high in percentage of silt.

An abundance of soil was found over the entire area which, when stockpiled, was a bouldery
till of 4% silt and 35% (by weight) cobbles and boulders. This soil was used for constructing roads
on the ground and dikes and berms on the ice.
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The available boulders were used to produce crushed rock in limited amounts. An abrasion
test on a representative sample measured a loss of 32%.

A test was conducted to determine the feasibility of steam-thawing frozen soil. Steam points
were inserted to a depth of 5 ft at each corner of a 4-ft square. The test showed that steam-thawing
of the surface soils at TUTO by this procedure would be uneconomical and impractical. An excessive
amount of heat energy is required and the melting of the ice in the soil, together with the injection of
steam, creates excessive amounts of water. Before the thawed soil could be used as borrow materials
for roads or similar facilities, extensive drainage and drying would be necessary.

V. MOVEMENT AND ABLATION OF THE SURFACE OF THE ICE RAMP

The Ramp

22. The TUTO Ramp is a sloping tongue of ice 1 mile wide with a relatively smooth surface
as shown in the composite aerial photograph, Figure 29, and the maps, Figures 1 and 2. North and
south of the ramp, the ice cap terminates in steep, shear, moraine formations. Still farther north and
south it becomes a rapidly moving, rough-surfaced glacier. Thus, the TUTO Ramp provides a unique
opportunity to reach the central ice cap from the ice-free land with surface vehicles. Reconnaissance
by others t-.13 has shown other possible access areas, but none are quite as satisfactory as the
TUTO Ramp.

Ablation and movement of the ice are constantly changing the profile of the ramp surface. In
August 1957 the profile of the ramp was as follows: the first 3100 ft had a 6% slope; from 3100 to
3800 ft, a 4% slope; from 3800 to 5400 ft, a 5% slope; from 5400 to 11,000 ft, a 7% slope; and from
15,000 ft on, a 3.5% slope. The slope of the ramp is sufficiently gentle to allow almost any type of
surface vehicle to ascend to the comparatively flat interior of the ice cap. The surface of the ramp is
free of crevasses and other impassable obstacles; it can be traversed easily during the cold months
when hard, wind-packed snow covers all irregularities of the surface and has sufficient strength to
support oversnow vehicles without critical sinkage. During the thaw season (paradoxically, the time
of year when weather, visibility, and similar factors are best for operations) the snow becomes wet
and soft, and in low places it may become saturated and impassable even to low-ground-pressure vehi-
cles. Channels as deep as 3 ft and as wide as 8 ft occur frequently; numerous ice hummocks are
present, some of which are as high as 3 ft. When the snow cover has completely melted, the ice sur-
face becomes rough as a result of erosion by meltwater streams, making travel difficult and slow for
vehicles. The purpose of the road, therefore, is to provide passage over the rough portion of the ramp.
As elevation increases, air temperature drops, thus decreasing the amount and intensity of snow and
ice melting and thus ice ramp roughness.

The ice ramp at TUTO is a wedge of stagnant ice about 2000 ft long. During the thaw season,
the winter snow cover melts and runs off in a network of small streams. As the thaw season progres-
ses, the ice itself melts at the lower elevations, resulting in a steady lowering of the ice surface and
retreat of the edge. These movements obviously present problems to construction of a semipermanent
road on the surface. Moreover, similar movements can be expected at other locations on the margin of
the Greenland Ice Cap or on any glacier-type sheet of ice. Accordingly, this investigation has in-
cluded the measurement of the movement of the ice ramp.

Surface movement

23. Measurements of ice surface movement of the TUTO Ramp were commenced in 1954 under
the direction of SIPRE 11 as part of an overall glaciological study of the ramp. Measurements were
made by triangulation from a temporary base line. Base points were established on large boulders.
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Figure 29. TUTO Ramp and vicinity, August 1956, approximate scale, 1.28,800.
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Twenty-one points on the ice were triangulated for position several times during the months of July
and August 1954. In 1955, as part of the Road Project (Project 1), the base points established the
year before were reoccupied and eight points were located three times in the months of July and
August. 6 The latter points were steel pins installed in the gravel fill of the roads constructed on
the ice.

Although useful results were obtained from these early measurements, it was apparent that
greater accuracy over a wider spread of points was needed. Many of the points were lost during the
winter season, and movement of the base line from year to year was likely because of the frost
action on the boulders marking the ends of the base line.

Base line and permanent base-point stations. In 1956, a new base line was established (see
Fig. 2). The new line is 0.8 mile long and is situated to allow a clear line of sight from the sta-
tions (NN and SS) on each end of the base line over 2.5 miles of the 3-mile road on the ice. The
base-point stations (Fig. 30) consisted of iron pipes placed in holes drilled by the core-drilling rig.

Figure 30. NN base point. The tripod is removable and is used
to support a range pole (5 July 1957).

Figure 31 shows the construction details. In 1957, a third point (EE) was established to form a tri-
angle with the original two points. It is planned to check the annual movement, if any, of the base
points by triangulation and precise taping. The stations have also been used as bench marks, provid-
ing reliable reference points from year to year.

Mlovement measurements. In 1956, the movement of eight pins set in the road fill of the main
Ramp Road and in the Transverse Road was measured. Of these, five had been used in 1955; others
used in 1955 had been lost during road repairs. The pins were 1-in.-diameter, 2-ft-long, steel pins
set vertically in the fill, the top about 6 in. below the road surface. This type of reference point was
used in place of the usual pole set in the ice surface because it was considered more permanent.
Poles set in ice rapidly melted free. (All poles used in 1954 were gone in 1956.) In 1957 three more
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Figure 31. Example of permanent-type bench mark installation.

pins were set, making a total of 11. Other points from which movement was measured included points
on five pile bents of the bridge constructed on the lower end of the Transverse Road, and the tubes

set in ice in 1957 for the measurement of movement versus depth by means of an inclinometer.

Angles were measured with a theodolite, each angle being measured six times. All standard

procedures were used to ensure maximum accuracy. When possible, all three points of the triangles
were occupied; the error of closure was determined and balanced. For 90% of the measurements, the

error of angle closure before balancing was less than 8 sec. An 8-sec error produced a maximum error

in location of ±0.35 ft at a distance of 14,000 ft from the base line, the distance of the farthest point

measured. Because of the orientation of points to the base line, the error may be considered as in the
east-west direction. In actuality this error was greatly reduced by balancing the triangles. There

were many days when poor visibility (fog or blowing snow) prevented work, and high winds frequently

prevented work on other days. However, the occasional fine days of clear, calm weather were suffi-

ciently frequent to permit three or four complete readings to be taken during the summer season.

Vertical movements were measured by leveling to the top of the reference pins. The accuracy

obtained in measuring horizontal movement could not be maintained in measuring vertical movement

because the continuous movement and ablation of the ice prevented maintenance of stable bench

marks, and levels had to be carried 1 to 3 miles from the land area. Another difficulty arose in the

middle of the 1957 thaw season when the weather was so warm that the ice beneath the road fills
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melted slightly and the pins subsided with the fill. Thus some erratic values for the vertical move-
ment of the ice during that period were obtained.

Results of measurements. A tabulation of all horizontal and vertical movements of the ice sur-
face since the establishment of the new base line is given in Appendix B, Table B-V. The locations
of measurement points are shown in Figure 2. Table VI lists the annual movement of those points for

Table VI. Ice Movement Measurements

Point Period Horizontal Vertical
i eift I Direction ft j Direction

Annual Movement, Ramp Road

MP1 7 July 1956-10 July 1957 0.15 S53 005'W 0.16 Down
21 Aug 1956-22 Aug 1957 0.19 S34 030'W 0.44 Down

MP66 7 July 1956-10 July 1957 6.92 N70 0 00'W 3.11 Up

MP8 7 July 1956- 9 July 1957 8.97 N750 15' W 2.13 Up
20 Aug 1956-21 Aug 1957 8.71 N74 040'W 1.68 Up

MP1O 24 July 1956- 9 July 1957 10.85 N75045' W 0.67 Up
20 Aug 1956-21 Aug 1957 11.21 N73 0 30' W 0.67 Up

MP14 20 Aug 1956-20 Aug 1957 11.17 N86 030'W 1.45 Down

MP15 20 Aug 1956-20 Aug 1957 8.85 S73'251 W 1.05 Down

Annual Movement, Transverse Road

MP7 7 July 1956-10 July 1957 2.04 N61 0 40' W 0.61 Up
21 Aug 1956-21 Aug 1957 1.85 N63 040' W 0.67 Up

MP11 24 July 1956-10 July 1957 1.18 N52 055' W 0.24 Up
21 Aug 1956-21 Aug 1957 1.03 N60 0 10'W 0.09 Up

MP13 27 July 1956-10 July 1957 0.88 N59 0 20, W 0.10 Up
20 Aug 1956-22 Aug 1957 0.90 N53 005' W 0.34 Up

Annual Movement, Bridge Bents

B1 28 Aug 1956-22 Aug 1957 2.26 N70 0 35O W NM

B2 28 Aug 1956-22 Aug 1957 2.54 N61 0 50' W NM

B3 28 Aug 1956-22 Aug 1957 2.55 N58 0 50' W NM

B4 28 Aug 1956-22 Aug 1957 2.45 N54 0 35' W NM

Note: Location of points shown in Figure 2.
MP, movement pin in road fill.

B, bridge bent.
NM, no movement.

which measurements were available. These movements were computed from the position of points on
dates approximately 1 year apart, and they do not represent the sum of individual short-time move-
ments measured during the year. Although only 1 year of measurements is available, the pattern of
surface movement may be seen from Table VI. Figure 36 (page 46) shows graphically the principal,
measured, horizontal movements. Referring to Figure 2 for location of the points, the greatest hori-
zontal movement occurs between MP8 and MP14 in the area of MP10, and is approximately 11 ft per
year in a direction a few degrees north of west. Above MP 14 movement is slightly slower, about 9 ft
per year, and slightly south of west. At MP14 vertical movement is downward, about 1.5 ft per year,
changing to upward somewhere between MP66 and MP10. At MP66 maximum upward movement of
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about 3.0 ft per year was measured; horizontal movement was slowed to about 7 ft per year. In the
area below the intersection of the Transverse Road represented by MP1, both horizontal and vertical
movements are very small. The record of short-time movements shows that MP1 moves erratically in
all directions and at various speeds. It is sufficient to consider this section of ice as stagnant.
Proceeding along the Transverse Road, the rate of movement decreases, although at the bridge, which
is located on a relatively steep ice slope, the movement increases from 2.25 to 2.50 ft per year.

In Table VII, the horizontal movements of ice in feet per month have been computed. To date
only a few points have been measured with sufficient continuity to allow the determination of rate of
movement. Rates have been computed for the summer season (first to last location of points in work
season) and for the winter season to allow comparison; however, accuracy is not possible because of
the erratic movement. During any given short period, a point may move almost at right angles to its
normal direction. In 1 or even 2 years of record, rates compF'ted for comparatively short periods may

Table VII. Rate of Horizontal Ice Movement

Rate of Movement, ft/month**
Road

Point Station* Summer Winter Summer Average
1956 1 1956-57 1957

Parallel to Ramp Road

MP1 13+35 0.091 0.012 0.045 0t
Dll 19+40 NR'; NR 0.106 NR
MP17 27+10 NR NR 0.711 NR
MP66 32 +50 0.645 0.545 PRt- 0.564
D10 33 +50 NR NR 0.750 NR
MP8 36 + 35 0.759 0.642 0.882 0.714
MP1O 52 + 10 0.932 0.667 1.212 0.911
D14 54+20 NR NR 1.670 NR
D12 66+00 NR NR 1.441 NR
MPI6 65+52 NR NR 1.011 NR
MP14 101 +43 NR 0.933 0.678t 0.965
MP15 125 +50 NR 0.827 0.366tt 0.762

Parallel to Transverse Road

MP7 6+55 0.182 0.152 0.159 0.160
MP11 14+52 0.138 0.085 0.071 0.090
MP13 20 + 10 0.108 0.098 0.056 0.084
MP18 24 +46 NR NR 0.238 NR
DI5A 24+38 NR NR 0.189 NR
BI Bridge NR 0.184 0.287 0.189
B4 Bridge NR 0.210 0.251 0.205

* Road stations are approximate, stations constantly change due to ice movement.

C* Rate of movement computed as follows:

Distance (ft) between location of points on selected dates
_______________________________________x 30 days per month.

Number of days between dates

t Moves erratically within a 0.5-ft-dism area, in all directions and at varying speeds.

Bt NR, no recordi PR, point removed.

SMoved erratically in southwest direction for 3 weeks. Rate of movement based on location at

beginning and end of summer may not be representative.

tt Same as S except moved southeast for 4 weeks.
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not be representative. However, there is some evidence that rate of movement may be greater in the
summer season than in the winter.* Several years of measurements will be necessary to establish re-
liable measurements and to obtain a quantitative comparison. The average annual rates of movement
may be considered as of the correct order only. Again, several years of record are required to con-
firm the values.

The measurement of the position of pins at monthly intervals (see Appendix B, Table B-V)
shows that individual points move horizontally in a zigzag manner, in the same general direction but
deviating considerably in direction and amount in any one short period such as a month. It must be
assumed, with no evidence to the contrary, that each point moves in the same irregular zigzag man-
ner during the entire year. The actual path of each point throughout the year has not been determined,
and the most significant value is the resultant movement in a year's time.

Subsurface movement

24. During the work season of 1957, a program of subsurface measurements of ice movement
was instigated. The firm of Shannon and Wilson, Soil Mechanics and Foundations Engineers, Seattle,
Washington, was engaged by WES to- furnish an inclinometer, with necessary accessories, and the
services of Mr. Stanley D. Wilson to advise and instruct on the use of the instrument and to assist in
the analysis of the data collected. The inclinometer requires the use of a plastic tube with guiding
grooves. The installation of the tubes in the ice was accomplished with a drill rig.

E.leven tube installations were made at various representative locations on the ramp. Three
installations were made in holes approximately 200 ft deep, designated D10, Dll, and D12. Their lo-
cations are shown in Figure 2. It will be noted that D10 is in the zone of upward movement, DlI is
in the stagnant ice zone, and D12 is in the zone where movement is largely horizontal. The other in-
stallations were made in holes from 20 to 40 ft deep at locations selected to supplement the informa-

tion from the deep holes.

A description of equipment and procedures, a summary of measurements, and a preliminary
analysis of results are contained in a report by Mr. Wilson, which is included as Appendix C.

The measurement of subsurface ice movement has seldom been attempted, and there was little

information available on procedures. The operation required careful planning, expensive equipment,
and improvisation to adapt to unforeseen conditions.

Drilling. The experience gained in drilling frozen ground in 1956 was used to good advan-

tage for the necessary drilling of ice. Substantially the same equipment was used except that, based
on the previous year's experience, minor changes were made to adapt the equipment to the drilling of
ice rather than frozen ground (Fig. 32). A special sheet-metal slush pan of 270-gal capacity, equip-
ped with screens to filter ice and snow from the drilling fluid before it entered the intake hose, was
used (Fig. 33). Several designs of hardened-steel bits were available for trial. Arctic-type diesel
oil was used as a drilling fluid and was found to be satisfactory. As drilling was accomplished early
in the season (May), it was usually not necessary to artificially cool the diesel oil. Moreover, no
difficulty was encountered with melting of ice cores or icing in the hose lines. There was consider-
able snow on the ice during the drilling period, and it was necessary to remove the snow at each site
in order to place the rig on a firm and nearly level surface.

SMeasurements on Tako Olacier, Alaska, indicated a 10% increase in surface movement during the winter period. The in-
crease was attributed to the accumulation. 3
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Figure 32. Drill rig drilling in ice to provide hole for plastic tube used to guide
inclinometer. Truck-mounted compressor at right provided air for drilling initial

hole to set casing. Core drilling commenced after length of casing was set.

4$0

Figure 33. Special slush pan used to contain drilling fluid (diesel oil). Note

screens to prevent snow and ice from entering hose lines (4 May 1957).
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Trials of various bits (Fig. 34a), drilling speeds, and other techniques resulted in loss of the
core in the first 50 ft of hole D10. Thereafter, one bit, the fishtail bit shown in Fig. 34b, was used
which worked satisfactorily; 100% recovery was usual, and excellent cores were obtained from the
two other 200-ft holes (Dl1 and D12). All other holes were drilled with a noncoring, fishtail, hardened-
steel bit.

a. Experimental bits.

b. Fishtail bit used successfully for coring.

Figure 34. Bits used for core drilling in ice (16 May 1957).
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Installation of tubing. The tubes had to be frozen solidly and completely in the ice if their
subsequent movement was to be truly indicative of the movement of the ice. In addition, the tubes
could not be subjected to differential pressures of sufficient magnitude to compress them or the incli-
nometer would not pass through them.

The coldest temperature was somewhere between the surface and 50 ft below the surface.
Thus there was a strong probability of water freezing between the tube and the side of the hole in
this section before it froze at the bottom. This could cause either pockets of air around the tube or
pressure on the tube if the water froze while confined. Therefore, the installation procedure was
planned to promote freezing from the bottom of the tube upward. The following data were known:

Holes: Diameter, 5.75 in.
Total volume, 1.36 gal per ft.
Annular volume outside tubing, 0.88 gal per ft.

Tubing: Outside diameter, 3.34 in.

Inside diameter, 2.875 in.
Outside diameter of couplings, 3.87 in.
Weight, 1.16 lb per ft.
Inside volume to be filled with antifreeze, 0.34 gal per ft.
Volume of walls and couplings, 0.13 gal per ft.

Antifreeze: Specific gravity, 1.09; unit weight, 9.1 per gal.

Simultaneously, water was poured into the annular space around the tube and antifreeze in-
side the tube at rates such that the levels of water and antifreeze were always approximately equal.
Using 55-gal drums and immersion heaters, both the water and the antifreeze were warmed to temper-
atures well above 32 F before they were poured. The antifreeze was always warmer than the water
in order to slow freezing. In addition, an attempt was made to circulate warm antifreeze in the top
50 ft of the tube to slow freezing further.

Hole D10 was drilled first and the tubing installed (Fig. 35). In this case, the water was
heated to 65 F and the antifreeze to 100 F. The installation was accomplished without incident,

Figure 35. Installation of plastic tubing in drill hole, using hoist and tower of
drill rig. Note battery of 55-gal drums with immersion heaters on right.

These were used to heat water and antifreeze (17 May 1957).
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except that cracking noises were heard from the tubing. Subsequently, it was discovered that the
level of antifreeze in the tube slowly descended to 15 ft below the top of tube. It was concluded that
temperature differences between the antifreeze, tube, and water were great enough to crack the tube
and permit the antifreeze to leak out.

Hole Dll was drilled next and tubing installed. In this case, water temperature was 41 F and
antifreeze temperature 46 F. Antifreeze at 100 F was circulated to a depth of 60 ft. There was ap-
parently little or no cracking of the tube as loss of antifreeze was insignificant (1.1 gal). However,
the first insertion of the inclinometer showed an obstruction at 97 ft. Subsequent measurements with
an improvised measuring device showed a gradual constriction starting at 54 ft and ending at 111 ft,
with the smallest diameter between 2.25 and 2.50 in. The reason for the constriction has not been
definitely determined. The ice in this area is practically stagnant, and it is unlikely that there would
be sufficient pressure from the ice movement to effect a closure of the tube, particularly in a few days.
So far as is known, there was no cracking or breaking of the tube sufficient to weaken the tube strength
at the point of constriction. It appears likely that, in spite of all precautions, the tubing froze to the
ice at a relatively shallow depth, and that excessive external pressures were developed during the sub-
sequent freezing of the underlying entrapped water.

Hole D12 was drilled and tubing installed on 27-30 May 1957, the last of the 200-ft holes.
During placement of tubing in the hole, a coupling failed and 120 ft of tubing dropped to the bottom of
the hole. The tubing was recovered, using a core lifter with the drill rig, and the remainder of the in-
stallation was accomplished without mishap. Water temperature was 50 F and antifreeze temperature
was 60 to 65 F. Warm antifreeze was circulated for a short time in the upper 50 ft of tubing, but
equipment difficulties prevented the continuation of circulation operations. A few days after instal-
lation, the tube was found to contain slush ice to a depth of 60 ft. Apparently, cracks existed in the
tubing at depths of 40 to 60 ft and allowed the antifreeze to leak out. Cracks in the upper 10 to 20 ft
of tube allowed water to seep in. It was frequently necessary to melt the ice in all the tubes after
their installation.

In the 20-ft- to 40-ft-deep holes tubes were installed without difficulty.

Ifeasurements. The instruments and procedures used to measure ice movement are described
in Appendix C. After some initial failure of the wiring system the inclinometer performed very well,
and it proved to be a satisfactory instrument for the unique purpose to which it was put. A hand winch
mounted on a wooden stand was added to the original equipment for use in raising and lowering the
inclinometer.

In the first year, it was necessary to commence measurements in each tube as installation was
completed. Furthermore, the measurement of surface movement, by survey triangulation, could not be
properly timed to correlate directly with the inclinometer measurements. The measurement of total
vertical movement of each tube by survey leveling was not accomplished in time to give direct values
for the season. Interpolations and extrapolations were necessary to reduce the available data to cor-
relating time periods. These difficulties can be corrected, to a considerable degree, in the next year
of measurements, but the 1957 measurements suffer, to some extent, for this reason.

Summary of results. The analysis of the results of the brief (3 months) period of record re-
quired some assumptions and extrapolations to complete the data. In his report (Appendix C),
Mr. Wilson accomplished this admirably with the information he had at the time of writing. Subsequent
measurements and analysis have confirmed that the results presented in Appendix C, Figures C8, Cll,
and C15, are approximately correct and can be discussed with confidence. However, as discussed for
the surface movement measurements (paragraph 23) too much reliance should not be placed on short-
time measurements of ice movement, because of the tendency for erratic, jerky motion. In a period of
3 months, movement was small, possibly in some cases less than measurement error. However, some
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trends are evident which are important considerations in the construction of various facilities on the
ice. They are:

a. The results of measurements in hole DlI confirm the conclusion that for all practi-
cal purposes the ice in this area is stagnant. Differential movement with depth, both horizon-
tal and vertical, is very small and erratic in direction.

b. Measurements in hole D12 indicate that there is very little, if any, differential
movement, either horizontally or vertically, in the top 200 ft of ice. At the hole D12 level,
surface horizontal movement was greater than at any other level on the ramp.

c. At hole D10, horizontal movement is about 17.5% slower at a depth of 200 ft than
at the surface. There is also a significant differential upward movement in the top 200 ft, as
measurements indicated a stretching or elongation of the tube. The shape of the curve of a
plot of horizontal and vertical movement versus depth indicates that movement at the ice-soil
interface (approximate depth 400 ft) is very small or, possibly, zero.

All measurements of movement with depth indicate that there is little or no differential move-

ment in the top 50 ft of ice. Thus, piles or other structures inserted in the ice to depths of less than
50 ft would not tilt because of ice movement.

Crack survey

25. Procedure. In late August 1957, a survey was made of the pattern of cracks on the ice
surface of the ramp (Fig. 36). Location of cracks was by stadia distance and angle, using the refer-
ence points in the road fills which are located at intervals for movement measurements ("MP" points).

The cracks were classified by visual inspection into three categories-compression type, longitudinal
type, and shear type-depending on their orientation to the direction of thrust. Although these names
are used for convenience of identification, they should not be assumed to necessarily express the
actual stress conditions at the surface of the ice. For example, the "compression" cracks in the
zone of upthrust just upslope from the zone of stagnant ice are, as illustrated in Figure C17, Appen-
dix C, actually in a zone of upward bulging where the surface is being subjected to extension and/or
upthrust shear. Further, many of the cracks may be a reflection of distortion caused by irregularities
of the underlying topography as the ice moves over it, or may be the result of temperature stresses in
combination with stress patterns produced by the other causes.* Possibly, also, the cracks may be
influenced by residual crack patterns persisting from times when the ice was somewhat farther from
the edge and was stressed very differently.

Results. The pattern of cracks as determined by the survey is shown in Figure 36 together
with the surface contours (more detailed surface contours are shown in Fig. 2) and the average annual
movement of the points in the road fills for the year 1956-1957. No cracks are shown past Station
70+50 on the road because snow and slush covered the ice surface and the cracks could not be dis-
cerned, although it is probable that the cracks continued in somewhat the same manner as before
Station 70+50. Figure 36 shows that past Station 50 + 00 on the Ramp Road, the cracks are the shear

type, oblique to the direction of thrust. A bend in the alignment can be noted next to the moraine for-

mation, probably indicating a change in direction and rate of movement as would be expected. Also,
there is a bending away from an area around the 1800-ft contour to the south of the road. Apparently
some erratic movement occurs in this area, although the measurements to date have not shown its

nature or cause. The crack pattern clearly indicates the zone where the movement measurements
show a change to upward and a slowing of the horizontal movement before reaching the stagnant ice.

s Assuming a linear thermal coefficient of expansion of 0.000028 (per OF), cooling of a layer of ice by 40 F, from 32 F to

-a F, would cause a contraction of about 1-1/3 in. per 100 ft. The maximum width of cracks from this cause should occur

in the spring (March-June).
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Compression-type cracks (perpendicular to the direction of thrust) are frequent and closely spaced
(Fig. 37). Longitudinal cracks are also frequent and closely spaced, crossing the compression
cracks. Running through the center of this zone of closely spaced cracks are the so-called "hum-
mocks," knobs of hard, blue ice, sometimes 2 to 3 ft high. Below this zone of intense activity the

cracks are generally few, erratically located and aligned. A long shear crack runs diagonally across
the road at MPI, possibly indicating a change in direction of movement. The crack pattern appears
to correlate directly with the movement and can be considered an indication of the type and direction

of the movement.

Figure 37. Cracks in ice surface in area north of Ramp Road and
west of Transverse Road (10 Aug 1957).

The cracks are sometimes open (Fig. I L
38), but frequently they are filled with ice to
within a few inches of the surface. It has
been suggested that the opening and closing -" . -

of cracks and the expansion and contraction % -

of ice with temperature may affect the over-
all movement. However, measurements of .
movement with depth indicate that rate of w
movement remains relatively uniform for more - .
than a depth of 50 ft. Therefore, it is proba-
ble that the effect of temperature on the ice .• h -

surface is small, as far as overall movement -

is concerned, although it may be the cause of • . .

some of the eccentricity of short-time surface . '

movements. .... ..

Figure 36 shows that there is a rela-
tion between direction of surface movement
and the surface contours or direction of
slope. Direction of movement is approxi-
mately perpendicular to surface contours or
in a downslope direction. There is also an
indication that the steeper the ice surface
slope, the more rapid the movement. Figure 38. Close-up of typical crack in

ice surface (5 June 1957).



48 APPROACH ROADS, GREENLAND 1956-1957 PROGRAM

Ablation

26. At the beginning of the thaw season, the ice ramp is covered with snow. Snow depth
varies from year to year (see paragraphs 11 and 12), but normally is 4 to 5 ft in the first 1/2 mile, de-
creasing to 2 to 3-1/2 ft at the end of road at Mile 3 (Fig. 6). As the thaw season progresses, the
snow melts. In an average season the snow on the ramp melts completely, exposing the ice surface
on the first 9000 ft of ramp. Above this area, at least to the end of the road at Mile 3, the snow
cover partially melts, and only in an exceptionally warm summer (e.g. 1957) does it completely melt
and allow an appreciable ablation of the underlying ice. At any given point the amount of ice lost in
a thaw season varies, depending on (a) the depth of snow cover at the start of the thaw season and
(b) the air thawing index and the net radiation reaching the surface for the season.

On the TUTO Ramp, a third factor is introduced in that the presence of man-made gravel
roads has resulted in dust and soil debris on the ice surface; the intensity of ice melt varies with the
degree of concentration* of dirt on the ice. An increasingly larger area of ice has been affected by
dust and soil debris since the initial construction of the roads.

All of the three factors listed above vary, depending on a fourth factor: the location on the
ramp. Figure 6 shows that the snow cover varies considerably proceeding up the ramp. Table V
shows that the thawing index decreases rapidly with increasing elevation. The quantity of dust and
soil debris is greatest in the first mile of ramp because this section of road was constructed first.
The last mile of Ramp Road was not constructed until 1956. There are, therefore, four factors pro-
foundly affecting the amount of ablation of the ice: (a) snow cover, (b) air thawing index and radia-
tional heating, (c) dust and soil cover, and (d) location on the ramp with reference to relative
elevation.

Ileasurements. Since 1955, the ablation of ice adjacent to the road has been measured by
survey cross sections across the road and extending 500 ft or more on each side. Usually three sets
of sections were obtained in a summer at Stations 13 + 00, 36 + 49, 52 + 30, and 155 + 00 on the Ramp
Road. Figure 39 shows selected cross sections which indicate the amount of ice ablation in a year.
The road stations indicated are only approximate because the horizontal ice movement continuously
shortens the road and stations change. Likewise, true elevations cannot be used because of the
vertical movement. The sections are shown as if there were no vertical movement of the road.

In the 1957 season, the Signal Corps Meteorological Detachment measured the rate of snow
and ice ablation at Met. Station 2, 1 mile from the edge of ice, and at Met. Station 3, 3 miles from the
edge of ice. Measurements were made daily, resulting in an excellent record of the rate of ablation
for the 1957 summer season. The results are shown in Figure 40.

After the inclinometer tubes were installed for ice movement measurements, a program was
commenced to measure the height of the snow or ice surface from the top of tube.

Results. Table VIII is a summary of annual ablation of ice in the years 1956 and 1957 com-
piled from: (a) values of the average thickness of ice between cross sections in Figure 39, (b)
values measured at Met. Stations 2 and 3, and (c) values obtained from measurements on the incli-
nometer tubes.

It is apparent that the quantity of ice lost can vary greatly from year to year. Probably the
greatest factor influencing this variation is the heat available from solar radiation and air tempera-
ture. The air thawing index is an indication of the heat available from the air temperature. As

0 Laboratory ezperiments indicate that the mazimum rate of melting occurs when the thinnest possible layer of a given soil
completely covers the Ice. (See reference 6.)
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shown in Table V, the air thawing index for 1956
at Met. Station 2 was 238; for 1957 it was 427, a

1 20- ratio of 0.55. Thus, the ablation of ice in 1956

x 24- might be expected to be a little more than half that20 St 15# o. 0 ft Lt

,6 o0. 2 of 1957. Other factors affect the relation, however.12S2- The year 1956 was characterized by a heavy snow
SNOW "cover, particularly on the first mile of the ramp.

4- This situation is reflected in a smaller amount of
SE1s0.eo0 S ot , 5 ,5 ablation at Station 13 +00 than at Station 36 +49.

i6 o In 1957, with a shallow snow cover, the melt at
20 Station 13 +00 was greater than at 36 +49. In the
32 - same season, there can be local variations in the

-SIG 68.00, 700ft Mt36 - - El 1950 amount of ice ablation where snow has drifted~j40-C, I4 and remains late in the season, protecting the un-",. derlying ice from melt. In other areas (an example
i 52
x 56- is the hummock area) the snow is almost com-

' 64 S, 250 so,-o0, -' \ pletely blown from the surfaceof the ice and the
6s., rsoo iso,, R, ice melts rpdycomnigearly i h63-~ El1 0 St2 El64.00 ieet rapidly, commencing eryin the

season.

8,4
as I Table VIII shows the decrease in ablation
92
96 with increase in elevation on the ramp. It will

100
04 be noted that there was no ice melt in 1956 at the
106 end of the road. In 1957, there was an average of

4 2 20 • 8• 1 IS26 '1 2 ' 7 , '! 2.5 ft adjacent to the road, as shown by the crossJUNE JUY AUGUST sections in Figure 39, but at the Met. Station

only 0.4 ft was measured, as shown in Figure 40.
Figure 40. Rate of snow and 1 ce melt, The reason for this apparent discrepancy is the

amount of dirt on the snow or ice surface. At the

Met. Station, every effort was made to keep the area clean and free from debris of all sorts. Adja-
cent to the road, the ice surface became quite dirty from blowing dust and from soil debris spread
over the area by meltwater flow.

Table VIII. Ablation of Ice, TUTO Ramp

Elevation Ablation
Station ft msl of Ice, ft Remarks1956 1957

13+00 1645 4.0 10.0 Average thickness 500 ft each side of road
21+00 1664 11.3 Record from inclinometer tube D11B
29 + 50 1730 9.4 Record from inclinometer tube D10A
33+00 1759 10.3 Record from inclinometer tube D10
36+49 1790 5.0 9.3 Average thickness 500 ft each side of road
52+30 1870 4.5 6.5 Average thickness 500 ft each side of road
52+80 1860 5.7 Daily measurement at Met. Station 2
68 +00 1950 5.2 Record from inclinometer tube D12B
76+00 2040 7.1 Record from inclinometer tube D13

155+00 2440 0.0 2.5 Average thickness 500 ft each side of road
158 +00 2450 0.4 Daily measurement at Met. Station 3
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Recession of glacier. A net result of the summer ablation of ice and the lack of forward
movement of ice at the edge is a recession of the ice edge. On 10 July 1957, a series of 10 reference
stakes was established, designated IC1 to IC1O, inclusive, and located as shown in Figure 2. Dis-
tance to the edge of ice from each stake was measured periodically.

Table IX shows that the ice receded an average of 41 ft in two-thirds of the 1957 thaw season.
As 1957 was an unusually warm year, it is probable that this amount is greater than normal. Several
more years of record are required to determine the average rate of recession.

Table IX. Recession of Glacier

Reference Distance to Edge of Ice, ft Amount Receded
Stake* 26 Aug 1957 10 July 1957 ft

ICi 90 43 47
IC2 72 44 28
IC3 93 56 37
IC4 82 49 33
IC5 89 46 43
IC6 59 35 24
IC7 103 63 40
IC8 121 63 58
IC9 112 65 47
IC 10 110 58 52

"See Figure 2 for location of reference stakes.

Effect of movement and
ablation on the ice surface

27. The life expectancy of roads on the ice ramp depends primarily on the rate of movement
and ablation of the ice. Figure 41 shows the long-time effect of these two factors on the ice and road
surfaces. The road surface profile and a profile of the adjoining (400 ft south) ice surface for 1957
are shown. Based on the direction and amount of annual movement measured for the year 1956-1957
and the average annual ablation for the years 1956 and 1957, projected profiles for the road and ice
surface after 10 years are shown. The period of 10 years has no special significance; it was chosen
for convenience in computation and plotting.

The profiles of the ice surface shown in Figure 41 indicate that the slope of the first 2 miles
of ice will steepen in 10 years from an average slope of 6.6% to approximately 7.1%, and the edge of
the ice will recede about 600 ft. The trend is toward an increasingly steeper slope, and after many
years the ice may terminate in a steep, clifflike face. With faster rate of flow of ice as the surface
steepens, it is conceivable that the ramp might become an actively calving glacier, dumping ice into
the little valley now containing Lake TUTO and, as shown by seismic measurements, extending
under the ramp. If the present trend is continued, the ice ramp will eventually be too steep for con-
struction of a road for wheeled-vehicle traffic, but this will not be the case for at least 25 years,

The foregoing conjectures concerning the future of the ice ramp must be qualified in that they
apply to the existing ice which has a more or less dirty surface. If the ice surface were clean the
trend might be the same, but the time to accomplish the same results would be greater.

There is also a possibility that the upward movement of ice in the hummock area is deposit-
ing soil on the surface and will eventually form a moraine similar to the natural moraine north of the
ramp. However, the amount of annual deposition is certainly small and is obscured by the dirt from
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Figure 41. Profile, TUTO Ramp Road, present and projected 10-year position.

the road. Discolored ice bands are present and clearly discernible; however, no significant bands of
soil have been observed, and it is probable that moraine formation will be very slow, requiring hun-
dreds of years.

Meltwater

28. The melt of snow and ice during the thaw season described in paragraph 26 obviously
creates a quantity of water. This water runs off the ice ramp in a network of channels eroded in the
ice surface (Fig. 42). Normally, all these channels terminate at the edge of ice, in a small stream,
or in Lake TUTO. In general, the principal channels recur every year, following the configuration of
the surface. The construction of roads on the ice surface tends to disrupt the natural pattern of
channels. When a road such as the Transverse Road crosses the normal flow direction, the water is
intercepted and redirected unless provisions are made to carry it through the road. The construction
of the Ramp Road divided the ramp drainage area into two sections: (a) the south section which is
unrestricted and drains freely, and (b) the north section whose drainage is restricted to the area be-
tween the Ramp Road and the moraine formation on the north. The Transverse Road cuts across the
north section, intercepting all flow and redirecting it toward Lake TUTO at the landward edge of the
moraine.

The quantity of meltwater flowing from the ramp in a thaw season varies, depending on the
same factors discussed for the ablation of ice (i.e. snow cover, thawing index and radiational heat-
ing, and amount of soil and debris on the ice). However, all snow and ice melted in a thaw season
does not run off as meltwater. When a deep snow cover remains long on the very cold ice, the
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Figure 42. Meltwater channels eroded on the ice ramp (Aug 1957).

meltwater resulting from melting snow at the surface tends to freeze when it reaches the ice surface,
forming "superimposed" ice. If the thaw season were sufficiently short or cool, this ice might

never melt and there would be a net gain in ice rather than a loss. On the TUTO Ramp (out to ap-
proximately 2 miles) this is normally not the case; nevertheless, the meltwater runoff is undoubtedly

less than would be indicated by the quantities of snow and ice melted in a season. Dr. Schytt7 esti-
mated, on the basis of core borings in the ice, that as much as 12 in. of superimposed ice could re-

main on the ramp after an unusually cool summer, if there were a very deep snow cover the previous

spring. Therefore, the correlation between ablation and meltwater runoff is not easy to calculate,
and extensive measurements are required to establish a reliable relation. No attempt was made in

1956 or 1957 to measure total runoff or to make a complete study of the problem; the requirement was

noted for future study.

Since 1957 was an unusually warm season, quantities of meltwater far exceeded those previ-

ously observed. Maximum flow occurred during the first week in July when the sun's angle with the
horizon was greatest. This condition combined with the warm air temperatures resulted in a maxi-

mum rate of melting. The flow in the channels varied considerably during a 24-hour period, reaching
a peak between 1:00 and 3:00 p.m. and diminishing substantially at night. Other conditions affect-

ing the rate of flow are the degree of cloudiness and the velocity and direction of wind. A maximum

flow of 500 cfs occurred in the channel beneath the bridge on the Transverse Road. This flow repre-
sents a large portion of the runoff of an area of approximately 1000 acres. The remainder of the run-

off was carried in the two or three culverts through the Transverse Road that were still functioning.
In 1957 the meltwater channels began to freeze on 15 August; thereafter, flow decreased rapidly.

Summary

29. The TUTO Ramp is a smooth-surfaced tongue of ice, with a slope of from 4 to 7%, rising

from the ice-free land area.

Measurements of the surface movement of the first 2-1/2 miles of ice were made, using
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triangulation based on a line established in 1956. Base points that are not affected by freeze and
thaw action of the surrounding soil were constructed at each end of the base line.

In 1956 and 1957, horizontal movement of the ice surface was 11 ft per year opposite Sta-
tion 52 +00 on the Ramp Road, 9 ft per year at Station 125 +00, 9 ft per year at Station 36 +00, and
zero at Station 12+00. Direction of movement was downslope, at right angle to the contours. Verti-
cally, the ice moved downward above Station 60 +00 at least to Station 158 +00, the maximum meas-
ured amount being about 1.5 ft per year. Between Stations 21+00 and 60 +00, the ice moved upward;
the maximum movement was 3.0 ft per year at Station 32 +00. Below Station 20 +00, the ice moved
only 0.2 ft per year and movement was erratic in direction.

Measurements of subsurface ice movement were accomplished with a special slope inclinom-
eter. It was used to observe the movement of wells, i.e. plastic tubing frozen into place in holes
drilled in the ice. Eleven such wells were drilled; three of them were 200 ft deep. A special proce-
dure was used to freeze the plastic tubes in the ice, to prevent contraction of the tubes, and to en-
sure continuous contact between the tubes and ice. This consisted of simultaneously pouring warm
water into the annular space around the tubes and warm antifreeze inside the tubes. In general the
procedure was satisfactory, but in one instance a tube was pinched so that the inclinometer would
not pass through it. Difficulty was also encountered with cracking of the tubing, presumably because
of temperature differentials.

The core from hole DllA, located 1800 ft from the edge of ice, showed 190 ft of ice over fro-
zen moraine material (silty, sandy gravel with boulders). The moraine material was successfully
cored to a depth of 49 ft.

Measurements made during the thaw season of 1957 showed very little, if any, differential
subsurface ice movement in holes Dll and D12. No appreciable elongation of the tube was detected
at either hole.

In the hummock zone (hole D10) the ice moved horizontally and upward; there was a slowing
of the rate of movement with depth both horizontally and vertically. The rate of horizontal movement
was approximately 17.5% slower at a depth of 200 ft than at 50 ft. The rate of upward movement de-
creased approximately 60% at the 200-ft depth. Extrapolation of the curve of a plot of movement
versus depth suggested that there was little to no movement at the ice-soil interface, a depth of 400 ft.

Differential horizontal movement in the upper 50 ft of ice was not significant.

The surface of the ice ramp is covered with cracks ranging from hairline to several inches in
width. A survey of the crack pattern showed that where movement was primarily horizontal, cracks
were approximately evenly spaced and slightly oblique to direction of thrust. Where movement was
strongly upward, cracks were closely spaced in a checkerboard pattern perpendicular and parallel to
direction of thrust.

On most of the TUTO Ramp (at least for 3 miles), ablation of ice occurred during the thaw
seasons when measurements were made. The amount varied from year to year, depending on the tem-
perature regime and the depth of snow cover. In 1956, ablation of ice was 4 to 5 ft in the first mile,
decreasing to zero at 3 miles. In 1957, ablation was 10 to 11 ft in the first 3/4 mile, decreasing to
0.4 ft at 3 miles. Variation of as much as 2 ft occurred in these zones, depending on the degree of
concentration of dirt on the ice surfaces and on local differences in snow cover. The edge of the
ice receded more than 41 ft in the 1957 thaw season.

The melting of snow and ice during the thaw season creates a network of meltwater streams
on the ice ramp. In 1957 flow was greatest during the first two weeks of July, and it fluctuated from
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day to day depending upon weather conditions. The amount of flow also fluctuated in a 24-hour
period, usually reaching a peak at about 2:00 p.m. Maximum flow from the area between the Ramp
Road and the moraine formation to the north exceeded 500 cfs.

VI. THAW OF SOILS AND MELT OF ICE

30. Thawing of frozen ground and melting of glacier ice are major factors to consider in the
development of criteria for construction of roads in high-latitude regions, particularly in the TUTO
area. The more important thaw and melt problems encountered at TUTO can be summarized as follows:

a. The settlement or subsidence resulting when perma jst containing ice in appreci-
able amounts thaws. This situation may occur when roads, foundations, and similar structures
are placed on permafrost in such a manner that the natural thermal regime in the soil is
disturbed.

b. The softening, subsidence, and sloughing of gravel fills on ice resulting from melt-
ing ice beneath and adjacent to the fills.

c. The direction and disposal of meltwater to prevent damage to structures erected in
the area.

"These problems are not peculiar to the TUTO area; they are common to areas having similar terrain
and climatic environments. Solutions developed for the TUTO area will, therefore, have application
in many arctic construction problems.

Before methods can be developed to prevent the detrimental effects of thawing soils and
melting ice, the extent of each must be measured. Such measurements were accomplished as a part
of this project. The melt of ice on the ice ramp was described previously in paragraph 26; the meas-
urement of thaw of frozen ground is described in the following paragraphs.

With a sufficiently long record of thaw depth and ice melt it is possible to develop methods
for estimating quantities of thaw depth and ice melt. However, these predictions can apply only to
the area in which the measurements were made because of the close relation of weather characteris-
tics, soils types, terrain features, and other factors which vary from area to area. Accordingly, the
scope of measurements has been enlarged to include data on the relation of all pertinent factors of
climate and terrain. Such data will be useful in improving the present techniques used to calculate
and predict thaw rates and ice melt quantities. The program of meteorological measurements has
steadily improved since 1954; in 1957 a fairly comprehensive set of data was obtained. (See section
III.) The measurement of soil characteristics is described in section IV.

At the close of the 1957 season not enough data had been accumulated to allow a comprehen-
sive analysis of the entire heat budget at TUTO. This report presents the results of measurements
to date and their application to the design of roads on ice and permafrost.

Measured thaw penetration

31. Measurements of the rate and depth of thaw penetration in the undisturbed ground and in
road fills have been carried on since 1954. Locations of measurements have been continuously ad-

justed to provide data on all possible situations. New measuring facilities have been established,

old facilities have been abandoned as new structures were constructed, and the program has been re-

vised to meet changing requirements.

Methods of measurement. Two methods have been used to measure the depth of thaw: one

was to dig a pit from the surface to the top of frozen soil, and measure the depth with a rule; the
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other was to insert thermocouples in the soil at intervals of 6 in. or 1 ft and record the temperatures
at the level of each thermocouple. The position of the 32 F isotherm is estimated by interpolating
between temperatures above and below 32 F read at two thermocouple positions.

These two procedures have some inadequacies. The test pit method is time consuming, indi-
vidual values are subject to scatter over a range of several inches because it is necessary to dig a
new pit at some distance from the previous one every time a thaw depth measurement is desired.
However, an advantage to test-pit digging is that test for soil properties such as water content may
be run at the same time. The determination of the thaw level from soil temperatures, while fast and
convenient, can also be misleading. The accuracy of interpolation depends on the spacing of the
thermocouples and the accuracy of the temperature measurements. The method also usually assumes
that the freezing temperature of the soil moisture is 32 F, an assumption not necessarily correct.

During the 1956 work season, a new method was used to measure the depth of thaw. Plastic
(methacrylate) tubes filled with saturated sand were set in the ground. Two arrangements of tubes
were used:

a. Concentric tubes, the outside tube frozen into the ground, the inside tube free to
be withdrawn and observed. Lubrication was provided between the tubes -a silicone grease
in one set, ethylene glycol in another. It was necessary to provide an air vent for the outside
tube (a small-diameter flexible tube leading from the base of the outside tube to the surface)
to relieve the pressure of trapped air. The inside tube was filled with a saturated, uniform
sand. Readings were taken by withdrawing the inner tube and tilting it so that the thawed
sand would fall away from the frozen sand; the distance between the top of the frozen sand
and a mark on the tube showing the position of the ground surface was measured and recorded.

b. A single tube frozen in the ground and filled with saturated, uniform sand. The
depth to the frozen soil was determined by probing through the thawed sand with a thin, rigid
rod.

The concentric tube arrangement was found to give a reasonably accurate measurement of
thaw depth when compared with that from a test pit. The saturated sand apparently thaws at about
the same rate as the surrounding undisturbed soil, and therefore the device gives a reasonably accu-
rate measure of the general depth of thaw in the ground. However, there were two difficulties in this
method. Tilting the tube and loosening the thawed sand, to determine the depth to frozen sand, dis-
turbed the original density, and it was necessary to carefully repack the sand in the tube to its orig-
inal den-ity every time a reading was taken. When air temperatures dropped below freezing, the top
layer of sand froze and it was nearly impossible to determine the thaw depth. Because of these dif-
ficulties the device was considered unsatisfactory, but further investigation to develop a device along
the same principles is warranted.

It was determined that the single-tube arrangement was impractical. The depth of thaw in the
sand was difficult to determine with the probe. Furthermore when freezing air temperatures occurred
and the top layer of sand froze, the probe could not be inserted.

Measured depth of thaw in the undisturbed ground. The rate and depth of thaw were measured
at several locations in the undisturbed ground by digging pits at regular intervals. Results of some
of these measurements are presented in Figures 43 and 44 and Table X. Records for 1956 and 1957
are shown in Figures 43 and 44, respectively. The accumulation of degree-days of thaw for each year
is shown with the respective year's record of thaw depth.

It is apparent that the maximum depth of thaw in any one area does not vary appreciably with
the air thawing index. In spite of the air thawing index in 1957 being 60% higher than that in 1956,
the depth of thaw at all locations varied only slightly from year to year. When a change in the thermal
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Table X. Measured Thaw Penetrations

Test Depth Air Thawing Index
Pit Year of Thaw Degree-days Remarks
No. ft F

1 1954 2.7 508 Undisturbed surface, silty sand, pronounced
1955 2.8 397 patterns

2 1954 2.8 508 Undisturbed surface, silty sand, pronounced
patterns

3 1954 2.9 508 Undisturbed surface, silty sand, pronounced
patterns

4 1954 3.5 508 Undisturbed surface, clayey sand, no pronounced
1955 3.3 397 pattern on surface
1956 3.6 380
1957 3.7 606

6 1954 2.8 508 Undisturbed surface, silty sand, pronounced
1955 2.9 397 patterns
1956 3.2 380
1957 3.4 606

7 1955 3.25 397 Undisturbed surface, silty sand, pronounced
1956 3.2 380 patterns
1957 3.4 606

8 1956 3.6 380 Undisturbed surface, silty sand, pronounced
1957 3.7 606 patterns

1A 1955 4.25 397 Gravel road fill (2-1/2 ft) on permafrost
1956 4.6 380

1957 4.75 606

IC 1955 4.4 397 Gravel road fill (4-1/2 ft) on permafrost
1956 4.7 380
1957 4.8 606

3A 1955 3.8 - Gravel road fill (5-1/2 ft) on ice
1956 4.5 350
1957 5.0 580

5B 1956 2.8 150 Gravel road fill (3 ft) on ice
1957 3.0 350

regime occurs, causing degradation of permafrost, the rate of thaw penetration in the active zone,
which has little to no segregated ice, is much faster than it is in the permafrost, which has a high ice
content. In a slightly cool year, such as 1956, thaw penetrates to the top of permafrost where a
change to a fine soil and high ice content occurs. In an abnormally warm year, such as 1957, a de-
gradation of the permafrost of a few inches may occur. Thaw depth was 2-1/2 in. deeper in 19S7 than
in 1956 in TP6, 1 in. deeper in TP4, and 2-1/2 in. deeper in TP7. However, it should be noted that
226 degree-days of thaw were required to accomplish the added depth. Table X lists the thaw depth
for the various locations for all years of record.

Because of heating of the surface by the sun, the permafrost thawed to a considerable depth
(10 to 12 in.) before the start of accumulation of degree-days for the air thawing index. Because of
the radiation effect, calculations on the basis of the air thawing index alone are prone to give a pre-
dicted depth of thaw that is too shallow. For this reason, the most commonly used formula (modified
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Figure 43. Thaw penetration, undisturbed ground (measured by test pit method), 1956.

Berggren formula) for such calculations employs a factor to represent the ratio between the air thaw-

ing index and the surface thawing index. In an area such as TUTO, the solar radiant heat is an

especially important factor and the surface temperature is (in the thaw season) appreciably higher

than the air temperature. Therefore, the coefficient for TUTO must be appreciably greater than 1.0.

The surface thawing index is greater than the air thawing index and, moreover, will cover a differ-

ent length of time.

As shown in the plots of thaw penetration, Figures 43 and 44, the rates of penetration in the

active zone are variable, the trends apparently having some similarity to the variations in climatic

conditions as evidenced by the air thawing indexes plotted in the same illustration.

When degradation of permafrost occurs, the rate and extent of thawing are influenced primarily

by the ice content and its high volumetric latent heat of fusion.
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Figure 44. Thaw penetration, undisturbed ground (measured by test pit method), 1957.

Mleasured depth of thaw in road fills on ground. It was impractical to dig pits in the road fills
to determine the depth of thaw; accordingly, the rate of thaw penetration was measured by tempera-
ture observations. Thermocouple assemblies were placed in the center of the road fills, and were
equipped with leads so that measurements could be made from the side of the road. Readings were
taken at least once a week, usually twice a week. Figure 45 shows the thaw penetration in a 4-1/2-
ft-thick road fill test section at TUTO. The fill was placed on the undisturbed soil surface; the
material for the fill was obtained from adjacent soil areas. Thus, the fill was constructed with the
same soil as the underlying active zone. However, compaction and drainage in the fill had increased
the dry density and decreased the moisture content by significant amounts. The result was an in-
crease in rate and depth of thaw penetration over that in the natural ground. It may be observed that
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Figure 45. Thaw penetration, 4-1/2-ft gravelly sand fill, Test Lane 1,
Station 5 +08.3 (as measured by thermocouples).

thaw penetration slowed or halted under the cooler weather conditions of the last half of July and also
as the thaw reached the top of original ground where lower density and higher water content existed.

It can be concluded from Figure 45 that approximately 5 ft of fill with a dry density of
130 lb per cu ft and a water content of 5% would be required to entirely prevent degeneration of
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the permafrost and slumping of the fill. However, if a pavement were added to the natural gravel sur-
face it would radically alter the thaw penetration.

Measured depth of thaw in road fills on ice. Figure 46 shows the thaw penetration at two
locations in the Ramp Road fill on the ice for 1956 and 1957. Thaw depths were obtained from tem-
perature readings from thermocouple assemblies embedded in the fill. Depths of thaw and air thawing
indexes for the two locations (3A and 5B) for the two years are listed in Table X.
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Figure 46. Thaw penetration, gravel fill on ice (as measured by thermocouples).
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Location 3A is in Test Lane 3, built in 1954 (Fig. 47). It has approximately 5-1/2 ft of fill
consisting of 1 ft of surfacing material having a dry density averaging 133 lb per cu ft and a moisture
content of 5%, and the remainder of a coarse material estimated to have a dry density of 135 lb per
cu ft and moisture content of 5%. The location at Station 10 + 50 on the Ramp Road on the ice cap
is, of course, colder than a location on the ground. The air thawing indexes for this location were
interpolated from the measurements at Met. Stations 1 and 2 (Fig. 5) and are listed in Table X. It is
apparent from Table X that, although the air thiwing index is slightly lower at location 3A than at
1C on the ground, the thaw penetration at 3A is equal to or greater than that at 1C. The reason may
be seen in the depths of fill. At location 1C, there is 4-1/2 ft of fill over a subgrade having a mois-
ture content of 10 to 14% (see Fig. 45). Thaw penetrates to the subgrade and then is slowed or
halted. At location 3A, there is 5-1/2 ft of fill which the thaw does not entirely penetrate. As stated
before, 5 ft of fill of the type described is required at this location to completely protect the subgrade
against melting under conditions of the warmest summer of record.
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Figure 47. Cross section through Test Lane 3.

At location 5B, there is 3 ft of fill on the ice consisting of 0.5 ft of surfa$,ing material and

2-1/2 ft of coarse material (Fig. 48). This location, at Station 77 +20 and elevation 2030 ft, is con-
siderably colder than one on the ground, and the air thawing index, as interpolated between measure-
ments at Met. Stations 2 and 3, is less than half that on the ground at TUTO (Met. Sta 1). (See
Fig. 5.) It will be noted that thaw penetrated slightly less than 3 ft in 1956, a cooler than normal
year; and in 1957, an unusually warm year, the thaw penetrated the entire 3 ft with considerable
heat to spare, which warmed and melted the ice subgrade. Thus, complete protection from subgrade
melt was not afforded by 3 ft of fill at this location for the warmest summer experienced. However,
the thickness of ice melted beneath the fill was apparently small and was tolerated by the flexible
gravel fill. The gravel fill could continue to tolerate this amount of subgrade ice melt if it occurred
only during an occasional warm year.
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Prediction of thaw penetration

32. During the past several years sufficient measurements of thaw penetration, soil proper-
ties, and meteorological data have been collected in the TUTO area to test one of the formulas used
to compute thaw penetration. The following paragraphs present a discussion and application of an
accepted penetration prediction formula. Symbols and notations used throughout this section are
given in Table XI.

Table XI. Notations

Symbol Name Unit

C Volumetric heat = yd (0.17 + 0.0075 w) Btu/(, ft) (IF)
d Thickness of layer Feet

F Degree-days F required to thaw a given layer of soil Degree-days F
Fa Air thawing index Degree-days F

F1 Surface thawing index = nFa Degree-days F
K Thermal conductivity Btu/(hr) (ft) (IF)
L Latent heat = 1.44 ydw Btu/cu ft

Surface thawing index Dimensionless

Air thawing index

R Thermal resistance of a layer of soil (hr) (OF) /Btu
f Time, duration of thaw season Days

Degrees F by which mean annual temperature varies Degrees F
from freezing point of soil moisture. At TUTO mean
annual temperature is taken as + 10 F, thus
V =32-10=22 F

VS Degrees F by which effective surface temperature Degrees F
varies from freezing point of soil moisture

nF
a

t

w Moisture content Percent

x Depth of thaw Feet

V
Thermal ratio =f- Dimensionless

V

Yd Dry density lb/cu ft
A Coefficient which is a function of two dimensionless Dimensionless

parameters a and 14

Fusion parameter = C V DimensionlessL s

Procedure. An accepted formula for computing thaw penetration is the "modified Berggren
formula":

48 Kn-a
X A A (1)

This formula may be used to determine thaw penetration for homogeneous soils; however, for soils
that contain layered systems, the formula must be adjusted to account for the variation in physical
characteristics of the various layers under consideration. For layered systems, the number of
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degree-days required to thaw each layer from the surface downward is determined and accumulated
until the total approximately equals the available degree-days (F8 ). For layered systems, equation 1
becomes:

d = F. (1)
V L_

Weighted values of C and L are determined for each layer from which a and p are computed,
and A is obtained from a nomograph that relates cr, I, and A (see reference 2). A thermal resist-

d
ance (R = d) is also computed for each layer. For the individual layers equation 1 becomes:

K

L1 di R 1
F . .1st layerl 24 2 A2

F2 - 2  (RI 2 2nd layer

F. ! R + - nth layer. (2)
24 ( 2 PA2

The assumptions made in deriving the modified Berggren formula limit its application to some
extent. A step change in temperature at the surface is assumed, and other modes of fluctuation of
ground-surface temperature may not be taken into account. Accordingly, the formula is applicable
only for maximum depths or when the entire thaw season is considered. The equation is one-
dimensional and predicts thaw penetration in depth only.

Surface thawing index to air thawing index ratio (n). It is usually possible to obtain at least
approximate values for all terms used in equation 1 except n. A value of this ratio is usually nec-
essary because the surface thawing index F is seldom available, and a modified air thawing in-£
dex must be used to represent the surface thawing index. Reliable values for n are obtained by
substituting measured values for thaw depth, soil, and meteorological data in equation 1 and solving
for n. This procedure obviously has some drawbacks, especially in that the accuracy of the result-
ing value for n depends upon the accuracy of the measured data as well as on the ability of the
formula to represent the true situation. Unfortunately, any or all of these discrepancies may be
present. The resulting error then falls into the computed value of n. However, when reasonable
agreement is obtained for the same year and for several locations, the error must be at least consist-
ent, and it is possible to attempt some correlation with other factors with a fair degree of confidence.

In 1957 surface temperatures were measured during most of the thaw season (the remainder
were estimated) permitting the computation of surface thawing index directly. Computing n by com-
paring the "measured" surface thawing index with the air thawing index gave a value of 1.46. Values
of n for several selected sites were also computed by substitution in the Berggren formula, and they
are shown along with average wind velocity and cloud cover in Table XII. For 1957 the computed
values for n were found to range between 1.4 and 1.5.

It will be noted in Table XII that n varies widely from year to year but only slightly fromplace to place in the same year for those surfaces (undisturbed ground and surface of road fills) for

which data were available. Apparently the difference in n in the same year is caused by surface
differences in texture and color that are too small to be detected by this method. Radiational heat
plays a major part in the difference between air temperature and surface temperature, and a differ-
ence in n from year to year may be expected because of differences in factors such as wind
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Table XII. Relation of Computed Surface Transfer Coefficient n
to Air Thawing Index, Wind Velocity, and Cloud Cover

Air Corre Surface Avg Wind AvgCorcinVelocity Cloud Reak
Test Year Thawing Thawing feaon Cor Remarks
Pit Index Factor Index for Season Cover

n mph Tenths

7 1955 397 2.0 794 10.2 5.0 Undisturbed
1956 380 2.1 798 11.3 5.3 ground
1.957 606 1.4 848 15.7 6.2

8 1956 380 2.1 798 11.3 5.3 Undisturbed
1957 606 1.5 909 15.7 6.2 ground

1C 1955 397 2.1 834 10.2 5.0 Road fill on
1956 380 2.1 798 11.3 5.3 ground
1957 606 1.4 848 15.7 6.2

3A 1956 350 2.1 735 11.3 5.3 Road fill on
1957 580 1.5 870 15.7 6.2 ice

5B 1956 150 2.2 660 11.3 5.3 Road fill on
ice

velocity, cloud cover, and other climatic variations that affect the radiational heat.

Table XII shows that n varies inversely with the average wind velocity and cloud cover.

It is standard practice to use the highest air thawing index obtained in a 10-year period (if
available) as a design index, but this must be modified to design surface thawing index. It is obvi-
ous that using the greatest n, together with the highest air thawing index, would result in an un-
realistic surface thawing index. The depth of thaw would be greatly overpredicted. Table XII in-
dicates that the year (1957) with the highest air thawing index is also the year with the highest sur-
face thawing index, but n for this year is considerably less than for the other years. As yet final
conclusions are not possible regarding the proper n to be used to predict thaw penetration. Some
correlation of n with usually available weather data, such as wind velocity, would be helpful.
Again, the data are too meager to effect such a correlation. Several more years of data are required,
or possibly a different approach to the determination of n should be considered.

In the absence of a definite value for the n ratio, and with only 4 years record of the air
thawing index, the best value to use as a design value or prediction value would be the highest com-
puted surface tf.awing index so far recorded, or about 900 degree-days (Table XII). Thaw penetration
values may then be computed if soil density, moisture content, and type are known, together with
mean annual surface temperature and length of thaw season.

Example of depth of thaw prediction in a homogeneous soil embankment. The following ex-
ample deals with the determination of the thickness of pad or base course required to prevent thaw of
the frozen subgrade in the TUTO area. The climatic data obtained in 1957 are used in the example.
The soil used to construct such an embankment might be similar to that of the road fill described in
Figure 45, or a silty sand having a dry density of about 132 lb per cu ft and a moisture content of
about 5%. The mean annual surface temperature, as shown by the subsurface temperature measure-
ments (Fig. 17), is taken as +10 F since this temperature appears to remain stable regardless of sea-
son. Length of thaw season is taken as 80 days (Table V).
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Using equation 1 the depth of thaw can be calculated as follows:

FS = 900 degree-days F

*K = 1.55 (unfrozen) + 1.45 (frozen) = 1.50/Btu/(hr) (OF)

2

L = 1.44 x 132 x 5.0 = 950 Btu/cu ft2

V 32- 10 22
__=__ - =1.95

V 900 11.25

80

C 132 [0.17 + (0.0075 x 5.0)] x 11.25 = 0.324p= •- V - 951.50.2

L 8 950

A = function of cr and 1L = 0.568 (see reference 2).

Substituting the above-listed values in equation 1:

x =0.568 48 x 1.50 x 900
950

x = 4.7 ft.

Similar computation for 1956 gave a computed depth of thaw of 4.6 ft. A comparison of actual
versus computed depth of thaw (Fig. 45) for 1956 and 1957 shows close agreement between actual and
computed depths of thaw. It can be seen that 5 ft of silty, gravelly sand fill is required for complete
protection of subgrade thaw in the TUTO area.

Example of depth of thaw prediction in road fills on glacier ice. Another important problem is
the determination of the thickness of soil fill required on the ice ramp to prevent the underlying ice
from melting. It is necessary to prevent such melt or to minimize it because the meltwater tends to
saturate the road fill and the irregular melting of the ice results in a rough road surface. It is assumed
ice melt of the order of 0.1 to 0.2 ft per year can be tolerated, since the road surface can be corrected
for this amount of melt with a minimum of maintenance. However, the actual performance of a road fill
on ice should be observed for several more years before this assumption can be validated.

The amount of ice melt beneath a given gravel embankment can be estimated by using the pro-
cedure already described for a multilayered soil system. Assume a road fill as described for location
SB in Test Lane 5 (shown in Fig. 46), that is, a 6-in. surface layer of soil with a dry density of 133 lb
per cu ft and a moisture content of 5% overlying a 2.5-ft depth of soil with a dry density of 135 lb per
cu ft and moisture content of 5%. The air thawing index of 427 degree-days, which was measured in
1957 at Met. Station 2 (Table V), is also used in the example. The air thawing index (427 degree-
days) can be converted to a surface thawing index (640 degree-days) by multiplying by an n factor of
1.5. Mean surface annual temperature is again taken as +10 F and length of thaw season as 80 days.
The problem is conveniently set up in tabular form, as follows:

* S*e roterence 4.
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Thermal Resistivity of Layers

•Ld YCd
d C K L X- ' L ld Cd Id R

0.5 27.6 1.54** 958 479 958 13.8 27.6 0.230 0.292 0.32
2.5 28.0 1.62** 972 2909 970 83.8 27.9 0.230 0.292 1.54
0.1* 28.0 1.30t 8000 3709 1196 86.6 27.9 0.187 0.325 0.08

* See reference 4.
* Ice layer.

BSe reference 10.

Degree-days Required to Thaw Each Layer

R Accumulative
d R IR I R + -4 Degree-daysa 2 Degree-days

0.5 0.32 0 0.16 10.9 10.9
2.5 1.54 0.32 1.09 377.5 388.4
0.1 0.08 1.86 1.90 195.0 585.7

R
In the tabulation for the degree-days required (above) I R + - for the first layer includes

2
R R

only n or 0.16 since there is no layer above it. In the second layer IR +-n includes Rn for
2 2

R 154
the first layer plus _" for the second layer or 0.32 plus - which equals 1.09. For the third layer

2 2
R R

I R + is obtained by totaling R for the first and second layers plus - for the third layer or
2 2

0.08
(0.32 + 1.54) + 08 which equals 1.90. The computations in the above tabulations show that about

2
388 degree-days of thaw are required to thaw the 3-ft road fill, leaving 252 degree-days (640 - 388) for
melt of the underlying ice. However, 0.1 ft of ice will require 195 degree-days to melt, or a total of
0.13 ft of ice will melt under 3 ft of gravel fill at a location 1 mile from the edge of the ice ramp. To
reduce the ice melt to zero a total thickness of fill of approximately 3.8 ft is required in the road sec-
tion 1 mile'from the edge of the ice ramp. At Met. Station 3, 3 miles from the edge of the ice, the air
thawing index in 1957 was 294 degree-days (Table V). When the n factor of 1.5 is applied, the sur-
face thawing index would be 441 degree-days. A similar computation to that just undertaken shows
that 3 ft of fill will give complete protection from ice melt at this location.

It will be noted that the computed results are supported by the measured results (Fig. 46) inso-
far as the measurements were adequate. No actual amounts of ice melt beneath the fill have yet been
measured with accuracy; the requirement is noted for the future.

Summary

33. Two new methods for measuring thaw depth were investigated in the hope that they might
offer some advantages over test pits and use of thermocouples. The first method, a device consisting
of two concentric tubes, the inner tube filled with saturated sand, was found to be inconvenient be-
cause of the necessity of repacking the sand in the tube after dislodging the sand to find the thaw
line. The thaw line was impossible to determine when a brief cold period froze the top few inches. In
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the second method, a single plastic tube was filled with saturated sand and embedded in the ground.
Thaw depth was determined by probing in the sand with a thin, rigid rod. This method was not
feasible.

Measurements of the depth of thaw in the undisturbed ground in the TUTO area, obtained by
digging lest pits at approximately weekly intervals throughout each thaw season, showed average
penetrations of 2.9 ft in 1954, 3.1 ft in 1955, 3.4 ft in 1956, and 3.6 ft in 1957.

The following thaw penetrations were measured in road fills by means of thermocouples:

1957: Thaw in road fills (constructed by bulldozing into stockpiles the adjacent active zone soils)
penetrated 4.8 ft below the surface of a 4.5-ft fill and 4.75 ft below the surface of a 2.5-ft fill.
(The summer of 1957 was the warmest summer on record.)

Depth of thaw in a 5.5-ft-thick gravel road fill on the ice, 1000 ft out on the ice ramp, was

4.8 ft.

1956: Depth of thaw in a 3-ft-thick gravel road fill on the ice, 7700 ft out on the ice ramp, was 2.8 ft.
In 1957, the entire 3 ft of fill thawed prior to the end of the thaw season; some melt of the ice
beneath the fill must have occurred but the amount was not measured.

The data obtained from measurements of soil properties, depths of thaw, and meteorological
properties were used to establish the factor n, defined as the ratio of air thawing index to surface
thawing index. The factor is required when making predictions of thaw depth based on the modified
Berggren formula or adaptations of that formula.

Computations of the n ratio at selected locations showed that n was 2.1 to 2.2 in 1956 for
the undisturbed ground and for the gravel roads. In 1957, the n factor was 1.4 to 1.5 for the same
surfaces.

Observations indicated that variation of surface thawing index at a given point is much less
than the variation of air thawing index.

The modified Berggren formula was used to determine the depth of thaw in a homogeneous road
fill having characteristics similar to the actual test section where measurements were taken. For the
calculation, the surface thawing index was taken as 900 degree-days for 1957, the warmest year on
record. The mean annual temperature was taken as +10 F and the length of thaw season as 80 days.
A depth of thaw of 4.7 ft was computed as compared to 4.8 ft measured.

Computations by an adaptation of the Berggren formula for multilayered soils indicated that
the amount of ice that would have melted in 1957 beneath a 3-ft gravel fill was about 0.25 ft at a
point 1000 ft from the edge of ice, about 0.15 ft at 7700 ft from the edge of ice, and none at 3 miles
from the edge of ice.

VII. ROAD CONSTRUCTION

34. Road construction in 1956 and 1957 was primarily a continuation of the road construction
commenced in 1955 to make existing roads more useful from an operational standpoint and to construct
new ones to satisfy investigational requirements. In 1955, the Ramp Road construction had been com-
pleted as far as Station 97 + 00, which was well within the ablation area. In 1956, the road was ex-
tended to Station 159 + 00 which placed the end of the road in the marginal zone between the ablation
and accumulation zones. Likewise in 1955, 800 ft of Transverse Road had been constructed, leading
from the Ramp Road at about Station 27 + 00 toward the base of the moraine formation to the north.
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That section of road served only to provide information on the feasibility of constructing a road at
right angles to the direction of meltwater streams. In 1956, the road was extended across the ramp,
skirting the base of the moraine, and thus providing access to the experimental ice tunnel under con-
struction in the ice cliff northeast of Lake TUTO.

Program

35. In 1956, road construction did not start until 3 July. The delay was due to the extraor-
dinarily deep snow cover which made it necessary to plow snow from the access roads, dig out the
equipment from deep snowdrifts, and wait for the snow cover to melt from the borrow areas. The snow
cover on the ramp softened and melted first in the area near the Transverse Road. Therefore, the ex-
tension of this road was constructed first and the extension of the Ramp Road second. Final con-
struction in the 1956 season was the berms for the first 2500 ft of Ramp Road.

The thaw season commenced early in 1957. The only section of new road constructed was the
continuation of the Transverse Road to include a large pad in front of the entrance to the ice tunnel.
During the remainder of the 1957 season, construction was confined to experimental berms and a test
section of road using thin fills of crushed rock.

Transverse Road

36. The Transverse Road was constructed as shown in Figure 49. The first 800 ft constructed
in 1955 was only 24 ft wide. The first operation in 1956 was to widen this section to 30 ft to allow
two-way traffic of large trucks. Construction of the new section of road was carried on as in 1955 by
end-dumping from the 10-cu-yd trucks and spreading and compacting with a D8 bulldozer. Since as
much as 3 ft of snow still lay on the ice surface, it was necessary to plow the snow ahead of the road
construction. The snow was wet and heavy, but a skilled operator with a D8 bulldozer was able to
handle it without serious difficulty. (An attempt to compact the snow rather than plow it for one ex-
perimental section is described later.)

Road design. A minimum depth of fill of 3 ft was required to allow the installation of cross-
drainage culverts. This resulted in a minimum depth of 2.5 ft of coarse fill. Gradation of the coarse
fill is shown in Figure 21 (borrow pit L). The
usual surfacing of fine material (gradation
shown in Fig. 22 for borrow pit H) was placed A

to a depth of at least 0.5 ft. Two typical cross
sections of road are shown in Figure 49. Quan- LAKE TUTO

tities of fill used are shown in Table II. .'

Keying the road fill to ice slope. For a *'

short distance at Station 30+00, the road Trench 0.

crossed a fairly steep slope in the ice surface. ' .
To prevent sliding of the road fill, a deeper fill
was used to keep the base of the fill frozen to
the ice. In addition, the road fill was keyed
into the ice by excavating trenches to receive
the gravel material. Figure 50 shows the lay- "
out of the trenches which were excavated by /
blasting, as follows. For each trench, holes
were drilled in the ice 3 ft deep and approxi-
mately 5 ft apart. Each hole was loaded with
1-1/4 lb of dynamite. The resulting trench was Figure 50. Anchoring of Transverse Road fill

4 to 5 ft wide and 3 to 4 ft deep. As shown in on ice slope.
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Figure 50, three trenches, each 30 to 40 ft long, were excavated. The procedure was apparently ef-
fective as no sliding of the road has been detected.

Placing of road fill on compacted snow. An experimental section of road was constructed
in which the gravel road fill was placed on compacted snow rather than on the bare ice surface.
The only available equipment for compaction were the D8 bulldozers with standard-width treads, and
it was found that their high ground pressure resulted in excessive rutting and displacement of the
snow. However, it was possible to compact the snow sufficiently to carry the road fill. The result
was satisfactory from the standpoint of bearing capacity, but difficulties resulted from erosion of
the snow-ice ridge by flowing meltwater. During the height of the melt season, water would some-
times pond on the uphill side of the road and run through the coarse gravel fill. Where the com-
pacted snow was present, the flow very quickly eroded the snow ice and caused a subsidence in the
overlying road surface.

Culverts. Figure 2 shows that the Transverse Road crosses the natural downslope direction
of meltwater flow at a considerable angle. Consequently some provision was necessary to carry
the flow to the downhill side of the road. In 1955 experiments had been made with four types of
culverts: a 36-in.-diameter corrugated metal pipe (culvert C-1); a French-drain type in which a trench
was filled with boulders; a pipe made of 55-gal oil drums with the ends cut out and welded end to end
(culvert C-2); and a so-called bridge-type culvert where the natural meltwater channel was bridged
with a half-round corrugated metal pipe 36 in. in diameter (culvert C-3). At the close of the 1955
thaw season only the bridge-type culvert remained functional; the others had become perched above
the flow line because of the differential melting of the ice surface adjacent to and under the road.
Accordingly, it was decided to use the bridge-type culvert in the new road construction in 1956. As
shown in Figure 49, seven of these culverts (C-4 through C-7 and C-9 through C-11) were placed in
the road at places where meltwater channels crossed the road. One other type of culvert (C-8), and
18-in. -diameter, round, corrugated metal pipe, was also used. Generally, an attempt was made to
follow the natural alignment of the channels, but if this was not practical the channels were
straightened and cleared of ice with axes or chisels.

Performance. The eight culverts placed in 1956 functioned for the remainder of the
1956 thaw season, except for brief periods when they were blocked with snow. An unusual
number of snowfalls occurred in the 1956 season, and snow accumulation was perhaps ab-
normal. In a normal season, the number of blockages due to snow accumulation during the
thaw season would be few, if any.

In the unusually warm season of 1957, a different situation was encountered. Abla-
tion of the ice was rapid and meltwater flow quantities were very large (Fig. 51). The

Figure 51. Meltwater flow
at toe of Transverse Road.
Note high velocity on steep
slope approaching the
bridge (2 July 1957).

il
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ablation and erosion of ice on the uphill side of the road proceeded much more rapidly than
the flowing meltwater could cut a channel in the ice. Consequently, all culverts eventually
became perched above the flow line (Fig. 52). Meanwhile, it was noted that the capacity of
the culverts was inadequate, even when they were running full (Fig, 53). By 24 June 1957,
water was ponding on the uphill side of the road. Of the 11 culverts, all were working except
C-1, C-2, C-3, C-4, and C-8 which had become perched above the flow line. On 3 July cul-
verts C-5, C-6, C-9, and C-11 were running full; culverts C-7 and C-10 were submerged, but
flow was partially blocked. At this time, ponded water was threatening to overtop the road.

Figure 52. Corrugated metal pipe culvert perched above ice surface.
Pipe was originally set slightly below ice surface (29 June 1957).

Figure 53. ?detwater flow at too of Transverse Road.
Note that rapid flow bypasses culvert (5 July 1957).
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When flow was rapid, erosion of the ice supporting the corrugated metal arch was rapid. Cul-
verts C-9 and C-6 (Fig. 54) eventually collapsed because of this erosion.

Figure 54. Half-round,
corrugated metal pipe cul-

vert. Erosion of the ice
by flow of meltwater has
resulted in collapse of
culvert (29 June 1957).

Analysis of results. It was demonstrated that the half-round, 36-in.-diameter, corru-
gated metal pipe culvert (bridge type) was inadequate because: (1) it had insufficient capac-
ity to handle peak flow; (2) it was easily blocked with snow, ice, and soil debris; (3) the
supporting ice eroded rapidly and the culvert was then likely to collapse; and (4) it tended to
become perched above the flow line after one normal thaw season.

Nevertheless, the bridge-type culverts functioned for part of the 1956 thaw season and
the first half of the 1957 thaw season. One such culvert, C-4, functioned part of the 1955
season, all of the 1956 season, and part of the 1957 season. It follows that the principle of
bridge-type culverts is satisfactory; however, the dimensions should be enlarged.

Work pad at tunnel entrance. Construction of the Transverse Road was completed to about
Station 31+00 (Fig. 49) in 1956, somewhat short of the actual ice tunnel entrance. In this construc-
tion, the road fill was extended across a small gully. Clean boulder fill was used and an 18-in.-
diameter corrugated metal pipe was placed in the lowest part of the gully. In 1957, the road was
completed to the tunnel work pad which was approximately 200 by 200 ft. Construction of the pad in-
cluded the leveling of a small hillock located directly in front of the tunnel entrance (Fig. 55). The
hillock consisted of solid ice covered with 1 or 2 ft of moraine. The leveling was accomplished by
blasting successive layers of ice and clearing it with bulldozers until a suitable elevation in relation
to the floor of the tunnel was reached. A gravel fill 1.5 ft deep covered with a surfacing of fine ma-
terial 0.5 ft thick was placed on the leveled ice surface. The finished pad is shown in Figure 56.

The extension of the Transverse Road to the pad required raising the height of fill across the
small gully. The crossing remained stable, although some ponding of water occurred above the fill
during brief periods of heavy thaw and ice melt, particularly after the culvert pipe was blocked with
boulders and ice.

Road performance. The road performed satisfactorily throughout the observation period (1956-
1957). It supported the traffic of trucks weighing up to 20 tons, and occasionally heavier loads when
mining machinery was transported to the tunnel area. By the middle of August 1957, ablation of the
surrounding ice and erosion by the heavy meltwater flow along the toe of fill had caused considerable
slumping of the shoulders. As a result, the road was too narrow for two-way traffic in some places.
The surface of the road was rough where the road had settled over the culverts. Repairs were made
by resurfacing and replacing fill in the shoulders to bring the road to a minimum width of 30 ft.
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Figure 55. Moraine formation (coarse gravel covering ice core) at

site of entrance to ice tunnel (Aug 1955).

Figure 56. Work pad constructed at entrance to ice tunnel by cutting
the moraine shown in Figure 55 (2 June 1957).

Thereafter, the road remained usable without further maintenance. The necessity for repairs was par-
tially due to the very warm season of 1957. In a more normal season, the damage to the road from ex-
cessive melt would be proportionately less and demands for repair reduced. Failure of the culverts
to carry the flow resulted in an undesirable quantity of water flowing at the toe of fill. Adequate
water-crossings in the road would have prevented much of the damage caused by erosion. Berms on
each side of the road would have prevented the slumping of the shoulders caused by the ablating ice
surface.

The movement of the ice apparently has little or no effect on the gravel fill of the Transverse
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Road. However, the rate of movement is small (see Table VI), ranging between 1 and 2 ft per year in
the direction of the edge of ice.

Ramp Road

37. Figures 57 and 58 show the extension of the Ramp Road from Station 97 + 00 (the end of

the road in 1955) to Station 159 + 17, the final end of the road. Construction was commenced on
15 July 1956 and completed by 19 August 1956, except for the fine surfacing on the last 500 ft which
was placed in 1957. Figure 2 shows that the alignment was a continuation of that used in 1955. The
direction was roughly that of the trail used by the sled trains. The last 2000 ft passes a small hill
to the north. It will be noted that the slope averages only 3% in this last half mile.

Disposal of snow cover. Snow conditions in 1956 delayed the scheduled start of road con-
struction for 2 weeks. The snow cover was 3 to 4 ft deep over the entire area and about 1 ft deep on
the existing road. This condition was aggravated by drifts that were 10 to 15 ft high at some places
on the existing road where sleds or caches of POL had been left along the road the previous year. It
was necessary first to remove the snow from the road, and then to spread out the high windrows of
snow left alongside the road. These large windrows, melting slowly, kept the road surface constantly
saturated and subject to damage by the truck traffic.

When road construction was finally commenced there was still approximately 2 ft of snow on
the adjacent ice. Until the snow had melted to less than 1 ft, it was plowed from the ice surface
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ahead of road construction. Windrows of snow were placed to divert meltwater flow away from the

road. To aid in this task, ditches were periodically cut in the snow cover with a grader to divert

the flow into channels at some distance from the toe of road fill and from the area in which road fill

was to be placed.

Road construction. Some experimental sections of road were constructed in 19556 to aid in

determining the most suitable depth and type of fill for the Ramp Road. They were:

Stations 57 + 00 to 60 + 00 18 to 24 in. of silty gravelly sand on 6 in. of cobbles

Stations 60 + 00 to 63 + 00 12 in. of silty gravelly sand on 12 in. of cobbles and

boulders

Stations 65 + 50 to 66 + 50 12 in. of crushed rock directly on ice surface

The performance of the first two sections was satisfactory except that in the early part of the season,
when the fine soil became wet from melting snow and thawing soil, rutting under traffic was more
prevalent in these sections than Where the silty gravelly sand was only 6 in. deep over 2 ft of cob-
bles and boulders.

It was concluded that with the available soil, a 6-in. thickness of fine soil surfacing was

preferable to a 12- to 24-in. thickness.

The third test section (12 in. of crushed rock placed directly on the ice surface) became satu-

rated from meltwater and tended to displace under wheeled traffic. The surface became excessively



78 APPROACH ROADS, GREENLAND 1956-1957 PROGRAM

rough because of differential melt of the underlying ice. The section was finally filled with coarse
material and surfaced with fine soil to bring it to the grade of the remainder of the road. The section
was a failure, of course, but it was considered that a fair test had not been made. One disadvantage
was that the section was only 100 ft long, and was situated in the road between fills 2-1/2 ft deep or
more. Moreover, the crushed rock was crusher-run and not screened to eliminate fines.

The performance of the road constructed in 1955 indicated that a 2-ft fill of coarse material
surfaced with 6 in. of fine material provided a stable road. In an average year that amount of fill
would be enough to raise the road surface above the winter snow cover. These thicknesses were es-
tablished as standard for the 1956 road construction, although variation was allowed where irregular-
ities occurred in the ice surface. (See Figs. 57 and 58.) Gradation of the coarse material is shown
in Figure 21, and of the fine material, in Figure 22. Width of road was continued at 30 ft with side
slopes about 1:1. Compaction was by planned routing of the trucks and the D8 bulldozer engaged in
spreading. The fine surfacing fill was placed 200 or 300 ft behind the coarse fill.

Dikes. Based on conclusions made in
1955, "dikes" were constructed along the new
road (Fig. 59). These dikes were short sections
(30 to 40 ft long) of gravel fill extending out
from the road at an acute angle to the road align-

ment in a downhill direction. Their purpose was
to direct the meltwater flow away from the toe of
road fill. The 1956 dikes served a dual purpose
in that they were used for turnaround pads by the
trucks during the construction period (Fig. 60).
Partly for this reason, they were spaced about
200 ft apart on alternate sides of the road, or
about 400 ft apart on each side. As in 1955, the
dikes were generally effective in diverting melt-

water flow from the road; however, their length
and spacing require some consideration. Toward

Figure 59. Dikes on Ramp Road to divert meltwater the end of the road, where the ice surface slopes
channel from toe of road. Note that channel in fore-

ground has returned to toe of road (19 July 1958). toward the road (Fig. 2), the spacing and/or
length of dike was not adequate, and the channel

was able to return to the toe of fill be-
fore reaching the next dike. This could
be remedied by spacing the dikes closer
together or by lengthening them. Thus,
the spacing of 400 ft and length of, say,- "
35 ft are adequate where no appreciable 7;1 IL

slope toward the road exists; closer
spacing and/or greater length is required
when the adjoining surface does slope
toward the road. If such a slope is great
enough, dikes may not be practical as
the water would simply flow around them,
returning almost immediately to the toe of
road fill.

Loading pad. The Ramp Road is
used extensively during the summer to
transfer equipment and supplies from Figure 60. Dikes on Ramp Road to divert meltwater channel.
trucks and other wheeled vehicles to the from the toe of road, looking south (15 Aug 1957).
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cargo sleds which comprise the tractor-hauled trains operating on the ice cap. For convenience, a
pad (see Fig. 58) was constructed at the end of the road to provide storage area, space for a small
shelter, and room to operate a crane or other equipment for loading operations. The end of the pad
was pointed to direct the meltwater flow away from the fill. Depth of fill beneath the pad was in-
creased to about 3-1/2 ft for greater stability.

Test Lane 6. At Station 155 +00, a series of thermocouples was installed (see Figs. 58 and
61) to obtain subsurface temperatures for comparison with temperatures obtained at lower elevations
in Test Lanes 5 (Sta 80) and 3 (Sta 10). Although designated Test Lane 6, no change in depth of fill
or other deviation from the standard design was incorporated at this location.
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Figure 61. Thermocouple installation, Test Lane 6.

Dust palliatives. As soon as the snow cover had melted from the road surface and shoulders,
the gravel roads quickly dried, at least on the surface, and usually remained dry for the remainder of
the thaw season (precipitation is normally very light in the summer). As previously described, this
tends to create a dirty ice surface as dust is blown over the area. In addition, the loss of silt and
sand caused by traffic and wind is detrimental to the wearing qualities of the road. It is obvious that
treatment of the road surface with dust palliatives would help to correct this situation. In 1956, trial
was made of the use of (a) water, (b) waste arctic-grade lubrication oil, and (c) diesel oil. The use
of water was ineffective; in the dry air, constant wind, and 24-hour daylight, evaporation was rapid
and the water had to be reapplied at too frequent intervals to be practical.

The waste lubrication oil had accumulated for some time from maintenance of vehicles and
construction equipment and amounted to about 300 gal. This was spread, using a tank and gravity-
flow spreader bar. It was found that 0.3 gal per sq yd was required to cover the road surface, i.e.
300 gal of oil covered only 300 ft of road. To cover the entire road length, a greater amount of oil
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would be required than would probably ever be available. However, the oil was an effective
palliative.

The diesel oil was also applied at the rate of 0.3 gal per sq yd, and 10,000 sq yd of surface,
from Stations 0 +00 to 30 +00, was treated. Investigation showed that the oil penetrated the surface
4 to 6 in. in one day. After 2-1/2 weeks, the diesel oil was still adequately controlling the dust;
however, at that time it was necessary to resurface this stretch of road because of damage from a se-
vere rainstorm. Sufficient diesel oil to re-treat the road was not available. It was concluded, how-
ever, that the application of diesel oil at the rate of 0.3 gal per sq yd is an effective and practical
method of dust control.

Evaluation of Ramp Road. During the 1956 work season, observations were made of the per-
formance of the first 9700 ft of road constructed in 1954-1955. In general, performance was adequate.
The road remained trafficable to heavy (20 ton) trucks which averaged 100 passes per day, to light
(2-1/2, 3/4, and 1/4 ton) trucks, and to many incidental passes of tractors, weasels, and truck-
trailers. Maintenance consisted of frequent passages with a motor grader, and in one instance 700 ft
of road was resurfaced with fine gravel. A few loads of gravel were dumped on the shoulders at
scattered locations where slumping occurred.

One instance of road failure occurred in 1956 at approximately the same location and for the
same reason as that which occurred in 1955.6 Near Station 14 +00, a small area suddenly became wet
due to an apparent upward seepage of water from beneath the fill. A CBR value of 1.9 was measured
(average of six tests) on the surface. The soil was generally too wet to measure unit weight or mois-
ture content, but one value was obtained that corresponded to 3 CBR, i.e. 136 lb per cu ft dry density
and 7.8% moisture content. Over an area approximately 10 ft square, the normal traffic, including
1/4-ton jeeps, produced ruts up to 5 in. deep. More serious damage might have resulted if the under-
lying coarse fill material had not been present. It is surmised that melting snow on the shoulders of
the road produced a meltwater flow within the coarse fill. At the point of failure, the drainage of the
coarse fill was greatly impeded by fines which had filled the voids. In the following year (1957) with
less snow cover and with the road surface perched higher above the ice, failure did not recur.

In 1957 careful observations were made of the performance of the entire Ramp Road from
Station 0 +00 to 159 +00. Considerable repair work was necessary to keep the road in condition to
support traffic. The unusually warm summer of 1957 produced conditions that severely tested the
road, and its performance was generally excellent, with a reasonable amount of maintenance.

Effect of ice cracks. On 11 June 1957, 18 cracks in the road fill were observed be-
tween Station 25 +00 and the end of the road. Cracks ranged from hairline to 2 in. wide and
were apparently extensions of cracks in the underlying ice. No damage to the road occurred
as the cracks closed in a few days.

Effect of ablating ice surface. As noted in paragraph 26, the ice surface adjacent to
the road ablates in the thaw season. In 1957, the ice losses were very great, reaching over
10 ft in some places. Beneath the gravel fill, ice melt was negligible. The differential ice
melt between the ice beneath the road and that adjacent to the road results in an increased
perching of the road. Perching is the primary limiting factor in the life of the road. Table
XIII lists the heights of the ice ridge at various stations along the road. Tentative rates of
perching based on performance to date have been calculated and are listed. Note that at
Station 36 + 50 the road would rise 62 ft in 10 years and, with its 1957 height, would then be
80 ft above the ice surface. The sides of the ice ridge on which the road fill is perched have
no protection from thawing, except for such gravel as falls from the slumping shoulders.
Therefore, the slumping is increased by melting of the sides of the ice ridge. At the height
of the warm season there may also be some erosion of gravel by flowing meltwater.
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Table XIII. Perching of Ramp Road, 17 August 1957

Average Height Depth Height of Age Rate of Perching

Station Ice Surface Fill Ice Ridge of Road Development
ft Ft ft year ft/yearft ft

13+00 21 3.5 17.5 3-1/2 5.0
36+50 18* 2.5 15.5 2-1/2 6.2*
52+30 13 2.5 10.5 2-1/4 4.7
90+00 11 2.5 8.5 2 4.3

155+00 5 2.5 2.5 1 2.5

* Perching is increased at this station by upward movement of ice.

The road narrowed steadily each summer, and dangerous, steep slopes developed on
each side of the road. Road damage was greatest where perching was highest, i.e. at the hum-
mock area near Station 32 +00 (Fig. 62). It was necessary to add fill to the shoulders at the
places where damage was greatest to bring the road to its full width and to help protect the ice
ridge from melting.

Figure 62. Road profile
looking north at about

Stations 27*00 to 37+00.
Dark-colored portion of
side slope of road indi- "

cates underlying melt-

ing ice has wet the
covering gravel. Note

ice hummocks in fore-

ground (2) July 1958).

The road from about Stations 20 + 00 to 60 + 00, already (in 1957) high above the ice
surface, will be 60 to 100 ft high in 1967 and maintenance will be impossible (see Fig. 39).
Apparently, the road cannot be maintained in this area for as long as 10 years without the aid
of berms to slow melt of the ice surface and degeneration of the ice ridge under the road.

Beyond Station 60+00, the vertical (downward) movement is small, and the main con-
cern is with the ablation of surrounding ice. It will be noted that ablation in this area is
considerably less than in the first 6000 ft (Stations 0 + 00 to 60 + 00), and even in 10 years
would not be prohibitive.

The foregoing statements regarding the life of the road are made with the assumption
of a more or less dirty ice surface. If the ice could have been maintained in its natural
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clean state, the ablation would have been much less and the life expectancy of the road cor-
respondingly longer.

Effect of ice movement. As noted in paragraph 23 the ice and road move generally
downhill as much as 11 ft per year in the area above the hummock zone or Station 32 + 00.
This means there is an annual shortening of the road of about 11 ft, plus some sideways move-
ment, particularly near the upper end of the road. These movements have very little effect on
the road. It is apparently sufficiently flexible to adapt to the movement with only slight
humping and waviness in alignment. The greatest effect of ice movement occurs at about
Station 32 +00 where upward movement is greatest. Here the movement adds as much as 3 ft
per year to the elevation of the road surface above the ice. In addition, the upward movement
creates a sizable hump in the road. Since construction in 1955, the slope of the road from
Stations 29+00 to 32+00 has increased from 7.2 to 8.4%, a rate of about 0.6% per year.

Surface wear. It has been noted that the surface of the road becomes quite dry as the
thaw season progresses. Much dust results and is dispersed by wind and traffic over the sur-
rounding ice surface, causing a loss of from 6 to 9 in. of surfacing soil. This, plus the normal
wear of heavy traffic, made it necessary to resurface sections of the road. From 9 to 12 in. of
gravelly sand, about 7000 cu yd, was added over most of the first 2 miles of road.

Berms

38. The 1955 investigations established the value of constructing a blanket or berm of soil,
1 ft or more thick, extending from the toe of road fill, to decrease the amount of ice melt and thereby
prolong the life of the road.

1955 test berms. Experimental sections of berms were constructed at three positions on the
road as follows:

Date Constructed Berm
Constructed Between

1955 Stations Type Material

11 July 22+00 and 23+50 1 ft thick, 25 ft wide Random gravels*
11 July 23+ 50 and 24+ 50 4:1 slope Random gravels*
11 Aug 53t50 and 54 +00 4:1 slope Random gravels*
11 Aug 54+00 and 55+00 1 ft thick, 40 ft wide Random gravels*
16 Aug 62+70 and 63 +65 3 in. thick, 6 in. thick, Crushed rock**

and about 12 ft wide

* See Figure 23 for gradation.

** See Figure 25 for gradation.

Figure 63 shows profiles of the berm constructed between Stations 22+00 and 23+50 after ap-
proximately 1 year. More than 3 ft of ice had melted from the uncovered surface, but the berm was
nearly undisturbed. An additional 3 ft of perching of the road fill would have caused the shoulders to
slough. Further observations of this berm were not made because a new 50-ft berm was constructed
in the same place in August 1956.

Measurements were not made of the movement of the random gravel berm between Stations 53 + 50
and 55 +00, but observations of the performance of this section indicated that it provided substantial
protection to the road fill in spite of heavy melting of the surrounding ice surface. The progressive
subsidence of the edge of section having the 4:1 slope was observed to be slower than that of the 1-ft-
thick, flat section. The amount and position of soil in the 4: 1 slope section provided greater protection
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Figure 63. Comparison of original profiles of test berms, constructed

6 July 1955 for shoulder protection, and profi~les 1 year later.

of the resulting exposed ice slope. However, a simple 4:1 slope on a 2-1/2-ft-thick road fill was not
wide enough to provide protection for a significant time.

Figure 64 shows cross sections of the crushed rock berm between Stations 62+70 and 63+65
on 5 July 1956. Although there had been only a short period of thaw since its construction on
16 August 1955, and melt of the ice surface was only 1 to 2 ft, it is apparent that the thin (3 and 6 in.)

layers of crushed rock were inadequate to protect the ice from excessive melting. Meltwater streams
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Figure 64. Crushed rock test berm, 1955.

easily overflowed the berm and developed a sizable channel at the toe of road fill. A large amount of
the crushed rock was washed from the berm.

1956 operational berms. On the basis of the performance of the 1955 test berms, the first
3000 ft of Ramp Road was equipped with berms in 1956 to protect the road fill from imminent failure
by excessive perching. On the south side of the road, from the edge of the ice ramp to Station 30 +00,
the berm was constructed 50 ft wide and a minimum of 1 ft deep. On the north side, from the edge of
the ice ramp to the intersection of Ramp and Transverse Roads, the berm was constructed 30 ft wide
and a minimum of 1 ft deep. Figure 2 shows the location of the berms. A random-type gravel (see
Fig. 23) from Borrow Area AA was used. Berm construction was carried on throughout the entire 1956
work season concurrently with road construction. The south berm was constructed first and the north
berm second; construction was completed the first week in September 1956. Figure 65 shows cross
sections through both berms at Station 13+00 at various intervals from 13 July 1956 to 14 August 1957.

The degree of protection furnished the road is obvious. In the period of measurement, the un-
covered ice surface melted about 12 ft on the south side and about 8 ft on the north side. If this had

occurred at the toe of road fill, it is quite possible the road would have failed. It will be noted that
there was some melting of the ice beneath the berm; 1 it of gravel is not sufficient to completely pro-
tect the ice. However, the amount of melt was greatest in the first year (less than 2 ft) and negligible
in the following year (about 0.5 ft). It is estimated from Figure 65 that about 2 ft of berm width would
be lost per year at this location (Station 13 + 00) on the ramp.
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1957 test berms. Although the usefulness of berms in protecting the roads on ice had been
amply demonstrated, the proper berm dimensions to afford protection for a given length of time and at
any location along the road had not been determined. Therefore, two sections of test berms were
constructed in 1957 between Stations 83 + 00 and 93 +00, slightly more than halfway to the end of the
Ramp Road (Fig. 66). Each section was 500 ft long and 1 ft deep; one section was 20 ft wide and
the other 10 ft wide (see Fig. 67). The gravel used was coarse, similar to that used on the base
course of the road fills. The gradation was as shown in Figure 21 for borrow pit L, except that an
attempt was made to include a larger percentage of gravel sizes than was used in the roads. The re-
sulting material had a maximum size of 24 in. About 70% (by weight) was greater than 2 in. and
about 80% was greater than 3/4 in. The construction of the berms was completed by 29 June 1957.

Figure 66. Berm, 20 ft wide, at about Station 88+00,
looking west (7 Aug 1957).
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Figure 67. Test berms, 1957.
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Figure 65 shows representative cross sections of the 10-ft- and 20-ft-wide berms. The posi-
tion of the berms at the close of the 1957 season (21 August) may be compared with the "as-built"
position (29 June). In that period, the adjoining ice surface melted 5 to 6 ft, whereas the ice beneath
the berms melted 1-1/2 ft (note that melt beneath the berms is greater on the south side than on the
shaded north side). Therefore, substantial protection was afforded the toe of road fill in the first
season. A large amount of ice melted beneath the berms, particularly beneath the 10-ft-wide berm
where it appears that after one more thaw season this berm might lose its identity because of gravel
spilling down the slope.

.4nalysis of results. It was noted in the cross sections at Station 13+00 (Fig. 65) that thaw

beneath the berm is greatest the first year after construction. The fill when placed is, of course, in
a thawed condition, and heat flow to the ice can start almost immediately. In the second year the
berm fill would commence the thaw season in a frozen state, probably containing a great quantity of
ice, as the fill generally would be very wet when freezing commenced. In the second year, much time
and heat would be required to thaw the soil blanket before the underlying ice would begin to melt.
Thus, it could be expected that melt beneath the berm would be substantially less the second year,
other conditions being equal.

Between 1 and 2 ft of berm width was lost in the 1957 thaw season, with the greatest loss on
the south side. After the first year, about 1 ft of width per year might be lost. There was an un-
usual amount of ice melt in 1957, so this value may be less in a normal season.

Using random-type gravel, a berm thickness of 1 ft is satisfactory, especially after the first
year.

The performance of the 10-ft-wide berm cannot be considered adequate, apart from the melt of
ice beneath it. The fill developed a slope outward and tended to slough off down the ice slope. It is
concluded that a 10-ft-wide berm is unsatisfactory under most conditions.

Tentative values, based on only 1 or 2 years of measurement (1 year was abnormally warm),

indicate that berms in the first 1300 ft of the Ramp Road lose about 2 ft of width per year, and berms
located about 8500 ft from the edge of the ice lose about 1 ft of width per year. Thus, on this basis,
berms to protect the road for 10 years should be 20 ft wide for the first 1/4 mile of road, decreasing
to 10 ft wide at about 1-1/2 miles. However, it is considered probable that the rate of raveling of the
edge of berm will increase as the ice ridge grows higher; therefore a minimum width of 15 ft is con-
sidered necessary. Accordingly, a minimum of 30 ft for the first 1/4 mile, decreasing to 15 ft at
about 1-1/2 miles, is recommended for 10-year life.

Conclusions concerning the dimensions and characteristics of berms should be considered as
preliminary only. Further observation of the performance of existing berms is required to establish
criteria.

Thin-fill-road test section

39. In the search for more economical and simpler methods of constructing roads on ice, the
feasibility of using thin fills of crushed rock was investigated. One such fill was tried in 1955. It
consisted of 12 in. of crushed rock (crusher-run) in a 100-ft length of the Ramp Road. The section
failed, but as stated earlier, the trial was considered inconclusive because the section was too short,
was located between the deeper 2-1/2-ft fills of the regular road, and the crushed-rock gradation was
unsuitable. In 1957, therefore, a special test section was constructed and tested.

Construction. Figure 68 shows the layout of the test section. Provision for traffic-testing
was made by constructing ramps to connect with the main road at each end of the test section. In
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Figure 68. Crushed rock test section.

addition, all possible precautions were taken to prevent the occurrence of abnormal erosion from flow-

ing meltwater. As shown in Figure 68, the outside toe of fill was protected by the construction of a

small dike to divert the flow away from the test road. A half-round, 36-in. -diameter, corrugated metal

pipe was placed in the fill of one access ramp to drain off meltwater accumulating in the area be-
tween the test section and the main road. Fill material was crushed and screened rock (mostly gneiss
and granite) graded as shown in Figure 25 for 1957 material. Thickness of fill was nominally 12 in.

for 300 ft and 6 in. for 300 ft, as shown in Figure 68. The thickness was varied slightly, always in
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the direction of greater than nominal, to smooth the uneven surface of the ice. Upon completion of
the crushed-rock fill, the surface was choked with screenings from the rock crusher. Gradation of
screenings is shown in Figure 69. The fills were carefully compacted with a motor grader and the D8
bulldozer. Water was added to aid in compacting. Immediately before the traffic test, tests on the
in-place material showed an average (6 tests) dry density of 137 lb per cu ft in the top 6 in. and an
average moisture content of 3.6%. The range of dry densities was 127.0 to 143.6 lb per cu ft; range
of moisture contents was 3.0 to 4.4%.
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Figure 6Q. Gradation of crusher screenings, thin-fill test section.

Traffic tests. A count of traffic on the main Ramp Road showed that the following accelerated
traffic would simulate 1 months normal traffic in 3 days:

Truck and tractor each working alone:

240 passes of truck, dump, 6x6, w/5000-1b payload --16,850 lb
60 passes of tractor, D8, w/standard treads and dozer --41,600 lb

Truck and tractor working simultaneously:

480 passes of truck, dump, 6x6, w/5000-1b payload --16,850 lb
120 passes of tractor, D8, w/standard treads and dozer =41,600 lb

Three tests were conducted: on 8-10 July, 25 July-2 August, and 13-15 August.

The first traffic test was conducted immediately after the section was finished, which was
about 10 days after the first fill was placed. Figure 68 shows that on 6 July the road was already
perched above the ice surface about 1-1/2 ft; melting beneath the fill had started. The first traffic
test caused wet spots to appear on the surface; the wet areas tended to be soft. The section having
a 6-in.-thick fill had more and larger wet areas than the 12-in.-fill section. Some disturbance of the
surface was caused by the grousers of the treads of the tractor- a mixing of the crushed rock and
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screenings and a tendency to crush the rock (Fig. 70). However, the road was passable at the end of
the first test representing 1 month of normal traffic.

Figure 70. Surface of crushed-rock test road after 180 passes
of dump truck weighing 16,850 lb (July 1957).

At the start of the second traffic test, the road was perched 2 to 3 ft above the ice surface.

Melting beneath the fill continued. Pumping of water to the surface continued with traffic until the 6-
in.-fill section was completely wet and the 12-in.-fill section had several wet areas (Fig. 71). Wear
and/or compaction of the center area of road created a concave cross section and a number of pot-
holes. However, at the end of the second test both sections were passable without rutting.

Figure 71. Meltwater on the surface of crushed-rock test
road from melting ice beneath the filt (July 1957).
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At the time of the third test, the road was perched 5 to 6 ft above the ice surface. Approxi-
mately 0.3 ft of ice had melted beneath the road fill, and the fill was almost saturated. Melting of the
sides of the ice ridge under the road had caused considerable slumping of the shoulders. At the end
of the traffic test, the surface of the crushed-rock fill was waving badly. The 6-in.-fill section was
commencing to rut and was close to complete failure. The 12-in.-fill section had two low places
where water ponded, shoulders were slumping badly, and potholes were conspicuous; however, rutting
had not commenced. There was evidence of degradation of the crushed rock over the entire surface.

Analysis of results. It was demonstrated that thin (up to 12 in.) fills of crushed rock are un-
satisfactory for roads on the ice where there is substantial ablation in the thaw season. The melting
of ice results in excessive water in the fill and consequent reduction in strength and stability. The
ablation of the adjoining ice surface results in excessive slumping of the shoulders. Six-inch fills of
crushed rock might be feasible where there is no melt, or very slight melt of the ice in a thaw sea-
son, but the low height above the ice surface might result in excessive snow cover and plowing prob-
lems. Performance of the test section should be observed during one complete thaw season to confirm
the findings made in 1957, when the test section was subjected to only approximately half a thaw sea-
son, and to further evaluate the feasibility of the use of thin fills on ice.

Summary

40. About 2200 ft of Transverse Road, 30 ft wide, was constructed in 1956, at an angle of
about 60 degrees to the direction of meltwater flow. Depth of fill was 3 ft, consisting of 2.5 ft of
coarse material and 0.5 ft of fine material. This road remained stable and trafficable throughout the
1957 season, except at culvert locations where erosion from meltwater flow after failure of the cul-
verts and ablation of the adjacent ice surface made it necessary to replace slumping shoulders with
additional gravel. Settlement of the road surface occurred where there was piping through the fill
around the culverts, and some additional surfacing was required.

Placement of a test section of gravel fill on compacted snow showed such a procedure to be
feasible, but erosion of the compacted snow by flowing meltwater occurred, with consequent settle-
ment of the road fill.

A section of road was prevented from sliding on a steep ice slope by using a deep fill to pre-
vent thaw from penetrating to the ice surface and by keying the gravel fill to the ice with trenches
blasted in the ice surface.

Seven culverts, consisting of half-round, 36-in.-diameter, corrugated metal pipe bridging a nat-
ural meltwater channel, were installed in the Transverse Road in 1956. All seven culverts failed to
perform adequately before the end of the 1957 thaw season because of (a) insufficient capacity,
(b) blocking by snow, ice, and soil debris, (c) collapse after supporting ice was eroded, and (d) perch-
ing above the flow line.

In 1957, a pad was constructed in front of the entrance to the ice tunnel at the end of the
Transverse Road. It was found feasible to excavate ice to a desired grade by blasting and clearing
successive layers and to then construct a stable pad by placing a fill of 2 ft of coarse material and
0.5 ft of surfacing material on the ice surface.

The portion of the Ramp Road constructed in 1955 with a 2-ft fill of coarse, heavy soil and a
surfacing layer of 0.5 ft of finer soil continued to be usable throughout the 1957 thaw season. Test
sections of road having 1 and 2 ft of fine-soil surfacing showed a tendency to rut under traffic during
the early part of the season when the surface was wet from melting snow and thawing soil.

Snow deeper than I ft was plowed from the ice surface before gravel fill was placed. Plowing
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operations included the placing of windrows of snow and the cutting of channels in the snow to divert
meltwater flow away from the area of road construction.

In 1956, a new section 6200 ft long, 30 ft wide, and approximately 2.5 ft deep was added to
the Ramp Road. Alignment was parallel to the direction of meltwater flow, except for the last 1000 ft
which crossed the flow at a slight angle. The end of the road (Station 159 +00) is in the zone of
transition between ablation and accumulation.

At the close of the 1957 season, the Ramp Road was perched approximately 21 ft at the start
of the road and 2.5 ft at the end of the road above the adjoining ice surface. It was necessary to add
gravel to the shoulders and slopes of the first 1.5 miles of road to repair damage by sloughing as the
perching increased. The rate of perching since construction ranged from 2.5 to 6.2 ft per year.

A hump in the road, caused by differential upward movement of the ice, occurred at about Sta-
tion 32+00. The slope of the road between Stations 29+00 and 32+00 increased from 7.2 to 8.4% in
2 years following construction.

Erosion of the road, which was aligned more or less parallel to the direction of meltwater flow,
was successfully minimized by the construction of dikes that extended from the road in a downhill di-
rection. The dikes were 30 to 40 ft long and spaced 400 ft apart on both sides of the road. This
spacing and length was satisfactory, except where the ice surface sloped toward the road; in that area
longer dikes and/or closer spacing was needed.

Diesel oil spread at the rate of 0.3 gal per sq yd was an effective and practical dust palliative.
Dust spread over the ice surface increased the rate of ice melt, and the loss of fines from the road
surface reduced the ability of the surface to withstand the wear of traffic.

Cracks in the road fill resulting from cracking of the underlying ice had no detrimental effect
on the gravel roads.

A 1-ft-thick (minimum) blanket or berm of gravel was demonstrated to be an effective method of
protecting gravel-fill roads on ice from sloughing and slumping due to excessively high perching
above the surrounding ice surface. The ice melt beneath the berms was approximately 25% of that of
the uncovered ice in the first year (the year the berms were constructed) and less than 5% in the
second year.

The berms at Station 13+00 lost approximately 2 ft from their outer edge in 1 year, and the
berms at Station 83 + 00 lost approximately 1 ft of width in 1 year. Experimental 10-ft-wide berms de-
veloped an outward slope and a tendency to lose gravel fill by sliding. Their performance was judged
to be unsatisfactory. Based on Ramp Road conditions it was concluded that berms should be 30 ft
wide for the first 1/4 mile of road, decreasing to 15 ft wide at about 1-1/2 miles from the beginning
of the road, for 10-year life.

Crushed rock, in thin layers, was unsatisfactory for the construction of berms because of its
poor insulating qualities and its tendency to be carried away by rapid meltwater flow.

A test road consisting of 300 ft of 12-in. and 300 ft of 6-in. crushed and screened rock, the
surface choked with screenings, was traffic-tested three times in the 1957 thaw season. The traffic
on the Ramp Road was counted and an equivalent coverage was established that simulated 1 months
actual traffic in 3 days. In 42 days, the test road became perched on an ice ridge approximately 5 ft
high, and an average of 0.3 ft of ice melted beneath the road fill. The melting ice saturated the fill,
and under traffic, pumping occurred with soft spots appearing on the surface. After the third traffic
test, the section with a 6-in. depth of fill was close to complete failure. The section with a 12-in.
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fill still supported the traffic, but was in poor condition, with soft areas and potholes. Some wear of
the crushed rock was observed.

VIII. BRIDGE

41. Figure 49 shows that the Transverse Road crosses a large meltwater channel at about
Station 25 + 80 just below the point where it is formed by the junction of two channels. This channel
is the largest encountered on the ramp and flows through a large gully (see Fig. 72). It was deter-
mined that a bridge would be necessary to carry the road across the gully because the quantity of
flow was so great that a very large culvert would be required (experience with culverts on ice had
been poor), and a very large quantity of fill would also be required to bring the road to a suitable
grade. In addition, it was considered desirable to investigate methods of bridge construction on ice
as an important adjunct to road construction. This construction was accomplished in the summer
of 1956.

-/4 TO%, 4-4

N /

-TBP
0  

M!20 I

314T0144X4 I

1++.__ ________ ___ ___ __

,,.40 29-60 25-60 2S.?0 25.t0 ts-0o 26-00 ze*.0 2420 60 *ZO01 6X

PROFiLE I

US ARMY TREADWAY BRIDGE

PLAN IMr*BE ENT DETAIL

I0 0 .__ 0 to50- -

ISCAL IN FEET SCALE IN FEET

Figure 72. Pile-bent bridge.

Type and materials

42. In determining the type of bridge to be used, consideration had to be given to the availa-
bility of materials and skilled workmen. Moreover, for military purposes the bridge should be such
that a small group of semiskilled men could erect it in a few days. A pile-bent type bridge was se-
lected, the bents to support U. S. Army "Treadway" prefabricated bridging available at TUTO. A
one-lane bridge was sufficient for the amount of traffic, and accordingly, only three piles per bent
were necessary. Treated wooden piles, of 12-in.-minimum diameter at a point 8 ft from the butt end,
and necessary wooden timbers were shipped to Greenland. The pile bents were assembled as shown
in Figure 72.



94 APPROACH ROADS, GREENLAND 1956-1957 PROGRAM

Load capacity

43. The spacing of the pile bents was determined by the loads which it was desired to im-
pose on the bridge and by the configuration of the ice surface. The heaviest mobile equipment which
would use the bridge was a truck-mounted crane weighing about 29 tons. Treadway bridging with a
span of 24 ft will safely support 40 tons. I It was found that three intermediate bents could be used,
with spans between them of 20 and 24 ft (Fig. 72).

It was calculated that, using a stress value of 1600 psi, each pile was capable of supporting
more than 50 tons in compression with an unsupported length of 15 ft. The adhesion strength of ice
in which the piles were embedded has not been fully determined. However, assuming a conservative
stress value (for creep) of 3 psi, the supporting capacity generated by skin friction was about 10 tons
per pile when the piles were embedded about 15 ft. The ultimate capacity would, of course, be sev-
eral times this value.

Thus, the capacity of the pile bents was ample when the dead load of the bridge on each bent
was only about 7 tons and the greatest load imposed was the weight of the truck-mounted crane
(29 tons) resting on the bridge a maximum of from 1 to 2 hours.

The longitudinal stress on the bridge developed by braking a 30-ton vehicle traveling at 15 ft
per sec was calculated as about 21,000 lb. To offset this stress, a dead-man anchor was placed in
the gravel fill at each end of the bridge (see Fig. 73). The anchor was a 20-ft-long, 12-in.-diameter
pile buried 4 ft in gravel of 130 lb per cu ft density. The maximum resistance of which this anchor is
capable was calculated as 31,200 lb.

Figure 73. Dead-man anchor constructed at each end of bridge
to restrain longitudinal movement (8 Aug 1956).

Spacing of Treadway bridging

44. As shown in the diagram of Figure 72, the Treadway bridging was spaced in width to al-
low use by most of the vehicles available at TUTO. Only the M29 carrier (weasel) could not cross
the bridge because its treads are too close together.
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Construction

45. The construction of the Transverse Road was first completed to the bridge site to provide
access for trucks carrying materials and for cranes and other equipment required to accomplish the
work. The bridge was constructed by the civilian technicians and military personnel attached to the
project, about six men. None of these men were trained in bridge construction. The fact that they
could accomplish the job in a reasonable length of time and with a minimum of equipment is an indica-
tion of the feasibility of this type of bridge for military purposes. The bridge construction was com-
pleted in 19 working days between 19 July and 14 August 1956 (Fig. 74). Eight days were lost be-
cause of poor weather. It is estimated that with proper equipment, adequate personnel, and good
weather, the bridge could have been constructed in approximately 1 week.

Figure 74. Bridge from west looking upstream. North

bulkhead has not been backfilled (17 Aug 1q56).

Installation of piles. The wooden piles were installed in holes drilled in the ice; the annular
spaces were then backfilled with slush, which froze to hold the piles firmly. The bulkhead posts at
each ernd were installed in the same manner, using short lengths of the 12-in.-diameter wooden piles.

Drilling in ice. The only available equipment for drilling holes in the ice was a modified

posthole auger having a 5.5-hp, 2-cycle, gasoline motor and a 12-in.-diameter helical auger. The
cutting blade was modified to adapt it to cutting ice, and the driving mechanism was adapted to allow
the attachment of additional drill rod lengths for drilling holes to depths of 15 to 20 ft. Normally, the
auger is hand-held and operated by two men who support it, control the cutting speed by means of a
throttle, and raise or lower the auger as necessary. The latter operation could not be accomplished
manually when the auger had to be raised higher than 6 or 7 ft, and experimentation with various
methods was necessary to establish the most feasible procedure. The danger of the auger's freezing
in the hole was so critical that the method of hoisting it from the hole had to be quite positive; that
is, the pull had to be immediate, smooth, and straight. Using a tripod with a pulley, a hand winch, or
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even the power winch on a truck was found unsuitable. However, a D8 tractor equipped with a boom
and winch worked fairly well (Fig. 75).

Figure 75. Drilling of holes in ice for piles. Note D8 tractor

with boom used to raise or lower drill (7 Aug 1956).

Assembly. The south bulkhead was completed first and backfilled to provide a stable place

from which to operate the truck-mounted crane. Piles were placed in the drilled holes as soon as two

or three holes were completed to ensure that the holes did not close in or fill with snow or meltwater.
After the first bent beyond the south abutment was completed and Treadway bridging installed, the

crane could be moved forward on the first span and used in assembling the second bent. Timbers
used in constructing bents and bulkheads were bolted together; holes for the bolts were drilled with
a pneumatic drill. The Treadway bridge sections were lifted into place by the crane, and fastened to

the bent cap timbers with 1/2-in. steel plates. The plates were installed so that the Treadway

bridging was free to slide longitudinally but restrained from moving sideways (see Fig. 72).

As stated previously, anchors were constructed at each end of the bridge by placing a 20-ft

length of 12-in.-diameter wooden pile in a trench that was cut in the gravel fill. Cables were fastened
from the pile to the ends of the Treadway bridging. The trench was carefully backfilled and the gravel
was compacted with the D8 bulldozer.

The bridge was braced for stiffness by adding diagonal cable stays between each bent; the
stays were fastened to the wooden piles with improvised stirrups (Fig. 76).

It was obvious that ablation of the ice around the dark-colored wooden piles would be detrimen-

tal to bridge stability, and an attempt was made to paint the piles white; however, the creosote of the
treated piles bled through the paint. Temporary protection against melting of the surrounding ice
surface was obtained by laying scrap pieces of aluminum-faced plywood against thei piles and on the
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Figure 76. Wooden pile bent. Note stirrups and cable ties (17 Aug 1956).

ice surface next to the piles. A more permanent protection was obtained by surrounding the base of

the piles with a gravel blanket held in place by a plank wall (Fig. 76).

Performance

46. The profile in Figure 72 shows the level of the ice before (25 July 1956) and after
(10 August 1956) construction of the bridge. Also shown is the profile of the ice surface beneath the
bridge at the end of the 1957 thaw season. It will be noted that the channel had eroded more than
11 ft in depth in approximately 1-1/2 thaw seasons (Fig. 77). At that time, the piles were still firmly

F

Figure 77. Pile-bent bridge showing Ice erosion in channel (9 Aug 1957).
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embedded in the ice to nearly their original depth. However, it was obvious that continued erosion at
the same rate would undercut the piles.* The original channel that the bridge spanned drained a rela-
tively small area of the ice cap adjacent to the moraine plus one channel that originated above the
moraine. With the failure of the culverts through the Transverse Road (see paragraph 36), the entire
area between the Ramp Road and the moraine (see Fig. 2) was forced to drain into the channel run-
ning beneath the bridge. In addition, the thaw season of 1957 was abnormally warm (see paragraph 12).
The peak flow in the channel beneath the bridge was estimated to be 500 cfs of meltwater.

The bridge supported all loads imposed upon it with no apparent strain. In July 1957, due to
differential movement of the bents, the cable side-bracing slackened to the point of being useless. It
was repaired and wooden-plank bracing was added. Otherwise no maintenance was required.

The bridge was completely supported on the ice and it moved with the ice. The amount of
movement was measured by triangulation (see Appendix B, Table B-V). The entire bridge moved in a
northerly direction (downhill) approximately 2.5 ft in 1 year. No detrimental effect on the bridge was
apparent as a result of this movement, nor was there any significant differential movement with depth
as the piles remained reasonably vertical.

Summary

47. In the summer of 1956, an 80-ft-long wooden-pile-bent bridge was constructed on the ice
by six men in 2-1/2 weeks; they performed the work with a minimum of equipment and in inclement
weather.

The bridge supported the heaviest mobile equipment at the site (29 tons) and performed satis-
factorily for 1-1/2 thaw seasons with a minimum of maintenance.

During the unusually warm summer of 1957 failure of road culverts diverted large quantities of
meltwater into the bridge channel, causing excessive meltwater flow beneath the bridge. Much erosion
of the channel resulted, endangering the stability of the pile bents.

IX. CONCLUSIONS

Organization and equipment

48. In the TUTO area of northern Greenland, the short work season and limited number of days
with good weather require that: (a) plans and schedules be carefully preparcd in considerable detail,
(b) personnel be specially selected for their technical ability and skills in all phases of the work,
(c) close cooperation exist between civilian and military personnel and agencies, and (d) working hours
be as long as possible commensurate with physical limits.

Twenty-two men operating nine 10-cu-yd dump trucks, one 2-cu-yd power shovel, one 3/4-cu-yd
power shovel, six D8 bulldozers, and one motor grader can place approximately 890 cu yd of coarse
gravel, or construct 300 ft of gravel road 2-1/2 ft deep and 30 ft wide, in 9-1/2 hours when the haul
distance is 3 to 4 miles.

Work slowdown in constructing gravel roads in remote arctic areas can be decreased by pro-
viding spare equipment for use during breakdown of regular equipment. Ample spare parts should also
be provided.

0 Early in the 1958 thaw season the piles were unoercut and the bridge abandoned.
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A crawler-mounted, ladder-type ditching machine will cut trenches in ice efficiently, but the
standard model needs modification to improve its maneuverability on rough ice surfaces.

A 5-ft-diameter hole can be drilled in ice to a depth of at least 70 ft with a helical auger and a
suitable drill rig.

Weather

49. The measurement of all meteorological properties in an arctic area such as TUTO requires
much intricate and carefully chosen equipment, and skilled technicians with experience in arctic oper-
ations. The U. S. Army Signal Corps, Meteorological Branch, has the necessary experience and capa-
bility for this type of operation.

The weather of the 1956 thaw season was normal, according to available records, except that
an unusually deep snow cover was present at the start of the season.

The 1957 thaw season was unusual and possibly unique in that the air thawing index was 50%
higher than any previously recorded, precipitation (rain) was approximately 2.5 in., and wind veloci-
ties were greater than those of other years of record (one storm had gusts greater than 90 mph).

The thaw season at Camp TUTO is about 72 days long; it starts about 13 June and ends about
22 August, but a 2-week variation in length and in start or finish date can be expected.

In a cool thaw season, the snow 3 miles out on the ice cap does not completely melt, as that
area is close to the line dividing accumulation from ablation. In a warm thaw season, the 3-mile
point is well within the ablation zone and as much as 2 ft of ice may melt. These extremes may oc-
cur in consecutive years.

As many as 10 workdays may be lost on road construction in one thaw season due to inclem-
ent weather, and as many as 20 days may be unsuitable for surveying or similar activities.

Snow cover on the ground is extremely variable because of wind and resultant drifting. Snow
cover on the ice ramp, although not evenly distributed in depth, recurs in the same depth pattern from
year to year. The range of depth is from 6 to 7 ft at the base of the ramp, from 1 to 2 ft at elevation
1800 to 2000 ft, and from 3 to 4 ft at elevation 2200 to 2500 ft.

Physiography and soils of the TUTO area

50. The active soil zone in the TUTO area averages about 38 in. in depth and is composed of
silty sand (SM) with a dry density of 122 lb per cu ft and a water content of 10%. Not included in this
description are the cobbles and boulders in the peripheries of the frost patterns which prevail over
most of the area.

The permanently frozen overburden in the TUTO area extends to at least the maximum drilled
depth, 62.3 ft. As disclosed by the borings, the first 7 ft below the permafrost table is typically a
silty sand (SP or SM) with layers of silt (ML); this layer has a moisture content of from 20 to 100% and
dry densities of from 45 to 110 lb per cu ft. The soil below the top 7 ft. is typically a silty sandy
gravel (GP, GM, or combination) with an occasional layer of silty sand (SM) and frequent boulders;
moisture content varies between 3 and 13% and dry density between 128 and 145 lb per cu ft. Lacus-
trine deposits also occur having alternate varves of silt, sand, and ice, and occasional thin layers
of clay.

The mean annual surface temperature of the undisturbed ground at TUTO is approximately 10 F.
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The shallow depth of thaw in the TUTO area makes it necessary to bulldoze borrow materials
into stockpiles before loading on dump trucks. However, an adequate amount of suitable borrow ma-
terials can be obtained in this manner within reasonable haul distances.

A coarse, highly permeable borrow material is available in considerable quantity in the form
of clean boulders and cobbles (50% by weight of boulder sizes). The material can be found where
there has been a washing of the surface soils by meltwater flow.

A silty gravelly sand is available for the surfacing of roads. The material provides a good
surface from a trafficability standpoint, and wearing qualities are also acceptable. Although the per-
centage of fines is such that the soil is somewhat frost-susceptible and liable to frost heave and
thaw weakening when moisture is available, the susceptibility is reduced substantially by the dryness
of the climate and the consequent lack of available water under conditions of satisfactory drainage.

Most of the available borrow material is as described above; when it is stockpiled and mixed
with the boulders and cobbles it contains about 4% (by weight) silt and 25% cobbles and boulders.
This material is useful for constructing road embankments in ice-free areas, and for constructing
dikes, berms, and miscellaneous fills on the ice.

There is a plentiful supply of boulders which can be crushed and used for surfacing roads that
may be subjected to moderately heavy traffic.

Steam thawing of the surface soils at TUTO (by passing steam through pipes inserted in the
frozen ground) is an impractical and uneconomical method of obtaining useful borrow soils. An exces-
sive amount of heat energy is required, and the melting of ice in the soil together with the injection of
steam creates excessive amounts of water. Extensive drainage and drying would be necessary to pro-
duce a useful borrow material.

Ice ramp

51. The smooth surface and gentle (4 to 7%) slope of the TUTO Ramp is apparently a unique
condition for the edge of glacier ice, especially for the edge of the Greenland Ice Cap.

Measurements of surface movement of ice, by precise triangulation of permanent points in the
road fill, show the ice to be essentially stagnant for the first 2000 ft. Beyond this point, the ice
moves downslope: the horizontal component a maximum of 11 ft per year, the vertical component up-
ward a maximum of 3 ft per year at about 3200 ft from edge of ice, zero at 6000 ft from the edge, and
downward at a rate of about 1.5 ft per year beyond 6000 ft from the edge.

The Wilson inclinometer is a useful and satisfactory instrument for measuring subsurface ice
movement.

At a point 1800 ft from the edge of the TUTO ice ramp the ice is 190 ft thick, and is underlain
by moraine material (silty sandy gravel with boulders) to a depth of at least 48 ft.

There is no differential subsurface movement in the stagnant ice of the first 2000 ft of the ice
ramp. Where the ice surface is moving horizontally between 9 and 11 ft per year and vertically be-
tween I and 2 ft per year, there is only slight differential movement of the top 200 ft of ice. However,
in the area where the rate of vertical uplift of the moving ice is greatest as a result of overriding the
stagnant ice, there is a differential movement in the top 200 ft, both horizontally and vertically,
amounting to 17.5% decrease in the horizontal movement from the 50- to 200-ft depth and 100% de-
crease in the vertical movement in the top 200 ft. Additional years of record are required to confirm
these values.
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Piles inserted into the ice to depths less than 50 ft will not tilt significantly because there is
little or no differential horizontal movement of the ice in the top 50 ft.

The natural crack pattern on the surface of the glacier ice is an indication of the direction and
velocity of ice movement. Where movement is primarily horizontal, cracks were approximately evenly
spaced and slightly oblique to direction of thrust. Where movement is strongly upward, cracks are
closely spaced and in a checkerboard pattern, perpendicular and parallel to direction of thrust.

There is a net loss of ice due to ablation on the ice ramp, extending in unusually warm sea-
sons as far as 3 miles out on the ice cap. In the first 3/4 mile of the ramp, as much as 11 ft of ice
may be melted from the surface in a single thaw season. At a given ramp elevation the amount of ice
melt varies from place to place, depending on the amount of winter snow cover and the concentration
of dirt on the ice. The edge of the ice cap may recede more than 41 ft in a thaw season.

A gravel-fill road of sufficient thickness to prevent or nearly prevent ice melt beneath the
roadbed may become perched above the ice surface as much as l1 ft in one season.

The net effect of ablation and rmovement on the ice ramp is a continuous recession of the edge
of ice, a steepening of the slope of the first 3/4 mile, and the development of a steadily increasing
hump in the road at the point where upward ice movement is greatest.

The volume and velocity of meltwater are so great that special consideration must be given to
the prevention of erosion of road fills, culvert installations, etc. Maximum flow was observed to oc-
cur in 1957 during the first 2 weeks of July and daily at approximately 2:00 p.m.

Thaw of soils and melt of ice

52. The experimental procedure used to measure depth of thaw, i.e. of inserting plastic tubes
filled with saturated sand in the ground and periodically observing the depth of thawed sand, is not a
convenient and practical method for measuring thaw progression. Further investigation to improve the
procedure is recommended.

In the TUTO area, the measured depth of thaw in the undisturbed ground rangec from 2.9 ft in
1954 to an average of 3.6 ft in 1957.

In the TUTO area a total depth of 5 ft of gravelly, sandy soil with a dry density of about 132 lb
per cu ft and a moisture content of 5% is required to completely protect ice in the subgrade from thaw-
ing. At TUTO, this total depth may include the depth of the active zone, as the soil in the active
zone is similar to that specified.

The amount of thaw of the ground surface prior to the accumulation of air thawing degree-days
indicates that the ratio of surface thawing index to air thawing index must be appreciably greater
than 1.0.

At 1000 ft out on the ice cap, where the air thawing index is only slightly lower than at the
edge of ice, about a 5-ft-thick gravel road fill is required to completely protect the ice subgrade from
melting. At 7700 ft from edge of ice, where the air thawing index is less than half that at the edge of
ice, a 3-ft-thick gravel fill is not sufficient to completely protect the underlying ice from melting dur-
ing an unusually warm summer.

In the absence of surface temperature data, it is essential to the general use of the modified
Berggren formula for the prediction of thaw depth in soils that a value for the ratio of surface thawing
index to air thawing index (n) be available. The n ratio for gravel surfaces and the undisturbed
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ground surface at TUTO was 1.4 and 2.1 in 1956 and 1957, respectively, depending on such factors
as the average wind velocity for the thaw season, the average seasonal cloud cover, and the air thaw-
ing index.

For design purposes in the Camp TUTO area, the modified Berggren formula gives a good pre-
diction of the depth of thaw required to protect a subgrade beneath a gravel fill from thawing. A sur-
face thawing index of 900 degree-days, a mean annual temperature of +10 F, and a length of thaw sea-
son of 80 days should be used.

Based on computations using the accepted method for multilayered soils, 3 ft of gravel fill on
the ice will: (a) allow 0.25 ft of ice to melt beneath the fill in the first 1/2 mile of the TUTO ice
ramp, (b) allow 0.1 to 0.2 ft of ice to melt at about 1 mile up the ramp, and (c) completely prevent ice
melt 3 miles out on the ice cap during an unusually warm summer, such as in 1957.

Road construction

53. A gravel-fill road on the ice at an angle to the direction of meltwater flow should have
crossroad culverts or provisions for directing flow away from the road. Without such provisions, ero-
sion from meltwater flow may cause such damage that extensive maintenance operations will be re-
quired and failure of the road may occur.

Gravel fill can be placed on compacted snow to form a stable road, but where summer thaw
produces flowing meltwater, which will easily and quickly erode the compacted snow, this procedure
is not as practical as removal of the snow before fill placement.

A gravel-fill road placed on an ice slope of about 24 degrees by keying the gravel fill into
trenches in the ice did not slide.

Because of the conditions prevailing on the TUTO ice ramp a culvert made of half-round, 36-in.-
diameter, corrugated metal pipe is ineffective under a gravel-fill road on ice; the most important reason
is the small size of the culvert. A small bridge would be an effective method of providing an adequate
water crossing.

Rough ice can be effectively leveled for the construction of roads or other facilities by blast-
ing and clearing ice in successive layers.

A road fill on ice should consist of a heavy, highly permeable, coarse soil to withstand the
eroding tendencies of flowing meltwater and to permit the water from melting snow and thawing soil to
drain freely from the embankment. The clean cobbles and boulders available in the TUTO area are
excellent for this purpose. The fine soil available for surfacing the roads is only acceptable in the
absence of a better material. The percentage of silt and fine sand in the fine soil is so high that dust
control is necessary, and there is a tendency for the surfacing material to penetrate the coarse under-
lying soil, blocking the voids. Frost heave is not a problem because the surfacing material is quite
dry at the time of freeze-up.

A depth of road fill of 2-1/2 ft will provide a stable road throughout about 2-1/4 thaw seasons.
However, there is evidence that a 2-1/2-ft fill was barely adequate, and that further observations and
measurements are required to establish a proper design depth.

Snow deeper than 1 ft should be plowed from the area before placing gravel fill. Also, chan-
nels should be plowed in the snow cover to direct the meltwater flow away from the road construc-
tion area.
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Perching of the gravel-fill road on an ice ridge due to upthrust and to ablation of the surround-
ing ice averaged 6.2 ft a year at the point of greatest elevation in the 3 miles of road. A 30-ft-wide
road without protecting berms or blankets of soil on each side will not be usable for as long as
10 years. The present road from the ice cap's edge to about 6000 ft out on the ice cap will fail, due
to sloughing of the shoulders and melting of the underlying ice ridge, within 10 years. Beyond that
point the rate of ablation decreases with increasing elevation and the road could be maintained for at
least 10 years.

Cracks in the gravel-fill road resulting from cracking of the underlying ice have no detrimental
effect on the road.

It is important that dust from the gravel road be controlled to prevent it from spreading over the
ice surface and causing accelerated melting, and to prevent the loss of fines from the road surfacing.
An effective and practical dust palliative is arctic diesel oil, spread at the rate of 0.3 gal per sq yd.

A 1-ft blanket or berm of gravel can reduce the melt of the ice surface to less than 5% of that
of the uncovered ice. A gravel berm will reduce the rate of road perching (relative to the berm) to less
than one-twentieth of that of a road not so protected. Recommended berm widths to provide protection
of the road fill for 10 years are as follows:

First 1/4 mile of road 30 ft
Next 1/4 mile to 1-1/2 miles 20 ft
Next 1-1/2 miles to 3 miles 15 ft

Material used for constructing berms should contain sufficient coarse sizes to prevent undue washing
by flowing meltwater, while retaining sufficient fines to provide insulating qualities. Crushed rock
does not meet these criteria.

A road constructed of 6 in. of crushed rock placed directly on the ice becomes saturated with
water from melt of the underlying ice. Three months of normal traffic at TUTO will cause excessive
rutting and wear of such a road. A 12-in.-thick fill of crushed rock also develops soft areas from ex-
cessive meltwater, and 3 months of traffic will reduce the surface to a rough, though passable, condi-
tion. It is tentatively concluded that thin fills of crushed rock are not suitable for road construction
on ice where melt of the ice surface occurs. Observations and tests are required for one more com-
plete thaw season to confirm this conclusion.

Bridge

54. Under the conditions encountered on the ramp, it is feasible to construct a simple bridge,
ot the military expedient type, on the glacier ice when a crossing for heavy vehicles over rough ice or
large meltwater streams must be provided.

Wooden pile bents can be used to support bridging of any desired type. The wooden piles can
be placed in holes drilled in the ice and frozen in, using a backfill of water and ice. A bent consist-
ing of three 12-in.-diameter wooden piles set in cold glacier ice will support a live load of at least
29 tons without detrimental deflection.

There is need for a simple, convenient augering device that can drill 18-in.-diameter holes at
least 25 ft deep in ice. The machine should be easily portable, or self-propelled and able to maneu-
ver on rough ice surfaces.

The life of the bridge under conditions such as those existing on the ramp will depend on the
length of the span and the rate of erosion of the channel. The latter is controlled primarily by the
quantity and velocity of water flow.
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X. RECOMMENDATIONS

55. It is recommended that certain phases of the investigations be continued to further de-
velop methods, techniques, and design criteria for construction of roads on ice and frozen ground.
The following specific proposals are made:

The program of meteorological measurements should be continued in the same detail as in

1957; it should be continuous throughout the entire thaw season, or from about 1 May to 1 October.

Observations and measurements, as appropriate, should be continued to determine: cracking,
heaving, and deformation of roads; performance of roads under traffic; ice melt under roads; perform-
ance of berms; and effect of meltwater flow on culverts, roads, and bridges. Special observations, in-
cluding conducting an appropriate traffic test, should be made of the thin-fill test section constructed
in 1957. Measurements of ice movement, both surface and subsurface, should be continued with at
least the same detail and accuracy used in 1957.

.4 pilot study should be made of the rate and quantity of meltwater flow over a selected repre-
sentative area of the ice ramp; the flow should be related to time of day, portion of the thaw season,
and weather. Values should be determined which will aid in establishing criteria for the design of
culverts, ditches, bridges, and similar structures.

Study of suitable designs for culverts and bridges should be continued by the construction of
prototype structures.

Measurements should be continued of: rate and depth of thaw penetration in the undisturbed
ground and in road fills on the ground and on the ice; subsurface temperatures in the ground and in
the ice; and the rate and amount of ablation of the ice.
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APPENDIX A: PLANS OF TESTS, 1956 AND 1957

I. PLAN OF TEST, 1956

Objective

1. The overall objective of Project 1 in 1956 will be to continue the study of the feasibility
of constructing gravel-fill roads on ice and snow surfaces encountered on the Greenland Ice Cap, with
the investigations to be conducted in the area near TUTO, Thule Air Force Base, Greenland. The
specific objectives of the project in the summer of 1956 will be: (a) to continue construction of
roads started in 1954 and 1955, and (b) to continue investigations related to the road construction,
leading to development of design and construction criteria.

Preliminary surveys and observations

2. During the winter of 1955-1956, First Engineer Arctic Task Force personnel will, at inter-
vals as feasible, read the thermocouples that were installed in the summers of 1954 and 1955. Com-
mencing 1 March 1956, the Task Force will take readings once every two weeks until the summer
program is started, approximately in June.

A preliminary survey and reconnaissance of the condition of the roads in the TUTO area will
be made approximately the first week in May 1956. Observations and measurements of the snow con-
ditions and drifting will be made, P',d photographs of the most important features will be obtained.

1956 construction program

3. In planning a program of investigations in the TUTO area for the summer of 1956, two
aspects have been considered: (a) the maintenance, improvement, and preservation of existing roads;
and (b) new investigations and installations, including the construction of new road test sections. In
practically all cases, the activities that will maintain, improve, and preserve the existing roads and
build new sections of road for research purposes will also serve local operational needs.

Maintenance, improvement, and preservation of existing roads. From both the operational and
investigational standpoints, the measures proposed under this heading are considered to be very
important. The existing main ice ramp road is at present heavily depended upon to provide access to
the upper portion of the ramp for vehicles. The following measures will be undertaken:

Stations 0 + 00 to 30 + 00. This portion of the existing road has gone through two thaw
seasons and has been subjected to summer thawing temperatures more intense than those on
any other part of the road. It is doubtful that the shoulders of this road will remain stable
through another thaw season. With modification to the design, however, it is considered the
road may be maintained for several years. In the 1956 construction season, berms of 50-ft
minimum width and necessary training dikes will be constructed on each side of the present
road. Also, several sections of the berms will be tapered, with decreasing thickness from the
road to the edge of the berm, to observe the differential melting of the ice due to berm
thickness.

Stations 30 +00 to 76 + 00. This section of road was almost entirely reconstructed in
1955, and training dikes and berms were installed for experimental purposes. Results of the
use of berms and dikes were favorable. This entire section of road could be furnished with
berms and meltwater-control dikes, their exact location and design to be determined after
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study of the observations made in 1955 and in the field during construction. It is contemplated
that 50-ft-wide berms will be installed, with several tapered sections, and that training dikes
will be extended some distance beyond the road to assure that no heavy meltwater streams will
develop in the vicinity of the road.

Stations 76+00 to 98+00. This section of road is not subjected to as intense thawing
conditions as is the lower section of the road, and the need for protection against excessive
thawing is not as critical. A few dikes for diversion of surface flow were constructed in 1955,
and the development of melt will be observed closely in the next year to determine the per-
formance of the existing dikes and the possible need for more dikes and berms.

Transverse Road, Stations 0 + 00 to 8 + 00. If it is to be used for other than experimental
purposes, that is, used as an access road to the ice tunnel, the transverse road will be widened
from the present 24-ft width to a 30-ft width. Berms 50 ft wide will be added adjacent to the
roadway; several berm sections will be tapered. The existing culverts will probably no longer
function, because of their perched position, and will be abandoned.

Dust control. Since dust accumulation on the ice ramp causes an increase in the melt
rate, dust palliatives will be added to the surface of the ice ramp roads.

New construction

Materials. For new construction, only coarse, free-draining materials will be used.

Extension of the main road. This section of road completed in 1955 has reached an
elevation on the ice ramp at which the melting of the ice surface during the summer is distinct-
ly less than it is at the lower end of the road. However, the road has still not reached the zone
on the ice cap where the net yearly accumulation of ice or snow begins to become appreciable.
It is presently considered that the optimum location for construction of gravel-fill roads on ice
and snow is near the firn line. There the road will not become progressively buried under
annual accumulations, and the thawing of the ice adjacent to the road will be a minimum.

Accordingly, the main road will be extended approximately 1-1/2 miles, to just above
the firn line, and a load transfer area will be constructed at the terminus. The necessity for
protective berms and lateral dikes may not be present at the higher elevations, but this can
only be determined in the field from observations of road performance during the thaw season.
The design of the road will follow that used in 1955, unless results of observations on test
sections built in 1955 show a necessity to modify it. The road will have a standard cross
section with a 30-ft-wide traveled way. The fill, exclusive of berms, will be approximately
2 ft thick, but it may have to be varied to suit surface conditions. The lower 1-1/2 ft of fill
will consist of coarse, free-draining, gravelly or bouldery material; the top dressing will con-

sist of a few inches of crusher-run fine gravel or similar free-draining material. Drainage
facilities should be provided if required.

One additional experimental test section, using about three fill thicknesses appropri-
ate to the climatic conditions, will be included near the end of the extended road to provide
an additional thaw condition for study.

In construction to date, it has been the practice to bulldoze aside the snow overlying
the hard ice base before placing the gravel fill. In 1956, the fill will be placed directly on
the existing snow surface where the snow depth does not exceed about 2 ft. This will save
the substantial effort required for bulldozing this snow aside, and will also improve the drain-
age situation by eliminating the large banks of snow which affect the local drainage near the
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road during the thawing season. It is also possible that at the higher elevations bulldozed
banks of snow would not melt completely during the thawing season, in which case they
would induce an undesirable snowdrifting situation during the winter.

At the start of the construction season, a few experimental sections will be con-
structed parallel to the road. Various thicknesses of crushed-rock fill, such as 6, 12, and
18 in., will be used for short sections to determine the minimum thickness of fill which can
be effectively placed over the existing, still essentially dry, snow cover. These experimental
sections will be trafficked and the minimum thickness of fill needed to carry military traffic
will be determined. These experiments will provide information of value in case it is neces-
sary to construct gravel roads over snow surfaces under emergency winter conditions.

Field reconnaissance will be made in 1956 to determine where the main road can be
widened sufficiently for construction of an experimental small airstrip or where a separate
gravel airstrip can be built. At the end of the 1956 season, recommendation should be made
as to whether or not such an airstrip should be built and, if so, its specific location.

Road to ice tunnel. It is considered that the most feasible method of gaining satis-
factory access to the ice tunnel is by extending the experimental transverse road constructed
in 1955.

While considerable quantities of material, man-hours, and equipment-hours are in-
volved, valuable experience would be gained in the construction of roads across a rougher
terrain than has been encountered on the main ramp. Such a road would have a highly perme-
able boulder base, and its design will be similar to that used in the 1955 construction season.
Depth of fill will be generally 3 ft, except as it may be necessary to increase this depth to
accommodate surface conditions of snow depth, meltwater flow, or grade. Where meltwater
channels cross the road, various types of drainage structures will be installed for test pur-
poses; however, the basic type of culvert for smaller streams on ice will be a semicircular
Armco arc section.

At least one short, pile-supported bridge will be constructed across one of the deeper
thaw channels, with the floor structure designed to shade the piles from the sun so far as
possible.

Further test sections and field experiments. When the results of the 1955 tests are analyzed,
and as observations are being made in the 1956 season of the performance of the test sections, new
methods will undoubtedly suggest themselves. Additional test sections to investigate these methods
will be constructed. However, approval of any substantial field changes in the Plan of Test will be
obtained before work is initiated.

Soil tests

4. Tests of soil properties will be carried out at periodic intervals, as necessary, including
the following:

Water content and density measurements in undisturbed ground in connection with thaw pene-
tration measurements. Tests will be made on both thawed and frozen soils.

Water content and density measurements in road and test lane fills in connection with thaw
penetration studies and with bearing capacity (CBR) evaluations versus seasonal changes. Cone
penetrometer tests will be conducted where applicable.
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Identification and classification tests performed on all types of soils encountered, as applica-
ble, including sieve, hydrometer, and Atterberg limits tests.

Snow and ice tests

5. In connection with placement of gravel fill directly on snow surfaces, tests will be per-
formed to record the properties of the supporting material, including CBR, cone penetrometer, density,
and grain size. These tests will cover the properties of the undisturbed snow and, at a later date, the
properties of the disturbed snow.

Survey measurements

6. Survey activities will consist of the following:

Bench marks, base lines, etc., established as necessary, to maintain control of construction
operations and to provide basis for as-built records of installation.

Periodic cross sections and profiles of roads and test installations obtained, as necessary, to
record depths of snow, melting of ice surface, character of road surface, etc., including levels on
reference plates set at base of gravel fill in test lanes. They will be observed at proper intervals of
time and at distances to t1000 ft or beyond any effect of dust.

Effects of ice movements on earth-fill roads placed on ice masses that undergo differential
movement ascertained. These movements are determined by comparison of annual changes in eleva-
tion on selected cross sections. That is, if a given embankment station moves downslope several feet
in a year, there will be a general change in elevation of the cross section; the general change must be
distinguished from that caused by ablation of the surface in that section. The occurrence of lateral
movements of the road should also be known; therefore, the necessary measurements will be made.
While some progress has been made in 1955 toward obtaining these measurements, it has been found
that an adequate investigation requires more equipment, manpower, and organization than has yet been
applied. The following requirements are contemplated: (1) the assignment of a separate and fully
equipped survey party to the task, and (2) the establishment of stable, permanent triangulacion sta-
tions and bench marks from which elevations and base lines can be obtained from year to year without
introducing unknown errors due to movement of the reference points or stations.

Temperatures and allied data

7. Temperature and other weather data will be recorded regularly throughout the field season.
Air temperatures will be measured by several recording thermographs, one located at the intersection
of "P" Mountain Road and the TUTO Approach Road, one at TUTO Camp, and two or more on the
ice cap. In cooperation with SIPRE, which is expected to have several parties located in the TUTO
area, measurements will be made of wind speed and direction, relative humidity, barometric pressure,
and air temperature.

Ground surface and subsurface temperatures will be measured at the thermocouple installa-
tions made in 1954 and 1955.

It has been known for some years that predictions of summer thaw penetration in earth fills
and under pavements in far northern latitudes, such as the Thule Air Force Base area, may be in
error as much as 200 to 300% if computations are based solely on air temperatures. Again, thaw is
observed to start in the spring as much as a full month before the average daily air temperature
rises to 32 F. The principal cause of this discrepancy is that current methods of predicting freeze
and thaw do not take the radiation factor into account. In very high latitudes summer solar radiation
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has an extremely important effect on depth of thaw penetration. Some measurements of the contribu-
tion of solar radiation in the TUTO area were made by Dr. Schytt and his group in 1954 in a SIPRE
study. However, no instruments were available for such measurements in 1955, and no radiation data
were obtained. Since it is very important to be able to make reasonably accurate predictions of
summer thaw penetration in connection with construction in these far-north areas, a complete study of
all the factors contributing to the freeze-thaw balance will be initiated in the TUTO area during 1956.
Data will be obtained from both land and ice areas. This program will be developed in close co-
operation with SIPRE.

Measurements of thaw penetration

8. The studies of the actual rates and characteristics of thaw penetration in various active
zone materials in the TUTO area, commenced in 1954, will be continued to the extent indicated by
analysis of the 1954 and 1955 results. While the principal measure of thaw penetrations will be sub-
surface thermocouple readings, occasional test pits and probings will be required to confirm and ex-
tend these measurements.

Drainage study data

9. Effectiveness of culverts, training dikes, and bridges will be recorded.

Data will be recorded on widths, depths, and slopes of principal streams and on velocities
and quantities of flow.

Records will be kept of rates of erosion resulting from streamflow. These will include
photographs.

Effect of dust

10. Analyses of the effect of dust on the ice surface, started in 1955, will be continued.
Distribution of dust with distance from road center line will be recorded. Correlation of dust concen-
tration with observed thaw degradation will be attempted.

Road performance observations

11. Observations of the traffic and general performance of all roads and test fills in the
TUTO area will be continued in 1956.

In 1955 one helicopter reconnaissance of the NUNA Road was made. In 1956 surveys of the
local roads will again be made, including not only the NUNA Road but also roads near Thule Air
Force Base. These surveys should be made relatively early in the season, before appreciable sum-
mer maintenance con be accomplished and while roads are in their poorest condition because of
relatively shallow depth of thaw.

Investigation of availability of borrow materials

12. Results of this phase of the investigations are considered to have a broader application
than simply the procurement of materials for the construction of the ramp roads at TUTO. Conditions
may arise in which construction must be carried out during seasons when borrow sources are complete-
ly frozen, or in which borrow sources are limited in area and it is necessary to consider excavation to
substantial depth in permafrost; therefore, the 1956 program will include the following investigations:

Core borings. If deep excavations are necessary in a potential borrow source, it would be
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essential to determine the type of soil present. In soils containing gravel, cobbles, and boulders,
such as in the TUTO area, this is difficult if exploration is required beyond a depth of about 10 ft.

Several core borings to a depth of 20 ft will be made with the objectives: (1) of determining most

suitable methods of obtaining relatively undisturbed borings in coarse-grained soil deposits con-
taining ice, or in soil foundations containing ice; (2) of determining what conditions would be en-
countered if the local TUTO borrow areas were to be worked to a substantial depth; (3) of providing
correlation data for steam thawing experiments; and (4) of providing information of value in deter-

mining the local geological history.

The key requirement of such explorations would be the recovery of undisturbed cores in which

the ice lenses are sufficiently intact to give an accurate evaluation of the amount of settlement and
amount of water release which would occur on thawing. A requirement which is almost as important

is that the drilling equipment be as lightweight and portable as possible so that it will be possible
to fly such equipment in to remote sites. However, the first of these requirements is the one of
immediate concern.

Test pit. If a core boring study as discussed above is not included in the 1956 program, it

is recommended that at least one test pit be excavated to about 20 ft, in conjunction with the steam-

thaw tests, for accurate evaluation of the soil and ice conditions present.

Steam thawing. Steam thawing experiments will be carried out in 1956 in accordance with

the plans originally drafted for 1955.

Study of natural thawing in excavated areas. Examination will be made of the permafrost
materials which have been exposed to summer thaw in past seasons by borrow excavations, both in

the TUTO area and in the Thule Air Force Base area. Evaluations will be made of: (1) the time

required for newly thawed materials to become sufficiently dry for use as fill, (2) pit drainage re-
quirements, and (3) the rate of thaw penetration, with depth, in newly exposed permafrost.

Work output studies

13. An important part of the development of methods and techniques for the construction of

roads in the TUTO area is the analysis of equipment and manpower needs for a particular job. In

1955 a careful record was kept of equipment performance, time requirements, manpower, etc. Such
records will be repeated for all construction of this nature in 1956.

Consultants

14. Consultants may be required, and arrangements for their services will be made as the
need arises.

II. PLAN OF TESTS, 1957*

Objective

15. The overall feasibility of constructing gravel-fill roads on glacial ice surfaces having

now been established, the objectives of the 1957 program are to gather added evidence regarding

methods, techniques, and criteria developed to date, and to obtain measurements defining the condi-

tions under which these criteria are applicable, with a view toward determining the feasibility of

their use in other climatic and surface conditions.

* Revined 12 March 1957.
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Specifically, the project will include the following cotegories of investigations:

a. Observations of the performance of roads, bridges, etc., constructed to date.

b. The repeating and augmenting of measurements of meteorological factors, subsur-
face properties, freeze-thaw characteristics, and ice movement. Core drilling will be used in
connection with these measurements.

c. Construction of a few test sections to complete the information needed to specify
the requirements for berm construction and for the minimum depth of fill for roads on ice.

d. Cooperation in the layout and planning of approach roads in southern Greenland,
as required.

Observations

16. Observations will be made of the performance of the facilities constructed to date. The
observations will include visual surveys of slumping, heaving, and movement of the road fills and
ablation or melting of the ice surface. Visual observations will be made and records kept of such
items as the performance of roads and the bridge under traffic, the effectiveness of the culverts, the
effect of meltwater flow, and the effectiveness of berms and dikes. A photographic record will also
be kept.

Measurements

17. Requirements for meteorological measurements have been submitted to the U. S. Army
Signal Corps. In general, the requirements submitted are similar to those for the 1956 program.
Stations will be set up and operated by the U. S. Army Signal Corps at three locations as follows:
(1) the edge of the ice cap, (2) one mile inland on the ice cap, and (3) three miles inland on the
ice cap.

a. Project requirements for measurements at Stations 1 and 3 include the following:

(1) Temperatures at three levels above the ground surface (suggested levels
4, 8, and 16 ft), at the surface, and two levels below the surface (depth selected
should be multiples of 2). The temperature-sensing elements will be protected from
radiation and all temperatures will be continuously recorded.

(2) Wind velocities at three levels above the surface, continuously recorded.
(The suggested levels are 4, 8, and 16 ft above the surface.)

(3) Total and net radiation continuously recorded.

(4) Sunshine duration continuously recorded at one site only. Instrumenta-
tion will be provided by ACFEL.

(5) Relative humidity continuously recorded.

(6) Wind velocity measured and continuously recorded at three levels (sug-
gested levels 4, 8, and 16 ft).

(7) Barometric pressure continuously recorded.
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(8) Six-hourly observations of maximum and minimum temperatures, wind direc-
tion, and relative humidity (psychrometer) obtained at one level above surface (sug-
gested level, 4-1/2 ft above surface). Also a check of recording instruments will be
made during these observation periods.

b. Project requirements at Station 2 include the following:

(1) Temperature and relative humidity continuously recorded.

(2) Continuous measurements of temperatures at road "surface" plus two
levels below surface. Continuous measurement of temperature at one level in air
above ice 200 yd from road, and at surface and two levels below surface, if possible.
Continuous measurement of wind velocity at one level above ice surface.

(3) Continuous measurement of total hemispherical radiation and net radiation
over ice, net radiation only over road.

(4) Six-hourly observations to also serve as a check on recording instruments.

c. Periodic readings of subsurface temperatures will be made at the thermocouple
assemblies previously installed. In connection with these readings, measurements will be
made of the rate of thaw penetration in the ground by means of the devices installed in 1956
for this purpose.

d. Periodic measurements of the lateral and vertical movement of the ice and road will
be made using survey methods, including triangulating from the base line and permanent sta-
tions established in 1956, and cross sectioning, profiling, and leveling at representative loca-
tions along the ramp road. These measurements will include recording of any slumping,
heaving, and movement of the road embankments and ablation of the ice and snow surfaces.
Two or three installations will be made on the ice surface to continuously record movement
between two points approximately 100 ft apart. Deep hole drilling will be performed in the ice
at three locations along the road where ice movements are known to be appreciable and at
approximately 25 shallow holes in various areas on the ice ramp. Attempts will be made to
determine the characteristics of the ice as it may affect the life and performance of the road,
including the presence of shear planes and the depth of bedrock, and subsurface movements
will be obtained by means of an inclinometer lowered into the drill hole. SIPRE will deter-
mine the physical characteristics of the undisturbed ice cores. Patterns of surface ice cracks
will be mapped and photographed several times during the season to determine if there is any
correlation between surface cracking and ice movement.

e. Core drilling of the overburden and embankments in the vicinity of TUTO to depths
of 10 to 20 ft will be undertaken to obtain complete and adequate data on the characteristics
of the upper layer of the overburden in the frozen state, particularly with regard to moisture
content and density. The work will be performed while the ground is still frozen. Approxi-
mately 25 holes are contemplated. At the same locations, the changes in moisture content in
the active zone will be followed during the thaw season by means of test pits. SIPRE
personnel will assist in locating drill hole locations so that these data can be used in con-
junction with their patterned-ground study.

Construction of test sections

18. Construction of test sections will be as follows:

Experimental sections of berms to determine the optimum width for adequate road protection.
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Berms will be constructed of random material approximately 1 ft thick. Each test section will be
500 ft long, and two sections will be constructed, one 10 ft wide and one 20 ft wide. Berms having
widths of 30 and 50 ft have already been constructed, so four widths will be available for observa-

tions. Approximately 600 yd of borrow would be required to construct the two test berms, which
would occupy the equipment and number of men used on the 1956 construction for about 3 working
days.

Test sections to determine the minimum thickness of fill which can be effectively placed on
the ice to provide a trafficable roadway for heavy wheeled vehicles. Two sections, one 6 in. thick
and the other 12 in. thick, will be constructed parallel and adjacent to the present road so that
traffic can be diverted to cover them. Crushed and screened rock or screened random gravel will be
used for the fills. It is estimated that approximately 500 yd of material will be required and that
construction will occupy about 3 working days.
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APPENDIX B: INVESTIGATIONAL DATA

Table B-1I. Project Personnel, 1956

Position Affiliation Date in Field

Permanent Project Personnel

Project Engineer (1) ACFEL 6/10/56-9/2/56
Asst Project Engineer (1) WES 6/4/56-9/1/56
Construction Supervisor (1) WES 6/4/56-9/1/56
Geologist (1) ACFEL 6/10/56-9/2/56
Soils Technician (1) WES 6/4/56-9/1/56
Soils Technician (1) EATF 6/1/56-9/15/56
Surveyor (Party Chief) (1) ACFEL 6/10/56-9/1/56
Surveyor (Party Chief) (1) ACFEL 6/14/56-9/1/56
Engineering Aide (1) ACFEL 6/14/56-9/1/56
Surveyor (1) EAFT 6/10/56-9/2/56
Rodman (2) EATF 6/10/56-9/2/56

Drill Crew

Driller (1) WES 6/5/56-7/10/56
Driller's Helper (1) WES 6/5/56-7/10/56
Drill Crewman (2) EATF 6/6/56-7/10/56

Supervisors and Consultants

Project Supervisor H. W. Stevens, ACFEL 6/4/56-7/6/56
Inspection K. A. Linell, Chief, ACFEL 9/6/56-9/11/56
General Consultant Dr. Mikael J. Hvorslev, 6/29/56-7/21/56

Consulting Engineer, WES
Consultant for Drilling T. B. Goode, Chief, Inspection and 4/14/56-7/2/56

Operations Exploration Section, Soils
Division, WES

Military Construction Personnel

Construction Foreman (2) EATF 6/1/56-9/5/56
Shovel Operator (3) EATF 6/1/56-9/5/56
Bulldozer Operator (6) EATF 6/1/56-9/5/56
Truck Driver (9) EATF 6/1/56-9/5/56
Grader Operator (2) EATF 6/1/56-9/5/56
Compressor Operator (1)* EATF 6/1/56-9/1/56
Tank Car Heater Operator (1)* EATF 6/1/56-9/1/56
Crusher Operator (2)* EATF 6/1/56-9/1/56
Demolition Specialist (1)* EATF 6/1/56-9/1/56

* Part time.
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Table B-Il. Equipment and Materials, 1956

Item Supplier Use

Bulldozer (D8) (6) EATF Road construction
Truck, dump, 10-cu-yd (9) EATF Road construction
Shovel, tractor-mounted

2-cu-yd (1) EATF Road construction
3/4-cu-yd (1) EATF Road construction

Grader, road, motorized (1) EATF Road construction
Scraper, towed-type, 12-cu-yd (1) EATF Road construction
Rock crusher, 25-cu-yd/hr (1) EATF Road construction
Truck, dump, 2-1/2-ton (1) EATF Transport drilling pipe, stems, bits,

etc. Reaction for CBR tests
Compressor, truck-mounted, EATF Provide air pressure for core drilling

210-cu-ft/min (1) and operate wagon drill and other
pneumatic tools

Heater, asphalt, 3-car (1) EATF Provide pressurized steam for steam-
thaw tests

Crane, truck-mounted, 10-ton (1) EATF Place wood piles, timbers, Treadway
bridge sections, etc.

Tractor, crawler-type (D8), with EATF Hoist drill when drilling holes in ice
boom (1) for wooden piles

Jeep (2) EATF Transportation
Truck, 3/4-ton (1) EATF Transportation
Generator, 5 kw (1) EATF Used to operate drying ovens in soils

laboratory
Distributor, water, truck-mounted (1) EATF Distribute water and diesel oil as dust

palliative
Drill rig, truck-mounted, complete WES Extract frozen soil samples to depths

with core barrels, bits, rods, and of more than 50 ft
all accessories (1)

Survey set, complete (1) EATF Provide line and grade for road con-
struction, cross sections, and loca-
tion for as-built record, etc.

Theodolite, range poles (1) WES Precise triangulation
Ice-drilling equipment ACFEL Drill holes for wooden piles,

instrumentation
Weather instrumentation; barograph; ACFEL Augment instrumentation furnished by

anemometers with recorders, sunshine WES USA Signal Corps to measure
duration; hygrothermographs, weather characteristics
shelters, masts

Soil testing equipment WES Conduct tests for density, water con-
tent, grain size, plasticity, and CBR

Devices to measure depth of thaw ACFEL Investigate new methods of measuring
thaw depths

Equipment to conduct steam-thaw ACFEL Conduct tests of methods of thawing
tests--pipe, steam hose, nozzles, frozen soil
fittings

Camera, film, light meters, etc. ACFEL Provide photographic record of inves-
tigations

Portable potentiometers, accessories ACFEL Read temperatures from thermocouple
installations

Pipe, caps, oil, wax ACFEL Construct permanent bench mark
Wooden piles, timbers, bolts ACFEL Construct bridge
Thermocouple wire, panels, plastic ACFEL Installations for subsurface temperature

tubing, pipe measurements
Office supplies, drafting supplies, ACFEL Records, plotting, computing

survey notebooks, etc.
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Table B-III. Project Personnel, 1957

Position Affiliation Date in Field

Permanent Project Personnel

Project Engineer (1) ACFEL 6/6/57-8/29/57
Asst Project Engineer (1) WES 4/26/57-8/29/57
Geologist (1) ACFEL 4/26/57-7/27/57
Soils Technician (1) WES 5/2/57-7/21/57
Engineering Aide (1) ACFEL 6/14/57-8/29/57
Engineering Aide (1) EATF 4/11/57-8/29/57
Survey Party (Chief) (2) ACFEL 6/6/57-8/29/57
Rodman (1) EATF 6/10/57-8/29/57
Rodman (1) EATF 5/15/57-8/29/57
Rodman (1) EATF 6/28/57-8/29/57

Drill Crew

Driller (1) WES 4/26/57-7/2/57
Driller's Helper (1) WES 5/2/57-7/7/57
Drill Crewman (1) EATF 5/20/57-6/15/57
Drill Crewman (1) EATF 5/14/57-7/1,/57

Supervisors and Consultants

Project Supervisor H. W. Stevens, ACFEL 4/26/57-6/11/57
Inspection C. R. Foster, formerly Chief, 6/12/57-6/14/57

Flexible Pavement Branch, WES

Inspection S. J. Knight, Chief, Army Mobility 6/12/57-6/14/57
Research Branch, WES

General Consultant Dr. Mikael J. Hvorslev, Consulting 5/11/57-5/25/57
Engineer, WES

Consultant for Inclinometer S. D. Wilson, A/E 5/11/57-5/25/57
Consultant for Drilling T. B. Goode, Chief, Inspection and 5/11/57-5/26/57

Operations Exploration Section, Soils
Division, WES

Military Construction Personnel

Construction Foreman (1) EATF 6/24/57-7/6/57
Shovel Operator (3) EATF 6/24/57-7/6/57

Bulldozer Operator (4) EATF 6/24/57-7/6/57
Truck Driver (6) EATF 6/24/57-7/6/57
Grader Operator (3) EATF 6/24/57-7/6/57
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Table B-IV. Equipment and Materials, 1957

Item Supplier Use

Bulldozer (D8) (3) EATF Construct test berms and test roads
Truck, dump, 10-cu-yd (5) EATF Construct test berms and test roads
Shovel, tractor-mounted

2-cu-yd (1) EATF Construct test berms and test roads
3/4-cu-yd (1) EATF Construct test berms and test roads

Grader, road, motorized (1) EATF Construct test berms and test roads
Rock crusher, 25-cu-yd/hr (1) EATF Construct test berms and test roads
Distributor, water, trailer-mounted (1) EATF Distribute water and diesel oil as dust

palliative
Truck, dump, 2-1/2-ton (1)* EATF Transport drilling pipe, stems, bits, etc.
Compressor, truck-mounted, EATF Provide air pressure for drilling and to

210-cu-ft/min (1)* operate pneumatic tools
Tank, trailer-mounted, 500-gal (1)* EATF Provide water for drilling operations
Jeep (2) EATF Transportation
Truck, 3/4-ton (1) EATF Transportation
Immersion heater (5) EATF Used to heat antifreeze for inclinometer

tube installations
Drum, 55-gal (5) EATF Used to heat antifreeze for inclinometer

tube installations
Generator, 5 kw (1)** EATF Used to operate drying oven in soils

laboratory
Survey set, c -mplete (1) EATF Provide record of cross sections and

profiles, and layout for test roads
Wannigan (1) EATF Weather shelter near drilling site
Hand coring and noncoring augers ACFEL Drilling operations in ice
Ice and soil density test apparatus ACFEL Test for density of ice and frozen

soil
Thermocouple wire, panels, plastic ACFEL Installations for subsurface tempera-

tubing, pipe ture measurement
Portable potentiometers and accessories ACFEL Read temperatures from thermocouple

installations
Drill rig, truck-mounted, complete with WES Drill holes in ice for inclinometer

core barrels, bits, rods, and all tubes. Extract cores of ice to
accessories depths of 200 ft. Also for core

drilling in frozen soils
Soil test equipment WES Conduct tests for density, water

content, grain size, plasticity,
and CBR

Theodolite, self-leveling level (1) WES Precise triangulation and levels
Arctic clothing WES Provide protection from arctic weather
Tubing, plastic, 900-ft WES Installation in ice to provide guide

for inclinometer
Office supplies, manuals, survey note- ACFEL Records, plotting, computing, etc.

books, etc.
Cameras, film, light meters, etc. ACFEL Provide photographic record of

investigations
Approximately 500 gal glycerin-base EATF Used in drilling and installing plastic

antifreeze inclinometer tubes
Approximately 4000 gal arctic diesel EATF Drilling fluid

oil

* Part time.

** Later changed to 3 kw.
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Table B-V. Ice Movement Measurements

Horizontal Vertical
-Point -_ Period t 7 Direction Ft -FDirection

Ramp Road

MP-1 7 July 1956-7 Aug 1956 0.02 N63
0

25'W 0.03* Down
7 Aug 1956-21 Aug 1956 0.14 N30°I0'W 0.01* Down
21 Aug 1956-13 June 1957 0.12 S6535 W 0.12 Down
13 June 1957-10 July 1957 0.18 S 19

0
25,W 0.06 Down

10 July 1957-8 Aug 1957 0.19 N18-25-E 0.23 Down
8 Aug 1957-22 Aug 1957 0.12 South 0.06 Down

MP-17 8 July 1957-8 Aug 1957 0.93 N66'30'W 0.17 Down
8 Aug 1957-22 Aug 1957 0.21 S 73'20'W 0.25 Down

MP-66 7 July 1956-7 Aug 1956 0.56 N53'45'W 0.28 Up
7 Aug 1956-20 Aug 1956 0.42 N75

0
0'W 0.08* Up

20 Aug 1956-13 June 1957 5.38 N70
0
05'W 2.66 Up

13 June 1957-10 July 1957 0.67 N80
0
15:W 0.24 Up

MP-67 8 Aug 1957-19 Aug 1957 0.54 S83'40 W 0.03 Down

MP-8 7 July 1956-7 Aug 1956 0.63 N66°40'W 0.26* Up
Aug 1956-20 Aug 1956 0.51 N64°25'W 0.06* Up

20 Aug 1956-28 June 1957 6.68 N72
0

15'W 1.75 Up

28 June 1957-9 July 1957 1.19 N84
0

10'W 0.11* Up
9 July 1957-8 Aug 1957 0.36 N28°00'W 0.14* Up
8 Aug 1957-21 Aug 1957 0.63 N88

0
10'W 0.02 Down

MP-10 24 July 1956-7 Aug 1956 0.29 N8015'W 0.04* Up
7 Aug 1956-20 Aug 1956 0.58 N81

0
00W 0.13 Down

20 Aug 1956-28 June 1957 8.99 N75' 0
0'W 0.80 Up

28 June 1957-9 July 1957 1.00 N78°30'W 0.06* Up
9 July 1957-8 Aug 1957 0.59 N46'20'W 0.09* Up
8 Aug 1957-21 Aug 1957 0.72 N88*25'W 0.05 Down

MP-16 15 June 1957-8 July 1957 1.15 N85*0
0'W 0.16* Down

8 July 1957-8 Aug 1957 0.93 N45°00'W 0.12* Down
8 Aug 1957-20 Aug 1957 0.47 $77

0
45'W 0.11* Down

MP-14 28 Aug 1956-28 June 1957 10.05 N85 0
50'W 1.14* Down

28 June 1957-29 July 1957 1.06 N62'30'W 0.14* Down
29 July 1957-20 Aug 1957 0.56 S 19-45-W 0.17 Down

MP-15 20 Aug 1956-28 June 1957 8.50 S 77'10'W 1.20 Down

28 June 1957-24 July 1957 0.55 N56-
0

0-W 0.31 Up
24 July 1957-20 Aug 1957 0.97 S 15°30'E 0.16 Down

Transverse Road

MP-7 7 July 1956-7 Aug 1956 0.18 N16'25'W 0.20 Up
7 Aug 1956-21 Aug 1956 0.21 S76°

0
0'W 0.02* Up

21 Aug 1956-15 June 1957 1.51 N61*05'W 0.47 Up
15 June 1957-10 July 1957 0.26 N62°30'W 0.00 None
10 July 1957-9 Aug 1957 0.03 West 0.16 Up
9 Aug 1957-21 Aug 1957 0.08 N82'50'W 0.05 Down

MP-11 24 July 1956-7 Aug 1956 0.02 N26
0

35'W 0.14 Up
7 Aug 1956-21 Aug 1956 0.09 N6'20'E 0.00 None
21 Aug 1956-15 June 1957 0.84 N60'05'W 0.10 Up
15 June 1957-10 July 1957 0.27 N49'10'W 0.00 None
10 July 1957-9 Aug 1957 0.10 S 16

0
40'E 0.01 Down

9 Aug 1957-21 Aug 1957 0.09 S 12*30'E 0.26 Down

(Continued)

Not.: Loc.tion of point. hown in Figure 2.
MP, movement pin in road fill.
H, bride bent.
NM, not mo.surd.
D. tIbe tn d;111 hol..

* Interpolated between ecttal measurements.
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Table B-V (Continued)

Horizontal 1 Vertical
Point Period -- Ft D Direction _ Ft Direction

Transverse Road (Continued)

MP-13 27 July 1956-7 Aug 1956 0.05 S68'10'W 0.01* Up

7 Aug 1956-20 Aug 1956 0.13 N38°40'W 0.01* Up
20 Aug 1956-15 June 1957 0.90 N44°40'W 0.03* Up
15 June 1957-10 July 1957 0.18 S66'20'W 0.07* Up

10 July 1957-9 Aug 1957 0.07 N26
0
35'E 0.11* Up

9 Aug 1957-22 Aug 1957 0.10 S 24'00'E 0.02 Up

MP-18 6 July 1957-29 July 1957 0.28 N70°55:W 0.36 Down
29 July 1957-22 Aug 1957 0.26 N17°45 W 0.28 Down

Bridge Bents

B-1 28 Aug 1956-6 July 1957 1.85 N66°20'W NM
6 July 1957-29 July 1957 0.29 N8015'W NM

29 July 1957-22 Aug 1957 0.16 S 75'05'W NM

B-2 28 Aug 1956-6 July 1957 2.10 N64°05'W NM
6 July 1957-29 July 1957 0.27 N77'

0
0'W NM

29 July 1957-22 Aug 1957 0.24 N N22'1S'W NM

B-3 28 Aug 1956-6 July 1957 2.16 N60m15°W NM
6 Jul\ 1957-29 July 1957 0.39 N73°25'W NM

29 July 1957-22 Aug 1957 0.15 N27°10'E NM

B-4 28 Aug 19%6-6 July 1957 2.09 N57'30'W NM
6 Jul, 1957-29 July 1957 0.31 N60m55'W NM
29 July 1957-22 Aug 1957 0.15 NI1'20'E NM

B-5 6 July 1957-29 July 1957 0.29 N71°35'' NM
29 July 1957-22 Aug 1957 0.22 N745E NM

Drill Hole Tubes
-.... .--- T -.-----. T

D-II 13 June 1957-8 July 1957 0.25 N73V45'W NM

8 July 1957-8 Aug 1957 0.27 N61'30'W NM

8 Aug 1957-19 Aug 1957 0.61 S 19°
0

0'W NM

D-10C 3 July 1957-8 Aug 1957 0.27 N41o
0

0'%W NM
8 Aug 1957-21 Aug 1957 0.37 S60'40'W NM

D-10 13 June 1957-8 July 1957 0.79 N87°05'W NM

8 July 1957-8 Aug 1957 0.39 N82'30'W NM

8 Aug 1957-19 Aug 1957 0.68 S 54'00'W NM

D-10D) 3 July 1957-8 Aug 1957 1.16 N72°30'W NM

8 Aug 1957-21 Aug 1957 0.44 S 76'55'W NM

D-14 28 June 1957-9 July 1957 1.54 N50
0
00'W NM

9 July 1957-8 Aug 1957 0.57 N60m45'W NM

8 Aug 1957-21 Aug 1957 0.99 S00°35'W NM

D-12 28 June 1957-9 July 1957 0.91 N86
0

00'W NM
9 July 1957-8 Aug 1957 0.73 N48'50'W NM

8 Aug 1957-20 Aug 1957 0.56 S 81P45'W NM

D-17 2 July 1957-29 July 1957 0.99 N73°35'W NM

29 July 1957-19 Aug 1957 0.23 S 15
0
50'W NM

D-15A 6 July 1957-29 July 1957 0.18 N86
0
40'W NM

29 July 1957-21 Aug 1957 0.30 N27°25'E NM

S]nt-rp lateld between -ctual mnesutr-n.ntn.
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Figure Bi. Weather data, Station 1, TUTO, Greenland, 1956.
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Figure B2. Air temperature (within standard weather shelter)

TUTO, Greenland, 1956.
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TUTO, Greenland, 1957.
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11) (2) (3) (3) it) a2 (3) J~
Remarks Depth frozen Soil CloseslflOrn Mel. Remark fiy Frosot Sell G lee D

Dsft. Decriptiot Symbol DOM. Deocriptin Dymbelr DO n

120 pcf % r77 pci %

S.ltysandy GRAVEL

with cobbles les
than 6" diam. Ice

coating on parti-

cles.
139.1 7.6

S:ltysandy GRAVEL
with cobbles less
then 6" Mer. Cliea,
irregular, small
masses of Cis
Cooting of ce on 19.2

orge Particle$. GM-IC 140.6 6.7

13.6

NO SRIty,sondy GRAVEL
PHOTOGRAPH with cobbles ong

ice-conted parti-

Cles. Ice coatings

up to s1/4" thick on

- - large cobbles

GM-II34.5

1441 4.3

21.5

A~N 0

PHOTOGRAPH°

22 0
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S~lty-sandy GRAVEL
.h cobbles less I FRAG ME NT
rhoa 6' dom I.,eg

ular mosses of ce
snd Iootiggs of ice 1430 6.7
onlorge poartc/es.

145.2 5.5
Siltysandy GRAVEL

with cobbles lIes

then 6' diam Ice GM - C

cooling ott part.

131.1 9.7

17.7' -.-. ] BOULDER

FRAGMENT

24.8

LEGEND NOTES
Ill Othel Ore r -. afe/ *.*rn.e of .er-er,.r r*55 -cala 0e Iereaha

-- ofC ft.. Core •1[1 rho l"'efe, Se, C/Arsofeesraer", dirseri0. d "W~ of•d WOaaarouV efd Cleae/a, )rc... Sei.s, AO.Ied'ro, 4A, eahi-
efrOcipl4 SivisiOls .0*0,1el 4 e/ ¢ tyee rien as Deoer,,tlaa C/hsOe•C fln@eIWmo Sn/m Poerfia. of FrtIn 5e0ah. SAy ACFlL, US Armr £fooebr -ast-on, Arew
(Dliei-rpee of SOl 1. 1SOt4 tsor .o.h £stf9/oti•,..* I 5S.F."n". ,* hlther of nme o OnClUS "Id "co 31 00-14,/l 0.d "rataf Cowtml is were ore '. M tea/a 0. taseias e d tre.4 cof- -on .,e r-O, Sf/a/. C/nrh ier-

0e/ /aensro CS Cre. /e, nRRiff09.55y t@ ttor alernIeoM were 'se/esredfi.

Flliri.' 115. 5 1 .U g ,If (rill her , I)D .
(I (if 4 Shuc'ts)
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(t) ~ ~ (1 (IW I))
Remarks____ F__*_Sl ____f*0" r MOW8 Remarks froeage Sot. el a~~aa

ft. Description symbol Eata Capt. ft. Description ISymbol __

34 Pct % SOULD09R of %
441(SAN D ST :O )

Silty, sandy GRAVEL
withl cobbles Iate
the. n (dwn.Ice Gki- IC 137.3 8.0
cooling 0n parti-

Silty,satldy GRAVEL 1470 5.0
c 38.0 with cobbles laes G-C

than. 6*dic.. Ice GM I
BOULDER coating an porti-

FRAGMENT ties.

384 -- -

-- .... - 45.7 ---

Sl~t..Oody GRAVEL
.. IM co0ble.5 I...
I Non 6" dn,a Ice GM - IC

cooling on part,-
clee

BOULDER

400 -

BOULDER

FRAGMENT

404 44__-~ 46.3-

B",e r 
S.Ity~sondy GRAVEL

cor ~o'th 1.0 ( diorm. Ic GM-IC 173.3 5.6
coating an parti-
C le$.

SIInOfldGRAVEL GMt-IC 138.2 73 47.7
in 11 Cobbles loet
thiran 6" dionr Ice

-- 418 -.

Silly,sedy GRAVEL

.1 th CObbles less
Zh. 6(dIam. Ite GM- IC
ceoating on parti-

BOU LDER
(SAND0STONE)

141.0 7.4

1.dof on IIIe Clo Se1 Cn ...ete I~t'r' Immlwi of~*d potagfeo s CawL. WSA
I.e~et 10.1. An Ca'tle le. tit I'#' of , P hfgg. rkoo fat.nlsMg egaA .. ~glw.,alndf. uolagC e~ooR-jAofi## 000g Cl-pf O*Ct.tio of. floral, Jlogto AC .gma U*.M m, u

Fig)ure HS5 (Continued)
(3 of 4 Sheets)
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H". -16-664 I. symbol Dan CmlI ft- flaesripflo Symbol D~ow._

ac % at %

SSlty SOay. GRAVE

nwth Doobbess flGMIo179
than000 r dooe. lif O-1

S.ilty, Sonty, GRAVEL
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-62 3
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Soest, 'AEL

343.2 56

LEGENDL NOTES
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APPENDIX C: REPORT ON 1957 TUTO RAMP
SLOPE INDICATOR MEASUREMENTS

by Stanley D. Wilson*

Introduction

1. In May 1957, the writer was engaged by the U. S. Army Engineer Waterways Experiment
Station to assist in obtaining subsurface measurements of the movements of the TUTO ice ramp,
utilizing the Wilson slope indicator. This report describes the instruments used and the field instal-
lation of observation wells, and presents a detailed analysis of the measurements. Also included
are tentative recommendations for continuation of the program.

Instrumentation

2. Description of the slope indicator. The complete field instrumentation, as shown in
Figure C1, includes the slope indicator, a control box, connecting cable, and plastic casing.

The slope indicator consists of a pendulum that is pivoted on ball bearings and enclosed in a
watertight brass cylinder. The cylinder is about 2.5-in. outside diameter and 15 in. long. The tip of
the pendulum contacts a precision-wound resistance coil. When that happens, it subdivides the coil
into two resistances, forming one-half of a conventional Wheatstone bridge circuit. The other half
of the Wheatstone bridge circuit, including switches and batteries, is enclosed in a control box at
the ground surface. The inclination of the tiltmeter is proportional to the dial reading of a precision
potentiometer in the control box, which reads from zero to 1000. A schematic circuit diagram is
shown in Figure C2.

221 V.-DC

POT POET I OMEITER

CONTROL UNIT

GALVANOMETER

T TIP

WA1FTRPROOF
I CAGLE

160 TURNS fINCH

COIL DETAIL
(TOP VIEW)

IL.A

ONTACmum INDICATING UNIT

*(CSTANCE COIL

Figure Cl. Wilson slope ineicator, control box, Figure C2. Circuit diagram, Wilson slope
connecting cable, and plastic casing. indicator.

A Member of the firm, Shannon and Wilson, Soil Mechanics and Foundation Rnginesrs. Seattle, Washington.
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When the slope indicator is lowered into the plastic casing observation wells, the guide

wheels on each end of the brass cylinder are fitted in the guide slots in the casing. Dial readings are

obtained at 5-ft intervals of depth in each of the four slots. The initial position of the casing is

readily computed once the inclination (proportional to dial reading) is known. Subsequent readings

which show the change in inclination are used to compute the change in position of the casing, i.e.

the ice movement. For the particular instrument (No. 107) used in this installation, the relation

between change in inclination (4,) and dial changes is given by the expression tan dial change
7050

Observation wells

3. In order to measure subsurface ice movements with the slope indicator, observation wells
were first installed. The wells consisted of 2-7/8-in. inside diameter, extra heavy wall, plastic well

casing lowered into a hole and frozen in place. The casing is extruded in 5-ft lengths and subse-

quently broached with four longitudinal slots to guide the slope indicator.

Behavior of plastic casing at low temperatures. The Ohio River Division Laboratories,

U. S. Army Engineer Division, Ohio River, undertook some rather simple but enlightening tests on

the plastic casing to determine its stress-deformation and strength characteristics at -15 F as com-

pared with those at room temperatures. The results showed rather conclusively that these properties

were relatively unaffected within this range of temperatures, although actual rupture at the lower

temperatures was of a more brittle nature.

Spiral in grooves. The shipment of plastic casing received at TUTO was found to have been

broached with a counterclockwise spiral amounting to 1.7 degrees per ft. This was verified by means

of a small camera which photographed the orientation of a compass needle at various depths. The

results presented herein have been corrected for spiral.

Vertical elongation of casing. Just prior to actual installation of the casing, a review of the

then available data indicated that it was probable that some of the planned observation wells would

show vertical as well as horizontal components of displacement. Therefore, joints at about 30-ft

spacings were left open a fraction of an inch, and a special "gadget" was improvised in the field to

measure the vertical elongation or stretch of each of these 30-ft sections. While these measurements

were somewhat crude, the results have been of great importance to an analysis of the data presented

herein.

Installation of observation wells. Borings were accomplished with a power rotary drill rig,

and fairly continuous undisturbed ice cores were obtained. Diesel fuel was used as a drilling fluid

to wash out the ice cuttings and to assist in keeping the hole from squeezing inward. The diesel

fuel was bailed out of the hole prior to installing the casing. Details of the boring techniques are

beyond the scope of this report.

In a normal installation the plastic casing is joined together in 5-ft sections as it is

lowered down the drill hole. At TUTO, however, the casing was preassembled into 30-ft lengths in

a tent at the campsite. These sections were then hauled to the site by truck, hoisted one at a time

with the aid of the drill rig tower, cemented together with the slots aligned, and lowered into the

hole. This procedure proved quite satisfactory; the only unfortunate incident occurred in hole D12

when a coupling cracked, allowing 120 ft of tubing to drop to the bottom of the hole. This was

salvaged with little damage thereto.

After the casing was lowered into the borehole, antifreeze at a temperature of 15-20 C was

poured into the casing, and warm water was poured into the annular space surrounding the casing.

Next, a pipe was lowered into the casing, and as the pipe was slowly withdrawn, warm antifreeze
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was circulated so that the water would freeze gradually from the bottom to the top of the hole.

Location of observation wells. The following table gives data on the observation wells.

Hole Ramp Road Offset Depth of True Azimuth
No. Station South, ft Hole, ft of East Slot

D1i 19+ 19 549 244* S73 0E
D11B 21+19 25 S16 0E

D1OA 31+00 25 N880 E
D10 33+00 478 205 S670E
DIOB 35+00 25 S76 0E

D12A 64+00 20 S77 0E
D12 66+00 700 200 S62rE
D12B 68+00 20 S40 0E

D13 74 + 00 600 40 S46 0E

D14 55+00 800 40 S780 E

D15A ** ** 40 S44 0E

Note: Locations listed are approximate only.

• This casing was pinched off at depth 95 ft. and subsequently at depth 55 ft.

* Upstream from bridge on Transverse Road.

Slope indicator readings

4. Initial sets of slope indicator readings were obtained shortly after installation of the cas-
ings and these were followed at fairly frequent intervals by additional sets. Dates of initial readings
for the various casings are listed below:

Hole Date of Hole Date of
No. Readings No. Readings

Dl 14 June D12 17 June
DllB 8 June D12B 10 June
D10A 8 June D13 10 June
D10 20 May D14 8 June
D10B 8 June D15A 3 July
D12A 10 June

During the period 23-26 August, all casings were surveyed with the slope indicator, at which
time the tubes were filled with antifreeze, sealed, and capped for the winter.

Results of slope indicator measurements

5. General. Each set of data requires lengthy analysis and evaluation. In hole D10, for
example, there have been nine sets of data, each set consisting of 160 individual readings. Each
pair of readings has been corrected by graphical procedures to account for the spiraling in the slots.
Further, the relative movements within the depth of the casing have been smaller than anticipated,
and it has been necessary to pay particular attention to all possible inaccuracies in measurements.
Records of all data are not included in this report since detailed presentation of all supporting data
is not justified.
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Method of correction for spiral. It has previously been explained that the slots in the plastic
casing spiraled in a counterclockwise rotation of 1.7 degrees per ft. The graphical procedure used to
correct this is shown in Figure C3. The particular example chosen is from 144-ft depth in hole D10.
The following data were obtained in the field:

Difference in Difference in

Date Dial Readings Date Dial Readings

N-S E-W N-S E-W

20 May 1957 -160 +29 Changes:
2 July 1957 -168 +38 20 May-2 July -8 +9

26 Aug 1957 -182 +50 20 May-20 Aug -22 +21

The true bearing of the E slot at the top of the casing is S67°E. The N-S and E-W dial
changes are first plotted (Fig. C3). These have developed as listed above, referenced to the slot

bearings at the top of the casing. At

DIAL LMTS G4AWA 144-ft depth, however, the slots have
so -o0 o +0 +20 ÷ 30 rotated 245 degrees counterclockwise.

TUBE NORTH

O " N e( To avoid replotting the data, the true
reference bearings are rotated. The

+20. projection of the two points on the E-W
reference line can be determined
graphically as being -12 and -30 dial

+,0 units, respectively. By repeating this
procedure at each successive depth, the

"" "SMA20true E-W component of dial change can
MAY 20 °be obtained. These corrected values

_ ' -have been used in the figures at the end
' " ~-of the report.

4• - . 2

5",~" \x ]In Figure C4 are plotted the
/ / ,, two components of dial changes at each

depth for the above intervals of time.
1 21 - The first interval changes (42 days)

have been indicated as open circles,
-/30 the total interval changes (96 days) as

solid circles. The lines connecting
/ the points represent changes from

-0 W DAH2 July to 26 August (54 days). TheseDATA 3110W" ARE FOR 144-F?

DEPTH IN ,OE mC components have been corrected for
spiral and represent true bearings.

Figure C3. Graphical procedure for The numbers beside the points repre-
spiral correction, sent depths.

In studying this plot, it will be noted that the trend of changes'is E-W, although there is
considerable N-S scatter as well. The scatter is such as to not make it possible to pinpoint the
exact direction of movement. Based on surface evidence of movement, it has been assumed that
all such movement is in a westerly direction. In Figure CS are plotted the E-W component of dial
changes, derived directly from Figure C4. This is a plot of dial change (or change in inclination)
with depth. Note the excellent agreement between the two sets of data, and the orderly increase
in change in inclination with time. In contrast, the N-W component (not plotted) showed erratic
scatter and no cumulative trend of displacements. The scatter tends to increase with depth.
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Figure C4. Dial changes, hole D10.

There are two probable reasons for this large scatter. First, the casing may not have been complete-
ly frozen in the ice because of antifreeze leakage and contamination with diesel fuel. Secondly, and
probably the main reason, the plastic casing was elongated at the same time the horizontal move-
ments developed. Thus, the deeper readings have been taken each time at a different depth. The
total stretch has been of the order of 8 in., which means that, near the bottom of the casing, the
original set of dial readings is being compared with the final set of readings which were obtained
8 in. higher in the casing. At depths where the individual sections were slightly curved when in-
stalled, a change in position of the slope indicator results in an apparent change in inclination; that
change is not the result of horizontal shear displacements.

In Figure CS are plotted the E-W changc.s in dial units for each 5-ft increment of depth. The
deflections (or movements) which were computed from this data are shown on the left of Figure C6.
The agreement between the data of 2 July and 16 August (and of the intermediate data not presented
herein) is very good and is an indication that the data are reliable.

The data presented in Figures CS and C6 show conclusively that the shear displacement of
the casing has been cyclic in character, with maximum shear at the center of layers about 20 to
30 ft in thickness. However, it is not conclusively established that this is representative of the
shear deformation of the ice mass. Since appreciable quantities of antifreeze leaked through the
joints and into the annular space surrounding the casing, it is possible (although not too probable)
that the casing has not frozen rigidly to the ice, and that there have been cyclic displacements of
the casing within the confines of the borehole (the N-S scatter, although cyclic, is much more
erratic and not as progressive as for the E-W component). Final resolution of this question may
have to await further field measurements with the slope indicator.

The vertical elongation of the casing in DIO was likewise measured at periodic intervals.
These measurements consisted of measuring the distance from the top of the casilrg to successive
joints in the casing. The equipment was improvised in the field and consisted of a spring-loaded
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CHANWE IN DIAL L/NTS lever at the tip, a pipe weight, a con-
0 -6 .0 -4 0 -210 0nection from the tip to a 100-ft steel

tape, another connection, and a
second 100-ft steel tape. Unfortu-

20.o nately, the connections were not
always of the same length, resulting
in minor inaccuracies. The first set,
on 23 May, was very carefully ex-
ecuted, as were the final sets on
13 August and 26 August, the latter

60- •two being accomplished with a
- 200-ft steel tape. As a matter of

record, all field data are presented
. Jo,11 •in the following tabulation. The

S._ -- NOTE elongations between 20 May and
,,, 13 August are plotted on the right00 " M half of Figure C6.

T". j (Note: There is a possibility
'20 2D LEGND that the measured elongation in the

-- o Moyzo-.•J,2j07 lower 25 ft is too great due to loosening
0M"y2--A.o•i26?,7 of the lower plug. This error might

140- amount to as much as 1 to 2 in.)

140.

Figure CS. E-W component of dial
200. changes, hole D10.

Elongation in Hole D10

Measured Depths to Joints from Top of Casing, ft
23 May 27 May 17 June 2 July 11 July 13 Aug 26 Aug

11.70
16.71 16.78 16.77
26.79 26.74 26.89 26.92 26.85 26.91
31.80 31.86 31.91 31.92 31.85
36.82
46.86 46.80 46.96 47.01
87.05 87.65 87.04 87.21 87.25 87.24 87.31

117.13 117.18 117.31 117.34 117.85
147.28 147.33 147.40 147.63

172.55
177.41 177.51 177.49 177.73 177.84
207.47 207.65 207.60 207.74 207.94 208.16
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Hole D1i. The casing in DEFLECTION-INCHES VERTICAL ELONGATION-INCHES

hole Dl1 was originally installed
through the ice cap and into the 4 WEST

permafrost to a total depth of PS

245 ft. During the freezing, it was
pinched off at a depth of 97.6 ft. 25

Subsequently, it was found that
the slope indicator would not go
below 54 ft in the N-S slots; so
therefore, the data are limited to
the upper 54 ft.

In Figure C7 are shown
the two-dimensional dial changes,
corrected for spiral, for the inter- 31oo

vals 14 June to 29 July and
14 June to 24 August 1957. As
with D10, there is a consistent 'a2

E-W trend with some scatter in
the N-S component. Figure C8 I
shows the E-W dial changes ver- ISO
sus depth, and also the deflec-
tions computed from the above
data. 0

(Note: The initial readings
were obtained on 8 June 1957. How-

ever, it is believed that the casing
was not completely stabilized by

freezing on that date, and therefore, Figure C6. Deflection and elongation, hole D10.

the data of 14 June have been taken
an a zero reference.)

DIAL LIMTS CHANGE IN DIAL LIUTS DEFLECTION - INCHES
a -4~+o z 0 -10 o +0 _t e *a-30 -20 -,0 0 +10 +20 -o oo , *o t • *

+20 at

+10

"JULY as

0 -- 0 40 4AU14

aso

so- Z l, o

-0 JUNE 14 TO ALT 29,1955
- JN 1 4 TO AUG. 24,1"7 LEGEND

I OEPTH IN FEET ---. JUuI 14 TO JULy 29.1"5?
14 SELOW 5UE -4 JUNO 14 TO AUt. 29,197

Figwe C7. Dial changes, hole DI1. Figure C8. E-W cotw,,onent of dial changes and
deflections, hole D1I.
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The deflections shown in Figure C8 appear to exhibit the anticipated trend and direction;
however, they are so small as to be within the range of instrument inaccuracies.

Hole D12. The casing in hole D12 was dropped during installation and subsequently ice
formed inside the casing and had to be thawed out. The data from this hole have tended to be more
erratic than from other holes. In Figure C9 are plotted the two-dimensional dial changes that de-
veloped between the dates of 17 June and 23 August. Note the symmetrical distribution of the
changes about both the N-S and E-W axes.

DIAL UNITS

-40 -30 -20 -10 0 +10 +20 +30
+50 , 1 , 1 --- 1

N
e199

+40

+30

09

+20 
044

e154

039 0

+10 .104 994 19034 .24 194

9 049 .189

I- 954 .184
S0 W1 144

174 @169-J ••6
119:29 0 0164-69 1190 84 17913979

1140 0159-1O 079

* *109
149 124

-20 889

.64 129

-30-
134

S

-40

Figure C9. Dial changes, D12, 17 June to 23 Aug 1957.
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CHANGE IN DIAL UVITS
In Figure CIO are plotted the true E-W - ,0 -20 0 +20 +40

component of dial changes for the periods 0 -sw ,-'
17 June to 29 July and 17 June to 23 August.
Note the larger changes which developed in the
first period as compared with the changes which to.

developed in the second period. It is believed

that the casing was not fully frozen, and that
the first set of data represent readjustments of 4o

the casing within the borehole.

In Figure Cli are plotted the computed Go o-r
E-W movements for the same two periods shown- -

in Figure CIO. The indicated movements for
the first period are partly in the wrong direction -
and of such an order of magnitude that they
could well be shifting within the borehole. S

There are no apparent movements for the second
period. From this it is concluded that there 8
have been no relative horizontal movements
within the depth of the boring. 120 - LE

-- •0 17 TO JULY 29,1957
- AME 17 TO AUG 23.1955

Vertical elongation measurements, simi- OI"
lar to those made on DI0, were attempted and 0 .- -

found subject to the same errors. The pertinent ERRATIC DATA

field data are summarized in the tabulation p---
below. ,60 -

DEFLECTION-INCHES S

4 2 0 2 4
o[ EST too0

- -

25- 2001

Figure ClO. E-W component of dial changes, hole D12.

SO

The data below indicate no elongation in the

lower 165 ft. It is probable that the small measured
i5 elongation in the upper 35 ft is the result of inac-

curacies in the tape connections.

1,00. Elongation in Hole D12

Measured Depths to Joints from Top of Casing, ft

17 June 2 July 13 Aug 24 Aug

ERRATIC DATA 3.00
JULY 29 14.72

IO. 24.58

J•LY 1TO AUG 23.1957 , 34.66 34.72 34.82 34.81/ 63.92

i .h68.81 68.97
108.31 108.40 108.51 108.46
141.03 141.22 141.14

•oo 171.13
Figure Cl I. E-W deflections, hole D)12. 200.11 L200.18 200.34 200.24
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Holes DO•A, DIOB, DIIB, D12A, Dl2B, D13, D14, and DI5A. All these holes are from 25 to
40 ft in depth. The upper S to 15 ft have in most instances been affected by surface melting. Elonga-
tion measurements were not undertaken.

Figures C12 and C13 show the two-dimensional dial changes which developed between the
date of installation and the final set of readings in late August. The variations are random and show
no orientation of direction. The intermediate readings (not plotted) showed similar scatter. E-W dial
changes or computed deflections have not been plotted since the data do not warrant this.

With the exception of hole D1SA, all the above-listed holes are adjacent to or in the vicinity
of holes D10, DlI, and D12. Since analysis of these latter holes shows no measurable differential
horizontal movements within the upper 50 ft, it is not surprising that none of these shallow holes
show any evidence of horizontal shear movement.

DIAL UNITS DIAL UNITS
-10 0 +"10 -10 0 +10

+10 N +10-
N

is4Z

I N

0 _E -M 0. W9
_J _J

24

-10 24- -IL 14

SS

DIOA D12A
PERIOD JUM 8 PERIOD JUNE 10
TO JALY 29,1? TO JULY 2, 195?

DIAL UNITS DIAL UNITS
10 0 +10 -20 -10 0 +10

N IS

+10 4 +10

19

f 4t 1

S
-101 -o0 S

0106 D12B
PEO JunE 9 PRimOo ANE 17
TO AUG. 24,1j"? TO AUG*•n,1?7

Figure C12. Dial changes, D1OA, DIOB, D12A, and Dl2B.
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Discussion of ice movements

6. Of the three deep casings, D10, Dl1, and D12, only D10 showed measurable differential
horizontal movements within the depth of the casing. In contrast, triangulation data from 20 June to
20 August 1957 showed much greater surface velocities, as tabulated below:

Hole 60-Day Total 90-Day
No. Surface Movement Differential Movement

D10 1.03 ft = 6 in./month 5 in. = 1.67 in./month
D1l Zero Zero
D12 2.01 ft = 12 in./month Zero

In Figure C14(c) is plotted the observed surface movements at five stations on the ramp for
the period August 1956 to August 1957. At DIO the rate is seen to be nearly 8 in. per month (slightly
larger than that listed above) and at D12 movement is 12 in. per month, the same as listed above.
Considering possible errors of such measurements, the agreement is considered excellent.

£ -

"a = /W .....
* - -" -

RAMP STATIONS

Fiur -1.Aayi fiemvmns

(9) ASSUMED D6STRIGUTION .00'.

OP' "NOIZONAIM. ICE

RAMP-------- - - ---

30030 *

,2200-~~AM WSAMATIONSItoo'S

In Figure Ci5 on the left is plotted the total horizontal movement at Di0, taken from the curve
in Figure CI4(c). Starting at the top are superimposed the measured differential horizontal movements
from Figure C6 for the three-month period from 20 May to 20 August 1957. A reasonable extrapolation
of the curve projects to zero velocity at the lower boundary of the ice.
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Figure C14(a) shows a section of the ice ,WIMSIHIC. •,AL -mIC.

ramp to true scale as obtained from seismic sur-
veys in 1957. Directly above hole D10 is shown
an approximation of the movement curve of
Figure C15. Assuming zero velocity at the lower

I I

23" 300 BOTTOM OF
1 11 NOTE

I E[ FIGURZ CS FOR ODETAILSgI OF MOVMNiTS Ib DIO.

' I
\ I
% I

' I

100
Figure CIS. Estimated total movements, hole D10.

I-

J ice boundary and a linear increase of velocity above,
i" the distribution of horizontal ice movements at selected

z stations along the ramp is also shown. Each of these
graphs has been subdivided into zones so that equal

X volumes (Q) of ice flow past a vertical section of each
,.. zone in a geven time. If these basic assumptions are

'SI reasonably correct, then the zone boundaries represent
1 2 200 flow lines of ice movement. These flow lines have

been constructed within the ice ramp profile shown in
Figure C14(a). The lowermost flow line represents the
boundary between shear deformations below and con-
stant velocity (across a given section) above. Note
that the flow lines do not represent shear planes or
planes of sliding.

The flow line which intersects the ice surface
near the top of D10 is inclined at an approximate angle

-300 of 30 degrees to the horizontal. In Figure C16 is
plotted this inclination which, together with the total
horizontal displacement of 23 in. from Figure C14,
gives a vertical movement of 13 in. On the right of
Figure C15 is plotted this vertical movement, and

- 3" superimposed thereon is the'measured elongation from
Figure C6. This curve has likewise been extrapolated
to zero at the base of the ice ramp, and the data were
used to complete the curve of Figure C16.

Figure C16. Inclinations 0The movement profile shown in Figure C14(a)
of movements, hole DI0. now fits all the available data pertaining to surface
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and subsurface movements, although the 30-degree inclination of movement at D10 is subject to veri-
fication and possible modification.

In Figure C17 the surface movements which would result in a given period of time, if there
were no ablation, are plotted to a convenient scale. The length of each arrow represents, to this
scale, the horizontal component of velocity as shown in Figure C14(c). The inclination is obtained
from Figure C14(a). Note the hump which is developed in the vicinity of D10 (opposite the hump in
the Ramp Road). While other factors may contribute to the ice hummocks observed in this vicinity,
the flow pattern shown in Figure C14 must be the prime factor.

04 --- 40+00 56+00

RAMP STATIONS

Figure C17. Computed surface movements, TUTO Ramp.

Recommendations for additional investigations

7. The measurements should be repeated in all of the holes at the beginning of the 1958
season. This will be of particular interest in the three deep holes and in some of the intermediate-
depth holes. In D10, the elongation should first be measured, and the depths corrected so that all
readings will be taken at positions in the plastic casing corresponding to the original positions.

If additional casings are to be installed, they should be installed in each case through the
ice and into the permafrost. This may require several installations of approximately 500 ft in depth.
In connection with any proposed future installations, it is hoped that some of the problems en-
countered with last years installations can be avoided. It is now possible to obtain casing with
precision-cut grooves which do not spiral, and improved couplings of aluminum have been developed.
Techniques for lowering casings to any desired depth, without danger of dropping the entire length,
have been developed, and improved electrical conducting cable is being developed.
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Ohio University Engineering Commandant, USA Transportation 1
Experiment Station, 159 West 19th School, Ft. Eustis, Va.
Avenue, Columbus 10, Ohio Chief, Research & Development, DA, 1

Engineer Intelligence Center, 1 ATTN: Chief, Earth Sciences
Office of the Engineer, Div, Washington 25, D. C.
ATTN: Mr. Gerald M. Goldberg, Library, National Research 1

USAREUR, APO 403, Council, Ottawa, Canada (E3G-17)
New York, N. Y. Commander, US Strike Command, 1

ATTN: J4-T, McDill AFB, Fla.

U. S. Air Force

Hqs, USAF, DC/S Operations, 1 Cdr, MATS, Andrews AF Base, 1
Director of Operations, Washington 25, D. C.
Operations & Cconitments ATN: Air Installations Off.
Division (AFOOP-OC-S) Hqs, USAF, DC/S Devel, AFDRD - 1
Washington 25, D. C. Equip Div, Washington 25, D. C.

Hqs, USAF, DC/S Devel, AFDRQ - 1 Cdr, Air Prvg Gr Command, Eglin 1
Command Support Div, Air Force Base, Fla.
Washington 25, D. C. ATTN: PGAPT

Cdr, Wright Air Devel Center, ATTN: 1 Cdr, Wright Air Devel Center, 1
WCLEI, Air Installations Br, Wright-Patterson AF Base, Ohio,
Equip•ent Laboratory ATTN: WWDFFE

Cdr, Maxwell AF Base, Ala., 1 Installations Engr School, USAFIT, 1
ATTN: A-2 Library Wright-Patterson Air Force

Cdr, Maxwell AF Base, Ala., 1 Base, Ohio
ATTN: Research Section Terrestrial Sciences Laboratory, 1

Cdr, Air Res and Dev Command 1 CRZG, AF Cambridge Res Labs.,
P. 0. Box 1395, Baltimore 3, Md. L. G. Hanscom Field, Bedford,
ATTN: RDTDE, Equipment Division Mass., ATTN: Mr. C. E. Molineux

To be forwarded thru Senior Representative, US Army Standardization Group, UK,
Keysign House, 429 Oxford Street, London, W.1, England:

Mr. F. L. Uffleman, Fght Veh R&D 1 Prof. P. H. T. Beckett, Oxford 1
Estab, Chobham Lane, Chertsey, Univ, England
Surrey, England
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LIST A (Continuad)

To be forwarded thru Senior Representative, US Army Standardization Group,
Canadian Army Headquarters, Ottawa, Ont., Canada:

Mr. C. B. Lewis, Defence Research 1 Dr. E. G. Leger, Canadian
Board, Ottawa, Canada Armament R&D Establishment,

Lt. Col. A. L. Maclean, Canadian 1 Qaebec, Canada
Hqs, Ottawa, Canada Mr. T. A. Harwood, Defence

Major W. J. Dickson, Canadian 1 Research Board, Ottawa,
Armament R&D Estab, Qaebec, Canada
Canada

Consultants (AMRC)

Dr. A. A. Warlam 1 Prof. R. E. Fadum 1
Prof. K. B. Woods 1 Prof. N. M. Newmark 1
Mr. R. R. Philippe 1 Dr. M. J. Hvorslev 1
Mr. A. C. Orvedal 1 Dr. Arthur Casagrande 1
Mr. C. J. Nuttall 1
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