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U PREFACE 

Project 1. Approach Roads, GreenlaiKt Research and Dtrvelopment Program, was or^a- 
nized in 195-1 to develop methods, techniques and criteria for constructing roads on both 
glacial ice surfaces and adjacent ice-free terrain. 

In 1954 the project was assigned to the U.S, Army Engineer Research and Development 
Laboratory (USA PRIM,), which requested the U.S. Army Arctic Construction and Frost 
Effects Laboratory (USA ACFEL) to conduct tin- program. The first report on the project 
was prepared by USA ACFEL for USA ERDL. 

In 1955 the responsibility of the project was transferred to the U.S. Army Engineer 
Waterways Experiment Station (USA EWES), which also requested USA ACFEL to conduct 
the study. The second and third progress reports were prepared by USA ACFEL for USA 

EWES. 

In 19(11 tlx- project was assigned to the U.S. Army Cold Regions Research and 
Engineering Laboratory (USA CRKEL) and at the same time the functions and personnel 
of USA ACFEL were transferred to USA CRREL. USA CRREL was responsible for pre¬ 
paring tlx* fourth and fifth reports. This report, the fourth, is the List tobe published. 

During the years 1954-1961 Mr. H.W. Stevens, USA ACFEL. was assigned as project 
leader under the direction of Mr K.A. Linell, Chief, USA ACFEL. From 1961 through 1964 
Mr. R.M. Davis, Project Leader, USA CRREL, condix-ted the studies under the general 
direction of Dr. A. Assnr. and later Mr. A.F. Wuori, Chief, Applied Research Branch of the 
Experimental Engineering Division (Mr. K.A. Linell, Chief). 

Ail technical activities were performed by USA ACFEL and USA EWES personnel. 
Excellent support was given by military personnel of tlx* U.S. Army Polar Research and 
Development Center (USA PR&DC) who did the necessary constpx-tion and assisted in the 
field work. 

USA EWES was represented by Mr. S.J. Knight and Mr. A.A. Rula of the Army Mobility 
Research Center. Mr. W.J. Turnbull, Technical Assistant for Soils and Environmental 
Engineering, and Dr. M.J. Hvorslev, Consultant, Soils Division, of USA EWES provided 
valuable consulting services, particularly in design of the approach roads. Dr. Keulegan, 
Consultant, USA EWES, reviewed Appendix C of this report. 

Measurements of nx*lt-water flow were made from 9 June-25 August 1958, under the 
supervision of Mr. C. Brasfield, Hydraulic Technician, USA EWES. He was ably assisted 
by Messrs. R.M. Davis, A.S. Kormondy, R.T. Milligan, D.C. Boyd, and D. Sanger of USA 
ACFEL. and SP4 R.J. Fisher, SP4 B.L. Foley, PFC D.L. Garrison, and PFC A.E. Goodhilt 
of USA PR&DC. The author also acknowledges the technical advice and assistance of 
Dr. Hvorslev and Mr. Rula, USA EWES, and Mr. F.J. Sanger, Special Assistant. USA CRREI 

Mr. Linell, Mr. Sanger and Dr. Hvorslev inspected the 1958 and 1959 field work and 
made valuable recommendations and suggestions concerning the project. Mr. Stevens and 
Dr. Hvorslev technically reviewed this report. 

Mr. S.D. Wilson, of Shannon and Wilson, Soil Mechanics and Foundations Engineers, 
Seattle, Washington, prepared Appendix B of this report. Professor R.F. Scott, of the 
California Institute of Technology, prepared Appendix D. 

This report was published under DA Task 1T062112A13001, Cold Regions Research - 

Applied Research and Engineering. 

Tlx! contents of this report are not to be used for advertising, publication, or p-omo- 
tional purposes. Citation of trade names does not constitute an official endorsement or 
approval of the use of such commercial products. 
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Ab!al ion 

Active zone 

Average annual 
temperature 

Average daily 
temperature 

Berm 

Degree-days 

Frost action 

1er hummock 

Icr1 movement 

MciUi annual 
temperature 

Mtcremet »•oro logy 

I’ermatrost 

Thawing index 

Thaw season 

Thermal regime 

DEFINITIONS 

The process of removing snow or ice from a glacier or snowfield by melting 

and evaporation. 

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

The average of the average daily temperatures for one year. 

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

one day. generally hourly. 

A blanket of soil, approximately 1 ft thick, spread over the ice surtace and 
connected to the toe of till ot the road. 

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

(thawing degree-days). 

A general term for freezing and thawing of moisture in materials and the re¬ 
sult ant effects on these materials and on structures of which they are a part 
or with which they are in contact. 

A mound or hillock caused by an upward pressure within the ice and/or by 

differential melting. 

The motion that exists within the ice of a glacier or ice sheet; also gla* iet 

flow." 

Th.« average of the average annual temperatures for several years. 

The detailed study of the physics of the zone close to and just beneath the 

earth's surface. 

Perennially frozen ground. 

The number of degree-days between the lowest and highes» points on the 
cumulative degree-days-time curve for one thaw season. It is used as a mea- 
sue of the combined dotation and magnitude of above-freezing temperatures 
occurring during any given thawing season. The index determined lor 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 sur¬ 
face is known as the surface thawing index. 

That period of time during which the average daily temperature is generally 

above 32F. 

The temperature pattern existing in a body. 



APPROACH ROADS, GREENLAND 1958-59 

by 

Robert M. Davis 

INTRODUCTION 

Purpose 

Project 1, Approach Roads, Department of the Army R&D Program, was beptn in 1954 to 
develop method’s, techniques and design criteria for the constmction and maintenance of roads on 

glacial ice and ice-free terrain. 

Field investigations were conducted at Camp Tuto, Greenland. The camp was operated by 
the U.S. Army Polar Research and Development Center (USA PR&DC),* formerly the U.S. Army 
Engineer Arctic Task Force (USA EATF). Figure 1 shows the location of Camp Tuto at the 
edge of the Greenland Ice Cap. 14 miles from Thule Air Base. Figure 2 is a detailed map ol 
Camp Tuto and vicinity and shows the locations of all project activities. Figure 2 also shows tlu 

location of the edge of the ice cap and other points as of September 1959. 

Scope 

This report covers the activities of Project 1 for calendar years 1958 and 1959. Since the 
majority of the woik was continuous, reference is frequently made to progress reports for the 
years 1954, 1955. 1956 and 1957 (USA ACFEL, 1956; USA EWES. 1959. 1962). The majority of 
the roads on the Tuto Ramp were constructed during 1954, 1955 and 1956. The 1958 and 1959 
programs primarily consisted of observing and measuring the performance characteristics of these 
roads and other structures. Some parts of Project 1 had been completed and new investigations 
were begun as necessary. Various parts of the investigation required further study so that it was 
necessary to continue the program for at least one more year. This is one of a series ot live 

reports on the project. 

ORGANIZATION AND EQUIPMENT 

General 

Careful planning in personnel and equipment is necessary for the success of a program in 
isolated areas such as Camp Tuto. As Project 1 personnel for the 1958-1959 program were not 
directly responsible for new construction except in an advisory capacity, the number and types 
of personnel differed from those of the previous years. No new items of equipment were used 
during the 1958-1959 field seasons. 

1958 Personnel 

Civilians employed by the U.S. Army Arctic Construction and Frost Effect î Laboratory (USA 

ACFEDt and the U.S. Army Engineer Waterways Experiment Station (USA EWES) performed all 

t 
low U.S. Army Researcli Support. Group (USA RSO). „ , u 
ISA ACFEL was merged with USA SIPRE in 1901 to form the U.S. Army Cold Regions Research a id 

Engineering Laboratory (USA CRREL). 



APPROACH ROADS, GREENLAND 1958-59 

F
ig

ur
e 

1.
 

T
hu

le
-T

ut
o 

ar
ea

. 



BLANK PAGE 





GN 

ILSkLäD 

• 
O 

ù 

o 
• 

Tf t T T 

OMI CL MOLt 

COMC OMILL MO L C 

TRIANGULATION • TATl o N 
»né Of NCMMARK 

MOVI MC N T RIN 

RfFERfNCC tTAKf 

THE .1MOCOURLI INSTALLATION 

Figur» 2. Comp Tuto and Tuto Romp. 



1 
1 

* *{ * 

I 

I j 

h 
I r 

ii 

i I 

BLANK PAGE 
i 

i 

<U 

s 

4 

y 

• i 

- V.» - 

hi 
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technical or specialized activities as in the past. All construction and maintenance of roads 
and equipment were performed by military personnel ot the USA PR&DC. 

Civilian personnel. The civilian staff of six men were in the field from 1 June to 28 Aup.st 
1958 In addition to surveying, soil testing, instrumentation reading and other methods of evaluat- 
íng the peri“ e of the road, they conducted a pilot study of the hydrology of a elected -e ,on 
of the ice cap. They correlated the results of the hydrology survey of the melt water flow witti 
ablation, air thawing index and other such factors. They also continued the progran, o measuring 
subsurface ice movement with a specially designed inclinometer, which was begun in 1957. 

The number and classifications of civilians were well suited for the amount and type of work 
performed during the field season. A list of civilian members of the project and their classifica¬ 

tions is contained in Table AI (App. A). 

Military personnel. Since Project 1 was not in charge of construction during 1958, the only 
military personnel assigned to the project worked directly with the civilian personnel. Some ot 
these men had educational background and technical knowledge equal to those of the civilian 
staff. A list of the military personnel and their classifications is included in Ta le . 

1959 Personnel 

Technical and specialized activities were performed by civilians employed by USA ACFEL 
and USA EWES. Military personnel of USA PR&DC gave support as in the previous years. 

As data for the entire season had been measured for the five previous years, it was decided 
that one set of measurements of the road performance to give an annual value would be suffit lei . 
The data for August 1959 could be correlated with those for August 19o8 and Pevide an annual 
summary of the surface and subsurface ice movement, ablation and other factors affecting tie 

roads on the ice cap. 
Civilian personnel. Three civilians were in the field for the month of August 1959. For this 

short field season the number of civilians was adequate. 

Military personnel. The military personnel assigned to Project 1 by the USA PR&DC were 
very satisfactory. It was evident that the efficiency of the work was increased by having the 
same military personnel assigned to the project for more than one seas0"- °f 
in 1959 had been with the project during the preceding two seasons and the other had worked on 

Project 1 during the field season of 1958. 

1958 Equipment 

No new equipment was used in 1958. but a further test was made of a trenching machine ob- 
served on another project in 1957. The fill was removed from a short section of the Transverse 
nJZTZè was used to cut a ditch through the ice ridge for 
vert The machine was also used to cut holes for the placing of timber piles for the bridge that 
was'constructed in 1958. The instruments used in the hydrology survey were of the same We 
as used in temperate zones and did not require any adaptation for use on the ice cap. A descrip¬ 
tion of the hydrology instrumentation is contained in Appendix C. 

1959 Equipment 

During the short period of the 1959 field season, no hew items of equipment were used on 

Project 1. 
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Summary 
ms program. Since Project 1 was not directly in charge of new construction in 1958, fewer 

personnel were required than during tin* previous years. 

A ladder trenching machine was useful in cutting trenches on relatively smooth ice. This 
machine would require extensive modification, however, for use on a rough ice ««tace. It was 
also useful in excavating holes in ice for placing piles or timbers to a maximum depth of ^ 

1959 program. One set of measurements of the road performance was made in August 1959. 
available for the entire thaw seasons of the previous five years so that the short-term 

,.|'f(.'(.t of the various factors on the road performance could be analyzed Starting m 19.19. one set 
ot measurements was made during the field season to evaluate the roads annually. 

CLIMATE 

General 

An minor)ant factor in the design, construction, and maintenance of a road on glacier ice is 
the climate*of the area The study of the weather pattern of Camp Tuto and the Tuto Ramp begun 
,,, 1956 by the Meteorological Branch of the U.S. Army Signal Corps was continued m 19o8 and 
1959 The data were reduced and tabulated by the National Weather Records Centei, Asheville 
North Carolina which furnished tabulations to the various agencies 

n,c weather data were used by USA ACFEL in the study of depth and rate of »haw mid freeze 

penetration and as a record of the weather for the field seasons A «rapn" 
weather data for 1958 and 1959 is contained in Figure A1 to A4 (App. A). Table 1 gives a compar, 

son of the thaw seasons from 1954 to 1959 

1958 weather 

The three stations established in 1956 were operated in 1958. The locations of ‘hese sta- 
.'re shown on Figure 2 The personnel and equipment were satisfactory and a complete 

.,1 data for the thaw season was obtained. 

•n* .ha» seas» d„m„ I«« approached ah ave,aire 
start ait; with 1954. The »veralte ATI for Starion 1 a. Can» luto is 479. the ATI . 19-8 was «H. 
The same relationship also holds for the other two stations ,n the area. 

The average daily wind speed for the 1958 thawing season was 8.7 mph. The highest daily 
windTpeed was 30 mph As usual at Camp Tuto, high winds were accompanied by ram, log and 

snow 
The snow cover at the beitinnlntt ot the season was 31.5 In. deep a. a point 200 ft south of 

RampRoad Station 13 00 on 16 June. By 26 June the snow had melted, expos,nS the 

1959 weather 
i i 9 lor'ited beside the Ramp Road, one mile from the edge of the ice cap. 

»as "rS“Thè ice-freehand (Station 1) and the statto.he end 

of the Ramp Road tStutton 3) furnished data for the entire Ihuw soa. o 

TU. 1959 thaw season was very close to that of 1958. The ATI at Camp Tuto was 490 in 

1959 and 494 in 1958. 
The occurrence of days with averaee dally wind speed over 15 mph was more frequent m l. o. 

than m hut Uie highest daity wind speed was 24 mph. The occurrence ot ram. fog and snow 

was also more frequent, corresponding to the wind pattern. 



year 

APPROACH ROADS. GREENLAND 1958-5» 

Start of 
thaw 

Table 1. Comparison of thaw seasons. 

End ol 
thaw Duration 

(days) 

ATI 
(defi-days F) 

daily 
temp 
(F) 

Thule Air Base 

1954 '¿9 May 
1955 4 June 
1956 15 June 
1957 11 May 
1958 23 May 
1959 1 June 

Avg 29 May 

Station 1 - Camp Tuto 

1954 22 June 
1955 7 June 

1956 I6 June 
1957 8 June 
1958 7 June 
1959 1 Jun« 

Avg 10 June 

13 Sept 
2 Sept 

11 Sept 
23 Sept 
27 Auk 
14 Sept 

10 Sept 

28 Aug 
23 Aug 
19 Aug 
31 Aug* 
24 Aug 
29 Aug 

26 Aug 

107 
91 
89 

126 
97 

106 

103 

68 
78 
65 
85 
79 
90 

78 

779 
688 
747 

1217 
717 
714 

810 

508 
397 
380 
606 
494 
490 

479 

39.3 
39.6 
40.4 
41.7 
39.4 
38.7 

39.8 

39.5 
37.1 
37.8 
39.1 
38.2 
37.4 

38.2 

Station 2 - Mile 11 

1954 28 June ^8 Au^ 
1955 17 June Aug 
1956 20 June I8 AuS 
1957 8 June Aug 
1958 7 June 13 Auß 

\vir 16 June 30 AuB 

62 
60 
60 
81 
68 

66 

258 
108 
238 
427 
248 

256 

36.2 
33.8 
30.0 
37.3 
35.7 

35.8 

Station 3 — Mile 3 

1956 26 June 
28 June 

1957 8 June 
1958 22 June 
1959 25 June 

Avg 20 June 

10 July 
12 Aug** 
19 Aug 
11 Aug 
4 Aug 

12 Aug 

30 
73 
51 
38 

48 

Measurements at Station 1 were discontinued on 31 August 1957. 

72 
294 
112 
152 

158 

34.4 
36.0 
34.2 
36.0 

35.2 

The total ATI is not known. 

t Station 2 was not occupied in 1959. 

.. Th. me thawing M.« « 3 "î”“ ZÜXZZ?. 
each. The algebraic total of degree-days of thaw, for the 
air lemnerature from 26 June to 12 August was 30...F. 

of thaw for two peiiods of 15 days 
was minus. The actual average 

n 20 Mav 1950 the firs, mile ot the Tuto Ramp was almosl completely bate of ttoow. The 
« “o”« ““Lp wa, much thtune, than u, the ptevtou, yea,. 

''““rio?! 1959 field seas«,. 6 yea,a 

x,e o„ - 
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Average thawing season. Table I shows that an average thawing season at Camp Tuto would 
begin on 10 June and last until 26 August for a total of 78 days. The ATI would be 479F with an 
average daily air temperature of 38.2F. In scheduling operations at this site consideration must be 
given to the fact that the beginning and duration of the thaw season may vary from the average by 
several weeks and the ATI by 25%. 

Comparison of thaw seasons. The “ATI” is a convenient method for comparing thaw seasons 
for different years in the same area or for different areas. The ATI is based on the average daily 
air temperature and the number of days it is above freezing. 

Table I shows that the ATI at Station 1, Camp Tuto, varied from 380 in 1956 to 606 in 1957. 
The figure for 1957 should undoubtedly be higher. Since this station was closed down on 31 Au¬ 
gust while degree-days were still accumulating the total ATI and the duration of the thaw season 
are not known. 

The effect of a small variation in the average daily temperature and the duration of the sea¬ 
son on the ATI can be seen in 1957. At Camp Tuto, with the thaw season only 7 days longer than 
average and the average daily temperature 0.9F higher, the ATI was 127% of the average. In an 
area such as the Tuto Ramp this increase in the ATI can be important, as shown on the ice abla¬ 
tion cross sections (Fig. 14) in the section on Performance of Past Construction. These sections 
indicate that the ablation of the ice beside the road is proportional to the ATI. An exception to 
this is the 1959 season, during which the combination of a long thawing season (90 days) and a 
thin snow cover at the beginning of the season resulted in excessive ablation. 

The effect of the amount of snow on the surface of the ice at the beginning of the season on 
the total ablation during the summer is very important. With a heavy snow cover at the beginning 
of the season part of the available heat is used to melt the snow, while with a thin or non-existent 
snow cover ablation of the ice begins as soon as the air temperature goes above freezing. 

Work days lost due to weather 

In 1958 and 1959 the work of Project 1 was limited to observation and measurement of the 
roads. No records were kept on the number of days of construction work lost since only a small 
amount of this type of work was done. The accomplishment of surveying activities, such as level¬ 
ing and triangulation, was difficult to impossible on 14 days during the 1958 field season. Wind, 
rain, fog, and blowing snow were responsible for the time lost. 

During the field season of 1959 (1 month), 4 days were lost by the survey crew. There was 
no road construction during the 1959 season. 

As road construction can continue in all but extreme weather, it is likely that about 7 days 
would have been lost in both 1958 and 1959. The scheduling of project work in Greenland must be 
flexible enough to allow for the loss of several days due to weather. 

Summary 

Six years of weather data were taken at Camp Tuto, and based on the averages of the past 
years a general prediction of the thaw season could be made. The thaw season should start on 
10 June and last until 26 August, for a total thaw season of 78 days. The ATI should be approxi¬ 
mately 480. Table 1 shows that the start and duration of the thaw season can vary by several 
weeks and the ATI by as much as 25%. 

The schedule for a project in Greenland must allow for the loss of a certain number of days 
due to weather conditions. Construction work can continue in all but the worst weather; usually 
6 to 10 days may be lost in a season. The loss of time in other activities, such as surveying, may 
be twice as much (12 to 20 days) in a season. 
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NEW CONSTRUCTION 

General 

The majority of the gravel fill roads on the Tuto Ramp were constructed in 1954. 1955 and 
1956 In 1958 the location of the ice tunnel was changed to a higher elevation which required an 
access road Project 1 personnel were not directly responsible for the construction but furnished 
advice and assistance to the U.S. Army Polar Research and Development Center. When the site 
for the tunnel was selected, several alternate routes were studied. It was decided that a route 
leading from MP-13 on the Transverse Road (Fig. 2) in a northwest direction to the tunnel site was 

the most feasible. There was no road construction in 1959. 

Road design 

A profile of the centerline and cross sections at 100-ft intervals were made at the same time 
the depth of snow was measured. The snow depth in the area was from 2 to 1 ft; it was removed 
before construction began (Fig. 3) as it had been demonstrated that fill should not be placeu on 
snow over 1 ft deep (USA EWES. 1963). After the snow was removed and immediately before con¬ 
struction was started a second profile was made and the cross sections were repeated. 

Based on the performance of the Transverse Road, it was decided that a 3-ft minimum depth 
of fill was required in this area to prevent ablation of the ice beneath the road. This was com¬ 
posed of 2¼ ft of coarse fill with a 6-in. layer of finer surfacing material (Fig. 4). The depth of 
fill varied with the terrain but was never less than 3 ft. The depth was checked by taking a pro¬ 
file on top of the fill and comparing it with the original profile of the ice surface. 

A channel that crossed the centerline at Station 6*35 drained a considerable area of the 
Tuto Ramp. To carry the volume of water, a large-diameter culvert and a high fill section would 
be required. It was decided to erect a bridge across the channel. 

To maintain the desired pade a cut was required through a small ice ridge on the centerline. 
Although cuts in ice should be avoided, it would have required a large amount of fill to maintain 
the grade without a c^t section. As the design called for a sidehill cut, there was no danger of 

the section's being filled with snow. 

Bridge design 

A bridge span of 24 ft was required for the size of the channel at Station 6*35. Two crib- 
type abutments supporting throe lengths of U.S. Army Treadway prefabricated bridging witn a 
clear span of 24 ft would support all vehicles that would use the bridge. Figure 5 shows con¬ 
struction details of the bridge and the erosion of the ice beneath the span. Wings were added on 
each side to prevent slumping of the fill. For the amount of traffic, a one-lane bridge was sufficient 

The design of the new bridge was based on observations of the pile-bent bridge that was 
constructed in 1956 (USA EWES). A bridge on glacier ice should have as wide a span as possible 
based on safety requirements, with the stream channel placed in the center of the span. This 
allows maximum time before erosion undermines the abutments. 

Road çoastraction 

The road was constructed in the same manner as the previous roads on the Tuto Ramp. The 
borrow material was scraped up by bulldozers, and stockpiled, and loaded into dump trucks by 
power shovels. The material was end dumped by the trucks and spread and compacted by bull¬ 
dozers. The same type of heavy, highly-permeable. base course fill was used as in the earlier 
construction. The coarse fill was obtained from Borrow Pit "L” (USA EWES. 
used for surfacing was obtained from Bonow Pit "K” which was also used in 1956 (USA EWES. 1963). 
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Fi/fure 3. Snow- removal along centerline of new Ice Tunnel Road. 

5 June 1958.
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t'igure 4. Fill being placed along new Ice Tunnel Road. 7 June 1958.



d
e

p
th
 

ft
. 

APPROACH ROADS, GREENLAND 1958-59 

North 

Figure 5. Crib abutment bridge. 

The road was constructed with a cross section ramp. Figure 6 shows 
the same design that had been used in ^ deSired grade. Turn-arounds 
that the depth of fill was «suaüy in excess of 3 ft of (he road to aid in road construction. 

were constructed at Stations 6^60 and 7 ..dikes •• in this area, with steep slopes leading in 
Tnese were not designed to serve as so-called dik^. Ui 'ms be effective. 
to the road on the south and away from the road on the north, dikes 
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___ 'W!
Figure 7. Construction of timber cribs on new bridge. 14 June 1958.

Exact records were not kept on the amount of yardage, equipment or personnel but observa­
tions indicate that the work output was appioximately the same as in 1956 (USA EWES. 1963). The 
same types and numbers of items of equipment, such as trucks and bulldozers, were used. Approxi­
mately 5680 yd* of material were used to build the road and to build a pad in front of the tunnel entrance.

Bildce coMtrecUoB
Work was started on the bridge at Station 6+35 immediately after road construction began. A 

ladder-type trencher was used to excavate holes for the placing of the timbers which were used as 
uprights for the crib. The timbers were placed in the holes and aligned and sl-ish and water were 
placed around them as backfill. As the work was done in early June, the timbers froze m place 
in about 24 hr. The timbers were 12 in. k 12 in. x 16 ft and were placed in the ice to a depth of 
8 ft. Figure 5 shows that the Treadways were supported by four timbers. The capacity of each 
abutment was ample to support any vehicle that would use the bridge.

As soon as the piles were frozen ui place, cribs composed of 6 in. x 8 in. x 9 ft timbers were 
nailed in place (Fig. 7). After both cribs were buUt. the one on the southern end of the bridge was 
loaded with coarse fill and the Treadways were placed in position. The crib on the northern end 
of the bridge was filled by end dumping from the bridge and road construction was continued to 
the tunnel entrance.

The Treadways were placed on the abutments at a spacing of 84 in. from cwiterline to center- 
line. This permitted all of the vehicles in use at Camp Tuto to cross the bridge with the exception 
of the M-29 Weasel.

Cat secUoa ooastrwctias
A cut was made throi«h a small ice ridge that crossed the centerline of the road approximately 

at Station 6+90 to 7+60. After the snow was removed by bulldozers, the ice was shattered by a
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Figure 8. Cut section on new Ice Tunnel Road, 17 June 1958.

charge of dynamite exploded m a small hole drilled in the ice. and the ice was bulldozed aside.
The cut was designed to allow a full depth of fill and still maintain the desired grade (Fig. 8).

Special procedures are necessary in the use of explosives in ice. Only a small number of 
charges, usually 4 to 8. should be placed at one time, and they should be fired immediately after 
thev are placed This precaution is necessary because the amount of water present either causes 
Uie charges to become damp and not fire or interferes with the electrical connections. Black pow­
der ha.s a bener shattering effect than dynamite but is more susceptible to moisture. Experience 
has also shown that ice should be removed in relatively thin (1- to 2-ft) layers, instead of blasting 
the entire depth of cut at one time.

Culvert cottstruciion
With the failure of all the culverts along the Transverse Road, due to perching, a consider­

able section of the ramp was dramed under the new bridge. In an effort to divert some of the 
water a culvert was constructed at Station 14+18 on the Transverse Road. This site was selected 
because two melt streams intersected at this point and a large amount of melt water would be 
drained through the road fill.

The culvert, of the cut-and-cover type, was constructed by removing the fill from a section of 
the Transverse Road and cutting a trench through the ice with the trenching machine (Fig. 9). The 
trench was covered by 2-in. x 6-in. x 6-ft planks and a layer of 1-in. boards. The fill was replaced 
and the road opened to traffic. Canvas curtains were hung over each end to shade the ice walls of 
the trench.

Performance of 1958 constrnction
Tunnel access road. The failure of all the culverts on the Transverse Road caused a large 

amount of melt water to flow along the south side of the road, resulting in erosion, slumping and
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Figure 9. Ladder-type trenching machine cutting throagh ice ridge on 
Transverse Road, 24 June 1958.

thnnrmai perching. Figure 10 shows a comparison of the cross sections at each station along the 
road in J. le 1958 and August 1959. The extremely rapid ablation at Stations 5+00 and O+OO. on 
the north side, is due to erosion by the melt water. Additional fill was added along the south side 
of the road in August 1958. The road remained serviceable throughout 1959 wi Jiout repairs.

Bridge. There was a larger amount of melt water beneath the bridge thtn expected. Profiles 
along the centerlme of the ice beneath the bridge are shown on Figure 5. Melt-water erosion 
rapidly undermined the cribs and twice during the 1958 field season additional fill was added to 
the cribs. At the end of the 1958 season two large culverts composed of oil drums welded end 
to end were placed in the channel and covered with coarse fill.

In 1959 the culverts beneath the bridge functioned during the begmning of the melt season 
but by the first week in July the fill was eroded away and the culverts washed down the channel. 
Fill was added to the cribs three times in 1959 and at the end of the season coarse fill was pUced 
in the channel to the level of the Treadways.

Cut section. No problems resulted from the cut section. The exposed ice along the side 
melted rapidly: by the end of the 1958 s« ason the ice was level with tlie road surface and by the 
end of the 1959 season, if was below the road surface (Fig. 11).

Cut-and-cover culvert. The culvert was finished on 25 July and the largest amount of melt­
water flow measured was 18 ft’'sec on 5 July. Excessive erosion at both ends of the culvert re­
sulted in narrowing of the Transverse Road. As a safety mea.<='ire. the culvert was filled in and 
fill placed along both sides of the road. By the time the culvert was filled in the ice on the uphill 
side had melted below the elevation of the bottom the trench so that melt water was bypassing 
the culvert (Fig. 12).
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Figure 10. Cross sections of Ice Tunnel Road, 1958 and 1959. 
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Figure 11. Cut section on Ice Tunnel Road at end of 1959 thaw season, 

13 August 1959.
NOT REPRODUCIBLE

'I'

Figure 12. East end of culvert C-12. 24 July 1958.
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Summary 

1. In 1958 a 900-ft section of gravel fill road was constructed on the ice cap to furnish ac¬ 
cess to the new locaiion of the ice tunnel. The same design and methods of construction were 
used as in the previous roads built on the Tuto Ramp. 

2. The road design included a crib abutment bridge using U.S. Army Treadway prefabricated 
bridging and a sidehill cut. This was the only cut section used on any road built on the Tuto 
Ramp. 

3. A cut-and-cover culvert in the Transverse Road worked satisfactorily for part of the sea¬ 
son. By the end of the summer, however, the ice had melted below the elevation of the bottom of 
the trench so that the melt water was bypassing the culvert. 

4. All new construction was performing satisfactorily at the end of the 1959 thaw season. 

PERFORMANCE OF PAST CONSTRUCTION 

General 

The gravel fill roads on the Tuto Ramp were constructed in 1954, 1955 and 1956. In 1957 road 
construction was limited to an experimental section of crushed rock and in 1958 a 900-ft access 
road was built to the location of the new ice tunnel (see New Construction, p. 7). No new con¬ 
struction was done in 1959. The preceding reports (USA ACFEL, 1956, USA EWES, 1959, 1963) 
on the project describe the construction details of the various roads and structures on the ramp. 

In 1954 the Ramp Road was constructed to a point 4800 ft from the edge of the ice (Fig. 2). 
In 1955 the road was extended 4900 ft and an experimental section 800 ft long was constructed at 
an angle to the melt-water flow (Transverse Road). In 1956 the Ramp Road was completed to 
Mile 3 (Station 159f 17) and the Transverse Road was extended to the location of the original ice 
tunnel (Station 33+75). 

In an effort to reduce slumping of the sides of the roads, berms of various widths were placed 
along the Ramp Road in 1956 and 1957. In 1956 a pile-bent bridge was built across a large melt¬ 
water channel that crossed the Transverse Road. An experimental road section consisting of 
crushed rock placed on the ice in 6- or 12-in. layers was built in 1957. 

An expenm *ntal road section consisting of crushed rock placed on the ice in 6- or 12-in. 
layers was built in 1957. 

Various types and sizes of culverts were placed in the Transverse Road to determine the most 
suitable type for use on the ice cap. 

Ramp Road 

The lower section of the Ramp Road had been in place 5 years and was perched up to 40 ft 
above the ice (Fig. 13). This resulted in a narrowing of the road surface to such an extent that 
the road would become dangerous for traffic in a few years. The progressive ablation of the ex¬ 
posed ice and its effect on the road at four points is shown in Figure 14. The ablation of the ice 
reached a peak at the beginning of the road, decreased toward the end, and varied from the north 
to the south side. The ablation was increased by dust blown from the surface of the road and by 
the melt-water streams that usually flow along the toe of the road fill. 

The perching and, consequently, the slumping of the fill was increased by an upthrusting of 
the ice beneath the road at several points. The upthrusting occurred along a band, the center of 
which crossed the road approximately at Station 33+00. This band re Tted in hummocks but as 
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Figure 13. South s:1e of Rump Road, Station 4 00. 27 August 1959.

the ablation exceeded tlie upthrust, this was not apparent except where the ice was insulated by 
the road fill. Above this area the road surface was gradually lowered by the outward flow of the 
ice. This resulted in a steepening of the slope from Station 0*00 to approximately Station 33-00 
and a flattening of tlie slope from there to the end of the road. This refers only to the road as the 
ablation resulted in a steeper slc^e of the exposed ice from the edge of the glacier to the end of 
the road.

The road surfacewas rough and uneven. This was caused, in part, by some melting of the ice 
beneath the road; e.g. calculations show that in 1957 0.1 to 0.2 ft of ice melted beneath the road 
fill (USA EWES, 1963). An additional cause was the practice of scraping the road periodically. 
This removed the fines from the surface atid exposed the coarse fill.

Extensive repairs were required to restore the toad to its original condition. A' the end of 
the 1959 field season the road had nartowird to 18 ft in sane places. A large amount of fill would 
be needed to rebuild the road to the design width of 30 ft. In addition, the entire road needed re­
surfacing.

Based on the amount of material required to repair the road it was der.ided at the end of the 
1959 season to abandon the original Ramp Road alxtve tlie intersection of the Tratisv *rse Road atid 
to construct a new road in a different location in 1960. At the end of the 19.59 scasoi* profiles 
and cross sections were made in the area south of the present locatiai to select the site for the 
new road.

Transverse Road
This section of road was constructed to furnish access to the original ice tunnel and to in- 

Vv stigate the effect of a gravel fill road at an angle to the drainage pattern. Various sizes and 
types of culverts were placed in the road till at the time of constructiai but due to perching of 
•he road aliove the ice all became ineffective. Since the road fill serves as a dam, a large
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„»u-wawr channel had fonned dM >he uphill hide Increahlní lhe perchlnd and ,he »louBh,nB at 

the shoulders. 
The first 800 ft of the road was built' in 1955 and the remainder in 1956. The road had 

perched about 25 ft above the ice on the west side and up to 15 ft on th® ^ sl e' 1 needed 
the 1959 season some sections of the road surface had narrowed to 19 ft and large areas 

resurfacing. 
When the location ol the tee tunnel waa changed in 1958. the part of the Transverse Road 

north oft intersection o, the Tunnel Road tFig. 91 was abandoned. ^ 
for a road to that location and extensive repairs were required in the area of the pile hridi,,. 

Berms 

The effect of perching of the road surface above the ice and he falling away of the shoulders 

nientaHypes have been hollt in the pas. (USA EWES. 19591 hut the ihost sattstactory has hem a 

blanket of random mixed fill. 

In 1956 berms were constructed along the lower end of the Ramp ^d .On the south side, 
where 'he rate of ablation was highest, a SO-ft-wlde boon was built ffom edge o, tbe .ce 0 

‘ttitinn 10,00 On the north side a 30-ft berm was built to the intersection of the Transverse 
Road Both berms consisted of approximately 1-ft-thick random mixed fill spread by a 

‘ ,,to. runr« 1Q63) A 1-ft-thick fill was not sufficient to prevent complete melting 

of foe underlying ice but it would retard the ablation. The berms were constructed with different 
widths to determine the optimum required under the conditions prevailing at the lower end of 
H Rmire 15 shows that the slumping of the shoulders had been reduced since the berms were 
St. ^—7« approx.nutely 9 ft of -cad width was lost each yeat due slixup- 
ing before the berms were constructed. This has decreased to less than 1 It. year. 

In the 3 years since the berms were built approximately 10 ft had been lost from «he edge 
of the berm on the south side and about 4 ft of ice had melted beneath the fill. On the north side 
with less ablation, the edge of the berm had receded about 4 ft and 2 ft of ice had melted beneath 

the fill. 
Two experimental sections of berms were built in 1957 to determine ¡he opti",urn width at a 

higher elevation on the ramp. As the rate of ablation decreases with elevation, he width of the 
bem should be decreased accordingly. It would be wasteful of time and material to construe 
berm along the entire road designed for the maximum ablation. 

The area of the road between Stations 83e00 and 93^00 was selected for the test Each 
section wae 500 ft long and was covered by a 1-ft-deep random mixed fill. From Station 83 00 to 
S 00 a 20-lt berm was built on each side of the road; and a 10-ft-wide berm was built on each 
side of the road from Station 88.00 to 93,00. The berms were constructed by end dumping from 
the side of the road and bulldozing to spread and compact the fill. 

Figure 15 shows that the south side of the 10-ft berm had practically disappeared in slightly 
over 2 years On the north side, where the ablation at the toe of the fill had been considerably 
less, the edge had receded approximately 3 ft and about 3 ft of ice had melted beneath the beim. 

At Station 85,00 the 20-ft berms were in satisfactory condition. The receding of the edges 
was minor on both sides but 3 to 4 ft of ice had melted beneath the berms. 

Although measurements and observations show that the berms do not completely Prevent the 

shoulders trou, sloushing. they retard it enoURh to be ot value On 
design life, the berms should be 30 ft wide for the first 1¼ miles, taper to 90 ft at 2, miles 
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upe, ,0 .0 t. a. a po.n. 3 púlea fon, ,he .ipe of the tee. The ahlatton at Ute end of the Rantp 
Road (Mlle 3H3 about 3 fptyr so a 10-ft henn would be satisfactory. 

T* vatae of a hem fa de^attattd * ^ 

““"^“rz^ïm^cten. fot two-way ttave. hecanse of the hern,a 

placed in 1956. , . 

there 

,t„ea ra^^rprerr^d'errrr^e^d^r^». - - 

rial from hetnp waahed away by flowlnB meit water. 

'““‘To “Itt... the „»a. auttable type of bndite (». oae Oh^aad» 

retr eaf"=rhe‘Ä plo^ >o AÄ "To» r ■ 

Ie ^Ä.rr^rrarZ.oned th. br^e. Figure 16 ahowa .be 

P'a" “• 7 * ^7,7778 rmTeuUrThapnet waa a, Station 66,70 with a 
When the bridge was built in 19.6. the main station 25,90 and began to under- 

Serf "«aCZ nZZae Zd ao iba, a larye area of the ramp dramed ,hro«h 

the channel. 

Becaoae of Ute »dercottins o, the 

¡ZJLZrZZirmZirfwfaZ.aged. ^S^irZZbZrfZThXTãee 

r.r::Ne?Zè= ^ , .be 
spring to divert the water away from the bridge supports. 

Crushed rock test section __ 

D„,log the eon.ttpc.ton of the Ramp ““he ZÎLZ'rS'Ztion fatted and 

waa bum with a 12-in. layer of “““"riiia was not a conclusive lest because the section was 

IZt" “ZÂ"Æ»da..ou. and i, was Placed in line with the deeper 

^ Tn .957 a test section was conettucted t^ide “ac^rf one 

This section was divided into twopajta^ac , 6 , 0f crashed tock and that of the 

SC,“s”rZrroTreraad and materials used are deaettid in a 

previous report on the project (USA EWES. 1963). 
i .nH traffic tests were conducted on the lest section. 

During the 1957 season three accelerated l,“'t,<l,e®’sJ* ., the end 0f the season the 

ra^rr^bÄ "borarbu. was usable Without any maintenance. In 1958 
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South North 
Abutment Abutment 

STATIONS, ft. 
b. Ic< lurfoo profil* thowinq trosion 

Figure 16. Pile-bent bridge. 

wli? subjVcted tiolibout 100 passes of a loaded 10-yd1 dump truck when fill was placed 
alonn the Ramp Road. Prior to this a grader was used to level the surface of the road but no addi- 
tioral material was placed. After the road had been used, ruts up to 4 in. deep were observed. In 
1959 the road was passable only to small vehicles such as the '4-ton truck, and at slow speeds. 
At the end of the season the road surface was perched about 12 to 13 ft tbove the ice, the shoul¬ 
ders had slumped badly and there were large potholes over the entire length of the road (Fig 17). 
The section with the 12-in. thickness was only slightly better than the section with 6 in. of fill. 
Figure 18 shows the plan, profile and cross sections of the road from the date of construction to 
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Figure 17. Surface of crushed rock test section after two thaw seasons.
11 August 19S9.

the end of the 1959 season. As can be seen, the total ice melt below the 12-in. section was 58% 
of the melt beneath the 6-in. layer.

Based on observations and measurements for 2 years it is concluded that a crushed rock 
road with a thin layer of fill is not satisfactory where there is substantial ablation. A thin fUl 
may be usable in w area where there is no ablation or only a slight amount. In this case, since 
the road surface was only barely above the surrounding ice. there would probably be a deep snow 
cover and plowing problems.

The failure of the sections wtth thin fiU layer was attributed to differential melting of the 
ice beneath the fiU. The thickness of the fill was not uniform due to the rough ice surface, and 
the rate of melting varied with the thickness of fill. Swales, hummocks and tuts developed.

Culverta
The Ramp Road was constructed paraUel to the melt-stream pattern so that drainage struc­

tures were not required. During the building of the first 800 ft of the Transverse Road in 1955. 
four types of culverts were incorporated in the road: 1) a 36-in.-diam corrugated iron pipe; 2) a 
French drain consisting of boulders hand-placed in the channel: 3) oil drums welded end to end; 
and 4) a 36-in.'diam half-round corrugated iron pipe placed on wood sills. At the end of the 1955 
season only the half-roiuid culvert was operating, liie other culverts had become perched above 
the surrounding ice and were bypassed by the melt water.

When the road was extended in 1956. seven lialf-round culverts were placed tlirough the fill. 
Based on observations of the culverts installed ir. 1955 this was thought to be the most effective 
type. In addition, an 18-in.*diam corrugated iron pipe was placed in the fill as an experiment. At 
the end of the 1956 season only four of the culverts were functioning. By the middle of the 1957 
thaw season, the warmest season recorded up to that time. aU the culverts were perched above the 
ice level on either side.
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6 July 1957 to 17 Aug 1957 

Q Ice mel» comed o drop of 0 3 ft 

17 Aug 1957 to 18 Aua I9S6 

Vertical movement of MP 16 woe 2 2 ft 
(¾ Teet Rd Sto 1 + 30 showed drop of 3 2 ft 

Difference of lOtt due to melt under rood 
_ (¾ Test Rd Sto 4+30 showed drop of 3 8H 

' ^ piTTiniiit f ““ *<l1* 1,1 uni*8r r00<* 

18 Aug I9SB to 6 Aua 19¾¾ 
Vertical movement of MP 16 wos 2 4 ft 

(ï) Test Rd Sto 1 + 30 showed drop of 30 ft 
Difference of 0 6 ft due to melt under road 

(5) Test Rd Sto 4 + 30 showed drop of 3 8 ft 
Difference of I 4 ft due to melt under rood 

Figure 18. Plan, profile and cross section of crushed rock test section. 
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The cut-and-cover culvert built in 1958 is described in the section on New Construction. 
This culvert functioned lor only part of the season. Its effective lifespan could have been 
lengthened by removing the ice sill left at the entrance by the trencher. 

Although the half-round culvert has been the most effective type it has not been satisfactory. 
The principle on which it is based is correct, but its dimensions should be enlarged to those of a 
small bridge. A fully enclosed culvert will become perched in one or possibly two melt seasons. 

In a valley-ridge topography *he half-round culvert would have been more effective. Although 
the culverts were placed in the oiiginal stream channels, there was a tendency for the melt water 
to How along the east side of the Transverse Road which had a natural slope to the north. In a 
valley-ridge area the road would serve as a dam and pond the water until it would flow through the 
culvert. At the same time the water would erode the ice beneath the culvert to the same level as 
the ice on either side of it. 

In an area such as that east of the Transverse Road a system of channels should be cut 
straight uphill from each culvert with lateral channels to each side. This would intercept the melt 
water and divert it to the prepared drainage structures. This system was not used because no satis¬ 
factory equipment for trenching in rough ice was available. The ladder trenching machine has a 
high center of gravity and is difficult to use on rough ice. 

At present the most feasible drainage structures for use on the ice cap are bridges. Crib 
abutments and U.S. Army Treadways should be used in their construction. In the spring of each 
year the Treadways could be lifted by a crane and the snow in the channels removed by a small 
bulldozer. These bridges should have a clear span of about 20 ft with a channel placed in the 
middle between the abutments. The number of bridges required should be based on the amount of 
melt water. On the Transverse Road a short bridge placed about Station 14f00 would have diverted 
a considerable portion of the melt water from the bridge on the Tunnel Road. 

Summary 

1. At the end of the 1959 season the Ramp Road was still in usable condition but in some 
places the width had been reduced to 18 ft. Without extensive repairs requiring large quantities of 
fill, the life of the road should not be expected to be greater than one or two more seasons. 

2. The Transverse Road was in satisfactory condition and could be expected to remain 
usable for several years without major repairs. 

3. The major problem of the gravel roads on the ice cap was the sloughing of the shoulders 
due to the ablation of the adjacent ice. Over 40 ft of ice had melted at Station 13-tOO on the Ramp 
Road since this section was constructed in 1954. 

4. At the present time, the most successful method of preventing sloughing of the road 
shoulders is to cover the adjacent ice surface with a berm of random mixed fill. The thickness of 
the berm should be approximately 1 ft and the width should depend on the annual ice ablation. 

5. One bent of the pile-bent bridge was undermined when about 21 ft of ice melted below the 
bridge in slightly over 2 years. With the failure of all the culverts on the Transverse Road a large 
area of the ice cap was drained through the bridge, resulting in extreme erosion of the ice. 

6. A 6- to 12-in. layer of crushed rock placed directly on the ice is not suitable for a road 
where there is any appreciable ablation. A thin fill section may be feasible where there is no 
ablation or only a slight amount of it; but since the road would be only barely above the .'.urround- 
ing ice a deep snow cover would inundate the road and present plowing problems. 

7. Several types of culverts were incorporated in the road construction on the Tuto Ramp 
but the most effective was a half-round corrugated iron pipe laid on wood sills. Completely en¬ 
closed culverts will become perched above the surrounding ice in one or two thaw seasons. 
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8. The half-round, although the most effective culvert used, was not satisfactory. The 
principle is correct; i.e., the bottom of the culvert must be left open so that the ice beneath it 
can erode to the same level as the ice on either side of it. However, the dimensions were too 
small. The recommended drainage structures for use on the ice cap are short (approximately 20-ft) 
bridges spaced along the road as required with a system of channels to direct the melt-water flow 
to the prepared crossings. 

SURFACE AND SUBSURFACE ICE MOVEMENT 

General 

The program of measuring the surface movement of the ice on the Tuto Ramp that began in 
1955 was continued in 1958 and 1959. All measurements were made from the permanent baseline 
that was installed in 1956. 

A study of ice movement below the surface was begun in 1957. This investigation con¬ 
sisted of measuring with an inclinometer the deformation of plastic tubes frozen in the ice to 
depths of 200 ft. This investigation was continued in 1958 and 1959. The locations of all 
movement points are shown on Figures 2, 6 and 19. 

Surface movement 

As part of the overall study of the Tuto Ramp and with particular emphasis on the effect 
of surface movement on the gravel fill roads the movement of various points in the road fill and 
the ice had been measured since 1955. The measurements made during 1955 were from a short 
baseline (2580 It) with bench marks consisting of large boulders in the area. It was recognized 
that there would probably be some movement of the boulders due to frost action. In 1956 two 
permanent bench marks were established and a third bench mark was added in 1957 (USA EWES, 
1963). These bench marks are designed to resist any movement from freezing or thawing of the 
soil. 

The movement of the points was measured by precise triangulation with a theodolite. All 
possible methods were used to achieve maximum accuracy. Each station of the triangle was oc¬ 
cupied when possible and all angles were turned six times. The largest error of angle closure 
was 8 sec before the angles were balanced. 

The horizontal movement of the points in the road fill was measured by leveling with the 
"NN” base point used as a bench mark. Leveling surveys of the three bench marks showed only 
a small amount of movement well within the limits of instrument error. The level runs on the 
movement points were kept as accurate as possible by running only short loops. 

Some of the points in the road fill had to be replaced due to slumping of the road shoulders. 
In each case the new point was placed as close to the location of the old point as feasible. 

Ihe horizontal movement of all the points and the vertical movement of those in the road 
fill were measured four times during the 1958 season. An attempt was made to measure the 
vertical movement of the points on the ice by stadia. 

In 1959 only one set of measurements of the movement was made as an annual measurement 
of the various factors affecting performance of the roads had been judged sufficient. Table II 
shows that the movement was practically the same as in the preceding years. 

Table AHI (App. A) shows all the movements of the various points. Three years of data on 
the short term movement of the ice are available. The movement for short periods of time was er¬ 
ratic in rate and direction. No data are available during the winter season but measurements made 
at the end of one thaw season and at the beginning of the following season indicate a reduced 
rate of movement during the winter. 
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Table II. Annual Ice movement measurements. 

Point Period Horizontal 
Ft Direction 

Ml’-1 

Ml’-17 

MI’-tib 

MP-67 

Ml’-8 

MP-10 

Ml’- lb 

MP-14 

MP- U.’A 

MP-15 

MP-15 A 

21 Auk 19f»b • 22 Aug 1957 
22 Auk 1957 • ¡>0 Aur 1958 
20 Aur 1958 • 17 Aur 1959 

22 Aur 1957 - 20 Aur 1958 
20 Aur 1958 - 17 Aur 1959 

7 July 1956 • 10 July 1957 

19 Aur 1957 - 21 Aur 1958 
21 Aur 1958 - 17 Aur 1959 

20 Aur 1956 - 21 Aur 1957 
21 Aur 1957 - 20 Aur 1958 
20 Aur 1958 - 17 Aur 1959 

20 Aw, 1956 • 21 Aur 1957 
21 Aur 1957.20 Aur 1958 
20 Aur 1958 - 17 Aur 1959 

2C Aur 1957 - 20 Aur 1958 
20 Aur 1958 - 17 Aur 1959 

20 Aur 195b • 20 Aur 1957 
20 Aur 1957 - 5 Aiir 1958 

18 Aur 1958 • 17 Aur 1959 

20 Aur 1956 - 20 Aur 1957 
20 Aur 1957 • 5 Aur 1958 

18 Aur 1958 • 17 Aur 1959 

Ramp Road 

0.19 S34"30'W 
0.20 N63U25'W 
0.17 SSffOO'W 

3.35 N65o50'W 
3.31 Nee^o1« 

6.92 N 70^00^ 

6.96 N69°45'W 
6.84 N69D25'W 

8.7! N74,J40'W 
8.53 N72,,00'W 
8.48 Nôim'W 

11.21 N73‘ 30'W 
11.34 N73035'W 
11.14 N73°30,W 

12.91 N75' 55'W 
12.31 N74J50'W 

11.17 N86C30'W 
12.01 N82°25,W 

11.10 N81°30'W 

8.35 S73°25'W 
9.52 S81°50'W 

8.66 88(705'W 

MP-7 

MP-11 

MP-13 

MP-18 

B-l 

B-2 

B-3 

B-4 

B-5 

Transverse Road 

21 Aur 1956 - 21 Aur 1957 
21 Aur 1957 - 21 Aur 1958 
21 Aur 1958 - 20 Aur 1959 

21 Aur 1956 • 21 Aur 1957 
21 Aur 1957 - 21 Aur 1958 
21 Aur 1958 - 20 Aur 1959 

20 Aur 1956 - 22 Aur 1957 
22 Aur 1957 • 18 Aur 1958 
18 Aur 1958 • 19 Aur 1959 

22 Aur 1957 - 20 Aur 1958 
20 Aur 1958 - 19 Aur 1959 

28 Aur 1956 • 22 Aur 1957 
29 July 1957 - 21 July 1958 

28 Aur 1956 - 22 Aur 1957 
29 July 1957 • 21 July 1958 

28 Aur 1956 - 22 Aur 1957 
29 July 1957 • 21 July 1958 

28 Aur 1956 • 22 Aur 1957 
29 July 1957 • 21 July 1958 

29 July 1957 • 21 July 1958 

1.85 
1.92 
1.93 

1.03 
1.18 
1.07 

0.90 
0.98 
1.38 

2.42 
2.52 

2.26 
3.64 

2.54 
3.36 

2.55 
3.15 

2.45 
2.91 

2.82 

N63C40'W 
N61o20'W 
NSrSO'W 

N60° 10' W 
N56°45'W 
N59° 10'W 

Nö^Oö'W 
N56'40'W 
N54° 10'W 

N50°50'W 
N46°55'W 

N70°35'W 
N71°55'W 

N6P50'W 
N65° 10'W 

NSFSO'W 
N61045'W 

N54°35'W 
N58°20'W 

N80°00'W 

Tunnel Road 

MP-10 20 Aur 1958 - 19 Aur 1959 4.55 

D-ll 19 Aur 1957 - 18 Aur 1958 0.96 
18 Aur 1958 - 19 Aur 1959 0.49 

»•10 19 Aur 1957 - 19 Aur 1958 6.48 
19 Aur 1958 - 19 Aur 1959 6.70 

MP Movement pin in road fill. 

B BridRe bent 

D Tube in drill hole. 

Note Locations ol all points are shown on Figures 2 and 19. 

N84' 30'W 

N18°15'W 
N66U00'W 

N7tr05'W 
N68n05'W 

Vertical 
Ft Direction 

0.44 Down 
0.34 Down 
0.29 Down 

0.72 Up 
0.56 Up 

3.11 Up 

2.59 Up 
2.39 Up 

1.68 Up 
1.75 U, 
1.62 Up 

0.67 Up 
0.93 Up 
0.90 Up 

2.20 Down 
2.40 Down 

1.45 Down 
1.47 Down 

1.62 Down 

1.05 Down 
1.21 Down 

1.33 Down 

0.67 Up 
0.57 Up 
0.50 Up 

0.09 Up 
0.06 Up 
0.06 Up 

0.34 Up 
0.18 Up 
0.22 Up 

0.55 Down 
0.81 Down 

NM 
NM 

NM 
NM 

NM 
NM 

NM 
NM 

NM 

NM 

NM 
NM 

NM 
NM 
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Table II (cont’d). 

29 

Point Period Horizontal 
Ft Direction 

Tunnel Road (cont’d) 

N7Í? 05'W 
N711,10’W 

N75' 10'W 
N74c40'W 

N77‘ 10'W 

N84'40'W 

N28 30'W 

D = Tube in drill hole. 
Note Locations of all points are shown on Figures 2 and 19. 

D-14 

D-U2 

D-13 

D-17 

D-15A 

21 Aug 1957 ■ 
18 Aug 1958 • 

20 Aug 1957 
19 Aug 1958 

18 Aug 1958 

19 Aug 1957 

18 Aug 
19 Aug 

19 Aug 
19 Aug 

19 Aug 

18 Aug 

21 Aug 

1958 
1959 

1958 
1959 

1959 

1958 

1958 

12.24 
12.25 

13.63 
13.13 

13.64 

12.94 

1.80 

V'erticai 
Ft Direction 

NM 
NM 

NM 
NM 

NM 

NM 

NM 

Although the movement was erratic for short periods of time, the annual movement was tairly 
consistent. While the data on the annual movement are consistent, they cannot be extrapolated 

for shorter periods. 

Horizontal movement. Figure 19 shows that the movement of the points reached a maximum 
rate about 1½ miles from the edge of the ice and decreased in both upslope and down slope duve- 
tions Based on all measured data the greatest rate of movement probably occurred in the vicinity 
of Station 80f00. At MP-1 in the road fill and D-ll in the ice, movement was small, averaging 
less than 0.2 ft/yr. This confirms the theory that approximately the first 2000 ft of the ramp was 

a stagnant wedge. 

The direction of movement also changed along the ramp. At MP-15 the direction ot the ice 
movement was slightly south of west. The other points on the road and in the ice moved slightly 
north of west, becoming more northerly near the edge of the ice and along the Transverse Road. 
As would be expected, the movement was approximately perpendicular to the contour lines. 

Tlie movement of the points placed in the ice was of the same order as that ot the points in 
the road fill but the measurements indicate that the points in the ice apparently move at a ditter- 
ent rate. The highest rate of movement measured occurred at D-13 in the ice. MP-16, in the road, 
and D-12, in the ice, were about the same distance from the edge of the ice but the rate ot move¬ 
ment was higher at D-12. The same relationship holds for MP-10 and D-ll, and D-17 and MP-11. 
At D-10 the opposite occurred as MP-66 moved slightly faster. It should be emphasized that most 
of these movements are not based on only 1-yr measurement but show the same relationshrp tor 
2 or 3 yr. It is interesting to note that the ice moved at different rates in relatively short distances. 

The differential movement of the ice surface had very little effect on the roads on tire Tuto 
Ramp. The alignment of the road changed slightly especially beyond Mile 2. All measurements 
show that the gravel fill roads were flexible enough to absorb the movement without damage. 

Vertical movement. The vertical movement of all points in the road fill had been measured 
since 1956. As with the horizontal movement, the vertical movement was fairly consistem on an 
annual basis. The upward movement along the Ramp Road began between MP-1 and MP-17, reached 
a peak at MP-66 and 67 and changed to a downward movement between MP-10 and MP-16. The 
movement was downward from MP-16 to the end of the road. Increased perching resulted where 
the movement was upward. 

At MP-66 and 67 the upward movement of the pin in the road fill averaged 2.47 ft /yr tor .1 
yr. In 10 yr this would amount to 25 ft, which combined with the ablation would result in the road 
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c heinn approximately 100 ft above the ice. With the slouphinR of the shoulders as a result 
of the pt'chinn the road would fail before reaching this height, possibly in ¿ or 3 years. 

The inclinometer tubes installed in the ice were used as triangulation points for the move- 
ment survey Attempts were made to measure the vertical movement of the tubes but the resu 
rere not very satisfactory. Precise leveling on the ice is not practical and stadia «neasurements 
are not accurate enough. From the rough measurements made, the points in the ice moved ve 

ly about the same amount as the points in the road fill. 

Movement of the Tato Ramp. The trend of the surface movement appears to be toward com¬ 
plete ablation of the stagnant wedge along the edge of the ice and the for^tion of a cliff by h 
moving ice from which pieces would break off in the manner of icebergs at the terminal edge of a 
sea glacier. Such land glaciers may be observed along the present edge of the ice cap. but be¬ 

cause of a fortuitous topography of the ground surface, the cliff Versed 
Tuto and a smooth ramp up the edge of the ice still exists. However, unless the trend is re/erseo 
by a change in climate, the smooth ramp will not last for more than another decade or o. 

Subsurface movement 

The study of the movement of the ice .0 depths of 200 ft beneath the surface «as conji^ed 
in 1958 and 1959 The pronram «as begun in 1957: the details of the installation of the slope 
mdicauit'tubes aie described in the repo,, to, that yea, (USA E*ES. 1963) Appendix B c«,«u,s 
two reports on the 1958 and 1959 measurements by Mr. Stanley D. Wilson. Shannon and . 
Ml Medics and Foundation Engineets. Seattle. Washington. This firm was engaged by USA 

EWES to furnish the required instrumentation and to analyze the data. 

Font sets of messutements we,e made in 1958 and two in 1959. A full description is contained 

in Appendix B. 
The measurements in 1958 and 1959 confirm the analyses of the movement described in the 

1957 report (USA EWES. 1963). At D-12 there was very little differential movement in the °P 
200 ft of the ice. The entire tube moved in a westerly direction at about the same rate. - 
Zé «1st upward thrust of tits ios which had elongated die tube sevetal eet .lnc. .. was n^ 

stalled and the top of the tube moved appreciably taste, ^ C 
little movement as would be expected in a stagnant zone such as the edge of the Tuto Kamp 

in addition to three 200-f, tubes, eight tubes were installed in the ice to 
to 40 ft). The results from these were inconclusive so that at the , ,h„ ¡g,„honed, 
four of the tubes were abandoned: the remaining four were read once 

w r r„r,hT9Í95iT.ri:iwrnrry“rhrt:eM,reThTt:é Tzr 
probably be completely filled with ice in a ®'TeT consistent The installations could be ’„‘irrin: -rr.“ ^ ^ w,,* 
and as triangulation points to measure the surface movement. 

Summary 

1 The surface movement of the points in both the road fill and the ice was measured our 
durine Te 1958™eaéon AU movement was measured from the permanent baseline established 

fnTÄ data tm the short tenu movement were available tor three years, only one set of mea- 

surements was made in 1959 to give an annual value. 
2 Tire movement of the points for a short period of time was erratic in both rate and direction 

but the annual movement was consistent over the period of record. The movement varied from 
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approximately 13 ft/yr at Ramp Road Station 78,00 to 0.2 ft/yr at Station 13.00. Toe gravel till 
was flexible enough to absorb the movement with no effect except a slight change in alignment. 

3 The study of the subsurface movement with a slope indicator that was begun in 1957 was 
continued in 1958 and 1959. The data for the 3 yr were consistent and as there wassubsurtace 

tubes the ptotttate was hiscen.inued u. the end of dte t959 season. »' J 
only 2 in. of differential movement pet year in the top 200 ft at D-12. looated about 6000 It fto n 
the'edne of the ice. At D-10, 3000 ft from the edite of the ice. the top of the tube moved abou 
W iu% in relation to the bottom. At D-ll. 1500 ft from the .dBe of the ice. very hule movement 

occurred, as would he expected in a stagnant zone. 

DEPTH OF THAW AND TEMPERATURE MEASUREMENTS 

General 

One of the major problems of arctic construction is permafrost. The subsidence resulting Horn 
the thawing of permafrost containing a considerable amount of ice can be substantial^ To deter- 
mine the effect of road and building construction on the permafrost, the rate ^daep h of haw 
been measured at Camp Tuto since 1954. In addition to the measurement of the depth of thaw, 
thermal regime in the moraine material and the ice had been measured. 

Methods of measuring thaw penetration 

When possible the depth of thaw was measured by digging test pits. Where this was not feas¬ 
ible the depth was measured by the use of thermocouples. Various other devices have been used 
to measure the depth of thaw (USA EWES. 1963). but so far none has proved completely satisfactory. 

Test pits. As part of the micrometeorological studies, the rate of thaw in the natural ground 
was measured by digging test pits weekly. The pits were dug to the top of the frozen soil and the 
depths measured with a rule. The main advantage of the test pit method wa- that soil sampl 
fo ld be collected and tested for moisture content and gradation. The disadvantages were that the 
pus U»k considerable time to dig and a new pit had to be dug each time the depth was measured. 

Thermocouples. Where thaw pits could not be dug. as in road fills or building foundation^ the 
depth of thaw was measured by the use of thermocouples. The thermocouples were placed in 
soil at fixed intervals and the temperature read at the surface. While this methoa is convemen 
and £ some places the only method available, it has some disadvantages The fleezmg poult has 
to be interpolated between two thermocouples 6 or 12 in. apart and it must be assumed 
soil moisture freezes at 32F, although this may not be correct. 

Thaw measuring devices. Experiments were conducted on two types of devices to measure 
the depth of thaw in 1958. The first device consisted of two plastic concentric tube . 
tube was placed in the ground and the inner tube was free to be withdrawn. The inner tube was 
fUled with water colored with methylene blue dye. The theory was that the water would he frozen 
it the slTevel as the ground. THe depth of thaw was measured by withdrawing the mner tube 
and measuring the distance to the ice from a mark corresponding to the ground ^ 
watei froze, the dye was forced out of solution leaving almost clear ice and a sharp dividing 
between the frozen and unfrozen water. The device was simple to install and could be read 
quickly, but the plastic tubes were fragile and at the end of the season the water wou reeze t out 

the top down. 
The second device was electrical and was used to measure the thaw penetration by the resis¬ 

tance of the soil. A plastic rod with electrodes spaced at 6-in. intervals was placed in the ground. 
The resistance of the soil to a current passing from one electrode to another was measured. As 
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Table HI. Measured thaw penetrations. 

Test pit 
no. Year 

Depth of 
thaw 
(ft) 

ATI 
(deg-days F) 

Remarks 

TIM 

TP 6 

TP 7 

TP 8 

1 A 

1 C 

3 A 

5 B 

1954 
1955 
1658 
1957 
1958 

1954 
1955 
1956 
1957 
1958 

1955 
1956 
1957 
1958 

1956 
1957 
1958 

1955 
1956 
1957 
1958 
1959 

1955 
1956 
1957 
1958 
1959 

1955 
1956 
1957 
1958 
1959 

1956 
1957 
1958 
1959 

3.5 
3.3 
3.6 
3.7 
4.0 

2.8 
2.9 
3.2 
3.4 
3.3 

3.25 
3.2 
3.4 
3.75 

3.6 
3.7 
3.8 

4.25 
4.6 
4.75 
4.8 
4.8 

4.4 
4.7 
1.8 
4.5 
5.0 

3.8 
4.5 
5.0 
4.5 
4.7 

2.8 
3.0 
2.9 
2.9 

508 
397 
380 
606 
494 

508 
397 
380 
606 
494 

397 
380 
606 
494 

380 
606 
494 

397 
480 
606 
494 
490 

397 
380 
606 
494 
490 

350 
580 
460 
450 

150 
350 
205 
210 

Undisturbed surface, clayey 
sand, no pronounced pattern 

Undisturbed surface, silty 
sand, pronounced patterns 

Undisturbed surface, silty 
sand, pronounced patterns 

Undisturbed surface, silty 
sand, pronounced patterns 

Uravel road fill 
(21 ï ft) on permafrost 

Gravel road fill 
(4'i ft) on permafrost 

Gravel road fill 
(5½ ft) on ice 

Gravel road fill 
(3 ft) on ice 

with the thermocouples, the depth of thaw had to be interpolated between two points 6 in. apart. 
This device usually indicated a uhallower depth of thaw than the other methods. Further investi- 

Kation of a device based on this principle should be made. 

Mesurad depth of thaw 

The maximum depth of thaw in the natural ground and the road fill, both on soil and ice, is 

shown in Table III. Data indicate that there is a tendency for the maximum depth of thaw to in¬ 
crease progressively. In three out of four test pit locations the maximum depth of thaw was 
deeper in 1958 than in 1957. This occurred with v 1958 air thawing index only 8I/o of that in 19.,7. 

Thaw pits were not dug in 1959 but, wheti the depth of thaw was measured by thermocouples, 
there was a slight increase in the depth. This degradation of the permafrost, although a small 
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Figure 20. Hole D-5, typical subsurface tem¬ 
peratures, 1958. 

Figure 21. Hole D-6, typical subsurf ace tem¬ 
peratures, 1958. 

amount each year, is continuous. In the active zone with little or no segregation of ice, the heat 
flow from the surface penetrates to the top of the permafrost and causes a small amount of melting. 
This thin layer becomes part of the active zone, allowing additional thaw penetration during the 
following seasons. 

Subsurface température measurements 

To measure the thermal regime below the active zone in the ground and beneath the ice sur¬ 
face, thermocouples were placed to various depths in the vicinity of Camp Tuto. 

Temperature pattern in tbe natural ground. In addition to measurements of the depth of 

thaw with the relatively short thermocouple strings installed in the natural soil, the temperature 
pattern was measured to a dtnth of 50 ti a* Meteorological Station 1 and to a depth of 40 ft at 

Test Pit 6. The locations oí these thermocouple strings are shown on Figure 2. The strings 
were read weekly during the thaw season of 1958 and August 1959. The data obtained indicate 
that there was a seasonal variation in the thermal regime to a depth of about 40 ft. At this point 
the temperatures averaged about 10F with only a small variation throughout the season. Figures 
20 and 21 are plots of typical subsurface temperatures at Drill Holes D-5 and D-6 for 1958. Data 
available for August 1959 are similar to those for August 1958. 
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Teniperutun patterns in the ice. During the construction of the Ranip Road, thermoc^uple 
strings were placed at Test Lanes 3, 5 and 6. Figure 2 shows the locations of these test lanes. 
Some of the thermocouple strings were placed through the road fill into the ice below the road 
and others were plac**d in the ice beside the road. By the start of the 1958 season all of the 
thermocouples in the ice beside the road were unusable except those at Test Lane 6. To measure 
the temperature patient in the ice, a thermocouple string was placed to a depth of 25 ft at Meteor¬ 
ological Station 2 ami to a depth of 30 ft at Station 3. The ablation of the ice at these sites 
constantly changed the position of the thermocouples in relation to the surface: therefore, it was 
necessary to measure the location of the top thermocouple below the surface each time a set of 
readings was made. Heat conducted down the thermocouple string melted the ice from around the 
wire, this resulted in an elongated funnel-shaped hole filled with melt water. Although attempts 
were made to measure the depth of the water surrounding the wire they were only partly success¬ 
ful. The depth of the top thermocouple embedded in the ice had to be interpolated from the tem¬ 
peratures recorded; this did not give the accuracy desired. The temperature readings from these 
two installations showed a slightly decreasing temperature with depth. 

Twice during the 1958 season the temperature pattern to a depth of about 200 ft was mea* 
surer! in the inclinometer tubes at D-10, D-ll and D-12; in 1959 the emperatures in the tubes at 
D-10 were measured once. These temperatures were measured by suspending a thermocouple 
string in the tubes between inclinometer readings. The inclinometer tubes were filled with anti- 
free;,e. although the temperatures would not be correct due to convection currents in the antifreeze 
the gradation of the temperatures would be of value. The results from these measurements show 
only atMiut a 2F variation in Uie temperatures to a depth of 200 ft. 

Temperature pattern beneath building foundation. In 1958 a hangar was constructed at 
Camp Tuto. The hangar was built on a 5-ft-thick pad of crushed rock placed on the natural sur¬ 
face of the ground. The crushed rock, with pierced steel planking as a wearing surface, was used 
as a floor for the hangar. As part of the study of the subsurface temperatures, two strings of 
thermocouples were placed through the hangar foundation and into the soil beneath it. The thermo- 
eouple strings were inserted on 4 August 1959. The fill was thawed when it was laid down, and 
it temained in a thawed state until 6 September by which time the pad had frozen to the surface of 
the ground. 

Readings were not made during the winter but on 21 May 1959 the entire depth of fill was 
frozen. On 22 August 1959 the maximum depth of thaw was 3 ft 8 in. Based on these data a 5*ft 
thickness of crushed rock would be adequate to prevent any degradation of the permafrost. In this 
area the active zone is approximately 4 ft thick so that the thaw would have to penetrate the 5-ft 
pad and the 4-ft active zone before any degradation of the permafrost would occur. 

Summary 

1. Measurements of the depth of thaw in the natural soil were continued in 1958 by the 
use of thaw pits and in 1959 by the use of thermocouples. Two devices to measure the depth of 
thaw were tested at Camp Tuto but did not prove satisfactory. 

2. There is a tendency for the depth of the active zone to increase progressively despite 
a decrease in the air thawing index. In three out of four test piU .n the Tuto area the depth of 
thaw was deeper in 1958 than in 1957. This occurred with an air thawing index in 1958 only 81% 
of that in 1957. 

3. In the Tuto area there is a seasonal variation in the thermal regime of the natural soil 
to a depth of about 40 ft where the temperature remains constant throughout the year. There is 
also a seasonal variation in the upper part of the ice but the average temperature decreases with 
depth to the maximum depth of boring in the ice (200 ft). It is not known at what depth the de¬ 
crease in temperature ceases and changes to a normal temperature gradient. 



APPROACH ROADS, GREENLAND 1958-59 35 

4. Thermocouples were installed through the foundation of a hangar that was built at 
Camp Tuto in 1958. Measurements made during the summer of 1959 show that the 3-ft 8-in. maxi¬ 
mum depth of thaw did not penetrate the 5-ft crushed rock pad used as a foundation. 

HYDROLOGY SURVEY 

General 

As part of the overall study of the Tuto Ramp and as an aid in the design of culverts and 
bridges, a pilot hydrology survey was made on a selected area of the Tuto Ramp in 1958. Appen¬ 
dix C covers this survey and Aopendix D gives an analysis of the survey. 

Test area 

The section of the ramp that was bounded on the north by a natural drainage divide, on the 
south by the Ramp Road and on the west by the Transverse Road was selected for this study. 
There was no boundary on the east, but based on helicopter flights and ground observation it is 
doubtful if much melt water entered the area from this direction. As shown on Figure C2, the 
total drainage from the area could be measured at one or, for part of the season, two points. For 
this study the section was divided into two areas by a ridge running west from the end of the large 
moraine formation. The drainage from each area could be measured individually and correlated 
with the total drainage. 

Test procedures 

Measurements of the melt-water flow began on 9 June and continued until 25 August 1958. 
Readings were made several times a day at the main gaging stations. Quantities measured are 
shown on Table Cl. Twice during the season readings were made hourly over a 24-hour period to 
determine the effect of temperature on the rate of flow. 

As shown on Figure C2, an attempt was made to determine the percentage of the total flow 
deriving from different elevations in area 1. It was impossible to measure all the streams in the 
area but one network was outlined and measured at Mile 1, Mile 2, and Mile 3. Each station was 
measured every 2 to 5 days as daily measurements were not necessary. The measurements were 
complicated by the braided stream pattern and the occasional disappearance of a stream under a 
layer of snow. The amount measured at each location is shown on Table Cll. 

Test results 

The survey of the melt-water flow cohered the entire thaw season as recorded at Meteorolog¬ 
ical Station 2, located 1 mile from the edge of the ice. The melt-water flow was slight until 22 
June, 15 days after the average daily air temperature was above the freezing point. The maximum 
recorded flow was on 3 August although the thaw season continued until 13 August. The measure¬ 
ments were discontinued on 25 August when the total flow was about 5% of the maximum. This 
was 12 days after the average daily air temperature was below freezing. 

The two 24-hour surveys show that the maximum daily flow occurred during the period 1300 
to 1600 and the minimum at about 0600 daily. The afternoon measurements were made during the 
period of maximum flow and the morning readings were made shortly after the minimum flow. On 
3 August the melt-water flow, adjusted in accordance with the 24-hour tests and projected over a 
24-hour period, would result in a total discharge of 36,000,000 gal. By way of comparison, the 
melting of 1 in. of ice over an area of one squan mile would result in a total flow of 17.355,000 
gal in a 24-hour period. The total flow on 3 August represents the melt cf approximately 0.9 in. 
of ice over the 2.3 square mile test section. 
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Summary 

1. During the field season of 1958 a pilot hydrology study was conducted on a selected sec¬ 
tion of the Tuto Ramp. This was part of the overall study of the ramp and was intended to aid in 
the design of bridges and culverts. 

2. The maximum measured melt-water flow was 36,000,000 gal over a 24-hour period. This 
would be the equivalent of tlie melting of 0.9 in. of ice over the 2.3 square mile test section. 

CONCLUSIONS 

Organization and equipment 

1. The number and classification of personnel must be adjusted to the proposed program. In 
addition to having the required technical skills personnel should be able to work long hours under 
severe conditions. 

2. Plans and schedules must be carefully prepared but should remain sufficiently flexible to 
permit changes in the program due to weather or other conditions. The plan of tests should be 
based on achieving the main objective with several additional tasks to be accomplished if possible. 

Climate 

1. A complete meteorological program in an arctic area requires highly skilled personnel and 
complex equipment. The study of the weather at Camp Tuto has been conducted by the Meteorolog¬ 
ical Branch, U.S. Army Signal Corps, since 1956. 

2. An average thaw season at Camp Tuto begins on 10 June and lasts until 26 August for a 
total thaw season of 78 days. The ATI is approximately 477. The duration of the thaw season can 
vary by several weeks and the ATI by 25%. 

3. The amount of snow cover on the ice at the start of the thaw season is as important in the 
total ablation as the ATI. With a thin snow cover ablation of the ice begins almost as soon as the 
air temperature goes above freezing. With a heavy snow cover the ice is protected for part of the 
season, decreasing the ice ablation. 

New construction 

1. Under the conditions prevailing on the Tuto Ramp a 3-ft thickness of fill must be considered 
a minimum. During an abnormally warm summer there is some melting of the ice beneath the fill 
but this only slightly affects the road. 

2. A bridge on the ice cap must have as wide a span as possible based on vehicle safety 
requirements and type of support. A channel should be placed halfway between the supports to 
protect them against undercutting as long as possible. 

3. Cut sections in ice should be avoided if possible as they become traps for drifting snow. 
If cuts cannot be avoided they should be of a sidehill design if possible or be designed with ex¬ 
tremely flat slopes. 

4. A cut-and-cover culvert is a satisfactory design fa two or more thaw seasons if it is 
constructed at the same time as the road. This allows the bottom of the trench to be placed well 
below the level of the ice on either side. The trench should be carried both upslope and downslope 
to form a channel to direct the melt-water flow. 
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Past construction „nr- 
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2. Devices based on the freezing of a liquid in a plastic tube inserted in the ground or on 
measuring the resistance of the soil to an electrical current do not have sufficient accuracy. Both 
devices indicate a shallower depth of thaw than is obtained with a thaw pit. The electrical resis¬ 
tance device should be investigated further. 

3. There is a progressive increase in the annual depth of thaw. In 1958 three of the four test 
thaw pits showed a greater depth of thaw while the ATI was only 81% of that in 1957. 

4. At Camp Tuto there is a seasonal variation in the thermal regime of the natural soil to a 
depth of about 40 ft. At this point the température remains at +10°F with only a small variation. 

5. There are two factors in measuring the subsurface temperature of ice which preclude obtaining 
satisfactory accuracy. In an area where there is substantial ablation the surface of the ice is 
constantly changing so that the depth from the surface to the individual thermocouples must be 
recorded each time a set of readings is made. The thermocouple wires conduct heat, resulting 
in a funnel shaped hole filled with melt water which must be taken into account. 

6. The temperatures measured by suspending a thermocouple string in the inclinometer tubes 
filled with anti-freeze showed only about 2ÛF variation to a depth of 200 ft. 

7. In the Tuto area a 5-ft pad of crushed rock is sufficient to protect the permafrost beneath 
a building. The pad beneath a hangar built at Tuto showed a 3 ft 8 in. maximum depth of thaw 
diring the summer of 1959. The thaw would have to penetrate the 5-ft pad and the 4-ft active zone 
before degradation of the permafrost would occur. 

Hydrology survey 

1. The instrumentation used in hydrology work in temperate zones is suitable for use on the 
ice ramp at Camp Tuto. 

2. The maximum recorded flow averaged for a 24-hour period was 36,000,000 gal. This is the 
equivalent of the water produced bythe melting of 0.9 in. of ice over the 2.3 square mile test area. 

RECOMMENDATIONS 

The following recommendations were made following the completion of this study in 1959. USA 
CRREL Technical Report 133 (June 1967) describes their implementation. 

1. It is recommended that the investigation of certain phases of Project 1 be continued for 
at least one more year. As data are available for the short-term effect of the various factors on 
the road performance, future measurements and observations should be made on an annual basis. 
These should include profiles and cross sections of the roads, performance of the berms, ablation 
of the ice, effect of melt-water flow on the roads and bridges and movement of the various points 
in the ice and the road fill. Other factors should be measured continuously throughout the thaw 
season; among these are the depth of thaw and subsurface temperatures which should be measured 
by the use of thermocouples and the meteorological program. 

2. A new section of road south of and parallel to the piesent Ramp Road should be built 
starting in 1960. The surface of the present road has become perched above the ice, resulting in 
sloughing of the shoulders to such an extent that it is doubtful if the road will remain usable for 
more than one or two years. 
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Based on observations of the existing roads on the Tuto ramp, the new road should be de¬ 
signed with a 50*ft traveled way. The depth of fill should be about 3.5 ft of noarse fill with a 6-in. 

layer of surfacing material from the edge of the ice for a distance of 1 mile, a total of 3 ft from 1 to 
miles and 2 ft from the 2-mile point to the end of the road. This will insulate the ice beneath the 

road and prevent it from melting under the warmest tliaw season yet recorded at Camp Tuto (i e 
1957). 

After one year a berm consisting of 2 ft of random mixed fill should be added on both sides 

of the road. The width of the berm should lie 30 ft for the first 1-½ miles, tapering to 20 ft at the 
2-½ mile point and to 10 ft at the 3-mile point. 

At the edge of the ice a large culvert consisting of a half-round 48-in. corrugated iron pipe 

placed on wood sills should be installed. At this location a culvert should be u^ed instead of a 
bridge, although culverts in the ice have not proved satisfactory, because with heavy traffic the 

Treadway prefabricated 'xidge would not be suitable and a drainage structure would be required 
to drain the melt water accumulating between the two roads. The retreat of the edge of the glacier 
and the severe ablation in this area will necessitate relocating the culvert periodically. 
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APPENDIX A: INVESTIGATIONAL DATA 

Table Al. Project personnel, 1958 

Posi tion __Affiliation 

Permanent project personnel 

Project engineer ( 1) 

Surveyor ( 1) 

Hydraulic technician 

Engineering aide (3) 

Engineering aide (military) (4) 

USA AC F EL 

USA ACFEL 

USA EWES 

USA ACFEL 

USA PRADC 

Supervisors and consultants 

Date in Field 

29 May 58 • 28 Aug 58 

18 June 58 • 28 Aug 58 

3 June 58 • 28 Aug 58 

17 May 58 • 28 Aug 58 

17 May 68 - 28 Aug 58 

Project supervisor 

Field reviewer 

Consultant 

H.W. Stevens. USA ACFEL 17 May 58 • 4 June 58 

F.J. Sanger. USA ACFEL 6 July 58 • 16 July 58 

Dr. M.J. Hvorslev, USA EWES 4 July 58-21 July 58 

Table AIL Project personnel, 1959 

_Position_Affiliation_Date in field 

Permanent project personnel 

Project engineer ( 1) USA ACFEL 2 Aug 59 - 2 Sept 59 

Engineering aide (2) USA ACFEL 2 Aug 59 - 2 Sept 59 

Enginaering aide (military) (4) USA PR&DC 2 Aug 59-2 Sept 59 

Project supervisor 

Field reviewer 

Consultant .. 

Supervisors and consultants 

H.W. Stevens. USA ACFEL 18 Aug 59 - 29 Aug 59 

K. A. Lined, Chief, USA ACFEL 18 Aug 59 • 29 Aug 59 

Dr. M.J. Hvorslev. USA EWES 18 Aug 59 • 29 Aug 59 

♦ 
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¡'oint 

MP-1 

MP-17 

MP-66 

MP-67 

MP-8 

MP-10 

Table AUI. Ice movement measurements 

Locations of all |K)ints arc slmwn in Pinnies a, 6 and 16. 

Pt'hod it 

Ramp Road 

7 July 1956 - 7 Auk 1956 0.0a 
7 Aug 1956 - 21 Auk 1950 0.14 

L'l Auk 1956 - 13 June 1957 0. j¡¿ 
13 June 1057- 10 July 1957 o! 18 
10 July 1957 • 8 Auk 1957 0.19 
8 Auk 1957 • 22 Aug 1957 0.12 

Auk 1957 • 11 June 1958 0.32 
11 June 1958 - 10 July 1958 0.21 
10 July 1958 • 6 Aug 1958 0.02 
6 Auk 1958 - 20 Aug 1958 0.05 

30 Aug 1958 - 17 Aug 1959 0.17 

8 July 1957 - 8 Aug 1957 0.93 
8 Aug 1957 • 22 Aug 1957 0.21 

22 Aug 1957 - 11 June 1958 0.32 
11 June 1958- 10 July 1958 0.21 
10 July 1958 - 6 Aug 1958 0.02 
6 Aug 1958 - 20 Aug 1958 0.05 

20 Aug 1958 - 17 Aug 1959 0.17 

7 July 1956 • 7 Aug 1956 0.56 
7 Aug 1956 - 20 Aug 1956 0.42 

20 Aug 1956 • 13 June 1957 5.38 
13 June 1957 - 10 July 1957 0.67 

8 Aug 1957 - 19 Aug 1957 0.54 
19 Aug 1957 • 18 June 1958 5<67 
18 June 1958 • 10 July 1958 0.69 
10 July 1958 - 6 Aug 1958 0.39 
6 Aug 1958 • 21 Aug 1958 0.30 

21 Auk 1958 - 17 Aug 1959 6.84 

7 July 1956 - 7 Aug 1956 0.63 
7 Aug 1956 • 20 Aug 1956 0.51 

20 Aug 1956 - 2U June 1957 6.68 
28 June 1957 • 9 July 1957 1.19 

9 July 1967 - 8 Aug 1967 0.36 
8 Aug 1957 • 21 Aug 195 7 0.63 

21 Aug 1957 - 20 June 1958 7,19 
20 June 1958 • 10 July 1958 0.22 
10 July 1958 • 6 Aug 1958 0.87 
6 Aug 1958 • 20 Aug 1958 0.27 

20 Aug 1958 • 17 Aug 1959 8.38 

24 July 1956 - 7 Aug 1956 0.29 
7 Aug 1950 • 20 Aug 1956 0.58 

20 Aug 1953 • 28 June 1957 8.99 
28 June 1957 • 9 July 1957 1.00 

9 July 1957 • 8 Aug 1957 0.59 
8 Aug 1957 - 21 Aug 1957 0.72 

21 Aug 1957 - 18 June 1958 9.45 
18 June 1958 - 8 July 1958 0.68 
8 July 1958 - 6 Aug 1958 1.05 
6 Aug 1958 • 20 Aug 1958 0.19 

20 Aug 1958- 17 Aug 1959 11.14 

lloruuntal 
Diroition 

NÖ3 25'W 

N30'10'W 
S65"35’W 
S19°25'W 
NIS'^'W 
South 
879^05'W 

N3l"lO'E 
North 

S21°40'E 
SSO'bO'W 

N66'’30'W 
S73 20' W 

S79‘b5'W 
N3 T 10'E 

North 

S21o40'E 
S80 t)0'W 

N53°45’W 
N75P00'W 
N70°05'W 
N80' 15'W 

S83'40'W 
N72rb5'W 
N44025'W 
N62o50'W 
West 
N69°25'W 

N66°40'W 
N64025'W 
N72n15'W 
N84o10'W 
Nas^o'w 
N88o10'W 
N71^5'W 
N56°15'W 
N72°35'W 
N85°45'W 
N60°25'W 

N80°15'W 
NSrtO'W 
N75^0'W 
N78°30'W 
N4eo20'W 
N88025'W 
N75°15'W 
N58o10'W 
N68^0'W 
N68°45'W 
N73°20'W 

it 

0.03» 
0.01* 
0.12 
0.06 
0.23 
0.06 
0.08 
0.21 
0.11 

0.10 
0.29 

0.17 
0.25 

0.08 
0.21 
0.11 

0.10 
0.29 

0.28 
0.08* 
2.66 
0.24 

0.03 
2.44 
0.10 
0.07 
0.02 
2.39 

0.26* 
0.06* 
L75 
0.11* 
0.14* 
0.02 
1.59 
0.13 

0.07 
0.04 
1.62 

0.04* 
0.13 
0.80 
0.06* 
0.09* 
0.05 
0.80 
0.06 
0.11 
0.04 
0.90 

Vertical 
Direction 

Down 

Down 
Down 
Down 
Down 
Down 

up 
Down 
Down 
Down 
Down 

Down 
Down 

Up 
Down 
Down 
Down 
Down 

Up 
Up 
Up 
Up 

Down 
Up 
Up 
Up 
Down 
Up 

Up 
Up 
Up 
Up 
Up 
Down 
Ul 
Up 
Up 
Down 

UP 

Up 
Down 
Up 
Up 
Up 
Down 

Up 
Up 
Up 
Down 

Up 
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Point 

M H- lü 

MT-14 

MIJ- HA 

MP-15 

MP-15 A 

MP-7 

MP-11 

Perioil 

Table ADI. (Coní’d) 
Horizontal 

ft Direction ft 

15 June 11)57 - 8 July 195,' 1.15 
8 July 1957 • 8 Aug 1957 0.93 
8 Aug 1957 • aO Aug 1957 0.47 

30 Aug 1957 • «J June 1958 10.77 
30 June 1958 - 13 July 1958 0.79 
13 July 1958 • li Aug 1958 1.00 
0 Aug 1958 - 30 Aug 1958 0.35 

30 Aug 1958 ■ 17 Aug 1959 13.31 

38 Aug 1950 - 38 June 1957 10.05 
38 June 1957 • 39 July 1957 1.06 
39 July 1957 - 30 Aug 1957 0.50 
30 Aug 1957 • 16 June 1958 10.53 
16 June 1958 - 33 July 1958 1. 19 
33 July 1958 - 5 Aug 1958 0.96 

5 Aug 1958 • 18 Aug 1958 0.63 
18 Aug 1958 - 17 Aug 1959 11.10 

30 Aug 1956 • 38 June 1957 8.50 
38 June 1957 • 34 July 1957 0.55 
34 July 1957 - 30 Aug 1957 0.97 
30 Aug 1957- 16 June 1958 9.13 
16 June 1968- 33 July 1958 0.51 
33 July 1958 • 5 Aug 1958 0.86 

5 Aug 1958 • 18 Aug 1958 0.77 
18 Aug 1958 - 17 Aug 1959 8.06 

Transverse Road 

7 July 1956 • 7 Aug 1956 0.18 

7 Aug 1956 • 21 Aug 1956 0.21 
21 Aug 1956- 15 June 1957 1.51 
15 June 1957 ■ 10 July 1957 0.26 
10 July 1957 • 9 Aug 1957 0.03 
9 Aug 1957 • 21 Aug 1957 0.08 

21 Aug 1957 • 20 June 1958 1.80 
30 June 1958 • 8 July 1958 0.13 

8 July 1958 • 5 Aug 1958 0.07 
5 Aug 1958 - 31 Aug 1958 0.04 

2?Aug 1958 • 20 Aug 1959 1.93 

24 July 1956 • 7 Aug 1956 0. IS 
7 Aug 1956 • 21 Aug 1956 0.21 

21 Aug 1956- 15 June 1957 1.51 
15 June 1957 - 10 July 1957 0.26 
10 July 1957 • 9 Aug 1957 0.03 
9 Aug 1957 • 21 Aug 1957 0.08 

21 Aug 1957 • 20 June 1958 1.80 
20 June 1958 • 8 July 1958 0.13 

8 July 1958 • 5 Aug 1958 0.07 
5 Aug 1958 - 21 Aug 1958 0.04 

21 Aug 1958 - 20 Aug 1959 1.93 

27 July 1956 • 7 Aug 1956 0.05 
7 Aug 1956 • 20 Aug 1956 0.13 

20 Aug 1956 - 15 June 1957 0.90 
15 June 1957 • 10 July 1957 0.18 

N85 OO'W 
N45'00'W 
S77 45'W 
N76 20'W 
N76'50'W 
N67 45'W 
N83 30' W 
N 74 '56' W 

N85 50'W 
NÖ2 30'W 
319 45'W 
N8340'W 
N34 55'W 
S53 25'W 

S86 40'W 
N81"30'W 

S77 10'W 
N56 OO'W 
S15°30'E 
P83 30'W 
N12* 25 ' W 
sn'oo'w 
S72'45' W 
S80 05'W 

N16^25'W 

S76 OO'W 
N61 05'W 
NO 2‘OO'W 
West 
N»2‘50'W 
N61 30'W 
N 8 '45'W 
S63°25'W 
S26"35'W 
N57°50'W 

N 16°25'W 
S76°00'W 
N 61°05 ' W 
N62U30'W 
West 
N82‘50'W 
N6l"30'W 
N 8’45'W 
S63 ’25' W 
S26°35'W 
N57'50'W 

S68°10'W 

N38°40'W 
N44’40'W 
see'Oo'w 

0.16* 
0.13* 

0.11* 

1.64 
0.37 
0.14 
0.42 
2.40 

1.14* 
0.14* 
0.17 
1.58 
0.03 
0.03 

0.00 
1.62 

1.20 
0.31 

0.16 
L29 
0.15 
0.07 

0.01 
1.33 

0.20 

0.02* 

0.47 
0.00 
0.16 
0.05 
0.51 
0.01 
0.09 
0.04 
0.50 

0.20 
0.02* 

0.47 
0.00 
0.16 
0.05 
0.51 
0.01 
0.09 
0.04 
0.50 

0.01* 

0.01* 
0.03* 
0.07* 

♦ 

Wrticai 
Direction 

Down 
Down 
Down 
Down 
Down 
Down 
Down 
Down 

Down 
Down 
Down 
Dow n 

UP 
Down 

None 
Down 

Down 

Up 
Down 
Down 

Up 
Down 

Down 
Down 

UP 

up 
Up 
None 

Up 
Down 
Up 
Up 
Up 
Down 

Up 

Up 
Up 
Up 
None 

Up 
None 

Up 
Up 
Up 
Down 

Up 

UP 
Up 
Up 
Up 

MP-13 
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Polin 

MP- IS 

B-l 

B-a 

B-i 

B-4 

B-5 

MP-19 

Table A1U 

Perio'l 

10 .luiy 1957 • 9 Aug 1957 

9 Aiik 1957 • 2X Ann 1957 
22 Aiik 1957 • 10 .Iuim' 1958 
10 1 un*' 1958 • 10 Jnlv 1958 
10 July 1958 • 7 Aiik 1958 
7 Aiik 1958 • 18 A..K 1958 

18 Aiik 1958 • 19 Aiik 1959 

0 July 1957 • 29 July 1957 
29 July 1957 • 22 Auk 1957 
22 Au« 1957 • 20 June 1958 
20 June 1958 • 21 July 1958 
21 July 1958 • 7 Aiik 1958 

7 Auk 1958 • 20 Auk 1958 
20 Auk 1958 - 19 Auk 1559 

28 Auk 1956 • 6 July 1957 
6 July 1957 • 29 July 1957 

29 July 1957 - 22 Auk 1957 
22 Auk 1957 • 20 June 1958 
20 June 1958 • 21 July 1958 
21 July 1958 - 7 Auk 1958 

28 Auk 1956 • 6 July 1957 
6 July 1957 • 29 July 1957 

29 July 1957 - 22 Auk 1957 
22 Auk 1957 • 20 June 1958 
20 June 1958- 21 July 1958 
21 July 1958 • 7 Auk 1958 

28 Auk 1956 - 6 July 1957 
6 July 1957 • 29 July 1957 

29 July 1957 • 22 Auk 1957 
22 Auk 1957 • 20 June 1958 
20 June 1958 - 21 July 1958 
21 July 1958 • 7 Auk 1958 

28 Auk 1956 - 6 July 1957 
6 July 1957 - 29 July 1957 

29 July 1957 • 22 Auk 1957 
22 Auk 1957 - 20 June 1958 
20 June 1958 • 21 July 1958 
21 July 1958 - 7 Auk 1958 

6 July 1957 • 29 July 1957 
29 July 1957 - 22 Aur 1957 
22 Aug 1957 • 20 June 1958 
20 June 1958 • 21 July 1958 
21 July 1958 • 7 Aug 1958 

7 Aur 1958 • 22 Aug 1958 

Tunnel 

20 June 1958 • 21 July 1958 

21 July 1958 • 7 Aug 1958 
7 Aug 1958 - 20 Aug 1958 

20 Aug 1958 - 19 Aug 1959 

20 June 1958 - 21 July 1958 
21 July 1958 - 7 Aug 1958 

(Cont’d) 

Horizontal 
It Direction It 

0.07 N26’l35,F, 0.11» 

0.10 824 00'F. 0.02 
1.02 NSeOS'W 0.21 
0.04 814 00'W 0.04 
0.15 S47"45'W 0.07 
0.14 N30r05'W 0.06 
1.38 N54"10'W 0.22 

0.28 N7Or05'W 0.36 
0.26 N17°45'W 0.28 
2.12 N50‘00'W 0.45 
0.29 NSS'Oo'W 0.31 
0.18 1, 3° 10'W 0.07 
0.19 S12,130'W 0.17 
2.52 N46r55'W 0.81 

1.85 N6620'W NM 
0.29 N80o15'W NM 
0.16 S75r05'W NM 
3.08 N69°10'W NM 
0.44 N80’45'W NM 
0.16 N10o35'E NM 

2.10 N64'1D5'W NM 
0.27 N77cBO'W NM 
0.24 N22°15'W NM 
2.86 N67‘^5'W NM 
0.34 N69lS0'W NM 
0.18 N O^'E NM 

2.16 NOO'lS'W NM 
0.39 N73'25'W NM 
0.15 N27°10'E NM 
3,22 N68°10'W NM 
0.21 N47C100,W NM 
0.14 N 4^5^ NM 

2.09 N57°30'W NM 
0.31 N60"55'W NM 
0.15 N11°20'E NM 
2.53 N60^0'W NM 
0.29 N65°15'W NM 
0.17 North NM 

0.29 N71°35'W NM 
0.22 N 7°45'E NM 
2.42 N53'Í»5'W NM 
0.29 N54C&0'W NM 
0.20 N14H45'W NM 
0,08 N23 15'W NM 

Road 

0.38 N77't)0'W 0.05 

0.17 N32‘50'W NM 
0.14 S72'fc0'W NM 
4.55 N82n10'W 0.74 

0.38 N71'BS'W NM 
0.14 N30 10'W NM 

Vertical 
Direction 

Up 
Up 
Up 
Down 
Up 
Down 

Up 

Down 
Down 
Down 
Down 
Down 
Down 
Down 

Up 

Up 
Up 
Up 

UP 
Up 

NB-1 
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Point 

Table Allí. (Cont’d) 

Horizontal 
Period___ft_Direction_ft 

7 Auk 1958 ■ 20 Aug 1»58 0.20 

NB-2 20 June 1958 • 21 July 1058 0.37 
21 July 1958- 7 Auk 1958 0-10 

7 Aug 1958 - 20 Aug 1958 0.05 

Ml 13 June 1957 • 8 July 1957 0.25 
8 July 1957 - 8 Auk 1957 n ' ’ 
8 Aug 1957 - 1C Auk 1957 0.61 

19 Aug 1957 - 11 June 1958 0.65 
11 June 1958 • 8 July 1958 0.59 
8 July 1958 - 5 Auk 1958 0.28 
5 Aug 1958 - 18 Aug 1958 0.29 

18 Aug 1958 • 19 A'lg 1959 0.49 

D-10 13 June 1957 - 8 July 1957 0.79 

8 July 1957 - 8*Aug 1957 0.39 
8 Aug 1957 - 19 Aug 1957 0.68 

19 Aug 1957 - 12 June 1958 5.32 
12 June 1958 • 10 July 1958 0.64 
10 July 1958 - 5 Aug 1958 0.37 
5 Aug 1958 - 19 Aug 1958 0.35 

19 Auk 1958 • 19 Auk 195 9 6.76 

1> 14 28 June 1957 9 July 1957 1.54 
9 July 1957 • 8 Aug 1957 0.57 
8 Aug 1957 • 21 Aug 1957 0.99 

21 Aug 1957 - 22 June 1958 10.15 
22 June 1958 - 7 July 1958 0.59 

7 July 1958 - 5 Aug 1958 1.20 
5 Aug 1958 - 18 Aug 1958 0.42 

18 Aug 1958- 19 Aug 1959 12.25 

D-12 28 June 1957 • 9 July 195 7 0.91 
9 July 1957 • 8 Aug 1957 0.73 
8 Aug 1957 • 20 Aug 1957 0.56 

20 Aug 1957 • 13 July 1958 11.57 
13 July 1958 - 4 Aug 1958 1.70 
4 Aug 1958- 19 Aug 1958 0.42 

19 Aug 1958 - 19 Aug 1959 13.13 

D-13 4 Aug 1958 • 18 Aug 1958 1.08 
18 Aug 1958 - 19 Aug 1959 13.64 

D-17 2 July 1957 - 29 July 195 7 0.99 
29 July 1957 • 19 Aug 1957 0.23 
19 Aug 1957 - 26 June 1958 11.47 
26 June 1958 - 10 July 1958 0.85 
10 July 1958 - 4 Aug 1958 0.50 
4 Aug 1958 - 18 Auk 1958 0.69 

I> 15A 6 July 1957 • 29 July 1957 0.18 
29 July 1957 • 21 Aug 195 7 0.30 
21 Auk 1957 • 22 June 1958 3.35 
22 June 1958 • 21 July 1958 0.07 
21 July 1958 - 7 Aug 1958 1.80 

_7 Aug 1958 • 20 Aug 1958 _0.12 

* Interpolated between actual measurements. 
Ml1 Movement pin in road (ill. 

B Bridge bent. 
I) Tube in drill hole . 

NB Bridge bent. 
NM Not measured. 

S49'05'W NM 

N76'00'W NM 
Nie'’40’W NM 
N14nG5'E NM 

473°45'W NM 
NeiBO'W NM 
SIODO'W NM 
N76‘ 35'W NM 

N42 20' E NM 
N43°35'E NM 
f.350l5'W NM 

N66°00'W NM 

NST'to'VH NM 
N82',30'W NM 
S54°00'W NM 
Nöb'ijö'W NM 
NSfOO'W NM 
N64n10'W NM 
850'35'W NM 
NbS'to'W NM 

N5CfOO'W NM 
N60"45'W NM 
SOOr,35'W NM 
N75°55’W NM 
N69‘05'W NM 
N65035'W NM 
S19r,20'W NM 
N71°10'W NM 

N86"00'W NM 
N48'30'W NM 
S8fJ45'W NM 
N74‘45'W NM 
N7^’10'W NM 
S76°20'W NM 
N74"40'W NM 

N85r‘45'W NM 
N77r’l0'W NM 

N73°35'W NM 
S15,J50'W NM 
N85 45'W NM 
N50°40'W NM 
S28°35'W NM 
N48°30'W NM 

N86'40'W NM 
N2/’25'E NM 
N45,'10l W NM 
S33°45'W NM 
866 30'E NM 
S70‘’00'W NM 
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Figure A3. Average daily weather data, Station 1, Camp Tuto, Greenland, 1959. 
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APPENDIX B: TUTO RAMP SLOPE INDICATOR MEASUREMENTS, 
GREENLAND PROJECT NO. 1 

by 

Stanley D. Wilson 

INTRODUCTION 

This appendix is composed of two reports submitted by Mr Stanley D. Wilson of Shannon and 
Wilson, Soil Mechanics and Foundation En^ineers, Seattle, Washington. The first report,coverinn 
measurements of ramp movement made during summer 1958, was submitted on 18 Mardi 1959. It 
comprises p. 51-64 of this appendix. The second report, covering measurements made m summer 
1959, was submitted on 29 February i960. The text of this report appears on p. 64-66, but tlie 
data have been plotted on the figures in the 1958 report (Fig. B1-B17) for easier comparison with 
the earlier measurements. 

1958 MEASUREMENTS* 

lDtrod>»-*ion 

In May 1957, the writer was engaged by USA EWES to assist in obtaining subsurface measure¬ 
ments of the movement of the TUTO Ramp witli Hie Wilson Slope Indicator. Descriptions of the 
instruments used and the field installation of observation wells, and a detailed analysis of the 
movements from May through August 1957, were given in a report of 28 February 1958 (USA EWES, 
1963)t. 

During the summer of 1958, additional measurements were obtained by personnel from USA 
ACFEL. An analysis of these data follows. 

Analysis of slope Indicator data 

Hole D-1U. This hole continued to be the most interesting hole and to yield the most valu¬ 
able data of all the observation wells installed. Details of the graphical procedure for spiral 
correction were described in the 1957 report ; however, the 1958 data required two additional correc¬ 
tion factors. First, tlie plastic casing had elongated vertically about 20 in. So that the readings 
would ue taken at the same relative place in each section of casing, the readings on the tape were 
increased by 1%. Second, 22.20 ft were cut from the top of the casing in increments as the ice 
melted. All data in this report have been corrected to refer to the same position in the casing as 
in the initial survey. The bottom of the casing, originally 205 ft beneath the ramp surface, m March 
1959 was approximately 185 ft beneatlbthe surface, but is still shown on the graphs at 205 ft. 

Field measurements were obtained 7 June, 3 July, 30 July and 23 August 1958. The 7 June 
data were not taken at the correct depths because of the elongation and were somewhat .tratic; 

therefore, they are not included in this report. 

Figure B1 gives plots of the computed east-west component dial unit changes between the date 
of installation (20 May 1957) and 26 August 1957 (taken from Fig. C4, USA EWES, 1963), 3 July 

1958, and 23 August 1958.___ 

* Submitted 18 March 1959. 
t Appendix C of this reference describes instrumentation and procedure for conducting this study. 

♦ 
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CHANGES IN DIAL UNITS 

Figure Bl. Hole D-10, east-west component of dial changes, 1957, 1958 and 1959. 

From Figure Bl, it is concluded that 1) The 1958 data show local irregularities of generally 
the same older of magnitude as that reported at the end of the first season; however, there is 
little, if any, correlation of such irregularities at equal depths. 2) The data of 3 July and 23 
August 1958 are nearly identical; i.e., there was no E-W component of movement during the 1958 
summer seas ». 

In an attempt to learn mere about the local irregularities, readings were taken in the E-W slots 
only between depths of 110 and 155 ft, where these slots were closely oriented to the true E-W 
component. Comparison of the changes from 3 to 30 July with those from 3 July to 23 August 1958 
(Fig. B2) shows local irregularities but no overall trend of movement in the EW direction; this 
checks the data of Figure Bl. 

On Figure B3 is plotted the true E-W component of movement from the date of installation to 
23 August 1958. The oata for 3 July checked those for 23 August 1958 within a fraction of an inch. 
Shown for comparison are the corresponding data from the 1957 report. 

Vertical elongation measurements were continued, but with considerably less precision. Figure 
B3 also gives plots of the most reliable data that could be computed from the field data; this 
involved some interpolation of original data, as shown in Table Bl. 
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O VERTICAL ELONGATION 

Figure B3. Hole D-10, easi-west deflections and vertical elongations, 1957, 1958 and 1959. 

In Figure B6 are plotted true displacements (corrected for spiral) of the plastic casing from 
the initial installation to 3 July, 30 July and 23 August 1958. This plot shows an exceptionally 
well defined orientation of total movement up to the end of August 1958, oriented N62°W. During 
the months of July and August, however, the movement of all individual points was actually due 
north or even a little east of north. Note also that most of this movement developed in July. 

In Figure B7 are plotted the true N*S component of dial unit changes for the months of July 
and August 1958, and the computed displacements. Note the same pattern of local irregularities 
as reported previously and the change in pattern of displacements for the two periods. Most of the 
displacement below 100-ft depth occurred in July; that in the upper 100 ft developed in August. 

Information as to the magnitude and direction of total movement of the top of the casing is 
given in an Addendum (p. 6?). 

Hole D-ll. The casing in Hole 1)-11 was originally installed through the ice cap and into 
the permafrost to a total depth of 245 ft. Tlie underlying moraine material was encountered at 
200 feet. During the freezing it wu: pinchud off at a depth of 97.6 ft. Subsequently, it was 
found ttuU tue -lope indicator would not go below 54 ft in the north-south slots. In late July 
1958, it was t j'iud that the instrument would track properly down to depths of about 84 ft; however, 
the data obtained are not "onstd» ed reliable. 
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CHANGES IN DI AL UNITS 

Figure B2. Hole D-10, east-west component of dial changes, 1958 and 1959. 

Table BI. Elongation In Hole D-10, measured depths oí Joints from top of casing 

23 Hay 1957 22 Aug 1958 
(ft)_t!ä— 

36.82 37.48 
(61.93) 62.87 
87.05 87.99 

(112.11) 113.73 
( 137.24) 138.85 
(162.34) 164.27 
(182.43) 184.57 

Bottom 

Elongation Summation 

m_(M._JtiüsL 
+0.66 1.68 20.2 
+0.94 1.40 16.8 
+0.94 1.40 16.8 
X 1.62 0.72 8.6 
+ 1.61 0.73 8.8 
+ 1.93 0.41 4.9 
+2.14 (0.20) 2.4 

0 

Note: Values in parentheses are interpolated data. 

Because of the apparent lack of E-W movement during the 1958 season, considerable effort 
was made to determine the true magnitude and direction of total movement. The total dial unit 
changes from 20 May 1957 to 3 July 1958 are plotted in Figure B4a. These data are very consis¬ 
tent with respect to orientation and magnitude of movement. Figure B5 gives plots of total dial 
changes from the initial date to 23 August 1958 and the measured changes from 3 July to 23 August 
1958. Note the rather marked change in orientation that developed during the summer. 

APPENDIX B 

E-W horizontal differential movement,in./month 

Summer 1957 Winter ¡957-195H Summer ¡958 

1.67 1.25 

Winter 1958-1959 

1.16 IV 10 0 
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Figures adjacent to pointe indicate depth In feet. 

s 
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20« 
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199« 

19«, 
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Dote of initial reading: 20 May 1957. 
Date of final reading: 3 July 1938. 
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,49 
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Figure B4a. Hole D-10, dial changes, 1957-19Ò8. 

Figures adjacent to points indicate depth in feet. True 
North 
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Figure B7. Hole D-10, north-south component ol dial changes and deflections, 1958-1259. 

In Figure B8 are plotted the corrected total dial changes from the initial date of 14 June 1957 
to 29 July 1957 (taken from Fig-7 of the 1957 report) and from the initial date to 21 August 1958. 
There appevs to be an E*W trend, although the data are rather erratic. Figure B9 shows the E-W 
component of dial changes and Fig we BIO the complied E-W movements. A total westward move¬ 
ment of the upper 55 ft of ice of about l in. in 14 months was recorded. 

Hole D-12. Figure Bll shows the total two-dimensional dial changes that were recorded 
between the initial set of 17 June 1957 and 23 August 1957. and the total as of 21 August 1958. 
Note the random scatter. In Figwe B12 are plotted the E-W component of these changes and in 
Figwe B13 the computed movements. The total differential movements from August 1957 to August 
1958 cerainly do not exceed 1 in., and even this amount may be due to instrument inaccuracies. 
Elongation measurements in D-12 were inconclusive and are not reported. 

Shallow holes. Most of the shallow tides were broken off. bent or otherwise abandoned. Dial 
change data from Holes D-12B. D-14 and D-15A are shown in Kiguivs R14. 1115. and lilb. The data 
are inconclusive. 
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LEGEND N 

Figure B8. Hole D-li, dial changes. 29 July 1957 and 21 Augus. 1958. 

Initial reading 14 June 1957. 
DEFLECTION, inch«* 

Trut W«$l O Tro» Eo»l 

Figure B9. Hole D-ll, east-west component ol Figure BIO. Hole D'H, compuled east-west de¬ 

dial changes. 1958 and 1959. tlections, 1958 and 1959. 
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LEGEND 

59* 23 Aug 1957 

Enlargement 

Figure Bll. Hole D-12. dial changes, 23 August 1957 and 21 August 1958. 

Initial reading 17 June 1957. 

* 
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L E G L N D N 

figure BI4. Hole 12-B, dial changes, 25 August 195? and 22 August 1958. 

LEGEND N 

Figure B15. Hole D U. dial changes, 25 August 1957 and 22 August 1958. 

* 
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Discussion of Ice novemsts 
The following information on differential movements of the plastic casing has been computed. 

D-10 

D-U 

D-12 

E-W horizontal differential movement 
in./month 

Vertical elongation 

f, 10X7 Winimr 1957-19,™ Summer 1958-fiHBBflf ISSZ-Am 19S71S5d 

1.87 

Zero 

Zero 

1.28 

trace 

0.1 

Zero 

trace 

2.3 

none 

1.3 

none 

From tteM cmputuio»» U appear, .ha. .he .are cl b«h ho.laon.al and ,0..^.1...0.0...0.. 
may be lomeased durlne lhe summet monlhs a. compared «rill, .he «Intet months, perhaps by as 

much as 50%. 
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, ,, f,.Uv the tienerul conclusions renardmti the nature of 
I„ BM.«»,. the 1958 «lau ' ^.„a to this Is the unexplained north- 

the movenents as set iotth in the 1957 tep . /uaust 1958. We have reviewed both the 

ward movetnent of casints in Ho‘*°-'„"7n«ÏtB to indínate inaetattaeies in the data » etrot 
iield data and on, lodes in topoptaphy. eon»,,act. n Ptoptants. c 
in the calculations. We ar . , ;l shift in ice motion. 
unusual melt conditions that could expl - ^ Uie explanati0„ that it 

In the 1957 report the scatter of the wa^comme^^ J^ within the borehole, or 
could result from instrument inaccttacies. i proper^ ^ huve reviewed the data quite carefully 
errors in depth resultint; from stretching o ‘ iniM.(.uraeies or other errors that could 

xr r rtrrz. -—. - — - -abo 
with the erratic sifface hummocks. 

addendum 

a ite>ndix B information concerning the 1958 
Subsequent to the submittal of the priding ^0^ F^n apparen, northward component 

surface movements became available. _ B17 shows ,he measured surface 
of movement of D-10 during the summer months o, of the plastic casing 

r:: r;,tj. .. 
sr—Trr^h'::»^,^. «« - ^ »«.—-—■» 

B6. 
N 

M 

5 Aol 
58 

19 »ufl* O J 

58 

Jui 

58 

Coiing' 

— • 
IÏ Juli" 

58 

J.'ui 
_ 58 

CASING 

• Top 
0 80110,,, 

30“ 

20 -| 

19 Au« 
58 

inch«» 
10 

MOVEMENT 

50 *0 15 jup 

Figure B17. Holt D-10, casing movements, 
1957 through 1958. 



61 APPENDIX B 

The surface measurements show that the top of the casing is moving at an average rate of 
6.5 ft/year, or 6.5 in./month. Thus, from 20 May 1957 to 19 August 1958, the top would have 
moved about 97 in. Since the relative movement top to bottom is only 21 in., more than '* of the 
total movement occurs lielow the bottom of the casing. This checks quite well the tindings reported 

in our 1957 report. 

No information is available as to the total vertical movement of the top of the casing. 

At D-12, the total movement since the installation amounted to about 15 ft, or twice that of 
D-10; yet in this period the relative movement of the upper 200 ft of ice could not exceed 2 in. 

At D-ll, where the total movement was 1 ft/year, the relative movement of the upper 50 ft 

did not exceed 1 in. 

19S9 MEASUREMENTS* 

Dicing the summer of 1959. additional subsicface measurements were obtained by personnel 

from USA ACFEL. An analysis of these d:.ta follows. 

Aialyals of dor o indicator data 

Hole D-10. This continued to be the most interesting hole and to yield the most valuable 
data of all the observation wells installed. Details of the graphical procedure for spiral correc¬ 
tion were described in the 1957 report; however, the 1958 data required two additional correction 
factors. First, the plastic casing had elongated vertically about 20 in. So that the readings 
would be taken at the same relative placo in each section of casing, the readings on the tape were 
increased by 1%. Second, 22.20 ft were cut from the top of the casing in increments as the ice 

melted. 

The data of this report were taken after an additional 9.01 ft were cut from the top. During 
the year the casing stretched an additional 1.8 ft; therefore, all depths were again adjusted in 
an attempt to take readings at the same position in the casing as in the original survey. The 
bottom of the casing, originally 205 ft beneath the ramp stvface, at the time of this report was 
about 176 ft beneath the sitface, but is still on the graphs at 206 ft. The casing had been broken 
(probably pulled apart) about 25 ft below the surface. At this depth the tube filled with ice which 
when melted with hot antifreeze came up around the outside of the tube. 

Field measirements were obtained on 14 August and on 20 August 1959. Only the data of 
the latter date were analyzed since those of the first date were not properly adjusted for depth. 

Figwe B1 (modified from the 1958 report) gives plots of the computed E-W dial unit changes 
between the date of installation (20 May 1957) and 26 August 1957, 3 July 1958, 23 August 1958 
and 20 August 1959. _ 

Submitted 29 February ItHW. 
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AU dula show local irregular It Is s of gsneraUy iIm' same ordsr of magiiiUKlc as that reported at 
the end of tlie first season. There is little, if. any, couelutinn of such irregularities at equal 
depths for the earUer data, hut for the lW>K-f>H poind the uiegulant íes appear at identical dept lis. 

In an attempt to learn more about the local irregularities, initial readings were taken in 1958 
in the E-W slots between depths of 110 and 155 ft. where these slots were closely oriented to the 
true E-W component. Comparison of tlie changes m the summer of 1958 with those during 1959 
(Fig. B2) show local irregularities but no consistent pattern. There is also son»* question as to 
whether aU tlie data from Figure B2 were «luar .id at equivalent depths. 

In Figure B3 is plotted the true E-W component of movement for the period from the date of 
installation to 20 August 1959. Shown for comparison are the corresponding data from tlie 1957 
and 1958 reports. 

Vertical elongation measurements were attempted without success. However, the total elonga¬ 
tion of tlie casing increased 1.80 ft. Figure B3 indicates the probable shape of this curve, 
based on earlier data. 

In Figure B4b are plotted tlie total dial changes from 20 May 1957 to 20 August 1959. 

In Figire B6 are plotted true displacements (corrected for spiral) of the plastic casing from 
the initial installation to 3 July. 30 July and 23 August 1958 and 20 August 1959. This plot shows 
an exceptionally well defined o'lent at ion of total movement up to Hie end of August 1959, oriented 
approximately N62'’W. 

In Figure B7 are plotted the true N-S component of dial unit changes and tlie computed dis¬ 
placements starting with 3 July 1958. Note the same pattern of local irregularities as reported 
previously. 

Information as to the magnitude and direction of total movement of tlie top of the casing has 
not been made available. 

Hole D-ll. The casing in Hole D-ll was originally installed through tlie ice cap and ,nto the 
permafrost to a total depth of 245 ft. During the freezing it was pinched off at a depth of 97.6 ft. 
Subsequently, it was found that the slope indicator would not go below 54 ft in the N-S srols. In 
late July 1958, it was found that the instrument would track properly down to depth»- of about 84 
ft; however, the data obtained were not considered too reliable. An additional set was obtained 
on 18 August 1959. Figure B9 shows the E-W component of dial changes and Figire BIO the com¬ 
puted E-W movements. The data are somewhat erratic but indicate a total westerly movement of 
less than 2 in. 

Hole D-12. Figure B12 shows the total E-W component of dial changes in D-12, and Figure 
B13 shows the computed movements. Tlie total differential movements from August 1958 to August 
1959 certainly do not exceed a fraction of an inch. 

Elongation measurements in D-12 were inconclusive and are not reported. 

Shallow holes. All the shallow holes were abandoned. 

DlscMalon of ice noveaeets 

The following information on differential movements of tin1 plastic casing lias been computed: 
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E-W horizontal differential movement,in./month 

tv 10 

IV 11 

IV u 

Summer 1957 Winter 1957-1958^ Summer 1958 

1.()7 1.25 0 

0 trace Hat e 
0 0.1 ___ 

Vertical elongation,in./month 

Winter ¡958-1959 

1.16 
0 
0 

Summer 1957 Aug 1957-1958 Winter 1958-1959 

I). 10 2.0 

IV 11 
l> 12 0 

1.3 1.8 
not known 

0 0 

In ueneral, the 1%« data substantiate fully the general conclusions regarding the nature of 
the movements set forth in the 19!>7 and 1958 reports. 

In earlier reports the scatter of the data was commented upon with the explanation that it 
could result from instrument inaccuracies, improper freezing of the casing within the borehole, or 
errors in depth resulting from stretching of the casing. We have reviewed the data quite carefully 
in this regard and can find no indications of instrument inaccuracies or other errors that could 
explain the scatter. We conclude that the casing actually deformed in the manner indicated on the 
plots. We suspect that actual deformation of the ice may develop such that slippage takes place 
erratically with first one layer deforming, then another, etc. Possibly this is also connected with 

the erratic surface hummocks. 
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APPENDIX C: MELT-WATER GAGING PROGRAM 
PROJECT NO. 1. APPROACH ROADS - TUTO AREA 

GREENLAND 

SUMMARY 

Measurements of melt-water flow from the ice and snow cover were made at various K^inn 
stations in the vicinity of Ramp, Transverse, and Access Roads near Camp futo, Greenland, 
during the summer of 1958. The purpose of these measurements was to determine the amount of 
melt-water flow in the vicinity of the roads. Measurements were limited chiefly to total runoff from 
each of two areas, although an effort was made to measure the runoff from secondary melt-water 
streams immediately to the north of Ramp Road. The maximum total flow from both areas observed 
was about 120 ftVsec and was observed at 1630 on 2 August. Flow was slightly in excess of 
100 ftVsec on 12 July at 1400 hours. Runoff was affected by temperature, which in turn was affect¬ 
ed by cloud cover, wind velocity, and elevation of observation points. 

Study area 

East of Camp Tuto, Greenland, earth-fill approach roads were constructed to the ice cap and 
to the two ice tunnels. The main road leading to the ice cap was designated Ramp Road and the 
roads leading to the old and new ice tunnels were designated Transverse and Access Roads, re¬ 
spectively. The location and alignment of the roads are shown on Figures Cl and C2. 

The elevation of the ice cap rose rapidly from Transverse and Access Roads eastward; along 
Transverse and Access Roads the elevation of the ice decreased in a northerly direction. Thus, 
all melt-water streams that developed flowed westward and thence northerly along Transverse and 
Access Roads. Culverts in Transverse Road and bridges in both roads leading to the ice tunnels 
were provided to prevent ponding of flow (Fig. C l). 

The problem 

During the summer months, the melting of snow and ice to the east and north of the area 
bounded by the approach roads caused considerable flow along the north side of Ramp Road and 
along the east side of Transverse and Access Roads. Slopes were steep enough to produce high 
stream velocities. During the peak of the melt season, sufficient water was discharged to erode 
large quantities of fill material and cause the roads to become impassable. 

The melt water apparently was concentrated in a large stream (channel 1) along the base of 
the moraine and in a large stream (channel 2) travelling northward along the east side of Trans¬ 
verse and Access Roads. The two melt streams merged immediately upstream from the new bridge 
on Access Road and passed westward into Lake Tuto through the bridge in Transverse Road. Thus, 
the melt-water flow was apparently controlled by conditions in two principal drainage areas. Area 
1 was approximately 0.7 square miles and was located east of the maaine; drainage was through 
a depression in the moraine. Area 2 was approximately 1.6 square miles and was bounded by atea 

* 
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1 nn the north Ramp Road on the south and Access and Transverse Roads on the west. The upper 
. ° ‘ * T -ir-Z mas to.bo east »ere not OelmeO otoarly bocanas of desp aloab too cond,- 
tions. However, orty a atnaU amount of melt watet ortBinated farther east than the end d Ramp 

Road (Mile 3). 
The use of culverts through the road fills to divert a portion of the melt water being impounded 

was unsuccessful. The melting of ice in and around the culverts and the erosion of the adjacent 

earth fill caused the culverts to become perched and thus inoperative. 

Purpose and acope of measurement* 

To collect hydrolottical data on the rat. ami onanttly of meU-watet flo. cver temeaentatlv. 

areas of the Tuto ice cap. a limited gaging program was set up during the summer of ^ An 
effort was made to relate the rate and quantity of meU-water flow to meteorological conditions as 
affected by the time of day or month. Attempts also were made to determine the general orientation 
of melt channels, the effect of precutting channels, and the degradation of the ice channels, p 

ticularly in the vicinity of the bridge locations. 
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Tert procedures . „tp, , t|iC (oid) bridpe on Transverse Road, 

Gagin« stations. Main ^Í0”the ( Jw) bridge to Access Road, and on channel 2 south 
at culvert C12 while it was operational. M ^ (n J Flgure Cl. Measurements were made 
of the new bridge. Locations of gagir^ ^ ” Xs hourly measurements were 
at vatious times durinti the hay a eac channel 2 sotan of the new bridge. In an effort 10 

made for a 24.hou, period at ^««»«1,», gaging stations were set op 

« ru^rlls^ZTo» 800 ft north of ami parallel ,0 Ramp Road: obser,.t.ons were 

“"tri1--- me.,«, - =rcrrr«., 
in the stream were measured by pygrw« d„tcimi1H,d by liming floats or dye slugs 

the s ,. . Thp streams were constantly chanfi* 
Measurements were made und*r eXtre"* C°n 1 When flowing, the streams were extremely tur- 

ing because of alternating cold an warm p ' frauments and large rocks and boulders, 
bulent and often contained large quantities of slus i ^ whefp flow from channel 2 inter- 
Plow «as parut,many turbulent a. the new Acueas Road ^ »h„ej‘ couU te 

sected channel 1 a, about ^ angles _ bv Ual<1 stratghtened 

—- —•*— 

ary object nearby. 

’“‘¡.“«ate, flow. Weather co^it.cms ware sum Urn. « ^"^e» LT 
until 0 lime. The first meU flow was noted on 8 wete eominued a, this rnrûTbrorirercr rotp ^b ?rrr^cr<rrcr,rir= - uP,» 22 ^ 

amounted to a maximum of 0.4 ftVsec. 

Tr tmi :,: «rd m^?u„:rr 
“'¡dit «iri-eached a masimum of... ^ d 

r.?r^eT"^rer::mirrw^:^r,'i: 
to 17.94 tt -• ft1 /see the afternoon of 5 July. Actual 
the total melt water from the ice cap amounted to 25.94 ft sec hi m 
daily flows recorded at the various stations are presented in Table Cl. 

« 
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Title CI. Melt-witer Hoi» *t mejor gegliif stations (ftVsec). 

AM PM am PM 

0.0 le 0.10e 0.25e 

0.01 0.10 0.25 

1-Channel 1 
3-Channel 2 
5-Culvert C-8 

Total now 

17 

Oaeing station AM 

18 

PM AM PM 

June 

19 

AM PM 

20 

AM 

0.38 0.15 

0.38 0.15 

PM 

0.29 0.12 0.39 0.11 0.24 

0.29 0.12 0.39 0.11 0.24 

22 

AM PM 

0.38 
0.38 

23 

AM PM 

0.23 0.83 
0.52 0.60 

0.10e 

0.76 0.75 1.33 

June 

1-Channel 1 
3-Channel 2 
5-Culvert CM2 
S-Culvert C-8 
5-Culvert C-5 
5-Culvert C-3 

Total now 3.47 4.23 5.11 4.11 
4.59 5.25 9.89 

Gaging station AM PM AM 

1- Cbannel 1 0.87 1-82 
2- Channel 1 
3- Channel 2 1.49 1.53 
5-Culvert C-12 1.05 1.65 
5-Culvert C-5 2.43 

Total now 5.84 

PM 

1.33 
3.16 

1.46 

1.92 

July 

AM PM 

2.07 2.98 
6.23 8.99 
3.00e 0.00 

AM PM AM 

1.35 3.13 1.96 6.06 4.37 6.49 

12.65 

1.33 
8.30 

1.53 
12.51 

1.02 
10.89 

PM AM PM 

1.51 
17.94 

6.35 
28.03 

0.41 
16.42 15.03 

15.10 11.59 20.10 16.28 25.94 23.18 43.06 

Total flow 36.19 51.60 50.25 58.12 

4.00e 0.00 4.00e 2.60 

102.56 65.75 54.00 82.60 

e Estimated 
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Table CI (Coat’d). 

_l± 

Gating station AU 

2-Channel 1 45.00e 
5-Culvert C-12 1.00e 

Total flow 46.00 

_¿7__ 

AM PM 

)5.00e 
0.00 0.00 

15.00 

__July ___— 

_18_ 19_£L__ 

AM PM AM PM AM_PM_ 

40.00e 60.00e 37.53 75.00e 63.67 90.00e 
2.50e 3.00e 4.003 2.00e 

42.50 63.00 79.00 65.67 

22 

AM PM 

54.24 
1.00e 

55.24 

Oagin/g station 

2-Channel 1 
4- Chrnnel 2 
5- Culvert C-12 

Total flow 

23 

AM PM 

53.76 71.19 

July 

24 

AM PM 

_25_ 

AM PM 

26 

AM PM 

_28_ 

AM PM 

40.80 48 48 74.76 35.16 67.43 31.35 40.00« 
19.58 22.83 

0.00 0.50e 0.00 

53.7 6 71.69 40.80 48.48 74.76 35.16 67.43 31.35 40.00 

__ 

AM PM 

20.00e 
12.81 30.82 

20.00 46.2c 

Gaging station 

2-Channel 1 
4-Channel 2 

Total flow 

_July_ 

30_31 

AM PM AM PM 

August_____ 

J_2_í______ 

AM PM AM PM AM PM j4M_PM 

18.32 45.00e 
12.23 24.65 

18.32 45.00 

36.05 
26.48 38.29 

36.05 42.4c 

59.55 
37.41 66.16 

59.55 99.0c 

55.64 79.94 

83.4c 119.8c 

36.98 59.46 

55.5c 89.1c 

10.72 35.07 

16.1c 52.6c 

Gaging station 

4-Channel 2 

Total flow 

August___ 

6 7_«_?- 

AM PM AM PKÍ AM PM_AM-PM-AM_ 

8.96 33.15 20.78 49.43 11.21 32.14 10.62 30.71 10.87 

13.4c 49.7c 31.2c 74.1c 16.8c 48.2c 16.0c 46.0c 16.3c 

11_12 

PM AM PM 

18.32 7.29 21.30 

27.5c 10.9c 31.9c 

Gaging station 

4-Channel 2 

Total flow 

_13_ 

AM PM AM 

7.85 17.05 6.32 

11.8c 25.5c 9.5c 

August_____—- 

¡5_16_I«_i!>_ 
"pm" "am "pm AM_„..pm....AJL—™-_——-^L 

17.00 5.33 14.8 2 5.50 15.02 4.74 10.3 1 4.6 1 8.08 

25.5c 8.0c 22.2c 8.3c 22.5c 7.1c 15.5c 6.9c 12.0c 

Gaging station 

4-Channel 2 

Total flow 

20 

AM PM 

4.51 10.71 

6.8c 16.1c 

_21_ 

AM PM 

4.28 9.26 

6.4c 13.8c 

August_ 

22_ 

AM PM 

3.17 4.04 

4.8c 6.1c 

_23_ 

AM PM 

1.55 3.79 

2.3c 5.7c 

AM PM 

1.50e 

2.3c 

e Estimated 
c Based on per cent (150"„) ot flow tn channel 2 
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Flow from Norm Fork (F*. Cl) bypassed CaKlnp Station 1 until 27 Jone wbenit was diverted 

elianntd . above Ibe new bridpo; on .8 July it rerorned to Its ^ ^ Fii“rom 

r,:F^^:rt=d^orr,Trs^"r,■l.» ^ .-.- * - 
the rest of the season. 

From 9-19 July the weather was ReneraUy bad. with low temperatures, rain, steet. snow and 

wlmtsTto 60 “«s Field opera.,oos w«e ctmiplerely baUed m, several 
i » runoff fnr thp seuson was tnadP at 1400 hours on 12 July. T 

ClTr slipbtly to excess of 100 ftVsec. On » 

ByTo j'iy!me fotal fbiwfrom the lee cap bad 

decreased to 75 ftVsec at the old bridge and 4 ftVsec through colvert C12. 

A helicopter flight ovm the drainage area on 10 

«e theSIu mrels «dS müh“ the Ramp Road. Gaging stajons «0« “ 

:^LzáLz::^::z~^ 
dred yards disappear beneath the snow and reappear as 3 or 4 interconnected streams. Drifting 
snow sõ«..mes obliterated the smaller channels. Slush conditions » the area aotme a 220«, 
elevation (about Mile 2) were unusually severe. The depth tn some instances exceeded 5 It . 
tL average depth was estimated to be 3 ft. A large amount of water was stored in the sl"s^J 1 

it was released by the formation of melt-water channels, discharges 
within a short time. Near the end of July. 9 streams were observed within 500-800 ^,he R P 
Road at Mile 1. There were 10 streams at Mile 2 and one small stream at Mile 3. Figure C2 give 
an approximate location of the melt stream and Table C1I presents the discharges recorded. 

On 26 July culvert C12 was filled with earth to prevent further ice ablation which was endan- 
eering the road fill. On 1 August it became impossible to measure How at the old bridge s^Sta’ 
tion 2) because of extremely high velocities and the passage of rock and ice fragments with dis¬ 
charge flow. Subsequent measurements were made in channel 2 and the tota com me 
channels 1 and 2 was computed on a percentage basis. Previous observations indicted that ^ 
flow in channel 1 was about 35 to 40% of the total flow or total flow was about 150%, of tte tlow 
in channel 2. On the afternoon of 2 August a flow of 79.94 ftVsec was measured in channel 2 
Application of the above percentage factor indicates a total runoff from the ice cap of about 120 
îvsec this was the peak flow recorded during the summer. Estimates of total combined flow from 

channels 1 and 2 after 1 August were obtained in the same manner. 

Final discharge measurements were made on 25 August 1958. Maximum flow at the channel 
2 gaging station was only 1.5 ftVsec; this represents the total runoff from area 2. Total runof 
from area 1 would be about 0.8 ftVsec or the total runoff of both areas on 25 August was only 

about 2.3 ftVsec. 
Effect of temperature variation. To study the effect of temperature variation a discharge was 

continuously recaded in channel 2 from 0800 hours on 4 August until 0800 hours on 5 August^ 
Temperatures recorded at Meteorological Station 2 (Mile 1) were used for Plotting DurinR 
this period the weather was clear with little wind. Data obtained (Fig. C3) indicate that the 
maximum temperature recorded was 38.3 F on 4 August and the maximum flow was 59.5 ft /sec. 
Minimum temperature and flow recorded during this period were 33.8 F and 9.:^ ft /sec, respec¬ 
tively. Flow did not increase until about 6 hours after the temperature started to rise. Average 
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Figure C3. Discharge and air température comparison, 
24-hour period, channel 2, Gaging Station 4. 

flow for the 24-hour period was 33 ftVsec; this would result in a total runoff from area 2 (1.6 
square miles) of 2.860.000 ft3. Similar data wore recorded on 13-14 Amnist (Fur. C'3i. Although 
the temperature tanned from a maximum of 39.3 F to a minimum of 30.6 F. flow ranued from 17 
ft3/sec to 5.5 ft3/sec. Average flow for the period 13-14 Aujaist was 10 tt’ sec or a total runott 

of 867.000 ft*. 

Stream flow profiles. On 9 August and 22 Aunmst profile data were recorded tot a distance 
80 ft upstream from tin» recording station on channel 2. Maximum Hows on the two dates were 
30.7 ftVsee and 4.0 ft’/sec, respectively, and occurred in the afternoon. The depth ot How in 
each instance was from 0.75 ft to 1 ft although the width of the t hannel was 10 ft lor a flow of 
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Takle CD. Melt-water flow la secondary streams (ft’/sec). 
Mile stations refer to miles along Tuto Ramp Road (see Fig. C¿). 
Streams 1. 2. and 3 at Mile 2 combine to form Stream 4 at Mile 1. 
Streams 4-10, inclusive, at Mile 2 combine to fonn Stream 9 at Mile 1. 
All other streams at Mile 1 originate between Mile 1 and Mile 2. 
e indicates flow was estimated. 

Gaging station 18 21 

July 1958____ 
23 25 28 

Mile 3: 
Stream 1 0.50e O.Ole 

Mile 2: 
Stream 1 3.50e 
Stream 2 0.00 
Stream 3 0.00 
Stream 4 0.00 
Stream 5 0.00 
Stream 6 0.00 
Stream 7 0.00 
Stream 8 0.00 
Stream 9 0.00 
Stream 10 0.00 

8.82 6.68 4.67 
0.29 0.12 0.11 
1.01 0.80 0.32 
0.04e O.Ole 0.08 
1.50e 0.62 0.41 
0.04e O.Ole O.Ole 
0.08e 0.60 0.05e 
0.85 0.08e O.Ole 
0.80 0.77 0.40e 
0.13 0.08e 0.10e 

Total for 
Streams 1-3 3.50 

Total for 
Streams 4-10 0.00 

Total flow 
at Mile 2 3.50 

10.12 7.60 5.10 

3.44 2.17 1.06 

13.56 9.77 6.16 

Mile 1: 
Stream 1 
Stream 2 
Stream 3 
Stream 4 
Stream 5 
Stream 6 
Stream 7 
Stream 8 
Stream 9 

0.00 
0.02e 
O.Ole 
7.50 
0.03e 
0.00 
0.00 
O.Ole 
C.30e 

0.00 
O.lOe 
0.44 
9.24 
0.40e 
0.20e 
0.00 
O.lOe 
3.70 

O.Ole 
0.24 
0.21 

12.44 
0.33 
0.09 
0.10 
0.12 
8.01 

0.11 
0.22 
0.22 
7.35 
0.50 
0.30 
0.10 
0.06 
3.97 

O.Ole 
0.19 
0.20e 
6.02 
0.30 
O.lOe 
0.05e 
0.05e 
1.42 

Total flow 
at Mile 1 7.87 14.18 21.55 12.85 8.34 

Culvert C-12 

Channel 2 
Channel 1 

3.00e 

60.00e 

2.00e 

90.00e 

C.50e 

71.19 

Flow 
ceased 

74.76 

22.83 
40.00e 

Grand total 63.00 92.00 71.69 7 4.76 40.00 

30 

3.37 
0.13 
0.32 
0.07 
0.53 
0.00 
0.08 
0.00 
0.51 
0.10 

3.82 

1.29 

5.11 

O.Ole 
0.18 
0.18 
6.21 
0.24 
0.12 
0.08 
0.08 
1.62 

8.72 

24.65 
45.00e 

45.00 
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Table CH (Cont’d) 

75 

Gaging station 

Mile 3: 
Stream 1 

Mile 2: 
Stream 1 
Stream 2 
Stream 3 
Stream 4 
Stream 5 
Stream 6 
Stream 7 
Stream 8 
Stream 9 
Stream 10 

Total for 
Streams 1*3 

Total for 
Streams 4-10 

Total flow 
at Mile 2 

Mile 1: 
Stream 1 
Stream 2 
Stream 3 
Stream 4 
Stream 5 
Stream 6 
Stream 7 
Stream 8 
Stream 9 

Total flow 
at MUe 1 

Culvert C-12 
Channel 2 
Channel 1 

_ August 1958 

1 6 8 11 13 

0.60e 0.37 0.10e 

3.60 5.55 
0.32 0.12 
0.89 0.77 
0.10 0.01e 
0.87 0.42 
0.06 0.0 le 
0.12 0.10 
0.01e 0.046 
1.41 0.94 
1.28 0.35 

3.68 2.66 
0.12 0.05 
0.63 0.32 
0.01e 0.01e 
0.29 0.10 
0.01e 0.00 
0.04e 0.01e 
O.Ole O.Ole 
0.97 0.75 
0.29 0.20 

1.80 
0.02e 
0.02e 
0.00 
0.02e 
0.00 
0.00 
0.00 
0.45 
0.03e 

4.81 6.44 

3.85 1.87 

8.66 8.31 

4.43 3.03 1.84 

1.62 1.08 0.50 

6.05 4.11 2.34 

O.Ole O.Ole 
0.20 0.25 
0.35 0.25 
8.36 9.24 
1.00 0.41 
0.27 0.11 
0.15 0.04e 
0.15 0.04 
4.00 2.68 

O.Ole 0.02 
0.14 0.20 
0.22 0.24 
6.56 4.20 
0.30 0.30 
0.10 O.Ole 
0.09e O.Ole 
0.06e 0.00 
2.64 1.42 

0.02 
0.18 
0.18 
3.60 
0.25 
0.00 
0.00 
0.00 
0.82 

14.49 13.03 10.12 6.40 5.05 

66.16 33.15 32.14 18.32 17.05 

16 20 22 

0.00 0.00 0.00 

1.50 1.00e 0.30e 
O.Ole 0.00 0.00 
O.Ole 0.00 0.00 
0.00 0.00 0.00 
O.Ole 0.00 0.00 
0.00 0.00 0.00 

0.00 0.00 0.00 

0.00 0.00 0.00 
0.20e O.lOe O.Ole 
0.02e 0.00 0.00 

1.52 1.00 0.30 

0.23 0.10 0.01 

1.75 1.10 0.3) 

O.Ole O.Ole O.Ole 
O.lOe O.Ole O.Ole 
O.lOe O.Ole O.Ole 
3.00 1.50e 1.50e 
O.lOe 0.00 0.00 
0.00 0.00 0.00 
0.00 0.00 0.00 
0.00 0.00 0.00 
0.78 0.20e O.Ole 

4.09 1.73 0.54 

15.02 10.71 4.04 
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GAGING 
STATION 

01 
I- 

0 9 A-g am ÍIO 6? cH) 

p^Aug pm (4 04cfs) 

00 

GAGjNG_ ATI ON 4, CHANNEL 2 

L i L i I i L 
70 
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Woier Su'toc« 

FLOW 
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—1—ib 1 Ter 

- I 

Figure C4. Typical cross sections and profiles at gaging stations. 
a.m. - gray; p.m. « black 

30 7 ftVsec as compared with a width of 7 ft for a flow of 4.0 ftVsec (Fig. C4). The overall 
drop in water surface over the distance of 80 ft was 0.5 it for the larger discharge and only 0.2 ft 
tor the lower flow. Other typical croes sections at various gaging stations are also shown on 

Figure C4. 
Degradation of ice channels. Measurements of ice degradation at the two bridge sites were 

nude by personnel of USA ACFEL. Precise measurements were difficult because of the high 

velocity of the flow. 

Discussion of results 
The data presented in tabular form in Tables Cl and CH and described in the previous para¬ 

graphs should provide some basic information on the amount and distribution of melt water from 
ine Greenland Ice Cap in the Camp Tuto area. A more comprehensive correlation of runoff data 
with the meteorological data may provide some additional information. A cursory review indicates 
that air temperatures at Meteorological Station 3 were generally 2 to 3F lower than at Station 2, 
whereas temperatures at Station 1 were generally 2 to 3F higher. Thus, a temperature gradient 
that would cause the amount of melt water to vary per unit of area was present. Also the tempera¬ 
ture was dependent upon the wind velocity; the higher the wind velocity, the lower the temperature. 
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However, snow at the same temperature melts more readily when the wind is blowing because of 
mixing of the cool air at the interface and the air contained in the upper layer of the snowpack. 
The effect of wind, however, may be negligible over bare ice. Personnel experienced in conditions 
at the Camp Tuto site agreed that melt-water flow during the summer of 1958 was much less than 

during the previous two summers. 

Figure C5 gives a plot of total melt-water flow from drainage areas 1 and 2. Discharges in the 
afternoon generally were greater than in the morning. Considerable effort was made, without suc¬ 
cess. to correlate the discharge information with the maximum observed daily temperatixe, the 
average daily temperature and the net radiation exchange observed at Meteorological Station 2. 
Only a few degrees range in temperature apparently was sufficient to make an appreciable change 
in melt-water flow. Best correlation was obtained by development of an accumulative heat index 
from the observed average daily air temperatures at Meteorological Station 2. This heat index was 
based on the difference in mean daily air temperatures (average of maximum and minimum tempera¬ 
tures). The index was positive when the mean daily mperature was greater than 32F and nega¬ 
tive when the mean daily temperature was less than 32F; e.g., a mean daily temperature of 34F 
represents a +2F index. The sleeper the slope of the plot shown on Figure C6. the more rapid 
the warming trend. Comparison of Figures C5 and C6 reveals that generaUy the greatest melt¬ 
water flows occurred at the time the accumulative heat index was increasing the lastest. 

♦ 
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Figure C6. Accumulative heat index, Meteorological Station 2. 
9 June-25 Aug 1958 

Analysis of the data from the secondary gaging stations shown in Table CII is extremely 
difficult. Consideration of total flow indicates only roughly an increase in flow of about 50% at 
Mile 1 over that observed at Mile 2. This 50% increase would be the result of the melt flow orig¬ 
inating between Mile 1 and Mile 2. An effort to delineate the amount of runoff per acre was- 
abandoned when it was realized that the area immediately to the north of Ramp Road was not 
typical of area 2. Dust from Ramp Road settling over the immediate area accelerated the melting 
action. Thus, the melt-water data shown in Table CII would exceed the flow to b° expected per 
unit area in locations not contaminated by dust. 

Recommendations 

To provide better information on melt-water flow from the ice ramp in the vicinity of Camp 

Tuto, the following procedures are suggested: 

1. Guide channels should be excavated before melt water begins to flow. Once the melt 
water starts, the channels would become enlarged through erosion; this in turn would tend to con¬ 
centrate the flow in the location desired. Secondary guide channels should be aligned generally 
with Ramp Road, with a few larger transverse channels to intersect the flow from the secondary 
channels. 

2. A snow depth and density map over the area should be prepared to permit an estimate of 
the melt-water potential of the snowpack. 
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3. Additional personnel should be provided to permit more complete measurements. 

4. Controlled aerial photographs of the drainage area should be made daily (weather per 
mitting) at the height of the melt season to trace more accurately all melt streams. 
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APPENDIX D: ANALYSIS OF MICROMETEOROLOGICAL DATA OBTAINED 

AT CAMP TUTO, GREENLAND: MELT-WATER QUANTITIES* 

by 

Ronald F. Scout 

INTRODUCTION 

In 1954 the U.S. Army Corps of Engineers established Camp Tuto at the edge of the Greenland 

Ice Cap as a supply and equipment base for military operations and as a site for basic and applied 
research in arctic regions. The ground around the base is perennially frozen but thaws a few feet 
down from the surface in the summer. The soil is well graded, with a rocky, ^avelly surface on 

which polygons can be distinguished in certain areas. 

The edge of the ice cap is east of the camp; here the ice cap begins at ground surface and 
slopes upward to the east at about 6% gradient. Prevailing winds, generally katabatic, blow from 

the east down the ice cap. 

As part of an arctic constiuction research program, USA ACFEL,aided by personnel and 
equipment of the U.S. Army Signal Corps Electronics Proving Ground, Fort Huachuca, in 1956 
began to make extensive micrometeorclojr'cal measurements. The analysis of the first season s 
data indicated the necessity for improved instrumentation, which was subsequently supplied. 

At Camp Tuto in 1957 and 1958 measurements were made at three stations representing three 
terrain types and included; 1) continuous observations of temperature, wind, humidity, air pressure, 
radiation, etc., generally several levels above the surface, but also in the upper atmosphere, 
2) observations of ground temperatures and, where appropriate, moisture content of the soil at 
several depths; and 3) standard first-order weather station observations. 

The data were reauced and tabulated at the National Weather Records Center, Asheville, 
North Carolina, and were furnished to the author by the Corps of Engineers for analysis. The re¬ 
sults of the analysis were reported to USA ACFEL (Scott, 1959). The analyses included compari¬ 
sons of short-and long-wave radiational amounts, with theoretical values for clear and cloudy days; 
and calculation of ground surface, snow and ice albedos and their time variations. The heat flow 
to the air by convection was calculated by several methods, evaporation heat flow amounts were 
discussed, and analyses of soil and ice temperature profiles were made to determine the daily 
heat budget components. 

In this paper, the micrometeorological data obtained in 1958 were used to calculate the heat 
quantity available for melting the snow or ice at the ice cap stations. The amount of melt water 
obtained for a given drainage area of the ice cap for these computations was then compared with 
the measured quantity of runoff. Close correlation exists between the computed and measured total 
quantities, and an added storage delay time calculation improves the day-to-day comparison and 
gives information on the water permeability of the snow. 

* Presented at Pacific Southwest Regional Meeting. American Geophysical Union, Berkeley, California. 
26 and 27 January 196 L 

t Assistant Professor of Civil Engineering, California Institute of Technology, Pasadena, California. 

* 
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STUDY AREA 

The topography of the ice cap in the vicinity of Camp Tuto is appropriate for a meit-water 
study. The area studied (see Fig. Cl and C2) is bounded as follows: to the west by Transverse 
Road, through culverts in which the flow passes and is gaged; to the north, by a natural watershed 
on the sloping ice surface; to the east, by the upper limits of drainage, supplying, by their eleva¬ 
tion, little or no drainage to the area; and to the south, by the main Ramp Road. In the width of 
the area occur 40 or 50 melt water streams flowing from east to west. The ice surface slopes up¬ 
ward to the east from the Transverse Road at about a 3 or 4% gradient. 

Along the main Ramp Road were situated the three meteorological stations: Station 1 on the 
natural soil a few hundred feet west of the edge of the ice cap; Station 2 approximately 1 mile up 
Ramp Road; and Station 3 at Mile 3 on Ramp Road. These stations supplied the necessary micro- 
meteorological data from which the melt-water quantities were computed. All the flow from the 
study area, as far as could be determined, passed through the stream gaging stations set up on the 
melt-water streams where they passed under Transverse Road. The total drainage area consisted 
of about 2.3 square miles. 

MELT-WATER COMPUTATIONS 

To compute the quantity of melt taking place on the ice cap near Camp Tuto it was necessary 
to establish the heat budget of the ice surface at Meteorological Stations 2 and 3. 

The measurements of incoming and reflected short- and long-wave radiation made at these 
stations gave information on the primary sources of heat supplied to the surface. Some of this 
heat helped to melt the ice and some to warm up the underlying ice layers. Some heat was rempved 
from the surface by evapaation and by sensible heat transfer into the air. Since the amount 
of heat used to melt the ice was not known, it was estimated by evaluating the other heat flows. 
Insufficient information was available in 1957 to make calculations based on an entire summer's 
conditions; therefore, the calculations were applied only to the data obtained in 1958. 

First, the amount of heat supplied to warm the underlying ice layers was evaluated from infor¬ 
mation obtained from a thermocouple string installed in the ice near Meteorological Station 2 at 
the beginning of June 1958. Although errors were apparently present, it was possible by inspec¬ 
tion to estimate and plot temperature profiles in the ice at various dates. Areas between successive 
temperature profiles were obtained from the plots and multiplied by the specific heat of ice 
(assumed to be 0.45 cal/cm1 C). By this calculation, values of heat flow for various periods were 
evaluated. These results were combined to give estimates of values of heat flow into the ice for 
the entire summer. Such a value of specific heat of ice may not apply to the ice at all depths since 
there is generally a change of density with depth. However, the ice at Meteorological Stations 2 
and 3 was old and might be considered relatively stable with depth with respect to specific heat. 

The amount of heat flow was 5 to 10% of the net radiation at the surface. Table DI gives the 
estimates resulting from this calculation for both stations using the thermocouple data obtained 
at Station 3: 
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Table DI. Estimates of heat flow to ice 

_Period_ 

Before 19 May 

19 May • 4 June 

5 June • ¡JO June 

¡J1 June - 4 July 

Ü July • 19 July 

¡J0 July • 4 Auk 

5 Aug - ¡J0 Aug 

After 20 Aug 

Meteorological Station ? 
_cal/cm3 day_ 

0 
fi 

10 

1H 

i:i 

8 

3 

0 

Meteorological Station 3 
_cal/cm1 day __ 

0 

5 

10 

15 

10 

8 

5 

0 

These calculations are quite crude because of the uncertain nature of the thermocouple data. 
However, as the relative magnitude of the heat to ice is so small, it is unlikely to influence the 
results except at the beninninn and end of the melt period. 

Next, the amount of heat flow to the air was calculated. Not enough time and information were 
available to make daily estimates at Stations 2 and 3 during 1958. However, heat flows to the air 
were calculated at Station 2 for clear and completely cloudy days and at Station 3 for clear days 
only. These calculations gave some idea of the order of magnitude of lieat flow to the air on days 
that might be considered to represent the extremes of flow. Heat flows to the air were computed 
using air velocity and temperature profiles by methods given by Scott (1957) and Halstead (Lettau 
and Davidson, 1957). The difference between the results obtained by these methods was small 
except for heat flows to the air greater than 250 cal/cm1 day (not encountered over ice surfr.ce), 
A method suggested by Budyko (1956) gave obviously too small values under all conditions. 

The quantity of heat flowing to the air at either Station 2 or 3 was extremely small compared 
with that occurring at Station 1. This may be because the temperature of the surface of the ice 
never rises above 32 F so that the temperature gradients between the surface and air flowing over 
it are very small. Generally there are indications that heat flows to and from the air take place 
during the summer, but an average heat flow to the air of about 10 cal/cm1 day occurred at Station 
2 on clear days while at Station 3 about 12 cal/cm1 day was lost to the air. These may be compared 
with values of 100 to 200 cal/cm1 day at Station 1. From the limited amount of data for Station 2 
on cloudy days, apparently slightly mort heat was lost to air under this condition. Tins is believed 
to be an anomalous result but since there i no other information available to check it it must be 
accepted provisionally. Apparently about 20 » al/cm1 day on the average flowed into the air from 
Station 2 on cloudy days. 

From this information, estimates of the heat flow into the atr at Stations 2 and 3 for the summer 
of 1958 were made. On clear da>s the heat flow into the air was considered to average 10 cal/cm1 
day; on cloudy days, 20 cal/cm1 day; on all other days, 15 cal cm1 day. No variation of these 
quantities was made to account for the different times of year as the indications were not clear 
enough that there was a variation. At Station 3, because of the lack of data, an average value of 
heat flow to air of 10 cal/cm1 day was assumed for all days during the summer. Once again the 
relatively small magnitude of flow into the air compared with the net radiational heat quantity at 
the surface made the difference of a few calories relatively unimportant. 

Then the heat budget at the ice surface at Stations 2 and 3 was calculated. Heat is supplied 
to tlie surface in the amount of the net radiation at the surface. Heat is subtracted from this amount 
to warm the underlying ice and to supply heat to the air passing over the surface. Therefore, for 
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lu-dav periods durum 1958 the U)tals of net radiation were obtained and from them the 
uu ds on-elt tlows !o the ,ce and to the air were subtracted. The remainder was constdcred to be 

the heat How that results in melting the tee at the surface. This value 
for the ten-dav periods and converted to a water equivalent by a conversion factor, the latent he a 
of ler (80 cal'em*). Thus, an estimate of the cumulative total depth of water melted at ea. h ot 
the stations could be obtained. This represented the total ice melt in the summer when converted 
by a factor relating the amount of water to the equivalent volume of ice. The amount of water could 

finally be used to estimate the runoff in any period. 

In this way the plots shown on Figure D1 were made. These plots show the height «f wat« 
in centimeters obtained as a result of the melting of the ice cap near Stations 1. <2 and 3. the cal¬ 
culations described so far give the curves marked "No evaporation.” No humidity jadíen s were 
measured at the stations; therefore, it was not possible to compute directly the amount of heat 
flow to evaporation. If some heat were used up in evaporating water at the ice surface, it tmg 
not go to melting ice. Consequently, the consideration of evaporation would resu t in smaller 
estimates of the amount of ice melt than would be obtained by neglecting evaporation. 

If it is assumed that the amount of heat How to evaporation roughly equals the amount of heat 
How to the air. some estimate of the amount of melt that would take place if evaporation were 
considered can be made. This seems to be a not unreasonable estimate considering the resul*s “f 
other investigations and the data from Station 1. But this view is somewhat doubt ul as the differ¬ 
ence between a relatively dry ground surface and a wet ice surface is not adequately considered. 
The method, however, is thought to give a reasonable idea of the amount of heat flow ‘o evapora¬ 
tion- it is unlikely to be substantially greater than this amount. The curves on Figure Dl, there¬ 
fore! can be amended by this assumption. Curves marked -evaporation" incorporating this assump¬ 
tion are shown. Between the two curves a line representing a probable variation of cumulative 
melt with time is drawn. On summer nights, when the amount of incoming radiation is very small, 
some condensation of the surface takes place, offsetting the amount of evaporation during the day. 

The data from Meteorological Station 1 and estimates of the albedo of the ice near the limit of 
the ice cap permitted calculations to be made, giving the curve of cumulative melt near Station 1. 

Figure Dl. Computed melt water, 1958. 
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From the information on Figure 01 and Figure C >. the amount of water runoff due to melt in 
anv period during the summer could be calculated. To calculate melt-wate. amounts, the area was 
arbitrarily subdivided into tliree sections bounded internally by the 2000- and 2300-lt contours 
and externally on the east by the 2600-ft contour, and on tlie west by Transverse Road. The cal¬ 
culated melt at Station 3 was considered to represent the average frx the most easterly section 
and that at Station 2 the average for the most westerly section. The center area, bounded by the 
2000- and 2300-11 contours, was assigned interpolated melt amounts based on the interpolated 
curve for elevation 2150 (Fig. Dl) derived from the other three curves on the basis of altitude The 
area of the drainage /.one was multiplied by the average amount of melt lor the period. Table Dll 

gives the values obtained. 

Figure D2. Comparison ol measured and computed melt-water flow. 1958. 

Table DH. Computed melt-water runoff, 1958 

Date_ 
20 May 
31 May 
10 June 
20 June 
30 June 
10 July 
20 July 
31 July 
10 Aiig 
20 Aug 
31 Aug 
10 Sept 

Millions It' 

Total in 
Period Cumulative 

2.1 
2.S 

11.3 
20.2 
22.4 
20.3 
17.8 
12.2 
8.1 

3.0 
2.1 

0 

2.1 
4.9 

10.2 
36.4 
38.8 
79.1 
96.9 

109.1 
117.2 
120.2 
122.3 
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These figures represent the estimated amounts of flow based on available heat for melting the 
snow and ice. The major part of these estimated flows would have passed through Transverse 
Road and under the bridges so that measurements made in these places could be used to check with 
the calculated amounts. It is considered that substantial amounts of melt water are not derived 
from elevations greater tlian 2600 ft. Any refreezing of melt water that might have taken place at 
night at the beginning and end of the recorded period was not taken into account. The cumulative 
total flow is plotted on Figure D2. 

MELT-WATER MEASUREMENTS 

In 1958 personnel of USA EWES established gaging stations on various melt-water streams in 
the study area, including stations at sites on Transverse Road. Since the majority of the melt 
water from the local drainage area passed these locations, the gaged melt-water quantity could be 
compared with the amount computed in Table DII. Readings were made on most days in 1958 under 
arduous conditions, in the morning and in the afternoon, when the peak flow usually occurred. These 
data were supplied for this study by USA EWES and were used to compute first average daily flows, 
then a cumulative melt-water flow curve for the summer. This curve is also plotted on Figure D2. 
Although a good deal of subjective judgment was involved in the estimation of the average daily flows 
from the twice-daily readings, tlie results have been plotted as obtained without adjustment. 

Figure D2 shows that the computed and measured total summer melt-water flows compare well 
but that there is considerable difference between the progress of the two cumulative curves with 
time. This difference is primarily due to the neglect of the delay in the computed runoff caused 
by the storage of the melted water in the snowpack. No computation of this delay was made ori¬ 
ginally because it was thought that it should await a comparison of computed and measured total 
quantities of melt. Because of the good correspondence between the two, a storage-delay calcula¬ 
tion was subsequently made; this is presented in the following section. 

MELT-WATER STORAGE MODEL AND DELAYED RUNOFF CALCULATION 

Each year the melt water in the latter part of the season ran down the bare ice surface forming 
well defined streams. When melt ceased and the fall and winter snows occurred, the streams were 
covered over but remained the potential paths of melt-water flow beginning in the following thaw 
season. As shown in Figure C2, there were 40 to 50 such streams across the 3000- to 4000-ft 
width of the drainage area studied; therefore, each stream on the average drained an area about 
80 ft wide. 

At the beginning of the thaw season, snow covered the ice surface to a depth of 3-4 ft, which 
varied considerably from place to place in depressions and drifting areas. Figure D3a shows a 
typical cross section of the ice cap taken along a contour line, including two drainage channels, 
when the snow surface temperature just reached the melting point at the beginning of summer. The 
underlying snow and ice were below freezing at this time. 

The melted snow at the surface first trickles down into the underlying snow and refreezes, 
raising the snow temperature to the melting point by the reléased latent heat as it does so. For 
snow at Camp Tuto, the first 2 or 3 cm of melt water is absorbed in this way; this is a negligible 
amount in comparison with the yearly total. The next quantities of melt water coat the surface of 
snow grains and are held in capillaries in the snow in the form of hygroscopic and capillary water 
which is not available for runoff until the snow structure melts. Snow can hold about 3 to 4% by 
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Snow Surface 

Snow 

_ __Former Drainage Channel 

a. 

_ _ Original Snow Surface 

__Snow Surface 

Snow Holding Liquid Water 

Figure D3. Melting of snow surface and drainage. 
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weiuht of water this way and, in the vicinity of Camp Tuto, about 2 cm more of melt is absorbed 
in the snow. When the liquid water-lioldini; capacity of the snow is reached, further melt water 
trickles down through the snow, arriving at the ice surface where it is considered to build up a 
layer of saturated (or nearly saturated) snow; i.e., a large proportion of the snow voids are filled 
with water. 

It is postulated that the saturated zone increases in depth up to a point at which runoff begins 
in the old melt-water channels under the snow surface. At this stage the snow profile is as shown 
in Figure 8b with the overall snow depth decreased by approximately twice the depth of melt water 
produced, the upper zone holding its limit of liquid water, and the lower zone saturated to a depth 
hj with water. It is difficult to estimate what depth hj will be, but it obviously corresponds to the 
time at which substantial runoff begins; this can be obtained from the readings of measured flows. 
Apparently this occurs approximately when about 10 cm of melt water has been produced. With 
deductions for the quantities of water used to heat the snow, and held hygroscopically and in the 
capillaries, it appears that hj will be about 0.5 to 0.6 ft in snow whose porosity n is about 40 to 
50"ú (ratio of volume of voids to total volume). 

Subsequently, it may be assumed that the depth hj is maintained in the region of the melt¬ 
water channels and that the upper surface of the saturated zone (the water table in the snow) in¬ 
creases in height, becoming convex upwards, so that drainage takes place to channels at each 
side, from the reservoir of water in the snow. If melting takes place at a uniform rate from the 
upper snow surface, the water table rise represents a transient flow condition in the snow as water 
is added from above and is removed along the sides. 

This condition is represented in Figure D3c and is a case of transient flow in an unconfined 
aquifer. As such the horizontal hydraulic conductance of the flow zone may be represented by kh 
at any point where k is the hydraulic conductivity of the snow and h is the total depth of the sat¬ 
urated zone measured from the ice surface. To solve the problem, it is necessary to cssume an 
average value of h to obtain an average or mean conductance. It is usually assumed in such cases 
that the average under the boundary conditions of: 

h = hj 

h = h1 

h = hj 

can be written 

D = A1 + V2 

t < o 

t > U, X = L 

t > 0, X = -L 

(Dl) 

where hm is the height of the water table above the initial height ^ at the center point x = 0, if 
the origin of the coordinates is taken as shown on t igure D3c. Based on this, the transient flow 
equation can be written (Werner, 1957): 

d2h2 1 dh2 2p 

dx2 n * 

where u is a hydraulic diffusivity defined by the equation 

kD 

^2) 

U 

n (D3) 
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and where p is the rate of flow into the water saturated zone from above (the melting rate) in feet 

per hour per unit area. 

The solution to eq D2 is (Werner, 1957): 

where t is time. 

This equation is similar to the solution for ‘emperature as a function of distance and time in 
an infinite flat slab whose faces are maintained at a constant temperature, in which heat is gener¬ 
ated at a constant rate per unit of volume. As such, numerical dimensionless values of 

(h2 - fyk at 
- vs — 

npL2 L2 

are plotted in Carslaw and Jaeger (1959). In particular, it is necessary to calculate the center 
height hm as a function of time. This is obtained by placing x 0 in eq D4; this residts in 

Kftj + hj2 -h2\k 

npL‘‘ 
n3 ht (2r + 

(2rrl)2rr2 

4 

Values of hm can be obtained as a function o( time from the left-hand side of eq D5 and the results 
in Carslaw and Jaeger. 

It is necessary to compute hm and the diminution in depth of the snow cover simultaneously 
since at some time the snow surface meets the rising water table. Thereafter, melting of the snow 
surface releases not only the melted snow, but the water filling the pores, since the structural 
skeleton of the snow retains the pore water until the skeleton melts. From this time until all snow 
is melted down to the ice surface, runoff will be computed to be twice the values for the corres¬ 
ponding period in Table DII. In this table, 1 cm melt water implies a decrease of about 2 cm in 
the snow gurface height; this will release 2 cm of water, 1 cm of newly melted snow and 1 cm of 
stored water. This situation is illustrated in Figure D3d. Although there will still be some delay 
in runoff, it is considered that this time the melt water channels will be open and the delay small. 
Therefore, the runoff is calculated by doubling the runoff values in Table Dll for the appropriate 
time interval. 

For the period between the time the water table readies the height ft, and the time it coincides 
with the snow surface, the runoff must be computed by calculating the drainage from each zone into 
the two side channels. Differentiating eq D1 with respect to x will give on theleft-hand side 
2/) (dh/dx). To obtain the hydraulic gradient at the channel, it is necessary to substitute x L 
into the right-hand side. Multiplying both sides by the hydraulic permeability of the snow then 
gives the flow rate into both channels from a snow layer as shown in Figure D3. 

q = 2k/ij 
x=L 

(-Df 
(2r+l)2 

exp 
(2r4-l)2f72 fit 

^ L2 
(D6) 



90 APPENDIX D 

To obtain the cumulative now up to time t, this expression must be integrated with respect to time 
as follows: 

Qa 

2npL': 

at 

L* 

32 

_4 s, 

(-l)f 

(2rfI)4 
exp 

(2f4-l)2 ff2 at 

4 L2 
(D7) 

in which Q is in cubic feet per foot of cross section if all units are chosen in feet and hours. 

versüß W'TrZ w!q ^ ^ ^ « “/ä "pL3 tas ^ P^otlei* 

To compute runoff with the included delay according to this model, the study area was sub- 
ivi e into three sections as before. In each section no drainage was assumed to occur until 10 

cm of melt water had occurred. For the succeeding period, the rate of surface melting p was assumed 
uniform by drawing a straight line through the appropriate depth of melt curve (Fig. Dl) and the 
cumulative melt-water quantity 9 per foot of surface (parallel to melt flow) for the melt stream was 
calculated from Figure D4. For this purpose D was estimated (and checked from the calculations) 
to be 0.8 - 0.9 ft and the hydraulic permeability of the snow was assumed to be approximately that 

hIiahrodf,r«,C>’<r0arrSl.Sand,.0r 1 L was assumed t0 1)6 4° ^ At the same time, the calculated 
height of the water table in the snow was checked against the falling snow surface. When they 
coincided, the method of computing runoff due to melted and stored water quantities was used. Then 
the quantities from each subdivision were added together for each time period to obtain the calcu- 

CCyU;~odn FÍgUre D2‘ The 0riginal “instantane0“8” now curve was improved consider- 

Obviously with so many arbitrarily estimated factors, it would be difficult to achieve an exact 
correspondence between computed and measured quantities. In particular, the value of hydraulic 

^weîhSe8itl!iated,î,[ the Sn0W iS °nly the roughest of Jesses, based merely on remembered 
snow characteristics. If it were reduced from the value of 1 ft/hr to 0.2 or 0.3 ft/hr the correlation 
of the data would be much improved. 




