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S

ABSTRACT

Slope instability is one of the major considerations in the
choice of route location across terrain underlain by permafrost. A
field reconnaissance has established the state-of-the-art of cut slope
design, construction and performance in the Western Canadian Arctic and
Alaska. It is apparent that limited instability of backslope cuts in
fine grained frozen soils may be encountered in almost all of these
regions. Emphasis has been placed on establishing the geological history,
the land form, and the associated soil and ground ice characteristics.

Flow dominated failures on natural slopes and cut slopes are
common in regions of permafrost. A means of stabilizing these failures
is proposed. The method utilizes insulation to control the rate of thaw
and the generation of excess pore water pressures. A sand/gravel sur-
charge load helps to stabilize the slope by increasing the normal effective
stress disproportionately to the shearing stress. Design charts are
provided and recommendations for installation are included.

Uncontrolled thawing of backslope cuts in fine grained ice
rich soil generally results in the formation of bimodal flows common to
periglacial regions. A prerequisite for the development of rational
methods of control of these features is the establishment of the ener-
getics of exposed melting permafrost. The theory is developed and ver-
ified by field experiments and thus provides the basis for_contro]]ing
the rate of thaw of exposed permafrost.

Recommendations for the design and construction of cut slopes
in frozen soiis'are outlined. Some control methods are suggested that
incorporate sand/gravel and other types of higher quality insulation in

a variety of different configurations.
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CHAPTER I
INTRODUCTION

1.1 General

The increased demand for energy and raw materials within
the last decade has resulted in the exploitation of many frontier
reserves of minerals, oil, and natural gas. The Canadian and Alaskan
Arctic are presently the center for much of this activity. The dev-
elopment of natural resources in these regions requires the construct-
ion of various transportation facilities over terrain underlain by dis-
continuous and continuous permafrost. One of the major problems assoc-
iated with route location for these facilities is that of slope
instability.

Research activities by Capps (1919), Eakin (1919), Taber (1943),
and Sigafoos and Hopkins (1952) provided a substantial quantity of qual-
itative information regarding slope instability in periglacial regions.
The proposed pipeline construction in the Mackenzie valley added new
impetus to this aspect of Arctic research. Hardy and Morrison (1972),
Hughes (1972), Issacs and Code (1972) and MacKay and Mathews (1973)
provided greater insight into the mechanisms of mass movements in the
arctic regions.

McRoberts (1973) classified the different types of mass
movements encountered along the Mackenzie River valley and its trib-
utaries. He successfully attempted to explain the mechanisms of
failure of thawing permafrost slopes in quantitative geotechnical terms.
Thaw consolidation excess pore water pressures due to self weight were

included in his analysis of an infinite thawing slope. This equation was



o, 1 tan ¢'
Fs =x'/y (- 1 ) tan o - --11.1]
1+ ;-

(After McRoberts and Morgenstern, 1974)

where F. = factor of safety of the slope
y' = effective unit weight of the soil
y = total unit weight of the soil
¢' = angle of internal friction of the soil
8 = angie of the slope

R = thaw consolidation ratio

This relationship adequately explained soil movements on low angle
slopes that would have otherwise been stable if only steady state
seepage pore water pressures had been present. It was apparent that
any stabilization techniqpes would require the alteration of the thaw-
consolidation ratio (R) whjcﬁ inc]udes both thermal and physical prop-
erties of the soil as well as the imposed step temperature at the surface.
This thesis proposes a method for stabilizing planar landslides on
thawing slopes.

The geotechnical implications of uncontrolled retreat of bi-
modal flows was recognized and attention was drawn to the hazards involved
with artificial cuts in ice rich soil (ibid). A simple model used to

relate the rate of ablation to heat flux at the surface is of the form:

V=F/L ---[.2]
(Carslaw and Jaeger, 1947)
where V = the steady state velocity of the ablation surface
F = the heat flux available at the surface
L = the volumetric latent heat of fusion of the soil/ice

mixture



This relationship indicated that a heat flux of approximately 200 to
600 1y/day was required to sustain typical rates of ablation that
had been observed in the field. A comparison of these values with
synoptic estimates of net radiation indicated a substantial dispar-
ity. There appeared to be an unaccountable source of heat involved
in the ablation process. Kerfoot (1969) and McRoberts (1973) also
noted that bimodal flows did not favor any particular aspect and
that maximum retreat did not always occur on slopes with the most
southerly aspect.

The questions concerning the high rate of ablation, the
indifference to aspect, and the unique shape of the headscarp of
bimodal flows remained unanswered. A complete analysis of the heat
balance at the surface of exposed melting permafrost was considered
necessary to properly explain the observed phenomena and to provide

a rational basis for the design of remedial measures.

1.2 Scope of Thesis

Transportation facilities constructed across permafrost
terrain necessitate the cutting of slopes in frozen soils that are
not stable in the thawed state. A field reconnaissance was undertaken
in order to appraise the behavior of existing road cuts. Chapter II
outlines the nature of this reconnaiﬁsance, summarizes the findings,
and contains the conclusions of the survey. The details of this study
along with a variety of illustrated examples are contained in Appendix
A.

One of the common forms of natural instability involves a
surface movement or detachment failure of surficial material on reason-

ably planar surfaces. These flow dominated movements are evident not
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only on natural slopes but on low angle back slope cuts as well. The
necessity for some means of positive stabilization of these failures or
incipient failures is apparent. Chapter III identifies the important
variables involved in this problem and proposes a procedure to remedy
this type of instability.

If rational design procedures are to be utilized to prevent
excessive degradation of cut slopes or to control naturally occurring
bimodal flows it is essential to esFab]ish the energetics of exposed
melting permafrost. Chapter IV outlines the heat balance theory f&r a
sloping surface of exposed permafrost and postulates the presence of
substantial sources of heat other than net radiation. The theory was
verified by field experiments which were performed at a large complex
landslide on the Mackenzie River near Fort Simpson, N.W.T. The det-
ails of the field program and the interpretation of the results appear
in Chapter V of this text. The results substantiate the theory and
pProvide the basis for control of thawing of exposed permafrost.

Design and construction procedures for cut slopes are reviewed
and a variety of methods for backslope preservation are presented in
Chapter VI.

The final chapter contains the concluding remarks and suggests
the form of ongoing research related to this aspect of surface trans-

portation facilities in the Arctic.




CHAPTER 11

BEHAVIOR OF EXISTING CUTS IN PERMAFROST

2.1 Objectives

Transportation facilities constructed across permafrost
terrain often require cuts of varying size to maintain acceptable
geometric standards. Exposure of these open cuts to thawing teme
eratures invariably cause degradation of the permafrost and sub-
sequent deterioration of the backslopes. The magnitude and frequency
of this deterioration was previously without documentation with the
exception of the work of Smith and Berg (1972) on the Trans-Alaskan
Pipeline System Haul Road.

General interrelationships regarding geological history,
landform, type of material, and ground ice patterns had been emerging
(Mackay and Black, 1973; Hughes, 1974 and others). Furthermore, there
had been a mounting log of evidence (McRoberts and Morgenstern, 1973)
to indicate that the frequency and scale of natural slope instability
increased rapidly in areas containing fine grained ice rich soils.
Although slope instability occasionally occurred in the till materials
it was not generally characterized by continuing permafrost degradation.
It was also evident that the amount and type of grourd ice present in
the frozen sediments p]ayéd a major role in the extent and ﬁature of
the observed instability.

With these concepts in mind, a field reconnaissance program
was undertaken to assess the current state-of-the-art regarding the
behavior and development of design concepts pertaining fo cut slopes
in frozen soils.

The objectives were to establish (whenever possible):



i) the geological, climatic, permafrost and geographical
setting;
ii) the soil and ice stratigraphy;
iii) the original cross-section geometry; and,

iv) the existing cross-section geometry.

This information should provide a basis for at least some
tentative conclusions regarding the behavior and predicted behavior
of cut slopes in arctic and sub-arctic regions under various geographic,
climatic, and geologic conditions.

Economic considerations coupled with efficiency and con-
venience indicated that a small self-contained mobile home, towing a
utility trailer, Wou]d provide the most versatile means of surface
transport. The utility trailer contained a variety of equipment and

support items deemed essential for the field work.

2.2 Route

During the course of the reconnaissance approximately 5,500
miles were travelled in 25 days and during that time many dozens of
cuts on various highway locations in British Columbia, the Yukon Terr-
itory, the Northwest Territories and Alaska were examined, measured
and photographed.

The details of these observations are contained in Appendix
A while summaries and conclusions appear in the following pages. The
information is presented under the sub-headings of Alaska Highway,
Dempster Highway, Trans-Alaska Pipeline System Haul Road, and the
Copper River Basin. It was felt that the locations could most logically

be categorized according to specific projects rather than by territ-

orial or physiographic boundaries. ‘The main sub-divisions will,




therefore, appear in the order in which they were encountered (with
minor exceptions).

The major part of the route location is shown in Figure (2-1).
The field party started in Edmonton, Alberta on July 4, 1973 and
travelled north through Grande Prairie to Dawson Creek, B.C. and then
to Whitehorse in the Yukon Terriroty via the Alaska Highway. Travel
continued north through the Yukon to Dawson City and up the Dempster
Highway to its terminus at Mile 178 (1973). The route crossed the
Canada-United States bordek at Poker Creek west of Dawson City, rejoined
the Alaska Highway at Tetlin Junctidn and continued west to Fairbanks,
Alaska. Activities in Alaska dealt primarily with the Trans-Alaska
Pipeline System Haul Road, which originates near Livengood, extend-
ing fifty-five miles north west to the Yukon River. The Copper River
Basin, in south eastern Alaska, was examined by travelling the loop
from Fairbanks to Anchorage, east to the Copper River near Glenallen
and then north to Tok Junction, and returning to Whitehorse from there.

The north end of the Mackenz{e and Dempster Highways were inspected
by travelling to Inuwik from Whitehorse by commercial airline and then
by helicopter to Arctic Red River, Fort McPherson and the Richardson
Mountains.

The field party then returned to Whitehorse from Inuvik and

arrived back in Edmonton on July 29, 1973.

]
2.3 Alaska Highway Mile 222 (from Dawson Creek, B.C.) 57958 N

latitude; 122%6" W longitude

2.3.1 Summary

€oncerns in this region regarding the instability of back
slope cuts caused by permafrost degradation are slight due to the

sporadic occurrence of permafrost (Figure (2-2)). North facing
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slopes covered with heavy stands of black spruce and alder are usually
avoided as are low, poorly drained areas. Encounters with permafrost
are, therefore, often unexpected and as a result may lead to some
particularly troublesome construction situations.

At Mile 222, a highway cut 20 to 25 ft. deep was required
to maintain alignment in a reconstruction project. Very wet, fine
grained partially frozen material was encountered in the fall of 1972.
Cold weather, wet soil, and freezing weather conditions prompted a
postponement of construction activities until spring. The material
did not melt, drain, and stabilize during the following spring and

summer as expected and a continuing problem of back slope instab-

10.

ility and a wet subgrade were preventing further construction activity.

The observers felt that if the excavation had been completed
and subgrade back fi1l consisting of select borrow had been installed,
then little difficulty other than ditch maintenance would have
resulted. It appeared that excavation by dragline and trucks was
required to remove the saturated material from the centerline of the
roadway. Subsequent back filling with free draining select borrow
would provide a stable working base from which to perform ditch main-

tenance and the remainder of the required excavation.

2.4 Dempster Highway

2.4.1 Location and Background

The Dempster Highway follows an old overland route between
the water drainage system of the Yukon and Mackenzie Rivers. beginning
at Dawson City, Yukon Territory 64°04' N lat., 139026' W Tong. via
Fort McPherson =67°26' N Tlat., 135058. W long. to Arctic Red River
67°27' N lat., 134044l W Tong. The location is shown in Figure 2-3.



Fig. 2-3

Location of the Dempster Highway; Dawson Ci
Yukon Territory to Arctic Red River, N.W.T.
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Construction of this highway began in 1959 and consisted
largely of improving, grading and maintaining an existing tote road.
Subsequently, more money was appropriated to the project with the
aim of connecting Dawsen City on the Yukon River to Fort McPherson
on the Peel River and subsequently, the settlement of Arctic River
at the confluence of the Mackenzie and Arctic Red Rivers.

The highway lies primarily within the Northern Plateau
and mountain: area of the Interior System of the Canadian Cordillera.
Figure 2-4 indicates the different physiographic units traversed by

this transportation facility.

2,4.2 Mile 0 - Mile 80

The first 45 miles of this section of highway is located
along the North Klondike River and the remaining portion along the
East Blackstone River. Much of this area has been glaciated and
there is an abundance of sub-grade material comprised of glacial
sediments along the lower portion of the route. Weathered shales
and sandstones occaéiona]]y outcrop and are used extensively as sur-
facing materials.

Permafrost is more or less continuous and consequently the
borrow pits formed in the active layer are large and shallow. Thermal
subsidence of the road is common and has substantially lowered the
grade Tine. As a result, continued maintenance has been required to
sustain the road bed.

Road cuts along this eighty mile section of road were not
considered significant. They were small (less than ten ft.) and were

stable in all cases.
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2.4.3 Mile 80 - Mile 154

The location of this section of road is shown in Figure 2-5,
The highway departs from the Blackstone River at Mile 96 and parallels
Big Creek, a tributary of the Ogilvie River, to Mile 123 and from
there follows the Ogilvie River to Mile 154.

The highway now lies within the unglaciated portion of the
Yukon Territory and surficial deposits consist of talus covered slopes,
alluvial fan deposits and active and inactive flood plain deposits.
Muskeg is abundant in this area and unusually thick deposits of re-
worked organic matter often cover the coarse gravel of the inactive
flood plains. Pediment slopes consisting of frozen colluvium and
alluvial silts interspersed with rock detritus and organic matter
are frequent along the flanks of the valley.

This Tower sixteen mile section of sub-grade shows substan-
tial improvement in alignment and désign standards. Back slope cuts
are rare, as a major portion of the road is constructed from fill
material obtained from the East Blackstone River and Big Creek. The
following 20 miles flank the valley walls of Big Creek and the prox-
imity of the river bed has often forced the location onto the sides
of the valley. Twenty to thirty foot cuts in colluvial silt and
weathered shale are not uncommon. Construction problems and ditch
blockage resulted from the melting of ice wedges and frozen soil en-
countered in the cuts. Small bimodal flows occurred at some locations.’

Extensive disturbance was noted on an abandoned tote road
located on an alluvial silt or slope wash side hill at Mile 114 dir-
ectly across the valley from the present highway location. The original
activity was estimated to be eight to ten years old. Large craters have

formed due to thermal subsidence caused by the subsurface melting of

14.



15.

Fig. 2-5  Location of Mile 90 to Mile 180 of the Dempster Highway
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large tabular masses of ice.-

A significant and troublesome cut occurred at Mile 154 adjacent
to the Ogilvie River. A bimodal flow eventually developed with a head
scarp thirty feet high. Large ice wedges were exposed in a silt-
weathered shale-soil mixture. The melted soil and ice caused a serious
impediment to drainage and concern to maintenance personnel. After
one complete thaw season, gravel was used to fill the crater formed by
the loss of material and thus return the slope to its original dimen-
dons. This remedial measure appears to have adequately prevented
further degradation of the slope.

The performance of cuts along this section of highway has
generally been good to excellent with little more than ditch clearing

required to maintain adequate drainage.

2.4.4 Mile 154 - Mile 178

The Dempster Highway departs from the Ogilvie River and
ascends the valley flank to the Eagle Plains. Unglaciated surficial
deposits comprise the subgrade construction materials and consists of
discontinuous felsenmeer and/or colluvium over bedrock. Extensive
deposits of organic matter are common along the lower reaches of this
section. The sandstone bedrock is more resistant to weathering and
therefore forms the tops of ridges and escarpments. The shales, on
the other hand, are softer and weaker and form smoother and more
gentle slopes.

Large side hill cuts and steep grades were required to
attain the ascent out of the Ogilvie River Valley to the plain above.
However, since the roadbed was excavated into ice free sandstone and

shale bedrock, no problem was encountered with stability. Excavation

of a number of small cuts was performed without major difficulty. By
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Toosening the frozen soil with a ripper tooth on a large crawler
tractor and rapidly excavating with conventional earth moving equip-
ment, it was found possible to construct cuts without encountering
excessively wet and muddy workingAconditions. Occasional encounters
with residual ice rich fine grained soils caused construction delays
and increased costs. However, the back slopes were not found to
exhibit alarming instability.

An excellent opportunity exists to compare the difference
and assess the behavior and quality of subgrade constructed in late
fall and early summer along this section of road. Subgrade constructed
in the spring and early summer tends to undergo substantial differ-
ential settlement and cracking as melting proceeds into the active
layer during the remainder of the summer. On the other hand, sub-
grade that was constructed in late summer and fall tends to be more
stable and exhibit less differential settlement. This behavier can
be attributed to the fact that much of the sett1emeht due to conven-
tional consolidation occurs during the construction period rather
than subsequent to the completion of grading.

Mile 178 was the construction terminus on the Yukon por-
tion of the Dempster Highway as of July, 1973. A further 56.5 miles
of road is presently being constructed to the Eagle River, No inspec-
tion of this road has been made and therefore comment is beyond the
scope of this thesis. Preliminary design and location reports indic-
ated that the Tocation would follow summits of the ridges whenever
possible and borrow material was to consist almost exclusively of
weathered sandstone and shale bedrock except where limited quantities
of sand and gravel were available from the Eagle River or other lesser

streams convenient to the right of way.
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2.4.5 Fort McPherson to Arctic Red River

Mile 330 to Mile 365

This section of highway connecting the settlements of Fort
MacPherson and Arctic Red River was completed during the summer of
1973. Humrocky or dead ice méraine represent the basic land form
which is comprised of deposits of unsorted glacial drift occasionally
draped with sorted fine grained sediments that may be water modified
or reworked till. Large areas are covered with silt and organic
material.

Engineering design problems involved the stability of thawed
soils, embankment design and drainage structures. High moisture con-
tents in the upper till precluded its use as a construction material
and ripped sandy shales were used almost exclusively as a sub-grade
material. |

Excavation was generally avoided except for a large cut
that was developed in a knoll at Mile 343 in order to supply borrow
material for the adjacent sections. However, the material proved
to have excessively high water contents and was completely unstable
when thawed. Much of this material was wasted in adjacent spoil
areas.,

During and after completion of the cut, the back slopes
exhibited reasonably serious degradation. However, the extent of the
retreat was apparently limited to the areal extent of the ice. It
appears that the retreat and instability of the back slopes ceased
when the excess ice had melted and the water had drained away.

This is the most significant cut on the Dehpster Highway
and the length and width of the excavation rather than its depth make

it an outstanding feature on the landscape. At the time of inspec¢tion,
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rimental results.

2.4.6 Mile 178 - Mile 330

A brief helicopter reconnaissance was made of the proposed
Tocation of the section of the Dempster Highway between Fort McPherson
and south to Mile 178.
Several naturally occurring bimodal flow slides were noted
; in the Richardson Mountains near the Yukon-Northwest Territories border.
Some of these flow slides have run their course or have become dormant
while others are currently active. Sediments encountered at those

k sites consist of significant quantities of ice rich fine grained dep-

osits. None of these slides were in close proximity to the precposed

right of way.

2.5 Mackenzie Highway (Inuvik to Arctic Red River)

Two sections of the north end of the Mackenzie Highway rec-
eived a cursory inspection for the presence of back slope instability.
No cuts of significance were encountered in the northernmost Inuvik
section. However, the north approach to the Mackenzie River warrants
ashort discussien as it was the only situation where measures were
taken to prevent back slope degradation rather than control it.

A forty foot deep cut had exposed 15 to 20 ft. of ice-rich
fine grained sediments overlying interbedded shale and sandstone bed-
rock. As the excavation proceeded, the ice content of the overburden
increased with distance from the river bank. To prevent subsequent
degradation, the slope was benched at the bedrock level and the ice-

rich fine grained sediments in the_upper portion of the slope were
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dressed with 10 ft, of crushed shale., The slope appeared to be

functioning as anticipated at the time of inspection.

2.6 Alaska Reconnaissance

2.6.1 General

Prior to 1973, the roads in Alaska had been built in the
discontinuous permafrost zone except for minor activity on the Arctic
Coast. The designers, for the most part, were able to choose their
locations judiciously and thus avoid cuts where ice-rich fine grained
soils were suspected. Even so, requirements of the oil industry have
created a need for road locations that do not allow the designer as
much latitude in the choice of route. The Trans-Alaska Pipeline
System (TAPS) Haul Road is a typtcal example of such a problem.

The TAPS Haul Road begins at Livengood some sixty miles
northwest of Fairbanks and extends fifty-five miles beyond to the
Yukon River (1973). This road has since been completed north to
Prudhoe Bay on the Arctic Coast and provides facilities fer ground
surface transportation of ;11 supplies and personnel recuired in
the construction of the Alyeska Pipeline.

The great difficulty associated with the roufing of this
road was that it, of necessity, crossed the grain of the country. Its
origin and destination required the route to climb south facing slcpes

and déscend north facing slopes (Figure 2-6),

2.6,2 TAPS Hau] Road

The southernmost section of the TAPS Haul Road, built in
1969-70, crosses broad undulating divides and flat-topped spurs of
the Yukon-Tanana Upland and descends to the Yukon River Lowland which

exhikbits gently rolling topography with maximum relief in the order
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Fig. 2-6  TAPS Haul Road; Livengood to the Yukon River, Alaska
(Road crosses northeast-southwest trending ridges at
right angles)
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of 1,000 to 1,500 feet. This entire fifty-five mile section lies within
the discontinuous permafrost zone (Ferrians et al, 1969). The unglac-
iated surficial deposits consist of reworked aeolian silt, colluvial

and alluvial silt, sand and rock fragments, dune sand, and alluvial

sand and gravel and exhibits an active layer depth that varies from 18

in. to 10 ft. below the surface. These surficial sediments are uncon-
solidated, usually frozen, and are often very rich in ice. Ice forms
include wedges, lenses, and interstitial ice.

The TAPS Haul Road has provided the first real opportunity
to observe and record the performance of a significant number of road
cuts in ice-rich fine grained soils. The road has many substantial
cuts on north facing slopes that expesed what was termed "massive jce".
Certainly the ice did appear massive in that cuts in the order of 20 ft.
had 12 ft. or more of ice expcsed in the section. However, the
tabular extent of these ice exposures was nct and has not been est-
dlished.

Many of these cuts were excavated with vertical or near
vertical faces with the thought that prior to any self-healing, the
Cits would have to melt back to a vertical scarp. It was anticipated
that the upper mantle of soil and organic mat would then slough down
over the melting ice and soil and provide sufficient insulation to
stabilize the slope. Vegetation would then re-establish itself prev-
enting erosion and any further fouling of the ditches.

Inspection of these cuts in the summer of 1973 indicated
that the back slopes had essentially stabilized. Many slope angles
were very steep (35o to 400) and the present conditions probably do
not represent ultimate stable slope angles for most of the colluvial

silt encountered along the route. The relatively free-draining nature
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of the silt deposits, the extensive re-vegetation program, and probably
the initial vertical cross section have all contributed to rapid stab-
ilization. More important, however, may be that the ground ice occurs
in the form of wedges of limited extent and that the back slopes stab-
ilized when the exposed ice wedges melted and allowed the remaining
soil to slough down forming a quasi stable slope from material with
moderately low meisture contents. Summaries of the soil classification

for the TAPS Haul Road appear in Table 2-1.

2.6.3 Copper River Basin

The Copper River Basir is located in southeastern Alaska in
the discontinuous permafrost zone. This region has been subjected to
extensive glaciation and pro-glacial lakes were common during the
retreat of the ice. As a consequence, major deposits of glacio-
lacustrine silts and clays, f]u&ia] silt and sand, sand and gravel,
colluvium, and organic seil comprise the surficial materials. Ground
ice forms and amounts are extremely variable. Ice wedges, massive
tabular bodies, and interstitial ice are common, Naturel water con-
tents often exceed the Tiquid limit (EISTAPS, 1972).

Instability of large cuts and fills is common in this region,
Slopes are designed to ensure stability in the thawed but .essentially
undrained case, with no excess pore water pressure considered due to
thaw consolidation.

Several cuts were observed at various locaticns in the area.
The back s]opesudidlnot exhibit any sericus distress due to perma-
frost degradation. Many slopes along the valley wall undergo signif-
icant movements. Most of these failures are semi-rotational or block-
type movements and are not necessarily related to changes in permafrost

conditions.
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2.7  Conclusions

The observations made during the field reconnaissance program
are summarized in Table 2-2 and indicate that slope behavior varies
widely in the areas that were investigated. It is also apparent that
at least limited instability may be encountered in cuts in all regions
which contain fine-grained, ice-rich sediments. There appear to be a
number of factors which contribute to the amount of instability.

These are:

(1) geological history (primari]y glacial);

(2) 1landform and soil type;

(3) ice content of sediments;

(4) nature or type of ground ice;

(5) geometric cross-section of the back slopes.

AT1 of these factors are inter-related and are listed in
approximate order of importance.

The determination of the geological history along with the
recognition of associated landforms will provide a sound basis for the
preliminary design and predicted behavior of highway back slopes.
Although local exceptions may exist, it appears that the greatest risk
of precipitating unstable conditions arises in areas that contain sig-
nificant deposits of stratified drift in the form of pro-glacial,
lacustrine silts, and clays. These deposits generally contain large
amounts of segregated ground ice in the form of lenses varying in thick-
ness from a few tenths of an inch to massive sheets'many feet thick
(Mackay and Black, 1973). |

The areal extent of these lacustrine deposits is often quite
significant, varying from a few hundred feet to a number of miles. Thus,

a flow slide initiated in such an extensive deposit is not 1ikely to
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\
terminate due to a lack of material. When these soils are thawed,
large amounts of meltwater coupled with Tow permeabilities provide an
ideal condition for the generation and maintenance of large excess pore
water pressures. The thawed soil is very weak and flows at very low
angles (McRoberts and Morgenstern, 1973). It is unlikely that vertical
cuts would provide any great degree of stabilizing influence unless
they were less than ten feet in height. Under these conditions, the
intact organic cover may be able to provide a retarding effect on the
rate of thaw and the subsequent generation of excess pore water pressures.

The effectiveness of the organic mat is directly related to
its continuity. Tearing or ripping of the cover under self-weight
can be reduced by removing the larger vegetation and in some cases
reinforcing the mat with wire mesh fastened to the tree stumps.

The reconnaissance did not encounter highway or right-of-way
locations in regions of extensive glacio-lacustrine deposits with
the exception_of the Copper River Basin in Alaska. This 1atter area
did not exhibit the bi-modal flow slides characteristic of the
Mackenzie Valley (McRoberts and Morgenstern, 1973). Although it would
appear that both areas were subjected to similar glacial histories,
there is a distinct difference in the ice contenté of the sediments.
The reasons for this deserve further study.

Conventional slope analyses using thawed, undrained strength
Parameters appear to provide acceptable margins of stability for most
highway cuts in this region. However, there seems little doubt that
route locations encountering extensive areas of pro-glacial lake basin
sediments are exposed to the hazards of backslope instability. Great

care must therefore be taken to avoid cuts in these regions whenever

possible.
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The other major classification of glacial sediments is that
of unstratified drift. Till plains formed from basal or lodgement till
and hummocky or dead ice moraine composed of ablation till are the
two most common landorms.

Ground ice conditions in the ti1l plains are usually not
particularly severe. The ice occurs as thin subhorizontal segregated
lenses. The top layer of this landform may occasionally contain
significant ice ]enses Just below the active layer due to aggrading
permafrost conditions (Hughes, 1974). These ground ice deposits
usually occur within three to six feet below the surface and should,
therefore, not create any sustained construction hazard. It should
also be noted that this terrain has rather low relief and cuts will
be uncommon.

Hummocky or dead ice moraine is common in the northern part
of the Mackenzie Valley and appears sporadically along the Alaska
Highway and the lower and upper portions of the Dempster Highway.
This terrain unit is highly irregular and may contain lenses of silt,
sand, and gravel as was witnessed at Mile 222 on the Alaska Highway
and at Mile 343 on the Dempster Highway. Complex hydrologic, geologic,
and topographic conditions prior to deposition of the sediments and aggrad-
ation of permafrost have produced equally complex and irregular patterns
of ground ice. These forms may consist of 1en§es of varying thickness,
wedges, and occasionally significant amounts of interstiial ice (ibid).
However, it must be emphasized that these ground ice forms are usually
of finite dimensions and that flow slides initiated in these sediments
will be of 1imited (and often acceptable) extent.

Good construction practice involving wide ditches, Tow rock

revetments, occasionally combined with minor amounts of backstope
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reshaping and revegetation should provide an acceptable measure of
stability and pleasing appearance.

The unglaciated regions of the Yukon and Alaska contain a
variety of classic landfofms consistent with the geological history
and periglacial conditions. The soils are generally formed from
weathered sandstones and shales and consist of colluvial and alluvial
silts, sands, and gravels. Occasional deposits of medium to highly
p]aétic residual clays are encountered in the central and northern
Yukon. The ground ice conditions are again very irregular in all these
deposits and occur in a variety of forms. Ice wedges and lenses of
variable thickness are the most common type encountered (Kachadoorian,
1971).

The relatively high permeability of these materials coupled
with Tow interstitical ice contents provide conditions for moderately
fast stabilization under thawing conditions. Flow slides initiated
in this material, with these particular ground ice conditions, wi]i
normally stabilize after two or three seasons of thaw (Davies, 1973).*
Again, good construction practice should reduce the time required for
stabilization and the amount of slope retreat that may be expected.
Wide ditches are recommended to provide reasonable space for sloughing
material. Rock revetments appear to pTay a significant role in re-
taining the soil at the toe of the backslope while drainage proceeds.
Vertical cuts may be desirable in éfeas that contain soil and ice
conditions as previously described in that they tend to expose or
intersect fewer ice wedges. This aspect combined with the steep quasi-

stable angles developed by the soil between and above the ice provide

* Personal communication.
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encouragement for the designer in the use of steep slopes. However,
it must be noted that generalization is not possible with the current
state of knowledge and that steep cuts will not be desirable every-
where. There is no evidence and little rationale to suggest that
vertical slopes will perform satisfactorily in ice-rich glacio-
lacustrine sediments except under conditions previously outlined.

The occurrence of instability of natural slopes is undoubtedly
the best indicator available to assess or predict potential instability
of cut slopes. If areas do not exhibit natural instability due to
permafrost degradation then it is unlikely that cutting of a slope
will cause serious and extensive instability in the form of flow
slides.

The only reliable method encountered for preventing rather
than controlling flow slides was that utilized on the Mackenzie Highway
at the approach cut to the Mackenzie River near the settlement of
Arctic Red River. A thick layer of crushed rock was used to dress the
exposed slope before degradation of the permafrost occurred.

Procedures to prevent melting of the permafrost in colder
regions are well known and are relatively simple in comparison with
Preventing permafrost degradation in the discontinuous zone (Lachenbruch,
1957).

The experience with cut slopes in permafrost reviewed here,
albeit limited, indicates that the behavior of cuts need not be a
serious impediment to the routing of transportation arteries across

permafrost.
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CHAPTER III

STABILIZATION OF PLANAR LANDSLIDES IN PERMAFROST

3.1 Introduction

Flow dominated land slides in perfglacial regions have been
documented by numerous researchers (Capps, 1919; Eakin, 1919; Sigafoos

| and Hopkins, 1952; and others). Skin flows or planar landslides invol-

ving the detachment of vegetation and thawed soil from the underlying

frozen soil are abundant in the Mackenzie Valley and have been described

by Hardy and Morrison (1972), Hughes (1972), Issacs and Code (1972),

Mackay and Mathews (1973), and McRoberts and Morgenstern (1973).

Since skin flows are common, a method of stabilizing them
or inhibiting their occurrence is of interest.

A technique for the analysis of thawing slopes of infinite
extent has been developed which incorporates pore water pressure com-
ponents due to steady state seepage as well as those resulting from
self weight and surcharge loading during thaw copsolidation. Insulation
used in conjunction with a surcharge load reduces the rate of thaw,
decreases the induced pore water pressures dnd may effectively stabilize

the slope.

3.2 Thaw-Consolidation Pore Water Pressures

Excess pore pressures in thawing soils may be predicted from
the theory given by Morgenstern and Nixon (1971). The magnitude of
these water pressures at a horizontal thaw front in a homogeneous single
layer soil due to self weight and surcharge loading are given by the

following equations:
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1 = ] - - - -
UY y' o X(t) T [3.1]
2R?
Upo = (PO - Co) er‘f(R) - [3.2]
-RZ
erf(R) + e "
Y R
1
where y = effective unit weight of the soil
X(t) = depth of the thaw front, predicted by
X(t) = o /'t (Carslaw & Jaeger, 1947) - - - [3.3]
where o = ZKUTs (Stefan, 1891) - - - [3.4]
——
Ku = thermal conductivity of the unfrozen soil;
Ts = surface step temperature;
L = latent heat of fusion of the soil/ice mixture;
t = time
R = 2 (thaw consolidation ratio) - - - [3.5]
2/ CV '

erf () = error function

PO = surcharge load

Oy = residual effective stress (assumed to be zero at
shallow depths in ice rich fine grained soils). The solution for
equations [3.1] and [3.2] have been given in graphical form by Mor-
genstern and Nixon (1971).

The depth of thaw in a two layer medium is given by Nixon

and McRoberts (1973):

X(t) = v 2, 2K, Ts(t - t)) K
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where X(t) = depth to the thaw front measured from the inter-
face of the two layers.
K] = thermal conductivity of the upper layer
K2 = thermal conductivity of the lower layer
H = thickness of the upper layer
t = lgngth of the thawing season
HZ L,
t, = ?KIT;_ ; (time to thaw layer 1)
L, = latent heat of fusion of the soil/ice mixture
in the lower layer.
L1 2) =y (W-W) L - --[37]
where T total unit weight of the soil
W = water content of the soil
wu = unfrozen water content of the soil expressed as
a ratio of gms. of water to gms. of dry soil
L' = latent heat of fusion of ice (79.6 cal/gm.)

If the upper layer consists of an insulating material or
incompressible surcharge loading, a measure of the pore pressure in
the soil below the insulation may be determined by computing X(t)
from equation [3,6], substituting into equation [3.3] and obtaining
an equivalent % R can then be evaluated from equation [3.5] and
the pore pressures evaluated for this modified rate of thaw.

The above procedure is not stfict]y correct because the thaw
depth as computed from equation [3.6] will in general not be 1inear
with the square root of time. Figure 3.1 indicates the manner in
which the thaw depth varies with time for a typical problem. It is

apparent that this technique will slightly underestimate the thaw-



36

ado|s burmeuyl paje
-[NSUl ue Jo4 aBuwLl A SA yydeg meyl pue awi] SA yydsg meyl [°€ °Hid

7 (SAEBP) Ul W1}

i cl oL 8 9 14 4 0,.
| | 1 | 1 | Lo
awi] A SA yydaq meyy
-190

awi§ sa yydag mey |
sAeQ ,0 002z = xapu] meyl

-19°0
sAep Qg{ = uOseag mey|
2,691l = dwa) daig
WwWigL = od  dpo

(s1@38w) mey ] jo yadaQq

0

i |

ovL ozL oot 08 09 ov (174 0
sAeq ui awi |




37.
consolidation pore pressures generated in this particular twollayer
medium. A better estimate of these water pressures can be made either
by numerical techniques or by modelling the. thaw rate from:

X(t) = B(t)" (Nixon and Morgenstern, 1973) - - - [3.8].
The thaw depth must be calculated for various times from equation [3.6]
and a suitable value of n determined for equation [3.8]. Graphical
procedures may then be used to properly evaluate the pore pressures

at the thaw front at different periods of time (ibid).

3.3 Stability Analysis of Infinite Thawing Slopes

The pore pressure term in the stability analysis of an
infinite slope with surcharge loading will be composed of:

1) Pore pressure due to steady state seepage.

2) Thaw-consolidation pore water pressure due to self weight.

3) Thaw-consolidation pore water pressure due to surcharge

loading.

These three components may be evaluated separately as shown
in Figure 3.2 and then added numerically to obtain the total pore water
Pressure acting at the thaw front. This procedure is similar to that
of McRoberts (1972), and McRoberts and Morgenstern (1974).
The condition for steady state seepage is shown in Fig-
ure 3.2(a). This is a well known solution and the pore pressure term is:

US = X(t) cos i Y, - - - [3.9(a)]

Figure 3.2(b) indicates the condition for the pore pressure due to
self weight generated from one dimensional thaw-consolidation. This

magnitude is expressed by:

]

u, = Y3 X(t) cos i 1 - - - [3.9(b)]
Y T+ 1
2R?



Frozen

Insulation

Fig. 3.2 Pore Pressure at the Thaw Front
of a Thawing Infinite Slope

Fig. 3.3 Balance of Forces on a Thawing Infinite Slope

38.
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where Y3 X(t) cos i is the normal stress on the thaw plane pro-
duced by the effective unit weight of the thawed soil. The pore

pressure due to the surcharge is shown in Figure 3.2(c) and is

given by:
U - P0 cos i erf(R) - - - [3.9(¢)]
pO “RZ
erf(R) + e
/1 R
where Po cos i 1is the normal pressure exerted by the surcharge on the
thaw plane.
If R = 1 and
1+ 1
2RZ
"' erf(R)
R = erf(R) + e-RZ then
YR '
UT = X(t) cos i v, * Y3 X(t) cos i R' + P0 cos i R'' - - - [3.9(d)]

R' and R'' may be evaluated from Figure 3.4 and 3.5 respectively. A
statical balance of forces applied at the thaw front as indicated by

section a-a in Figure 3.3 results in a factor of safety:
F = {DY]_ (] - R ) + Y3 X(t) (] - R )} tand)l L [3 ]O:'
Dy + Y3 X(t) tan i )

where e and Y3 = total unit weights of the surcharge and the thawed
soil respectively.
y; = effective unit weight of the thawed soil.
i = angle of inclination of the slope.

If the depth or unit weight of the surcharge is zero, the equation

becomes: '
Y '
_ '3 vy tan
F-E—(]'R)fan—?;‘ ""[3.]]]

which is in agreement with McRoberts (1972) and McRoberts and Morgen-
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43 .
stern (1974). Equation [3.10] produces an approximate and slightly
unconservative solution because the procedure underestimates the pore
water pressures and therefore overestimates the factor of safety.

If the rate of thaw is plotted as in Figure 3.1 and modelled from
equation [3.8], R' and R" as obtained from Nixon and Morgenstern (1973)
will be larger and the factor of safety will be proportionately
smaller. The relative magnitude of these safety factors will be

compared later.

3.4 Numerical Procedure For Design

The need for a numerical procedure to analyze the stabitlity
of a thawing slope covered with insulation and surcharge load is
based on the lack of a suitable analytical method to evaluate pore
water pressures for rates of thaw that are not proportional to the
Square root of time. A program was developed to compute the depth of
thaw from equation [3.6] and uses a Crank-Nicholson finite difference
procedure to solve the equation of consolidation subject to the boundary
conditions at the thaw line (Nixon, 1973). The factor of safety is

computed from: .
[éy] *vg X(t) - U(N)/cos i | tan ¢
F_

Dy g X(E) tan i ST [3.12]

where U(N) is the pore pressure due to thaw consolidation and sur-
charge loading acting at the thaw front, and the otﬁer terms are as
defined previously. This equation is identical to equation [3.10],
éxcept for the pore pressure term (U(N)).

The input parameters are:

1) thermal conductivities of layers 1, 2 and 3

(cal/c® cm sec) (Kersten, 1949 and Table 3.1);
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TABLE 3-1

PHYSICAL AND THERMAL PROPERTIES OF
VARIOUS INSULATING MATERIALS

Material Moisture Density Specific Thermal -
Content % gm/cc Heat o Conductivity
cal/gm °C ca]/oC cm sec
1) *Styrofoam HI  Dry 0.052 0.28 7.9 x 10'5
2) *Polyurethane Dry 0.03 to 0.08 0.28 5.5 x 1072
3) *Fibreglass  Dry 0.048 0.16 8.2 x 1072
2) *Woodchips 37 0.26 0.33 3x 1074
3) *Sawdust or -4
shavings Dry 0.19 0.33 1.6 x 10

4) *peat Varies with water content

1)* Dow Chemical (1972)

2)* Smith, Berg and Muller (1973)
3)*  ASHRAE (1963)

4)* Dept. of Army (1966)
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2) trial thickness of insulation (m);

3) the equivalent step temperature (OC);

4) the length of the thawing season (days);

5) the coefficient of consolidation of the parent
material (cm2/sec);

6) the grid spacing in the parent material (a suit-
able depth increment is =~ 0.040 m);

7) the thickness and unit weight of the surcharge
respectively (m and kN/m3);

8) the specific gravity of the soil solids in the parent
material;

9) ‘the total and unfrozen water contents of the parent
material (expressed as a ratio of gms of water/gms of
dry soil);

10) the effective angle of internal friction of the parent
material;
11) the angle of the slope with the horizontal (°); and,
12) the number of times output is desired oVer the Tength
of the thaw season.
The output information consists of elapsed time, the depth of thaw, the
pore pressure depth increment profile, the effective normal and shear-
ing stress at the thaw front, and the factor of safety against failure.
If pore pressures and corresponding factors of safety are
to be computed throughout the thaw season, then an equivalent surface
step temperature must be used in equation [3.6]. This temperature is
a function of the air thawing index (Thompson, 1963), a surface index

factor (N) (Dept. of U.S. Army, 1966), and the length of the thaw




season (Burns, 1973).

_  ATI x N
Thus . Ts = Length of thaw season - - - [3.13]

On the other hand, if pore pressures and factor of safety are desired
only at the end of the thaw season when the thaw depth is at its max-
imum value and the factor of safety is at its minimum value, then
only the surface thawing index need be used in equation [3.6].

The surface thawing index is the product of the surface temperature
Ts and the total length of the thaw season. Generally, the time (to)
required to thaw through the gravel surcharge will not be significant
and may, therefore, be ignored. This simplifies the computations and
provides a more conservative answer. The number of days that are
chosen to represent the length of the thaw season is not particul-
arly critical, for it is the product of the length of the thaw season
and the step temperature which governs the maximum depth of thaw

and is, therefore, of interest in the final analysis. It is,
however, conservative to choose a slightly shorter thaw season and

a correspondingly larger step temperature. Under these conditions
larger pore pressures are generated in the early stages of the thaw
season and therefore accentuate any critical condition that may

Occur at that time.

The actual temperature boundary conditions are approx-
imated more closely by a sinusoidal variation rather than a surface
Step temperature. It is of interest to note that this former temp-
erature variation will produce larger rates of thaw and therefore
larger pore water pressures in mid-season than does an equivalent
Step temperature boundary condition (Nixon and McRoberts, 1973).

At late stages in the thaw season the veTocity of the thaw front is

44,
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reduced and eventually goes to zero when the thaw depth reaches its
maximum value. Although the factor of safety of the slope decreases
with increasing thaw depth, it is unlikely that the increase in the
velocity of the thaw front at mid-season combined with a relatively

shallow depth of thaw would seriously decrease the factor of safety

at that time. On the other hand, the reduction in the velocity of

the thaw front at the end of the thaw season diminishes the severity
of the condition of decreasing factor of safety with increases in
depth of thaw.

Estimates of thermal conductivity for the surcharge (K])
andin situmaterial (K3) may be obtained from Kersten (1949). These
values must be multiplied by 4.13 x 10'3 to change the units to
cal/cm OC sec. Table 3.1 lists the thermal conductivities (K2) of
various insulation materials that may be used. The surcharge material
will provide some small but significant insulative value. The U.S.
Army and Air Force (1966) suggest that one layer of material may be
converted to an equivalent thickness of another from the ratio of
their diffusivities. If the simple Stefan solution is employed to
calculate the rate of thaw, then the ratio of the conductivities may
Provide a reasonable and conservative evaluation of the insulating
effect of the sand/gravel surcharge. It should also be noted that
the latent heat effects of the surcharge and insulation have been
omitted from the computations. This term acts to retard the rate
of thaw through these upper layers and therefore essentially reduces
the length of the thaw season. On the other hand, the large water
Contents associated with significant magnitudes of latent heat increase

the thermal conductivity of these materials and reduce their insulating



46.
value. It was, therefore, considered preferable to neglect the
latent heat effects of the upper layers and assume that the time to
thaw through these upper two layers (to) in equation [3.6] be equal

to zero.

Values of the coefficient of consolidation (Cv) may vary

-2 to 5 x 10'2 cm.z/sec. for materials encountered in

from 1 x 10
the active layer at a number of sites in the Mackenzie Valley
(Roggensack, 1975).* Test results also indicate that Cv will decrease
with depth to values in the order of 3 x 10'3 cm.z/sec. when tested
at pressures equal to or greater than the effective overburden.
The minimum value that may be encountered will not likely be less
than 5 x 10'4 cm.z/sec. (ibid). However, when cuts are made in
this material, the soil will be thawing under low normal stresses
and the tendency for consolidation will be minimal. The values of
Cv quoted for the active layer are therefore considered to be app-
ropriate for the majority of the situations encountered in this
region of the Arctic.

Values of ¢' will vary from 20 to 24 degrees for the pre-
dominantly il1litic clays found in this region (ibid). The effective
Cohesion intercept has been considered as zero for the purposes of

computation.

3.5 Design Charts

A series of design charts have been prepared for use in
determining the appropriate thicknesses of insulation and surcharge
that may be requ1red to stabilize thawing slopes in frozen soils
(Figures 3.6 to 3.17). These charts establish the re]at10nsh1p

between the factor of safety of a thawing slope and the factor of

\
Personal communication
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safety of the same unfrozen slope with steady state seepage pore

pressures only. The ratio F thaw/F seepage is plotted against the
coefficient of consolidation. Four curves appear on each plot indic-
ating conditions for surcharge loads varying from 0 to 18.0 kN/m2

(0 to 375 psf).

Three surface thawing indices, (1,500; 2,500 and 3,500 c°
days) were chosen to embrace thawing conditions extending from the
latitudes of Fort Simpson to the Beaufort Sea. Four water con-
tents varying from 20 to 50% span the range likely to be encountered
for most problems. The ratio of K3/K2 H indicates the effective
insulation thickness. The three values of 0, 1.52 m (5.0 ft.) and
3.05 m (10.0 ft.) provide the necessary range for typical conditions.

The factor of safety varies with time, decreasing with
increasing time and thaw depth. Therefore, only the minimum values
that correspond to the maximum thaw depths have been considered.

The total unit weight of the surcharge was taken as
19.6 kN/m3 (125 pcf) with a water content of 12% and a thermal conduct-
ivity (K]) of 0.0065 ca]/OC cm. sec. The permafrost was assumed to
be saturated and the soil grains to have a specific gravity of 2.70.
Thaw depths were computed using unfrozen thermal conductivities (K3)
that vary with water content according to Kersten (1949). The unfrozen

water content was assumed to be zero.

3.6 Example Problem

The information for the example problem regarding soil,
insulation, climate, and desired factor of safety appears in Table 3-2.
The solution is obtained by referring to Figures 3-6 to 3-17.

Trial I determines the thaw depth and the F ratio for the
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slope after disturbance, but without insulation or surcharge. The
results are obtained by linear interpolation between soil water con-
tents of 30 and 40% and surface thawing indices of 1,500 and 2,500 c°
days.

Trial II determines the thaw depth and F ratio for a E§_H
K
2
ratio of 1.52 m (5.0 ft.) and a surcharge load of 18.0 kN/m? (375 psf)
(1 m of surcharge) for the same water content and surface thawing
index. An F ratio of 1.47 was obtained for this combination of

insulation and surcharge.

Trial III produces results for a ;§_H value of 2.3 m (7.5 ft.)
and a surcharge load of 12 kN/m2 (250 psf) (5 0.6 m of sand/gravel).
An adequate F ratio is obtained with this combination of surcharge and
insulation.

Linear interpolation for thaw depth between thawing indicies
Produces negligible error. However, linear interpolation between E§'H
va]ue§ of 0 and 1.52 m causes a maximum of 8% overestimation of “
the thaw depth. Overestimation of thaw depth between E§.H values of
1.52 m and 5.05 m is not significant. K2

Both Trial II and Trial III solutions are viable byt it is
Probable that Trial II would be more economical depending on the rel-
ative availability of surcharge and insulating materials. However,
the thaw depth in Trial II is approximately 20% greater than in Trial
ITI. This may be a distinct disadvantage if the lower material is
Significantly inferior to the surficial deposits. Trial II would

réquire approximately 15 cm. (6 in.) of woodchips along with 1 m (3 ft.)

of sand/gravel surcharge. If styrofoam board were used approx-



K
imately 4 cm. (= 1.51 in.) would provide the same E§'H value.
2
If the same problem is solved by direct hand computations,
the thaw depth is computed from equation [3.3]. The modified thick-

ness of insulation is determined from:
K

HE=H+K—20EP - - - [3.14]
1
where H = thickness of insulation

DEP = thickness of sand/gravel surcharge

K] and K2 are the thermal conductivities of the surcharge
and insulation respectively. % is determined from equation [3.3],

R from equation [3.5], R' and R" from Figures 3.3 and 3.4 and F
from equation [3.10]. The results are shown in Table 3-3.

Figure 3-1 illustrates the manner in which the thaw depth
varies with time for the combination of insulation and surcharge rep-
resented by Trial II. The thaw depth is almost linear with time,
indicating a reasonable value of n (in equation [3.8]) equal to 1.
R' and R" may be evaluated from Nixon and Morgenstern (1973) and F
computed from equation [3.10]. The results appear in Table 3-4.

A comparison of the values for factor of safety in this
example indicate a slight variance in the magnitude depending on the
method chosen for evaluation. The maximum value of the difference in
this example is less than 10%. Since it is impossible to predict
the various soil and climatic parameters required for the solution
within this tolerance, it may be concluded that all methods produce
acceptable values for design. The design charts are favoured in a
choice of methods because of their convenience. The numerical proc-

edure provides a more exact solution and generates data throughout

50.
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the complete thaw season. The choice between the latter two methods
will, therefore, depend upon the extent of the information required

in the design project.

3.7 Recommendations For Installation

Since there is little documented experience regarding the
actual performance of such installations, the following section is
not intended to provide a detailed contract specification, but
rather to highlight some of the more important aspects of the topic.
Each site will demand innovative methods depending upon location,
geographical setting, accessibility and a host of other logistic
problems.

The ideal time for installation of the stabilizing materials
would be in late winter or early spring when the permafrost is at
its minimum temperature. It is intended that the placement of the
insulation precede that of the surcharge. It may, however, be
necessary to dress the slope with a layer of sand and gravel to pro-
vide a uniform surface for the insulation.

It is imperative that adequate drainage be provided directly
above the permafrost to prevent the possibility of impeding the
dissipation of excess pore water pressures. This may be most readily
achieved by placing a four to six inch granular inverted filter or
perforated plastic drainage pipe embedded in a herringbone pattern
within a layer of sand immediately adjacent to the base material.

Insulation in the form of styrofoam board, wood chips, saw-
dust or planer shavings would then be placed over this drainage facility.

Some consideration might be given to prevent these insulating materials



54.

from absorbing excessive surface run-off and thus increasing their
thermal conductivities. Styrofoam board will absorb 0.25% water by
volume (Dow Chemical, 1972) and this small amount of moisture reten-
tion will not measurably affect the thermal characteristics of this
material. Similar daté is not available for foamed in place poly-
urethane but it is reasonap]e to assume that its water retention
characteristics would be somewhat greater than the extruded styrofoam
board. Increases in thermal conductivity with increasing water
content in planer shavings and wood chips are also not known. How-
ever, these materials may be protected with an overlay of polyethylene
plastic that would help to prevent substantial increases in water
content. Surface runoff should be diverted by construction of

small diversion dykes above the slope rather than by'ditching.

The surcharge material, consisting of a sand/gravel mixture
capable of sustaining plant growth forms the upper layer of the
stabilizing components. This material must be end dumped and worked
down the slope using all reasonable care to preyent disturbance of
the underlying materials. It is necessary to ensure that this material
is sufficiently resistant to erosion to maintain it in place prior
to re-establishing vegetation on the slope.

Re-vegetation procedures should take place subsequent to
the final trimming of the slope. It would be desirable to apply the
seed in the form of hydro seed at the beginning of the growing season.
The choice of plant species should be made in accordance with the
results of on-going research experiments being conducted in the arctic

and sub-arctic regions.
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3.8 Longterm Performance

The most critical conditions regarding pore water pressures
and stability will not necessarily occur during the first season of

thaw. During this period of time, the soil will be consolidating

. .

under the imposed surcharge load and the water content will be reduced

accordingly. Freeze back in the fall will not occur until movement

3 s sk R SR S A

of the thaw front has ceased and the pore water pressure has essentially
dissipated. Therefore, there does not appear to be any danger of impeded
drainage due to freeze back from the surface. During the second
season of operation the E; H ratio will be increased because of the

K

2
increased thermal conductivity of the soil due to the decrease in

water content. However, this increase is not large enough to limit

§
5

the melting to the same level during the first year. As a consequence,
the thaw line will be penetrating the material below the maximum thaw
depth of the preceding year, resulting in a smaller factor of safety.
The magnitude of the decrease is less than 10% for the extreme condition,
where the water content is reduced from 50 to 20%. These changes in
factor of safety from one season to another are generally not considered
to be significant. However, the designer may wish to choose a slightly
larger initial value for the factor of saféty in view of the fore-
going. Increased thaw depth during subsequent years will not be sig-
nificant. As vegetation is developed on the slope the surface heat
balance will change and the surface will experience cooler temperatures,

resulting in a decreased thaw depth and increased stability.

3.9 Choice of Insulation

A number of different insulating materials have been listed
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in Table 3-1 for consideration. The final choice of material for
each location will be made on the basis of availability of the material,
the ease of placement and ultimately, the cost in place. A detailed
economic analysis is beyond the scope of this presentation and the
following discussion is only meant to providevguider1ines for the
designer in his choice of material.

Styrofoam board is readily available in southern Canada and
may be shipped by rail f.o.b. Hay River, N.W.T. for approximately
17 cents per board foot (1974 quotation). This material is easy to
place but requires a significant amount of unskilled hand labour. It
has a low value of thermal conductivity, low water retention charact-
eristics and a high compressive strength. It is not biodegradable,
which may or may not be an advantage.

Polyurethane (foamed in place) has insulative qualities
similar to those of styrofoam. It requires a high level of expertise
and sophisticated equipment for placement. As a comparative cost,
this option has been quoted (Edmonton, 1974) at 25 cents per board
foot for material and $1.00 per square foot for p]aéement. Mobile
equipment is available for transport into remote regions.

Large quantities of planer shavings are available at points
as far north as High Level, Alberta. Small quantities may be available
from local saw mills in the southern part of the Yukon and Northwest
Territories. The cost of this material is very low. On the other
hand, transportation costs méy be very high. Placement is simple,
requiring combined machine and hand oﬁeratioﬁs. Plastic sheeting should
be used to encapsulate the shavings and prevent excessive increases in

the water content. This insulating material may undergo a substantial
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amount of compaction under the influence of the surcharge load. Some
reduction in insulative quality will undoubtably result. Placing
50-75% of the surcharge below the shavings would help to alleviate
this problem. Planer shavings and sawdust are biodegradable which
may be a desirable aspect.

Woodchips, as used in the example, appear to possess con-
siderab]e merit as an acceptable form of insulation. They would be
ménufactured near or on site with a commerciai wood chipper using
trees cleared from the right of way. However, careful assessment
must be made of the quantity of trees available for this purpose.

For example, a 100 foot wide right of way might require 9 in. of
wood chips for insulation. One hundred lineal feet of this right of
way would require 7,500 ft3. At 17 pcf, 12,750 1bs. of wood chips
are required. Assuming green spruce or poplar weighs approximately

40 pcf, then 3,200 ft3

of wood are required. If a cord of wood has
a porosity of 20%, then the volume of solids per cord of wood is
approximately 100 ft3. Therefore, 32 cords of wood per 10,000 sq.
feet of area are required. This is a substantial amount of wood and
forestry personnel shoﬁld be consulted regardihg estimates of the
availability of these quantities in the areas where they are required.
.Environmenta1 restrictions will generally make the on-site
mining of peat moss impractical. If the material is gathered locally,
it must be dried to obtain a suitable moisture content and correspond-
ingly low coefficient of thermal conductivity. Transporting processed
peat moss from southern Canada to northern regions is generally con-
sidered to be impractical when comgared with artificial insulation
materials. It, therefore, seems reasonable to concfﬁde that wood
chips, planer shavings or styrofoam board are the three prime contenders

in the choice of insulation.
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Fig. 3.12 Design Charts for Stabilization of Planar Landslides
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CHAPTER 1V
THE ENERGY BALANCE

4.1 Basic Concepts

The energy balance at the surface of the earth may be

expressed in terms of a mathematical equation:
s %45 T RS Uyt Apta taytaptag =0 - - - [41]

The symbol q represents energy per unit of area per unit of time

and has units of gm. ca'l/cm2 min. or simply ly/min. The subscript

refers to the source of this energy. The equation is written with

all terms positive. If the direction of energy flow is toward the

surface of the ground, the sign will be positive and if energy flow
is directed away from the surface, the sign will be negative. This
convention also applies to heat flow below the surface. In equa-

tion [4.1]:

dps ~ direct beam short wave energy from the sun.
94s = diffuse short wave energy from thé sky.

Qs = short wave radiation reflected by the earth's
surface.

9p * long wave radiation‘directed downward from the
atmosphere to the ground.

dQy ° Tong wave radiation emitted by the ground surface.

qL = the transfer of energy to or from the surface
through the latent -heat of vaporization or con-
- densation. :

QG - the transfer of energy by sensible heat to or
from the surface by turbulent or convective
processes.

Qp = the gain or loss of energy through the addition
of sensible heat due to precipitation on the
surface.
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qe. = the transfer of energy to or from the surface
through the ground.

4.2 Radiative Components on a Horizontal Surface

4.2.1 General

A1l bodies radiate thermal energy, the intensity and
spectral distr%bution of which is a function of the temperature and
emissivity of the body.

A "black body" is a body or object that completely absorbs
all radiation (at all angles) incident upon its surface. It is also
a perfect emitter at all wave lengths. The emissivity (¢) of a body
is the ratio of the emissive power (E) of a body at absolute temp-
erature (T) to the emissive power of a black body (Eb) at the same
absolute temperature (T). Thus,

€ = E/Eb - - -[4.2]

Radiation is characterized according to wave length (1)
usually measured in microns (u). The spectral distribution ranges

from some small, but finite value (.10u) to wave lengths in excess

of 50y.

Planck (1959) used quantum theory to derive the hemi-

spherical emissive power of a black body.

¢, : (4.3]
E = 5 - - =14.3
bx A (eCZ/AT _ ])
where C, and C, are constants and EbA is the emissive power at

. wave length A and absolute temperature (T) expressed in °k. Fig-

ure 4.1 indicates the manner in which black bodies emit energy at

different temperatures and wave lengths. It also shows that the max-

imum energy emitted by a black body occurs at some unique wave length

.
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associated with some unique temperature. If equatign [4.3] is
differentiated partially with respect to wave length and set equal

to zero, the equation A max T = constant emerges where A max is the
wave length corresponding to the maximum emissive power (Wien, 1894).
The Wien's Displacement Law indicates that the peak intensity of
emitted radiation occurs at a wave length which is inversely propor-
tional to the absolute temperature. It is evident fhat so called
"hot bodies" radiate maximum amounts of energy at short wave lengths
and cooler bodies radiate at longer wave lengths. The sun, at approx-
imately 6,0000 K, has its peak emissive power in the 0.47 to 0.49 u
range, whereas the earth at approximately 300° K emits at a peak
intensity of 11 to 12 u. It is of interest to note that 45% of the
emitted energy in the solar spectrum falls within the visible range

. 0f 0.4 to 0.74 u (Sellers, 1965). Short wave radiation is generally
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considered to be all that radiation less than 4 u in length.

The Planck equation for emissive power in monochromatic
wave lengths may be recast and integrated over all wave lengths to
form the Stefan-Boltzman equation.‘

E= of - -- [4.4]
This equation describes the energy emitted by a black Body in all
wave lengths at absoiute temperature (T) and where the Stefan-Boltzman
constant (o) equals 8.26 x 10'11 1y/min. qu. If the emissivity (¢)
is included, then the equation describes the manner in which bodies

other than black bodies emit radiation.

4.2.2 Direct Beam Clear Sky Solar Radiation

As solar radiation passes through the atmosphere it is
selectively scattered and/or absorbed by gases and impurities in the
air. Ozone absorbs all the energy-at wave lengths less than 0.3 u
and selectively up to 0.35 y. Water vapour effectively prevents solar
radiation longer thén 4.0 u from reaching the ground. It selectively
transmits in the 11 to 13 u range and this accounts for the signif-
icant influence of long wave radiation.

Carbon dioxide is the only other gas in the atmosphere that
absorbs radiation. _It will, however, absorb only in two narrow bands.
The first band occurs between 0.29 and 4.0 u and the second between 12
and 16 u (Simpson, 1929). |

Actual depletion of a direct ray of radiation is a function of
the composition and thickness of the medium through which it passes.
The-quantify_of direct beam radiation (on a Pfane normal to the beam)

reaching the earth's surface is commonly expressed by Beer's Law.

73.
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Qs = Joe'em - - - [4.5]

where ApsN is the flux of energy transmitted to the earth by
direct short wave radiation.

coefficient of extinction.

for)
H

=3
]

thickness of the medium traversed by the beam or

commonly called the optical air mass.

This quantity m may be adequately approximated by !/cos z (where z
equals the zenith angle of the sun) for angles of z less than 80 degrees.
The solar constant (Jo) is defined as the intensity of solar radiation
received on a unit area of a plane normal to the incident radiation

at the outer 1imit of the earth's atmosphere with the earth at its

mean distance from the sun. The magnitude of this constant varies
within limits of s 1.5%. List (1968) proposes a value of 1.94 ly/min.
Occasionally adjustments are made to Jo that take the form of Jo/r2
where r, the radius vector of the earth, is the distance from the center
of the earth to the center of the sun expressed in terms of the length
of the semi-major axis of the earth's orbit (ibid). This variation

in distance produces a variation in intensity of + 3.59%.

The term e

is alternately called the transmittance (a).
This parameter is a function of scattering due to air molecules and
water vapour as well as absorption of radiation by water vapour. The
amount of radiation reaching a horizontal plane on the earth's surface

may then be written as
= 1AM '
Apgy = Y@ €OS Z - - - [4.6]

where 2z agaih represents the zenith angle of the sun and can readily

be expressed in terms of the declination, latitude and the hour angle.
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If the designer wishes to calculate or estimate the amount
of direct beam radiation reaching the surface of the earth, he must
in some way be able to evaluate the transmittance (a).

The classical approach to calculating direct beam radiation
at the surface of the earth has been to express it as some fraction of
the direct beam radiation incident upon a horizontal surface at the

11
outer 1imits of the atmosphere. Thus the ratio qDSH/qDSHE =a (and

a11 = am) must be determined. a11 is defined as the atmospheric trans-
mission coefficient. The subscript E indicafes extraterrestrial.
Kimball (1928) has prepared charts which allow the evaluation of a11
for different values of the precipitable water in the air (w) and
various values of the optical air mass (m).

For example, if the amount of precipitable water is 30 mm
and a lTow to moderately dusty atmosphere prevails, the transmission
coefficient (all) form =1 1is 0.63'and form = 5, a11 = 0.28. Thus
the length of path of the sun's rays through the atmosphere is of
extreme importance in affecting the reduction of solar intensity.

The reader is referred to Klein (1948) for the most lucid presentation
of the technique.

Thé amount of precipitable water in the atmosphere is that
amount of water that would be obtained from a column of air extending
from the earth's surface to the top of the atmosphere. The magnitude
of this parameter can be related to the moisture in'the air at the

surface of the earth which in turn is a function of the dew point temp-

erature. Reitan (1963) suggests the relationship
Inw=a+b (td) - - - [4.7]

‘where w = the amount of precipitable water vapour in the air (cm).
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td = dew point (°C).
a =0.110 and b = 0.614.
Similar equations have been suggested by Threlkeld and Jordan (1958),
Brooks (1959), Stephenson (1967), and ASHRAE (1967). The amount of
precipitable water may be adjusted for elevation when sites are in
excess of 2,000 feet above sea leve] (Klein, 1948, Threlkeld and
Jordan, 1958).

Direct evaluation of the precipitable water may be omitted

if published va]ués of the apparent extention coefficient (B) are avail-
able (ASHRAE, 1967, Sadler, 19753. The précipitable water and scatter-
ing are considered as a monthly average and the values have been det-
ermined experimentally and tabulated for each month of the year.

The accuracy of computed values of clear sky radiation is

reasonably good for most unindustrialized areas of the world. However,

the value of such computations is not always evident in most micro-
meteorological problems. Cloud cover has a profound effect on direct

beam radiation and must be considered in most practical problems.

4.2.3 Diffuse Clear Sky Radiation

A signiffcant part of the direct solar radiation which has
been scattered and diffusely reflected in the atmosphere by molecules
of air, water vapour and dust arrives at the earth's surface unchanged
in wave length. This portion of short wave radiation is known as
diffuse radiation and is in excess of the direct beam radiation.

Kimball (1935) has suggested that -- "about half the radiation
Tost from the incoming rays through scattering and diffuse reflection
is finally received at the ground as diffuse radiation from the sky".

The total depletion by atmospheric scattering and diffuse reflection
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can be expressed as:

1
s=1-a - - - [4.8]

1
where a s the transmission coefficient after scattering by air

and water molecules. It differs from the previous transmission coeffic-
ient a11 in that it does not include water vapour absorption. Thus

for a given amount of precipitable water in the atmosphere a value for

a1 may be obtained from Figure 4.2 and a scattering coefficient cal-
culated from equation [4.8]. The quantity of short wave diffuse radiation

incident upon a horizontal surface may be estimated as:
Qg = Jo cos z S (0.5) - - - [4.9]

Typical values of S range from 0.11 to 0.20. These values agree reason-
ably well with Stephenson (1967).

A technique devised by Lui and Jordan (1960) to estimate
diffuse radiation appears to have significant merit. They suggest

the equation:

0.2710 - 0.29391-D - - - [4.10]

Td

where T4 = Qusu/9psHE and

™d = 9psH/pske.

If a value of total short wave radiation is available the equation

may be written as:

Tq = 0.3840 - 0.4]601:T - --[4.11]

where T = (qDSH + quH)/qDSHE.
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A better procedure, also by Lui and Jordan (1960), is to use Figures 4.3

and 4.4 which relate the ratio

K7 = Cosn * Qusu)/Qspe 4o

QdSH/(QDSH + QdSH) where Q
represents monthly average daily totals and the subscripts are as before.
It is assumed that (QDSH + QdSH) is available from measurements. With
this information the diffuse componeht can readily be estimated on
an average monthly daily basis.

Partitioning of diffuse and direct radiation may also be
atcomplished by relating the ratio of direct beam to total radiation relative
to the sun's zenith distance (List, 1968).

London (1957) also provides a chart relating the ratio of
direct to diffuse radiation for various latitudes and months of the year
(Figure 4-5). The advantage gained in using London's chart is that it
considers the effect of latitude. It is, however, interesting to note
that Figure 4.4 shows no significant difference in results from latit-

udes ranging from 42° to 60° .

4.2.4 The Effect of Clouds

| A1l discussion to this point has referred to clear sky rad-
iation only, except for the treatment of diffuse radiation by Lui and
Jordan (1960). By using the proper transmittance with adjustments made
for dust particles reasonable values of clear sky direct beam radiation
are readily obtainable from one or more of the previOus'references.
However, by far the largest variation in the portion of solar radiation
transmitted to the earth through the atmosphere is caused by cloud cover.

Different relationships involving estimated cloud cover have
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been suggested by various authors. Difficulties arise with these
methods because of variations in the height, type and distribution
of the clouds. The subjective nature of such estimates tend to
detract from this approach.

Kimball (1928) suggested:

qSTHA/qSTHC =a + b (.]'n) - == [4.]2]
where GSTHA = actual total short wave radiation.
AT © clear sky short wave radiation.

a and b are constants and n is the cloud cover in tenths.
Quadratic functions of n have been suggested by Mateer (1955).
Budyko (1956) suggests:

stHa/9sTH =V - (1KIn - - - [4.13]

wher2 k depends on latitude, climatic region and season of the year.
The reader is referred to Sverdrup (1942), Newman (1954), and Haurwitz
(1948) for more details on cloud cover in relation to total radiation.

The other approach commonly used is an equation expressing
the actual radiation to total radiation as a function of sunshine.

The general form of these relationships are:

ISTHA/9sTHC = @ + b5 - - - [4.14]
(List, 1966).
where a and b are empirical constants

S = ratio of actual hours of sunshine to the total
possible hours of sunshine.

Typical values of a and b are 0.35 and 0;61 respectively. Additional

details regarding simi]ar equations may be obtained from Fritz and
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MacDonald (1949), Hamon et a] (1954), Vowinckel and Orvig (1962)

and others.

4.2.5 Summary of Short Wave Radiation

It is apparent that accurate calculations of solar radiation
quantities other than clear sky values may be somewhat futile. However,
weather bureaus throughout the world provide meteorological stations
that record various and sometimes all of the components of short wave
radiation. Summaries of radiation in Canada and the United States
are contained in Monthly Radiation Summaries published by the Meteor-
ological Service in Canada and National Summary of Climatological Data
by the U.S. Weather Bureay.

However, many of the remote stations only record total short
wave radiation on a horizontal syrface (qSTHA) and it may be necessary
to separate the two components when considering the amount of radiation
incident upon a sloping surface.

The direction of the flow of energy associated with short
wave radiation is always positive, i.e. the energy flows from the
atmosphere to the ground. Typical clear sky intensities of solar
radiation as the sun approaches the zenith at elevations of 2,000 ft.
or less above sea level during the summer in the middle north to
north latitudes are about 1.3 to 1.5 ly/min. Daily values in the
same regions range from 400 to 600 ly/day in the summer months for

average cloud conditions (Mateer, 1955).

4.2.6 Short Wave Radiation Reflected by The Surface of the Earth (qRS)

A1l the short wave radiation transmitted through the atmos-
Phere is not absorbed by the surface of the earth. A significant

portion may be reflected back to space, depending primarily on the
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color and composition of the surface. Most of this radiation will
be Tost to space but part of the diffuse component may again be
scattered with half of this amount again returning to the ground.
Generally this portion is quite small and can usually be neglected.
However, studies involving solar heat gain may include this fac-
tor (Klein, 1948).

The ratio of the amount of short wave radiation reflected
by a surface to the amount incident upon it is defined as the albedo
(«). Thus the albedo of a perfect reflector and a perfect absorber

would be 1 and 0 respectively.

/%A = @ - - - [4.15]

Values of albedo for different surfaces are shown in Table 4-1.

Albedo is not necessarily a constant value for a given material.
Changes in moisture content can change the albedo of a surface by as
much as 30% (Table 4-1). Variations also occur with solar altitude
and spectral changes in the radiationlflux. Geiger (1961) indicates
values may vary from 35 to 100% for dry sand and 7 to 100% for water,
depending on the solar altitude of the sun. Spectral changes cause

much less variation in albedo and are probably not significant in most

instances.

4.2.7 Net Short Wave Radiation

The amount of short wave radiation absorbed. by the ground or

made available for heat gain of the soil is given by:

ISTHA ~ 9Rs = dsta (T-2) - - - [4.16]

It is only this net amount of short wave radiation that can
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TABLE 4-1
ALBEDO OF VARIOUS SURFACES

Surface | "~ Albedo (%) . Source
Dry sand ' 35 - 45 ‘Sellers (1965)
Wet sand 20 - 30 Sellers (1965)
Light sand 30 - 60 Geiger (1965)
Sandy soil 15 - 40 Geiger (1965)
Fields 12 - 30 Geiger (1965)
Woods 5-20 Geiger (1965)
Dark soil ‘ 7-10 Geiger (1965)
Water Surfaces - 3-10 Geiger (1965)

Tundra Surfaces:

1. Shrub 16 - 17 Haag and Bliss (1974)
2. Wet sedge 18 - 25 Haag and Bliss (1974)
3. Winter road 7-1 Haag and Bliss (1974)
4. Burn 10 Haag and Bliss (1974)

Borel Forest:

1. Forest 14 Haag and Bliss (1974)
2. Seismic line 13 Haag and Bliss (1974)

Seeding Experiment on
Winter Road:

Control 15 Haag and Bliss (1974)
Spring after use 8 Haag and Bliss (1974)
Ist growing season 11.5 Haag and Bliss (1974)
2nd growing season 13.2 | Haag and Bliss (1974)
3rd growing season 14.0  Haag and Bliss (1974)
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be used to warm the surface, melt Snow, evaporate water or be trans-
ferred as heat to the soil below.

The sign of this term is always positive as the albedo is
always less than 1. The magnitude of this term varies from 20 to 85%
of the incident radiation depending on the nature of the surface and

the time of year.

4.2.8 Longwave Radiation Emitted by the Ground Surface

The earth is a source of terrestrial or longwave radiation.
Since the temperature range is usually within 230 to 300° K, the infra-
red spectral range is from 3 or 4 to 100 U

The earth's surface is assumed to be either a black body or a
grey body within the spectral range quoted above. A grey body is one
that emits a fixed proportion of the black body radiation in all wave‘
lengths. Suggested values of infrared emissivity for naturally
occurring materials on the earth range from 85 to 100%, with more
commonly accepted values of 95 to 97% (Table 4-2).

The equation:

N
Gy = &oT - - -[4.17]
where €g = infrared emissivity,
TS = surface temperature in 0K,

adequately describes the transfer of radiant energy from the earth to the
atmosphere. The magnitude of this term ranges from 320 ly/day to 920 1y/
day for temperatures of 230 and 300°K respectively. The sign of this compon-

ent of the heat balance equation is always negative.
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TABLE 4-2

INFRARED EMISSIVITIES

(Percent)
WATER AND SOIL SURFACES
WA o oo e e 92-96
Snow, fresh fallen =--eeeeeemee o TTTTTTTTC 82-99.
SNOW, ice granules ==eeeeemmeeoocooe 77" 89
JC oo o e LT 96
S011, frozen =emeeeeee o TTTTTTTTTTTTC 93-94
Sand, dry playa =-e-me—eeeeeooo T TTTTTTTTTC 84
sand, dry 1ight ——-eemeoeeeo TR 89-90
Sand, Wet ----eeeeeeo [ TTTTTTTTTTTTC 95
Gravel, coarse -=--emmeeeeeoo. T TTTTTTTC 91-92
Limestone, Tight gray ---=eeemeaoceooooo o TTC 92-92
Concrete, dry =e-cemmmmeee o TTTTTTTTC 71-88
Ground, moist, bare =-----oamemeeoeo 7T 95-98
Ground, dry plowed =--eeeemmcemeeoo 77" 90
NATURAL SURFACES ‘
Desert =eeemmmm e e L T P . 90-91
Grass, high dry ee-eeeeeeeeoo o _____TTTTTTTTTTTTTOCC 90
Fields and shrubs emm—-acaeeeeo o ___ T TTTTTTTTTCC 90
Oak woodland ==--mmmmeeeeeoeo o TTTTTTTTTTTTTC 90
Pine forest T S e e e e e 90
VEGETATION
Alfalfa, dark green =--eeeeeeoooo 95
Oak 1eaves ==—memeemeeeo o TTTTTTTTTTTC 91-95
Leaves and plants =-meeoeemmmeooo o ____ T TTTTTC
B e e e e e e e 5-53

1Ol o e T 5-60

2 A = e e T 70-97

10 Ol == e T 97-98
MISCELLANEOUS .
Paper, White ===-eommeee 89-95

Glass pane T e e e e e e - 87-94

Bricks, red ammeeemmm T 92
Plaster, white -==mmeeeeeeee o TTTTTTTTC 9]
Wood, planed 0ak ===meeoeeammooeo T TTTTTTTT" 90
Paint, White —~eeommmeee T 91-95
Paint, black =e-m-mmemoeeo e TTTTTTTT 88-95
Paint, aluminum =-=--ceomomammo T 43-55
Aluminum £Oi1 —oecmmmmae oo TTTTTTTTTTTT 1-5
Iron, galvanized ==w-eeoeeeee o ______ T 13-28
Silver, highly polished ===--=cmmeeee o —————————————ee 2

Skin, human B e — 95

87.
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4.2.9 Longwave Radiation From the Atmosphere to the Ground

Longwave atmospheric radiation originates ffom gases in
the air, some of which absorb and emit radiation in the far infrared
range.

The amount of longwave radiation from the sky, as with short
wave radiation is a function of cloud cover, Therefore, initial
discussion will deal with clear sky conditions and the effect of cloud
cover will be dealt with subsequently.

The temperature of the atmosphere varies within relatively
narrow limits of 200 to 300% and within this range the elementary
gases of the atmosphere emit no radiation whatsoever. Therefore,
atmospheric longwave radiation originates from water vapour, carbon
dioxide and other asymmetrical molecules present in the air (Simpson,
1929).

Carbon dioxide is present in relatively large quantities
throughout the atmosphere, but it absorbs only within a very narrow
band of the longwave spectrum. Water vapour is therefore the most
important radiating gas in the atmosphere.

4 Water vapour selectively absofbs energy as longwave radiation
from the ground, energy from the transport of sensible heat from the
ground and energy from the latent heat of condensation of water vapour.
It then re-radiates this energy back to earth as longwave radiation.
It, therefore, becomes important to understand the absorption character-
istics of water vapour.

For certain wave lengths of the spectrum water vapour absorbs
(and therefore emits) as a black body, while at other wave lengths it
absorbs only a partion, and from 8.5 to 11 uit is completely transpar-

ent (ibid). This.range of the spectrum is referred to as the "atmospheric
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window (Sellers, 1965). As soon as radiation within this latter band
of wave lengths leaves the earth's surface, it is effectively lost as
far as the atmosphere is concerned.

The problem has then resolved itself into one of estimating
the amount of radiation emitted by a column of gas with varying compos-
ition, temperature and pressure. The appropriate equation would take
the form of an integral summing the downward radiation from a level z,
near the earth's surface to some level z a few thousand meters above
the surface.

Elsasser (1942) has developed a method to determine the
contribution of various levels of the atmosphere to the total long-
wave radiation received at the earth's surface. This method is quite
complex and requires upper air soundings to determine the relevant
air parameters. Meyers (1966) has computerized Elsasser's technique
which relieves a great deal of the tedium otherwise required in the
use of the radiation charts.

The major problem associated with the computation of this
term arises in the determination of the emissivity of the atmosphere
at various levels. The emissivity of a column of air is a function of:

i) the density-length product (m ) of the water

vapour.
ii) the partial pressure of the water vapour (p ).
iii) the tota] pressure of the atmosphere (P).

iv) the temperature of the mixture (T).

However, the emissivity varies only slightly for the range of Py and T
encountered in the atmosphere, and therefore, it may be considered to

be essentially independent of these two variables. The effect of
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change in total pressure is usually corrected for by increasing or
decreasing m, in the ratio of P/Po or /575;'where Po is the reference
pressure and P is the pressure at whétever level is being considered.
The increase in emissivity due to the presence of carbon dioxide can
also be considered (Elsasser, 1949, Kondratyev, 1956 and others).

Bliss (1961) has used these approaches and has reduced the
required information to that of airltemperature near the ground and dew
point or relative humidity. The method requires the use of various
charts and the reader is referred to the original publication for
details.

Since the majority of atmospheric radiation originates with-
in the first few hundred meters above the ground and since it is this
region that shows the greatest variability of the factors controlling
the amount of radiation, it is, therefore, reasonable to attempt to
relate air temperature and vapour pressure neaf the surface to incom-
ing longwave radiation.

Empirical equations relating longwave radiation from the sky
to conditions prevailing near the surface are many and varied. How-

ever, for the most part, they take the form of:

' Y
9p = °Ta {fn (vapour pressure) } - - - [4.18]

where the term in bkackets is equivalent to the average emissivity of
the atmosphere.

Angstrom (1916) appears to be one of the first researchers'
to suggest an‘equation of this form. A reasonably complete listing
of these equations is given by Sellers (1965); Brunt (1952).has sug-

gested the ratio:
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L
qLD/UTa = at b ve - == [4-]9]

where a and b are constants and e is the vapour pressure in mb at
the corresponding screen air temperature (Ta)'

g : A summary of the range of values of a and b found by
various researchers is given by Goss and Brooks (1954). The value

of the constant a ranges from 0.34 to 0.71 and the range of b is

§ from 0.023 to 0.110 (Sellers, 1965). Median values are a = 0.605 and

; b =0.048. Thus, the equation may be written as:

.' ap = qTal' (0.605 + 0.048 V& ) - - - [4.20]

§ and can be used to estimate the quantity of long wave radiation emitted
§ by the atmosphere on a synoptic basis.

§ Typical values of atmospheric radiation from cloudless skies
'é range from 400 to 600 ly/day (Dines and Dines, 1927) to as little as

i 320 1y/day in mid-winter in the arctic regions (Vowinckel and Orvig,

? 1964). The sign of this component of radiation in the heat balance

=§ equation is always positive.

f The effect of clouds is always to increase Tong wave atmospheric
%

radiation relative to clear sky conditions. Any cloud which is visually

3 Opaque is assumed to radiate as a black body at the temperature of

£

the cloud base. The effect of clouds is to close "the atmosbheric
window". The absorption spectrum of liquid water is similar to that
for water vapour, however, the magnitude of the absorption is much
greater. Even relatively thin clouds contain more precipitable water
than is required to allow them to radiate as black bodies.

Vakfous equations are put forth to adjust the clear sky.

values to account for cloud effects (Sellers, 1965). Since the cloud
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base is usually at a temperature less than the temperature of the air
mass near the ground, the overall effect is to increase the downward
radiation by only 15 to 25 per cent (ibid). Dines and Dines (1927)
‘present results to indicate increases of from 20 to 40 per cent of
clear sky values due to cloud cover.

Andersbn and Baker (1967) provide a convenient and apparently
accurate equation for estimating long wave radiation from the sky. It
is presented here to illustrate an alternative method of allowing for

cloud effect:

y

Gp = oT, - {228.0 + 11.16 (/q- @} Urya’ sty - - - [4.21]

where ey = saturated vapour pressure at the surface air temperature;
e = actual vapour pressure at the surface air temperature;
IGSTHA = total short wave radiation on a horizontal surface

measured at the site;
' qSTHC = calculated or measured clear sky radiation on a
horizontal surface at the site.

Thus qSTHA/qSTHC is a measure of cloud coVer, haze or other
impurities in the air.

It woﬁ]d appear that a relationship invo]Ving the short wave
radiation ratio is a better and much less subjective method of account-
ing for the effect of clouds on downward long wave radiation.

| Long wave radiation from the sky is not entirely isotropic.
This is due primarily to the decrease in effective radiating atmospheric
temperatures from the horizon to the zenith. It is, therefore, apparent
that slopes or areas sheltered by a canopy of trees or similar obstruc-
tion will record larger fluxes of downward atmospheric radiation than

will areas exposed directly to the zenith.
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4.2.10 Net Long Wave Radiation

It has been established that the earth radiates as a grey
body with an emissivity (e ) of less than one. Since the temperature
of the lower atmosphere and earth are not remarkably different, it.
is valid to assume that the emittance and absorptance of the earth

are equal (Kirchhoff's 3rd Law, Wiebelt, 1966). Thus
e = T-o - - - [4.22]

where (]-aL) = absorptance and

infrared reflectivity or albedo.

The net Tong wave is, therefore, the difference between that absorbed

and that which is emitted. It may be expressed as:
WSt 9y - - - [4.23]

Brunt's (1952) empirical equation for a9 N is useful in

illustrating the sign and magnitude of this component of the heat

balance.
Y 4

‘T eso{Ta (a+bve™) - Ts } - - ~-[4.24]
where gy ~ emissivity of the surface,

Ta = air temperature of the surface %

(usually measured at screen height),
Ts'= surface temperature K,
@ = vapour pressure of the air at screen height

in mb.

If the air temperature is considered to be approximately equal to the

surface temperature, then the equation may be written as:
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Q= 0T, (a+b/e-1) - - - [4.25]

For average summer conditions in the middle north latit-

udes, the following conditions are applicable:

Eg = 0.95
a = 05605
b = 0.048
210 ol
o =0.826 x 10 o ly/min Ku
(11.9 x 100 1y/day %K)
T = 20% = 2920
T =T = 20% = 293%

For this air temperature and a 5°C wet bulb depression the vapour
pressure (e) = 20 mb. The term a+b/ e may be considered to be the

average emissivity of the atmosphere (ea). Thus

atb/ e
0.82

€a

Hence, for average conditions

. =0.104 ly/min
-150 1y/day

AN

Therefore, under these average conditions there is a net loss of
approximately 6 ly/hr from the earth to the atmosphere.

Although there is some diurnal and seasonal variation in
net Tong wave radiation losses from clear skies with peaks occurring
in the summer months, the average losses are usually tempered to
Some extent by increased vapour pressure and cloudiness.

A Somewhat similar approach (but less fundamental) may be
taken for evaluating the net long wave radiation balance using con-

cepts and data'provided by London (1957) and Vowinckel and Orvig (1964).
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The latter authors suggest that the ratio

qLDa/qLU = GS, where G pa = the component of atmospheric
downward long wave radiation Caused by absorption in the atmosphere

of radiation from the ground (i.e. "the green house effect").
9y = lTong wave radiation from the earth's surface.

Ga = qLDa/qLD’ where Ga represents the ratio of the compon-
ent of atmospheric downward lTong wave radiation caused by absorption

in the atmosphere of radiation from the ground to the total downward

95.

long wave atmospheric radiation. Combining the two equations produces:

GS/Ga = qLD/qLU - = - [4.26]

Substituting in equation [4.23] gives:

G
= . _ji_ - - -
N T 9yt g g, Uy [4.27]

and substituting equation [4.17] results in:

N
ay = €5oT; (g_s e - 1) - - - [4.28]
a

If T = T, the equation reverts to [4.25]

and Eg_ € is equivalent to the average emissivity of the
Ga
atmosphere.
%

= 0.95)

Average summer and winter values of 5 S (for €
: a

using London's data are 0.86 and 0.83 respectively.

If TS = Ta = 20°¢ as in the previous example, then,

9N =-117,1y/dayi



ot s N A T 3

gl e

B 1

¥
5
2

o3
4
Fia
3
%
L

i

96.

This value is significantly greater than that computed from equation
[4.25]. An appropriate synoptic estimate of q N probably 1ies some-
where between these two estimates.

Although this latter method appears suitable to evaluate net
Tong wave radiation on a long term or general basis, it gives the in-
ekperienced researcher in radiative heat transfer very little feeling
for the fundamentals of the problem. It is for this reason that the
author prefers the more basic concepts of emissivity and its variation
with changes'in atmospheric pressure and water vapour concentration.

It is important to review the nature of the above argument. It is

the concept rather than actual values of net long wave radiation that
are in question. There may'be cases when the latter equation provides,
what appear to be, better estimates of the magnitude of this component
in the heat balance equation.

The so called "green house effect" is a term used by many
researchers to describe the phenomenon of water vapour and carbon
dioxide absorption and emission characteristics. There is no doubt
that a real greenhouse substantially modifies the heat balance in com-
parison to the natural surroundings. However, the reasons for this
serendipitous discovery are only weakly related to long wave radiation.
Kondratyev (1965) pro?ides a detailed description and presents field
data to show fhat the glass covering in an average greenhouse has a
detrimental or negative effect on the radiation balance during the
day and only a slight beneficial effect at night. The real benefit
of the covering is that it effectively prevents heat loss by turbulent
or convective transfer processes and also heat losses by evaporation
are substantiél]y reduced. Obviously the former process is not mod-

ified in any way by water vapour, carbon dioxide or cloud cover and
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the latter process (evaporat1on) varies somewhat with changes 1n
relative humidity.

| It is for these reasons that the author is opposed to using
misleading if not incorrect terminology to describe the fundamental
physics of long wave radiation exchange between the earth and the
atmosphere.

The foregoing treatment of net long wave radiation is adequate
for an assessment of this component of the heat budget on a general
basis. However, it is of interest to review the equations with
regard to specific situations.

An interesting condition often develops over cold surfaces
such as snow packs, glaciers and probably ablating head scarps of
bimodal flows ih permafrost during the spring and summer months,
especially under cloudy conditions.

It has been shown that € of such a surface is essentially
equal to unity'(O'Neill, 1973). It was Previously stated that a
cloud mass is assumed to emit black body radiation at the temperature
of the cloud base. The net lTong wave radiation exchange for such a
condition is: ‘

Y 4

ay = o(TC - TS ) - - - [4.29]
where TC =‘temperature of the cloud base in %, It, therefore,
becomes apparent that the net long wave radiation becomes zero or
positive for cloud temperature of 0°C or greater. This reversal in
sign of heat flux has even been noted Qhen ground temperatyres are
substantially above zero (Muller, 1967). These occurrences would be
much more frequent when co]der surface temperatures Prevail (Streten

and Wendler, ]968) Partial cloyd cover will obviously contribute
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to decreasing the loss of long wave radiation to the sky and various
equations have been cited in an attempt to evaluate this effect
(Sellers, 1965).

The foregoing treatment illustrates that applying synoptic

estimates of net long wave fluxes to specific situations may often

{ cause substantial errors in the estimation of these values. Net

% long wave radiation fluxes for conditions previously described are

5 | likely to be in the order of minus 40 ly/day to plus 6 ly/day (Streten
% and Wendler, 1968) rather than minus 100 to 150 1y/day as computed

g from synoptic data. o

£

i 4.3 Radiative Components on a Sloping Surface

? 4.3.1 General

{ ] Topographic influences on both short and long wave radiation
; should be considered in evaluating the microclimate of a specific

é site. These influences are the most significant for the direct

? beam short wave component. ‘

é | The equation used to describe the radiation balance on

é' | sloping surfaces may be written as follows:

: s ™ 9pss T 94ss * 9pss * 9ps * 91ps * I pr

i TRt s - - - [4.30]
i where s = net radiation balance on a sloping

. surface. ‘

Upss = short wave direct beam component (+).
d4ss = short wave diffuse component (+).

Gpgs = Short wave component of radiation reflected to
the surface by surrounding surfaces (+).

dps = Short wave component of rad1at1on reflected by




the slope (-).

qLDS = downward Tong wave component of radiation
falling on the slope (+).

QR © downward long wave component reflected to
the surface by surrounding surfaces (+).

QYR = upward component of long wave radiation
reflected onto the slope by surrounding
surfaces (+). :

& AQus ° upward component of long wave radiation

;] emitted by the surface (-).

%

g 4.3.2 Direct Beam Radiation (qDSS?

% The ideal method for evaluating the direct beam compon-
é ent of short wave radiation from clear skys on to a sloping surface
:' oriented in any direction appears to have been first formulated

? by Ohmura (1968) -and Garnier and Ohmura (1968). It consists of

é taking the dot or scalar product of two unit vectors, one paraliel
?b to the sun's rays and the other normal to the slope. The result

is then combined with the flux density of radiatidn.normal to the
sun's ray.

The foregoing may be summarized as follows:

1 Upss = Jp2" (ISu' 1 1SLicosn) - - - [4.31]
1
3 where Apss = flux density of direct beam radiation on the
4 slope. v
% ﬂ SL-= unit vector normal to the slope.
1 Su'=  unit vector parallel to:the sun's rays.

A = angle formed between the two vectors.

The remaining terms have been previously defined.
The amount of direct beam radiation upon a slope ovér a

finite period of time equals:
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Q =4 .)‘ a’ (ISu' 1 1 SLI cos A) dH - - - [4.32]
DSS 0 H
! where H = hour angle measured from solar noon.

The equation is evaluated by expressing the unit vectors in terms
of their direction cosines. The equation is then evaluated and

summed over twenty minute time intervals. The details of this proc-

U |t B  es e

edure are provided by Ohmura (1968) and Garnier and Ohmura (1968).

The treatment, thus far, has considered conditions involv-

AL L e

ing an unobstructed sky line. In many cases topographic obstructions

prevent the sun's rays from falling directly upon the ground and

the site remains in shadow for a major part of the day especially
during period of time of low sun angles. This aspect of the problem

is readily handled by comparing the altitude of the obstruction

4 g
2ol Tl A

with the altitude of the sun at the appropriate azimuth during the

# twenty minute time interval of computation. A variety of equations

'§ will determine the azimuth of the sun in terms of the local co-ordinates,
i

;-‘ the simplest of which is:

¥ sin a = sin H cos § csc z (Hosmer & Robbins, 1958)

i - - - [4.33]

where a = azimuth of the sun (measured positively
through east).

H = hour angle of the sun.
§ = angle of declination of the sun.

z = zenith angle of the sun.

The altitude and azimuth of the obstruction must be determined by
Physical measurements or estimates at each particular site.

Another and possibly superior alternative is to calculate
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the length of the shadow cast by the obstructing object and then
to check whether the site lies within that shadow.

The Tength of shadow cast by an 6bject on a horizontal

surface may be easily calculated from the equation:

L = H tan z sin (A-B) - - - [4.34]

where L = Tength of shadow.
;. H = height of the obstruction.
% ’ z = zenith angle of the sun.
%‘ A and B are the azimuths of the sun and obstruction
% respectively.
%ﬁ &o similar simple expression exists for the calculation
;g of shadow length on sloping ground. An equation has been developed
f%» o to compute this variable. It is contained in Appendix C.
é - In summary, the amount of direct beam radiation incident
,f upon a sloping surface is a function of:
-+

i) latitude of the site
ii) declination of the sun
ii1) strike and dip of the slope

iv) orientation and height of obstruction

v) transmittance of the air

2 The exact declination of the sun at different times of
the year may be determined from one of the common ephemerides used
for celestial observations. However, for most meteorological éom—
Putations it is adequate to calculate the declination of the sun
by describing its variation as a function of a sine curve.

2

- soom - .
§ = Ao sin 5z t [4.35]
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where 8§ = declination of the sun

A_ = amplitude of the sine curve (23.5°)

%%S = period of the function

t = time in days starting from March 21 (vernal equinox)

The orientation of the slope is given by the azimuth and
zenith angle of the normal to the slope. The azimuth is measured
positively from the north through east. |

The obstruction is described by the height, the azimuth
of the beginning and the termination, and the azimuth of a projection
along the base.

The transmissivity of the atmosphere may be estimated
by vapour pressure data and the dirgct beam radiation may be corrected
for cloud cover as previously outlined. The optical air mass m
is adequately described as 1/cos z for zenith angles of 80° or Jess.
Published values (List, 1968) must be used for zenith angles
greater than 80°.

A simple and acceptable alternative to the procedure out-
lined abové is to relate the actual normal direct short wave rad-

iation on the slope to the actual direct short wave radiation on a

horizontal surface.

9psHA = dpsna COS Z

9pss = dpsna €Os A
Gpss = 9psHA COS A/cos z - - - [4.36]

where Apss is the direct short wave radiation on the sloping
' surface '
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dpsya = actual direct beam short wave radiation on
a horizontal surface

zenith angle of the sun

N
]

Cos A = cos of the angle between the sun's rays and

the unit normal to the slope.

This is a complex function of latitude, declination, slope orient-
ation and hour angle. The equation for A is listed in Appendix C.

Since the value cos A/cos z is a function of time, it
becomes a matter of Judgement for each problem as to what time
increment is to be used to obtain an average value for this ratio.
The problem was handled by evaluating cos A and cos z over 20 min.
time periods and plotting these values as ordinates versus time
on a daily basis. The ratio of the areas under the curves rep-
resents the average daily ratio of cos A/cos z. Sky line obstruc-

tions and shadows can be handled in the same manner.

4.3.3 Diffuse Radiation (9455)

The amount of diffuse or scattered short wave radiation

from the sky incident upon a sloping surface may be estimated by

103.

relating it to the amount falling on a horizontal surface. Kondratyev

(1965) has suggested that:

N 2
%dss T Gqsy €087 3/p - - - [4.37]
where d4ss = diffuse short wave radiation on the sloping
surface

A4sH = diffuse short wave radiation on a horizontal
surface

a = inclination of slope from the horizontal

This simple equation assumes that the diffuse component of short
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wave radiation is isotropic. Such an assumption is not rigorously
correct. The intensity.increases with zenith distance for clear
sky conditions and decreases with zenith distance for cloudy
conditions (Dines and Dines, 1927). The intensity of diffuse rad-

iation is also related to the position of the sun. It increases

toward the sun and decreases away from the sun. Thus, the correct

equation to describe the flux density of diffuse radiation on a
sloping surface would be a function of the direction of the unit
normal of the slope relative to the zenith and to the sun.

Stephenson (1965), using data from Threlkeld (1962) form-
ulated an equation to account for the anisotropy of diffuse

radiation on vertical surfaces. The empirical relationship is:

94sv = 9gsy V¢ - - - [4.38]

where V. = (0.55 to 0.437 cos © + 0.313 cos® 6)  and
© = angle formed between the rays of the sun and

the unit normal to the wall.
If 102° < 0 < 259%, V, = 0.45; otherwise Ve = 0.55 + 0.437

cos 0 + 0.313 cos2 ©. For the condition of o = 0, Vf = 1.3 and

Ggsy = 94sH (1.3) - - - [4.39]

This expression indicates that at certain periods during the day

a vertical surface whose unit normal coincides with the rays of

the sun will receive a maximum of 30% more diffuse radiatidn than

a horizontal surface. This observation may be applied to alj slop-
ing surfaces at least in a general way. Unfortunately, the equation

is derived exclusively on an empirical basis and cannot be utilized
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without reservation for any sloping surface.

If the geometrical considerations of short wave diffuse
radiation on slopes are compared to those of long wave radiation
from the sky incident upon the same slope, without concern for
anisotropy, then the similarities should be evident. Kondratyev
(1965) presents an equation for net long wave radiation on a sloping
surface and then provides measured values in support of the equa-

tion. The data can be reasonably well described by:
_ 2
AUNs = 9y COS~ a/2 - - - [4.40]

where aLNS and Gy 2re the net long wave radiative fluxes on
sloping and horizontal surfaces respectively. It follows that the

short wave diffuse component may be expressed as:
- 2 ' 1
d4ss = 94y COS a/2 - - - [4.41]

This equation indicates that a vertical face will receive one-half
the diffuse radiation of a horizontal surface.

Although this equation is not rigorously correct, its
simplicity makes it attractive for use in the solution of ffe]d
problems. However, care should be exercised in its use, for it
unequivocally indicates that the diffuse radiation falling on a
sloping surface is always less than'that of a horizontal surface.
Garnier and Ohmura (1969) compare values cbmputed frbm equation [4.41]
with thosé measured on north, east and south facing slopes with a
shielded Epp1ey pyranometer. They indicate that this equation pro;
duces overestimates of 56% to underestimates of 269. Overestimates
are more frequent on north facing than on east or south facing

slopes. Data for the east facing slope appears to be scattered
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equally between over and under estimates, while the data computed
for the south facing slope appears to predominantly underestimate
the measured values. Héwever, their measurements were restricted
to a slope angle of 20° and the correlation between éomputed and
measured values were evaluated solely on that basis. In view of
these results, it appears that equation [4.41] may be used to

give reasonable estimates of diffuse radiation on sloping surfaces.

4.3.4 Short Wave Component Reflected to the Surface by

Surrounding Surfaces (qRSS)

Objects or surfaces may reflect diffusely or specularly
to the surface of interest. Diffuse reflection occurs from
irregular or roughened surfaces and the reflected radiation will be
distributed in all directions. On the other hand, specular reflec-
tion (from the direct beam) will occur from surfaces such as glass,
polished metals or very still water. Real surfaces will exhibit
neither purely diffuse nor purely specular reflection and most
natural surfaces may be treated as diffuse reflectors (Threlkeld,
1962). Therefore, both direct beam and diffuse radiation will be
reflected diffusely by these natural'surfaces.

The amount of radiation reflected to a surface by another
is a function of the amount of radiation incident upon the first
surface and a geometric view factor which relates the size and
orientation of the two surfaces. If the adjacent or reflecting
surface is designated (1) and the surface receiving the reflected
radiation is (2), then the amount of reflected radiation which is

incident upon unit surface dA2 is:

ORss(2) = oy (dps * Ggs) () Ve/r - - - [4.42]

106.
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where a. = albedo of surface (1)

(qDS + qu) (1) = total short wave radiation incident
upon surface (1).

Vf = dimension less geometric view or configuration
factor which describes the fraction of energy directly incident on
one surface from another surface assumed to be reflecting or emit-
ting energy diffusely (Wiebelt, 1966).

A completely general evaluation for Vf must involve a
relationship combining the géometry of the areas and the orientation
of the unit normals of the areas in one co-ordinate system. Prelim-
inary investigations suggest that this solution is too complex to be
of practical value for most engineering applications. However,
useable, but restrictive solutions are available for some problems
associated with heating and ventilation system design._ Threlkeld (1970) .
provides an acceptable approach to a number of specific problems.
However, care must be exercised regarding the geometry of one surface
relative to the other. The choice of the co-ordinate system is dep-
endent upon the orientation of the areas. This aspect does not cre&te
problems for situations of windows or walls facing parking lots or large
court yards and where hand calculations are used for each problem. In
cases of complex geometry, it appears unlikely that the form of this
solution is amenable for use with computerized techniques in eval-
uating radiation on sloping surfaces.

Nonetheless, the procedure taken from Thre]ké]d (1970)
is developed and iné]uded in Appendix C. It is left for the reader
to decide if his particular problem can be modelled to meet the

conditions imposed by this solution.
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The solution may be categorized into three general cases
(A, B and C) with specific situations arising in each case. For con-
ditions described in Case A, surface dA2 cannot "see" surface A; and
thus no radiation is reflected from A; to dA2. In Case C, the sur-
face dA2 is "facing" A;. Surface dA2 is either parallel to or forms

an acute angle with surface A;. This condition would rarely be of

'; significance in nature and would occur only when there was an over-

5' hanging bank or canopy of trees.

; Case B is the most important and probably the only sig-

§ , '

% nificant one of the three conditions described in the general solution.

%5 If Case B(2) is considered for the condition of a horizontal surface

? in front of sloping ground, the view factor may be expressed as:

g ] o - .

: Ve = 1r/2 (1 - cos a) = n/2 sin a/2 - - - [4.43]
where a = inclination of the slope.

¢ Then  qpog = @y (apgy + Gyqy)s Sin? a/y - - - [4.44]

? This equation is also in agreement with Kondratyev (1965).

14

g Threlkeld (1970) performs a sample calculation to show

that the reflected radiation intercepted by a vertical south facing

window on June 1 at noon, positioned 6 ft. above a 50 x 100 ft. con-

crete parking lot, represents 26% of the total radiation incident
upon the window. This is obviously of significant magnitude and
the designer must therefore consider each situation on its own merit

and perform at least perfunctory ca]cu]ationslbefore dismissing this

i
:
]
2
i
]

A

component of radiation as being unimportant.

4.3.5 Short wave Component of Radiation Reflected by the Surface (qRS)
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The short wave radiation reflected from a sloping sur-

face will be equal to the product of the albedo of the surface and
the sum of all short wave radiation incident upon it. The equation

to express this value may be written as:

Qs = *(dpgg + 945 + Gpss) - - - [4.45]

% This equation differs from that of a horizontal surface only in the
addition-of the last term which represents the short wave radiation

that is reflected to the slope by other surfaces.

4.3.6 Downward Longwave Component of Radiation Falling on

the Slope (qLDS)

éi Long wave radiative flux from the sky is not isotropic,
é : increasing from the zenith to the horizon. Gardeners and agric-
.;,5 ulturalists observe this phenomenon in the late stages of the

gg; growing season when early morning air temperatures hover near the

freezing point. Vegetation on sloping surfaces and regions par-
tially sheltered from the zenith by buildings, trees or canopies
ﬁ;f will often remain unharmed by otherwise killing frosts. Kondratyev

(1965) proposes that the equation to describe the amount of long-

ERIEICE o

wave radiation falling on the slope take the form:

- 2 _ o
qLDS = qLDH cos a/2 [4.46]

The equation suggests that the down ward longwave component decreases
as the slope angle increases. This is not strictly correct because
anisotropy effects will modify this relationship.

Additional equations and further details concerning anistropy
may be found in Sellers (1965). This author suggests that little

error will result if equation [4.46] is adopted for use in general
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field conditions if it becomes necessary to independently est-

imate this component of radiation.

'4.3.7 Downward Long Wave Component Reflected to the Surface

by Surrounding Surfaces (qLDR)

This component of radiation will be reflected diffusely
to the sloping surface from adjacent surfaces in the same manner
that short wave radiation is scattered and reflected. The treat-
ment will, therefore, bé identical to that described in section
4.3.4. Equation t4.42] must be rewritten as:

Vs
UWor(z) T ¢, (ap), — - - - [4.46]

where al = infrared albedo of surface 1.

(qLD)1 = long wave radiation falling on surface 1.

The writer suggests that a rigorous treatment of view factors is
unwarranted for this relatively small component of radiation. It
is, therefore, suggested that equation [4.46] be modified for

general use as:

g‘:_i? 9 pR = o (qLDH) sin a/2 - - - [4.4?]

where 9 pH = long wave radiation falling on a horizontal

surface in front of the slope

Q
1]

infrared albedo

)
n

angle of slope with the horizontal

4.3.8 Upward Component of Long wave Radiation Reflected onto the

Slope by Surrounding Surfaces Gy

Strictly speaking, this radiative component should also be

dealt with in the same manner as reflected short wave radiation on
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a slope. Again it is the author's opinion that such a rigorous
treatment of this radiative component is unjustified in view of
its small contribution to the radiation balance at the surface.

Kondratyev (1965) suggests:
_ . 2 '
qLUR'_ qLUH s$in a/z - -- [4-47]

where 9 uH = long wave radiation emitted by the surface

in front of the slope.

=]
il

angle of slope with horizontal.

4.3.9 Long wave Radiation Emitted by the Surface (qLUS)
The theory involved in the compqtation of this portion
of radiation falling on the slope is identicai to that outlined
in section 4.2.8 dealing:!with horizontal surfaces. Equation [4.17]
may be used to describe this component with slight modifications

to the nomenclature.

I
Qs = eSoTSS - - - [4.48]

where TSS = temperature of the sloping surface rather than

that of the horizontal adjacent surfaces. The
magnitude of this term may experience a substantial diurnal variation
as the slope comes into direct contact with the sun during certain

periods of the day.

4.3.10 Summary of Components

The following treatment will attempt to briefly summarize
the radiation balance on slopes and group the terms into net short

wave and net long wave categories.
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i) Apss = complex expression relating the unit normal
of the slope to the rays of the sun.
ii) Agss = ddSH cos2 a/,
1) Gpgs = alapgy * aggy) Sin” /3
iv) gpg = -o (apgg * Gasn ¥ Ypss)
V) 9ps = 9 py COS 3/22
vi) 9pr = %1 (qLDH) sin a/,
Vit) a g = 9y 5122 8/2
VITT) Gus = - g0Tgs = apyy

Grouping expression i), i), i1i) and iv)

.2
qNSS ) {qDSS ¥ quH + a sin a/, (qDSH + quH)}(]-a)

2
- Q454 sin a/, - - - [4.49]
where dyss = net short wave radiation on the sloping surface.

This is a suitable form of the equation if all components are to
be calculated separately. However, if calculations are based on
measured total values then the equation should be recast into the

following form:

. = {q L5 L 4 gy * o §in2 a/p (Gepyn)}
INss DSHA cos z dSH 2 \g7HA
2
(1-a) - Agsh sin a/, - - - [4.50]
where IpSHA = actual direct beam short wave radiation on a

horizontal surface.

d4sy = diffuse radiation on a horizontal surface.

dgTyp = total short wave radiation recorded on a

horizontal surface.

12.



113.

a, COS A and cos z are as previously defined.
Components v), vi), vii), and viii) may be grouped as follows:
2 . 2 ~ , 2
9.Ns = 9LpH (cos™ a/, + a; sin a/,y) + q uy Sin a/2

= oM

If oy = 1.0,

. 2
s < (e appy - auyy) * & yy Sin /2

» 2 -
L NH + eg qLUH sin a/s - -=-"4,5

If the value of ay from equation 4.24 is substituted into
equation 4.51, then

Ins = s © (T} (a+b/) - T (leg sin® a/p) - - - 4.52

If the value of ay from equation 4.28 1is substituted into
eqﬁation 4.51, then

1

G 2
l-e, sin a/y} - - - 4.53

4 “s
U{TS Ea— eS-TS

_ 4
INs = s (
Equations 4.52 and 4.53 indicate that in general the net long
wave radiation on short slopes facing a horizontal surface will change
from negative to positive values at slope angles of 60 degrees or
greater. This observation may not be true where slopes are warmed
well above the prevai]ing air temperatures. Under these conditions

a very strong neéative component may be emitted from the surface of
the soil. However, data collected at Fort Simpson, N.W.T. indicate
that the net radiometers instalied on sloping surfaces rarely recorded
negative values of net radiation while those placed over horizontal
terrain consistently monitored negative values in the early morning

hours of clear days. An example of this data is included in Appen-
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dix D.

4.4 Turbulent Transfer Processes

Transfer of water vapour, heat, and momentum within the.
atmosphere p1ays a significant role in maintaining the heat balance
at the surface of the earth. This transfer process is generally
accomplished by turbulent mixing in the atmosphere even when the
air mass is very stable. However, this activity cannot extend to
thé ground surfacg and a laminar boundary layer of a few milli-
meters in thickness is present between the surface of the earth and
the turbulent activity in the atmosphere above. If the temperature
and vapouf pressure gradients within this thin layer can be accur-
ately established, then the amount of heat, vapour and momentum
in motion could be computed by boundary layer theory (Sellers, 1965).
Such measurements are, at worst unobtainable, and at best impractical.
The alternative has, therefore, been to measure temperature and
vapour pressure gradients at higher levels and to use turbulent
transfer theories to estimate the flux of heat or vapour at the

surface.

4.5 Evaporation and Condensation

Evaporation occurs when vapour moves from the surface to
the atmosphere in reéponse to a gradient, while condensafion is
simply the reverse of this process. It is, therefore, more reason-
able to consider nomenclature that describes heat transfer only,
in terms of the latent heat of vaporization or condensation, and
to let the sign of the vapour pressure gradient determine whether.
the net effect is evaporation or condensation.

There are two general procedures utilizing turbulent



theory to estimate this component of the heat balance. .The first

of these is the eddy flux or eddy correlation technique which

assumes that quantities measured at the one meter level will give
reliable values of the surface fluxes. Swimbank (1955), Dyer (1961),
and Frankenberger (1960) have attempted to use these approaches with
varying degrees of success. The equations which describe this proc-

ess are of the form

q = Le wq (Sellers, 1965) - - - [4.54]
where L = Tatent heat of vaporization

e = density of the air

W = mean or average vertical eddy velocity

q = mean or average specific humidity

However, Sellars (1965) states, "it is very doubtful
that they will ever come into general use".
The second of the turbulent transfer methods is that of

aerodynamic or profile techniques. The general form of the equation

is -
2 (uz - uy) (9, - q;) ) :
q = pLk z Ibid - - - [4.55]
(fn z, - fn z;)
where k ='von Karman's coefficient (=0.41).
u; and u, = wind velocities at levels z; and z,
G, and q, = specific humidities at levels z; and z,

Various functions are used to model the wind-humidity
profiles. Thornthwaite and Holzman (1939) suggest that under
adiabatic, fully turbulent conditions with logarithmic wind profiles,

the function of z, and z, is logarithmic and the denominator in

115.
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equation [4.55] is 1n (22/21)2. A variety of specific equations

using a combination of empirical and theoretical techniques are

available for estimating q - OfNeill (1973) provides an excellent
review of the background and theory and lists a number of the more
popular equations.

In summary, the gain or loss of heat associated with vapour

transport can be described as:
q = fn(u) (ea - es) - - - [4.56]

where fn(u) may be a partially empirical and partially theoret-
ical function of the wind profile and where e, and e, are the vapour
pressures of the air and surface respectively.

It is of interest to note the relative magnitudes of e,
and e and to consider their variation over typical weather conditions
during the thaw season with specific boundary conditions. The vapour
pressure of the surface (es) is the saturated vapour pressure at the
prevailing surface temperature provided the surface is fully satur-
ated. This relationship is well known and is shown in Figure 4-6.
Note that the saturated vapour pressure of water at 0°C is 6.1 mb.
The partial pressure of water vapour in the air (ea) is related to
the air temperature and the amount of water vapour present in the
atmosphere. This vapour pressure can be determined by various
pyschrometric techniques, which include a variety of humidity sensors
and wet and dry bulb temperature relationships. The term relative
humidity is used to describe the ratio of the amount of water vapour
in the air at a given temperature to the amount of watef vapour the
air is capable of holding at the same temperature. . Table 4-3 shows

some typical values of water vapour pressure for various air temp-
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Fig. 4.6 Saturated Vapour Pressure vs Temperature
eratures and relative humidities.

In general the earth's surface is warmer than the air
above it so that even with high relative humidities the vapour
pressure gradient is from the surface to the air indicating the
presence of evaporation. However, there are interesting obser-

vations to be made regarding cold surfaces such as glaciers,

melting snow packs and exposed permafrost that exist even dur-

ing the summer months. If the air temperature is 10%C then

fthe relative humidity must drop below 50% before the vapour

117.
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TABLE 4-3
AIR TEMPERATURE, RELATIVE HUMIDITY AND VAPOUR PRESSURE

AIR TEMPERATURE RELATIVE HUMIDITY VAPOUR PRES-
oC ‘ % SURE mb

10 80 - 9.8
70 8.4
50 6.1
20 80 18.3
70 16.4
60 14.2
40 9.1
30 7.2

|
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pressure gradient becomes negative and at 20°C the relative humidity
must drop below 26% before evaporation will occur (Table 4-3). At
relative humidities above these values, which are the rule rather
than the exception, the gradient is positive and vapour is moving
from the air, condensing on the surface resulting in a positive heat
flux of 600 E%%l for 1 cm. of condensate.

It is important to realize that all techniques discussed
above for estimating q are contingent upon the ability to predict,
model and maintain a wind and vapour pressure profile over the ter-
rain in question. This is often possible over snow fields, lakes
and reservoirs, deserts, and other extensive and reasonably uniform
surfaces. However, this is not the case where the area of interest
exists as an isolated entity within a totally different environment
such as a remaining snowpatch in a bare field, an oasis in a desert
or an exposed face of melting permafrost contained with an otherwise
warmed surface. Under these conditions, the only alternative is to
physically measure the amount of vapour transferred either to or
from the surface by a process called lysimetry. The procedure
requires that the soil, ice or snow surface be isolated, but remain
in contact with the surroundings. Measurements are made at frequent
intervals to determine the loss or gain of weight resulting from
evaporation or condensation respectively. Countless researchers have
employed different techniques for lysimetric measurements with
varying degrees of success. The greatest problem associated with
this technique appears to be the difficulty associated with installing
and maintaining the device without disturbing the heat balance within
the lysimeter in comparison to‘the surrounding terrain. The reader |

is referred to Technical Note No. 83, WMO (1966), and Nyeburg (1965)
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for details regarding various types of lysimeter design and operation.

4.6 Sensible Heat Transfer

The second major activity associated with turbulent
motion in the atmosphere is the vertical flux of sensible heat. This
term, in the heat balance equation, although usually small and negative,
may on some occasions be as large as, and of the same sign as the net
radiation (Treidl, 1970). The equations which describe this transfer
process are essentially of the same form as those used to describe
or predict the transport of water vapour,

The appropriate equation is

qg = pCp T (Sellers, 1965) - - - [4.57]
where p = the density of the air
Cp = the specific heat of the air at constant pressure

(= 0.24 cal/gm.°c)

T = mean or average temperature

(strictly speaking this is the potential temperature, i.e. the temp-
erature of a body of air brought adabatically to a standard pressure)

W = mean or average vertical eddy velocity

The Timitations of this equation, discussed in reference
to vapour transport, are also true for sensible heat transfer.

A variety of relationships exhibiting minor variations in
the form of wind and height functions express the aerodynamic and
profile methods for estimating the vertical flux of sensible heat.

They take the general form of
() (T, - Ty
9 = eCok (z, - z7)

- - - [4.58]
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The reader is again referred to 0'Neill (1973), Sellsrs

(1965) or any of the classic texts dealing with climatology and micro-
meteorology for a complete treatment of the theory and background
regarding sensible heat transfer predictiﬁns.

The sfmp]e semi-empirical approach is again useful in
describing the fundamentals and the variation in magnitude and sign
that may exist under specific atmospheric and terrain conditions.

This relationship is quantified by the equation

qg = fn(u) (T, - T) - - - [4.59]

S

Since the surface temperature is in general somewhat greater
than the air temperature, the temperature gradient is negative and
the surface of the earth is cooled as heat is transferred to the
atmosphere. There are, of course, many exceptions to the above state-
ment one of which occurs at night when temperature inversions are
frequent. Other more important exceptions may be noted when the sur-
face temperatures are consistently lower than the air temperatures.
These situations are again in evidence during the time of snow melt
in the spring and on glaciers and exposed permafrost surfaces in
the summer. Under these conditions significant amounts of sensible
heat may be utilized in sustaining the melting process (Treidl, 1970;
Muller and Keeler, 1969; Streten and Wendler, 1968).

It must be noted, with some emphasis, that the predictive
capabilities of these formulae are predicated upon being able to
model and maintain the wind and temperature profiles over reasdnab]y
uniform surfaces. When the areas of interest are isolated or appear
as islands in a substantially different environment, then large

amounts of sensible heat will be horizontally advected into this
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zone causing an accelerated rate of melting and making prediction

almost impossible.

Since ihe process of evaporation and diffusion of water
vapour from any water surface is similar to the conduction or diff-
usion of specific heat from the same water surface, Bowen (1926)

has suggested that it may be represeﬁted as a ratio R = qs/qL,

and that
( -T)
where Tw and Ta = temperatures of the water surface and

0

air respectively in "C.

Pw and Pa = vapour pressures of the water and air
respectively in mm. of Hg.
P = total pressure of the atmosphere in mm. of Hg.

This equation supposedly reflects the difference in the
transfer coefficients associated with the flux of sensible heat
and water vapour. However, if the transfer coefficients are con-

sidered to be equal the equation takes the form

R-OSOI(TW-T) X ... [4.61]
®, P ) 760 .

Obviously the 8% difference in these two equations can hardly be
considered significant.

If the ratio is defined simply as R = qS/qL, and when q
can be measured and dq calculated as the residual in the heat balance
equation from ablation measurements, then the ratio may be evaluated
and compared to the ratios obtained by other researchers. Table 4-4

summarizes the values of R that might be anticipated for the
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TABLE 4-4

SNOW MELT DUE TO SENSIBLE & CONVECTIVE HEAT TRANSFER AND BOWEN'S RATIO
(AFTER U.S. ARMY CORPS OF ENG., 1956)

Tempé Diff. Humidity M sensible M latent M sensible R’ R

C % in/day in/day M Tatent
5 40 0.05 -0.08  -.63 ~0.71 -1.2
50 -0.05 -1.0 -1.13 -1.8
60 0 0 0 -3.8
80 +0.10 0.5 .56 +3.8
100 0.05 .2 .25 28 +1.2
10 4 0.11 .05 2.2 2.5 -5.1
50 10 1.1 1.13 -460
60 .20 55 .62 +4.4
80 3] .36 1.7
100 0.11 .43 .26 29 1.0
15 40 0.18 2] .86 .97 8.4
50 .30 .60 68 4.0
60 .40 45 51 2.2
80 .60 .30 3 1.0
4 100 0.18 .78 .23 .26 .85
}% 20 4 0.21 .40 .53 60 4.2
,g 50 .54 .39 44 2.1
; | 60 .65 .32 36 1.5
" 80 0.21 .90 .23 26 1.0

* NOTE: Values of M. and M, have been estabh'shed from the accompanying
S L |

Figures 4-6 and 4-7
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equations predicting snow melt supplied by U.S. Army (1956). The

snow melt due to sensible and latent heat transfer has been determined
partly by theory and partly by empirical procedures (Fig. 4.7 and

Fig. 4.8).

0.00629 (P/Py) (2,/2,) /8 (T -1 )V, - -- 4.68

=
w
[}

=
n

-1/6
0.054 (Za - Zb) (ea - es) Vb --- 4,63

where MS and ML are the magnitudes of snow melts in inches/day

due to sensible and latent heat transfer respectively; P and P0 are
the actual and reference atmospheric pressures respectively; Za and Zb
are the heights of the sensors above the surface; Vb = the wind
velocity at level b (mph); T, and T, are the air and surface temper-
atures respectively (°F); e and eg are the vapour pressures of the
air and surface (mb ). The magnitudes of heat fluex required to pro-

duce MS and ML are:

dg MS x 80 x 2.54 = 203 MS langley/day

00
M, x §7§ X 2.54 = 180 M_ langley/day and

a

R = qg/a, = 1.13 Mg/M_

It is evident that R calculated from equation 4.60 bears little
if any relation to R'. It will subsequently be shown that ratios
of qg to a obtained from the Fort Simpson research project agree

reasonably well with the ratios calculated from meteorological data.



The author, therefore, concludes that the Bowen Ratio
may be a satisfactory means of estimating qg from measured values
of a in the‘geperal case. However, there appears to be a strong
indication that it should not be applied indiscriminantly to
specific . cases that involve unique or unusual boundary condit-

ions.

4.7 Energy Transfer Due to Precipitation (qP)

Energy may be transported to or from the surface of the
earth by precipitation that is cooler or warmer than the surface.
If the precipitation does not change phase as it comes into contact

with the surface, the equation describing the heat exchange is:

G = G (T, = T) P - - - [4.64]
_ . s cal .
where C = specific heat of water (34, );
W ; gm “C
p = density of water gm/cm ;

Tp and TS = temperature of the precipitation and surface
respectively;
P = the amount of precipitation received in a given

périod of time.

Generally speaking the surface of the earth will be cooled by prec-
ipitation during the summer. However, many exceptions again exist
when the surface temperature remains at or near 0°C. Under these
conditions the heat exchange will be positive. Since the magnitude
of this term is small, its sign is of little significance. If,

for example, the temperature difference is 5°C and 10 cm. of rain
fall on the surface in a 24-hour period, then only 50 langleys per

day are involved in the heat balance equation. Although this is

126.
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significant on the day of occurrence, accumulated values are of .

1ittle importance over the entire thaw season.

4.8  Soil Heat Transfer (qS)

In many projects dealing with agricultural, biological
or engineering studies, the soil heat flux is the term in the heat
balance equation that is the major item of interest. It can rarely
be calculated as the residual in the equation, with any degree of
accuracy, because it represents a relatively small difference of
comparatively large numbers. The magnitude of this term varies
greatly depending on the type of terrain. Arctic and desert regions
will exhibit substantial soil heating while more soqther]y veget-
ated regions will show considerably less. Field (1967) suggests
that this term is usually not larger than ten percent of the net
radiation. However, the 1imits may range from as little as two
percent of the net radiation (Williams, 1967) to values in excess
of twenty five percent (Gill, 1971).

Occasionally, attempts are made to measure this component
directly by using heat flux plates buried in the soil or below a
pavement (Monteith, 1958; Johnston, 1974)*. Problems arise in this
Procedure due to disturbance and more importantly from the differ-
ence in thermal conductivity of the plates and thé soil. The equation
describing heat flow in a homogeneous, isotropic medium for steady

state conditions is:

gg = ks 2T - - - [4.65]
where ks = the thermal conductivity;
T = soil temperature;
Z = depth below the surface.

* : . .
Johnson, H personal communication
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CHAPTER V
HEAT FLUX MEASUREMENTS AT THE HEAD SCARP

5.1 Introduction

The fundamental terms in the heat balance equation have been
discussed for both horizontal and sloping surfaces. The magnitude of
these quantities described thus far refer primarily to terrain normally
encountered throughout the region of interest and therefore synoptic
estimates of these terms are generally applicable. In addition, sit-
uations involving specific boundary conditions (namely cold surfaces)
have been discussed that exist during the summer months. The following
deals with the heat balance that exists at a typical head scarp of a
bimodal flow slide in the subarctic. A description of the site and
equipment used for the data acquisition is also given. The data will
be presented and analyzed in relation to the various terms in the heat
balance equation. Computed values will be compared to those measured

whenever possible.

5.2 Site Location and Description

The field work was performed at a large landslide approximately
18 miles downstream from Fort Simpson, N.W.T. on the Mackanzie River (610
50'N; 121°21'w; elev. 432 ft. M.S.L.). The site is shown in Figure 5-1.
McRoberts (1973) has provided a preliminary description of this land-
Slide but more recent information introduces two noteable alterations.
Measurements made in the course of this study would indicate that the
average slope of the profile shown in Figure 5-2 is 13.5°vrather than
the 19° angle suggested previously. The age of white spruce trees
along the head scarp was determined by counting annual rings. They

were found to be in excess of 140 years old, which is older than that



130.

SpLspue] uosdulS 3A04 JO MILA |eLUBY |-G By




131

apLLspue] uosduts 3404 jJ0
3se3] A|9jeLpaunil] JSALY SLZuaydel JO AL LJoad Jueg 2°G 614

1334 - 30NVISIA VINOZIYOH

0001 006 008 00L 009 006 o0 00¢ 002 00l 0
{ B&N)E 1 I 1 | | R 1 1 H o
SIZNBOVN 3407
OP = 3d01S
aNm Wil -10¢
.§'Sl= 3d0os m
m
-1 00lI uAv
pa |
o]
2
|
.2l = 3dO7S m
—40SlI m
m
-
J£* 3dols
—4002
- .; 062




132.
reported by McRoberts (1973).

The rotted and charred remains of timber are evident beneath
the forest litter, indicating the action of ancient forest fires.

The last severe fire apparently occurred approximately 140 years ago and
in all probability denuded the area of all trees and shrubs as no fire
scars are evident on any of the standing vegetation. The date of the
fire has been inferred by determining the age of some of the Targest
trees on the site. If indeed the fire was hot enough to fell the major-
ity of the trees, then it would logically destroy the insulative quality
of the moss cover and precipitate mass movements characteristic of
burned over slopes in permafrost regions (Heginbottom, 1971). The
action of flow slides does not appear to be consistent with the existing
angle of the river bank. Mud flows within the slide area stabilize

at angles considerably less than 10° to the horizontal. The question
then remains as to why the inferred destruction of the moss cover did
nof trigger massive flow slides in this region. On the other hand, if
flow slides were ihitiated, why did they stabilize at these relatively
steep angles?

The writer makes no attempt to analyse the principal causes of
the slide or the different modes of failure that have occurred over the
recent period of instability. McRoberts (1973) has described what
appear to be the dominant processes involved within the landslide act-
ivity. The immediate concern is centered around the southeast portion
of the slide. This area is retreating rapidly due to the ablation of
the exposed permafrost and forming the classic features characteristic
of bimodal flow slides in the Mackenzie River Valley (ibid).

It may be noted . from Figures 5-3 and 5-4 that a series of

these bowl shaped flow slides have developed, giving the east and
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DEPTH SOIL LOG DESCRIPTION GROUND
(approx.éo'm above river level) ICE LOG
0 0 - ~~|-Medium brown sandy |-~Thawed at time i
Z’E L - silt to sandy clay | of sampling 5;
- o Hls / -Organics in top ~Quite dry A sl
2 CIN 1 4 20 cm &
=R i Ve -Rootlets throughout =k
g 835 ° Ed
bool / -Active layer depth Bl
1 Z é/// Oct. 23, 1973 > f
A
e V -Brown to grey~brown|-Fine,predominantly
~ d A
1 / silty clay with horizontal ice
LA / sand mixed in -Lenses average 2
~ vl o to 3 mm thick at |V
i E g : %-No bedding apparent 1 cm spacing s
S vl /-Contalns few sticks| 15 0 207 ice seg-
x| 0 and sand lenses
2 / regated by volume
a3 I / -Appears to be high-
o] © KX -
E v ;'} &4 1y disturbed Icey at contact
i Rl
7 -Grey brown to dark |-Uniformly distri-~ P
/ grey, uniform buted ice in retic- -1
/ silty clay ulate structure oy
° / -Thick bedding occa-{-Principal veins :;:I
H / sionally discern- are quite clear V. I\wx
L able L P
g / -Sub-vertical and 1<
U -~ 5 13} /-Becomes more plas- | sub-horizontal at ’\,/
‘)ﬂ 14 @ L ° / .tic with depth 5 to 7 cm spacing, ey
K - / up to 1 cm thick A
;4 N o« 3 / M
s 3 o / -Minor set at 1 to 7'7\
.E % 1.5 em spacing E?/’
sLfe | @ / -20 to 30% ice N
T ~ / segregated by o
w é volume /:,/5
5 7
2l 138 % -Grey to dark grey |-Sub-horizontal ice p ‘\’\
% silty clay lenses, 5 + cm >
o - . thick at 18 to 30 A
« £ _ / Very few bedding cnm regular inter- [CE [-11
=g a features discerned & 5
sWHE <« 5 |57 vals v 2,
= qa.g wmom |° /-Increasing plastic-|-Fine reticulate r g
% Z - S / ity with depth structure in soil 73T
— N9 3 / between layers /4
] ~
22 ~ / =15 to 20% ice AR
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Slump / volume 7 /’
debris / S R
covers 7, <
/| exposure 7 4
Fig. 5-3(a) Description of Sediments of Fort Simpson

Landslide

After Roggensack (1975).
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southeast flank of the slide a cuspate appearance. It is the area
circled "A" iin Figure 5-3 and enlarged in Figure 5-5 that was studied
jn detail in this project.

~ The shape of this immediate region varies substantially from
time to time depending upon the soil-ice stratigraphy and the profile
of the bank above the slide. During the summer of 1974 the headscarp
varied from 20 to 40 feet in height and sloped at 45° to near vertical.
The main part of the ablating face is north facing. However, the flanks
of the bowl face east and west and recession of these faces proceeds
at a rate comparable to that of the north slope. Figure 5-6 provides
a view of thé head scarp as it existed in July, 1974. As the perma-
frost melts, it sloughs off the face and the debris slides down the slope
on the frozen surface of the underlying soil. It appears that an
exposed face of frozen soil and the pore water pressures that are
generated by an advancing thaw front are required to maintain the active
retreat of the headscarp. Otherwise, the debris becomes lodged on the
face of the headscarp and it will not readily move downsiope. A small
reservoir of mud, exhibiting a consistency near to that of the -liquid
limit of the soil forms at the base of the headscarp. When a suffic-
ient volume of this material has accumulated it gradually moVes down
slope forming a typical mud flow as described by Kerfoot (1969). Figure
5-7 illustrates the mud flow that had developed at the Fort Simpson
slide in July, 1974.

The head scarp exposure reveals the presence of an upper
layer of sand of varying thickness but generally incrgasing in thick-
ness with distance from the river. Below this sandy layer lies a
silty clay or clayey silt with intrusions of sand pockets. The thick-

ness of the sorted materials appears to be in the order of one hundred
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Fig. 5-6  View of Headscarp (July 1974)

Fig. 5-7 Mudflow at the Base of the Headscarp
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and fifty feet at a distance one thousand feet back from the shore
line. This layer of material appears to pinch out near the shore
line of the river,

The upper sand layer is quite variable in thickness through-
out its areal extent. It is largely absent in the area where severe
ablation is presently in progress. The other areas of the slide are
essentially stable because the retreating headscarps have encountered
reasonably thick beds of sand. This granular material is thaw stable
and as melting occurs it sloughs down over the face of the Tower ice
rich sediments forming a stable active layer.

The stratigraphic profi]e shown in Figure 5-3(a) of the head
scarp may be most easily described by recognizing four reasonably distinct
zones, differentiated on the basis of the amount and type of ground
ice. The active layer has been designated as Zone 1 and it is approx-
imately one metre (3 feet) in thickness, as determined from a test
Pit dug at the top of the head scarp in Oct. of 1973. The thawed soil
consisted of clayey sand grading into sandy to silty clay with increas-
ing depth. Zone 2 is considered to be an extended relic active layer.
Generally the soil is a silty clay with rhythmically banded ice lenses
of from 2 to 5 mm. in thickness. The water contents in this zone are -
extremely variable, depending on the location and the size of the sample.
Occasional lenses of sand and local thick ice lenses are evident in
this zone. Water contents as listed in Table 5-1 indicate variations
of from 20 to 125%. However, the writer recommends that these high
values should not be considered in determining a representative water
content for this zone. Zone 3 consists of 4 to 5 meters of medium to
highly plastic clay extending across the face of the head scarp. The

ground ice is essentially a fine reticulate network occasionally ex-
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posing repeating horizontal ice lenses of 5 to 10 mm. (2 to 4 in.) in

thickness. The unit weight of this material ranges from 14 to 18 kN/m3
(90 to 115 pcf) with typical wéter contents of 37 to 72%. This zone is
occasionally very ice rich with the lenses ranging from 5 to 25 cm.
(2 to 10 in.) in thickness. These lenses appear to dip sub-parallel
to the face of the scarp. Bedding planes, although obscure, within
the soil mass between the lenses are essentié]]y horizontal. Undrained
strength tests performed on this material were extremely variable and
generally quite Tow. Strengths ranged from near zero to as high as
10 to 15 kN/m2 (200 to 300 psf). Zone 4 is essentially unexposed at
the head scarp and exists to an unknown depth below the upper materials.
This soil (between the ice lenses) is a high density, medium to highly
plastic clay. It has a total unit weight of from 16 to 18 kN/m3 (102 to
115 pcf) with water contents ranging from 28 to 53%. Undrained strengths
of this material range from 5 to 10 kN/m2 (1000 to 2000 psf), (Roggen-
sack, 1975)*. This layer of competent material may well play an impor-
tant role in limiting the depth to which the flow slide has developed
at this site. The soil is dense enough and of sufficiently low water
content to render it reasonably stable when thawed. If this material
does not slough and fall away during the ablation process, then it will
form the base of the flow slide. The above statements are only spec-
ulation and a comprehensive drilling program would be essential to .
establish the location of this material relative to the base of the mud
flow throughout the existing slide. Figures 5-8, 5-9 and 5-10 indicate
the different zones described above.

The index properties and soil gradation are given in Table 5-1.

It is interesting and of significance to note that the index properties

- PO - mnma cim o mm e d
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and grain size distribution of the soil within the zones are essentially
the same. Only the amount and nature of the ground ice differentiates
the visual classification and behavior of the different zones. The
numbers set within the boxes are considered to be the most representative

of the values recorded for any listed property.

5.3 Ablation Rates

5.3.1 Measurement Techniques

The rate at which the head scarp retreated was determined from
physical measurements taken daily around its perimeter at six different
stations. A technique was developed that enabled all activity assoc-
jated with the measurement to be performed from the top of the escarp-
ment. Slender timber rails were extended over the edge and secured in
a horizontal position. A plumb bob was permanently fastened to each
rail so that it swung freely a few cm. from the face of the soil (Fig-
ure 5-11 and 5-12). A light cord was threaded through a hollow conduit
and another weight fastened to this cord. At the time of measurement,
the conduit was extended along the rail to the point where the plumb
bob was fastened. The weight on the cord in the conduit was lowered
until it coincided with the level of the plumb bob. The cord was held

securely and the conduit was moved back horizontally along the rail

until the weight came into contact with the face of the soil. The end
of.the conduit was marked on the timber rail and thus thé movement of
the face was established each day at the same level. The weight was
lifted an arbitrary amount and a similar measurement taken part way

up the slope. A]] of the stations did not always provide reliable
daily ablation rates. Occasionally the melted soil became lodged on

the face of the slope indicating that melting was not occurring for
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a number of days. However, when the weight of the melted materiai
became sufficiently large to overcome the shearing strength of the
soil at the thaw front, the material would slough off and move

down the slope exposing the frozen face to a new cycle of ablation.

5.3.2 Magnitude and Heat Requirements

Ablation measurements were taken from June 21, 1974 to
July 21, 1974. The retreat ranged from a minimum of 256 cm. to a
maximum of 455 cm. The larger numbers are associated with stations
where the ground ice was relatively uniform and rhythmically banded.
These soil conditions allowed the material to fall away from the face
as quickly a§ it melted providing a truer indication of the ablation
rate than areas that retained the melted soil. The recorded data are
presented in Figures 5-13 to 5-18. Figures 5-13, 5-14, 5-16 and 5-17
indicate ablation rates at stations 1 and 1(a), 2 and 2(a), etc.

The subscript "a" indicates a measurement taken approximately 1 metre
above the break in the slope of the head scarp at the same station.
The data presented in Figures 5-15, 5-16, and 5-17 provide the most
reliable data and will therefore be used to compute the amount of
heat utilized ih maintaining this rate of melting. The average rate
of retreat for stations 3, 4 and 5 for the time period of measurement
was 14 cm/day.

‘A representative water content of the soil from this body of
permafrost is vefy difficult to determine. This is largely due to
the variability of the material and the presence of large ice lenses.
Sampling was not attempted during the summer while the remainder of
the experimental work was being conducted. Obtaining frozen cores

from the face of the melting head scarp was not feasible. Frozen
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Fig. 5-12 Ablation Measurement Technique
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- Fig. A1 Mile 222 Alaska Highway (Backslope instability during
construction, July 1973).

A

Fig. A.2 Mile 50 Dempster Highway (Headwaters of the East Blackstone
River. Road built at very modest geometric design standards).

W

Fig. A.3 Mile 124 Dempster Highway
(Typical view of the Ogilvie physiographic unit),
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~ 2 Ay ™ L.
L Fig. A.4 Mile 80 Dempster Highwa
(Improved geometric design standards).

Fig. A.5 Mile 109 Dempster Highway (Biangular profile of
backslope due to permafrost degradation).

Fig. A.6 Mile 114 Dempster Highway (Large thermal degradation
scar - 150 ft. wide and 15 to 20 ft. deep).




Fig.A .7 Mile 120.7 Dempster Highway (Ten ft. cut with 2:1
backslopes made into ice rich organic silt.

Fig. A.8 Mile 153 Dempster Highway (Melting of large ice wedges
caused slope degradation).

265.
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Fig. A.9 Mile 153 Dempster Highway
(View from top dressed backslope).

1~Lu$1;,? :

Fig. A.10 Mile 175 Dempster Highway (Backslope and shoulder failure
due to melting of a large ice lense).

\“

= ", _. ,.,"," i s : ..'. “‘ s “
Fig. A.11 Mile 175 Dempster Highway (Severe cracking of shoulder due
to differential thermal subsidence caused by construction).
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Ry o7
Fig. A.12 Mile 343 Dempster Highway- Large cut between Arctic Red
River and Fort McPherson (Looking west)

g ‘ }
~4 3 , :

L

-

NN J?é?’*%uub. ” 25
Fig. A.13 Mile 343 Dempster Highway - Stabilized backslope. (Hand
placed vegetation to control rate of tha ).

=

g -5 Tl A *.
W in the Richardson Mountains.
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Fig. A15 Approéch cut to>Matk.nzievRiver crossing—ét‘Afctic Red
River,

Fig. A.16 Typical vegetation patterns at southern end of TAPS
HauT Road.
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Fig. A.21 Mile 22.9 TAPS Haul Road (April 1970)
(After Smith & Berg 1972).

e A St R M A

Fig. A.23 Mile 23.4 TAPS Haul Road. Approach to Hess Creek
(April 1970).
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Fig. A.26
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APPENDIX B

The following appendix contains a computer program that was
used in Chapter III of this thesis. :

This program may be utilized in the design of insulation
thickness and surcharge lToading for the stabilization of planar land-
slides in thawing soils. The insulation used in this example is
woodchips. The input for trial one is:

Thermal conductivity of gravel (K1)
Thermal conductivity of woodchips  (K2)
Thermal conductivity of thawed soil (k3)

0.0065 cal/deg C cm s
0.00030 cal/deg C cm s
0.0030 cal/deg C cm s

Insulation thickness (H) =0.15m
Surface temperature (TS) =16.99 ¢
Length of thaw season (TF) =130 days2
Coeff. of consolidation -~ (Cv) = 0.002 em“/sec
Grid spacing (Dx) = 0.040 m
Depth of surcharge (DEP) =0.91 m 3
Unit wt. of G amt 1 = 19.65 kN/m
Specific gravity of parent material (GS) = 2.70

Water content of parent material (W) = 35%
Unfrozen water content of parent material = 0%

Friction angle of parent material (9) = 22

Slope angle (beta) ' = 12%

Number of times output is produced (I0) =5

Trial number two has increased insulation thickness and decreased
surcharge Toad. Al1 other parameters remain constant.

Insulation thickness (H)
Depth of surcharge , (DEP)

oo

[o2 W
- W
33

The elapsed time, the thaw depth, the number of depth incre-
ments, the pore pressure-depth increment profile, the pore pressure at
the thaw front, the effective normal stress at the thaw front, the
shearing stress at the thaw front and the factor of safety are 1listed
in the output.
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APPENDIX C

This appendix contains two computer programs that may be
utilized in computing the amount of solar radiation encountered by
a sloping surface. It also contains the details for computing the
amount of radiation reflected from one surface to another.

C.1 Program 1:

This program computes the Tength of a shadow cast by a sky
Tine obstruction on a sloping surface. Figure C-1 illustrates the
configuration. The symbols in the figure are defined as:

-§u = a unit vector along the rays of the sun.

§L = a unit vector nomal to the slope.

6b = a unit vector along the base line of the obstruction.

§h = the length of the shadow measured on the slope along
the azimuth of the sun.

P = the length of the shadow measured perpendicular to
the obstruction on the slope.

H = height of the obstruction.

Direction cosines for the sun and the normal to the slope

are:
Sun (S ) Slope S
g u 1
is . _ o
X axis} sin Z cos asu cos aS] in b
is| -ci . . si
Yy axis| -sin Z sin asu sin agq Sin b
z axis| -cos Z cos b
where a. = azimuth of the sun

su
a5y = azimuth of the normal to the slope

N
]

zenith angle of the sun

o
]

zenith angle of the normal to the slope or the
- slope angle measured from the horizontal



o
&
N

punoug buirdo|S ug uoL3onuysqy Aq 3se) 3.ovm__m (o)
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Let E be a vector in the plane of the slope along the base
of the obstruction and, therefore, perpendicular to the unit normal
of the slope.

E={1+tanb [cos2 (aob - as])]}ll'2 - - - [C.1]
where 8, = the azimuth of the obstruction
N={ -@@22 [2.0 tan? b cos? (as] - )
[E (1+c)] “
1/2
(1 - cos(ag, - ay )] + sin? (ag - a,)) - - - [c.2]
where c = tan Z tan b[(cos (as] - asu)] - - - [C.3]
Z = arc cos [cos & cos ¢ cos w + sin é sin ¢]
where § = declination of the sun (degrees)
¢ = latitude of the site (degrees)
W = hour angle of the sun measured positively to the

west of the solar noon or negatively to the east
(degrees)

The input parameters for the program are:

i) Declination of the sun in degrees (DECLIN) (F6.2 format)
i1) Latitude of the site in degrees (ALAT) (F6.2 format)
ii1) Height of obstruction in meters (H) (F5.1 format)
iv) Azimuth of obstruction in degrees (AOB) (F7.2 format)
v) Azimuth of slope in degrees (ASL) (F7.2 format)
vi) Slope angle in degrees (B) (F7.2 format)
vii) Hour angle in degrees (HRANGL) (F7.2 format)

The Tlisting and a sample of the output are included.

C.2 Program 2:

This program computes the daily direct beam radiation and
the total solar daily radiation on a slope. It also computes the
average daily direct beam radiation and the average total solar
daily radiation on a slope for the time. period of interest.

The expression for the angle between the rays of the sun
and the normal to the slope:

cos A = cos §(-cos w sin ¢ cos a sin b - sin w sin a
sin b + cos b cos w cos ¢) + sin § (cos ¢
cos a sin b + sin ¢ cos b) - - - [c.4]
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é = declination of the sun

W = hour angle of sun (measured positively to the west
of solar noon)

¢ = latitude of the site

a = azimuth of a unit normal to the slope

b = angle of slope to the horizontal

The input parameters for the program are contained on two cards.

Card 1: number of cards (N) (I10 format)
Card 2: 1) Tlatitude of the site (Alat) (F10.2 format)

q - 1i) azimuth of the normal to the slope (Azs1) (F10.2 format)
ii1) slope angle in degrees (S1a) (F10.2 format)
iv) time to begin calculations; measured from Mar 21 in

days (T1) (110 format)

v) final time of calculations in days (T2) (110 format)

ﬂ vi) total solar radiation on a horizontal surface at the

site (QHT) (F10.0 format)

# A sample of the output follows the computer 1isting.

C.3 Reflected Radiation from Surface 1 to Surface 2

(After Threlkeld 1970)

The following provides a basis for computing the amount of
radiation diffusely reflected from one surface to another.

C.2 Relation of a Small Surface dA2 to a Diffusely
Reflecting Large Surface A]
(After Threlkeld, 1963).




293.

Figuré C.2 illustrates a small surface dA2 whose plane is

inclined by an angle P to a perpendicular position with respect to
surface A,. The distance between the two surfaces is a. The surface
A, is reclangular and reflects radiation diffusely. The albedo of
tﬁis surface is o The amount of radiation reflected by surface A

1
is given by:

dq = a]I]dA]' - - - [C.5]

where dq = the radiation in ly/hr diffusely reflected by dA

upon a hemisphere of radius r .

I] = the intensity of solar radiation on surface A]

Since A] is assumed to be a pure diffuse reflector,

_ .2
dq = ar Irn - - - [C.6]

where Irn is the intensity of reflected radiation along the normal

to dA] and at a distance r away.

I, = Irn cos 6, cos o, - - - [C.7]
where dIr = the intensity of radiation incident upon dA2 due to
radiation diffusely reflected by dA].
a, I, dA, cos 8, cos
- _ 117 ] 2
dIr = 5 - - - [c.8]
mw
dA; = dx dy
cos 9] = a/r
cos 92 = x/r cos P - a/r sin P

r=yvy x2 + y2 + ;2’

Integration of equation [C.8] gives

b .
;1 {xcos P-asinp) dxdy - - [c.9]
r- - b, (x° + y° + a%)
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I.=——F - - - [C.10]
where  F=a ¢ ? jgzcos g - azs;n B) ax dy - -~ [c.11]
-¢ b, (x> +y" +a%)

The soltuion for F for several special cases is contained in Table C-1.
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APPENDIX D

Appendix D contains a computer program for the computation
of vapor pressures, vapor pressure gradients and temperature gradients
above the headscarp at the Fort Simpson landslide. Typical values of
wet and dry bulb temperatures are included. Some selected values of
net radiation are also listed in this Appendix. They indicate typical
hourly intensities during the day and at night for both horizontal and
sloped surfaces. They are listed in Table D-1.

D.1 This program computes vapor Pressure, vapor pressure gradients
and temperature gradients.

The vapor pressure is computed using the equations listed in
lines 18, 19, and 20 of the program.

The variables in these equations are the wet bulb temper-
ature (WBT), the dry bulb temperature (DBT), and the barometric pres-
sure (BP). The steam point temperature (STMPT) = 373.16° K.

The data cards are assembled in groups of three. The first
card provides the data at the 1 m level, the second at the 3 m level
and the third at the 6 m level. The variables on each card are the
same.

i) Date (MDATE1, MDATE2) (A2,A4 format)
ii) Time (ITIME 1, ITIME 2) (A4, A3 format)
iii) Level (L(I) (F6.2 format)
iv) Dry bulb temperature (DBT(I) (F6.2 format)
v) Wet bulb temperature (WBT) (F6.2 format)
vi) Barometric pressure (BP) (F8.2 format)
vii) Temperature scale (ISCALE) (C or F, A2 format)

The Tisting and output are contained in the following pages.
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TABLE D-1

RADIATION DATA JUNE 21/74 (LY/HR)
(FORT _SIMPSON TEST SITE)

TI -

(Hougg) STAT  STA2  STA3  STA4  sTA5  s7a
1:00 0.9 1.0 2.7 0.4 -2.0 0.1
2:00 1.5 1.8 3.6 1.1 -1.2 -
3:00 1.7 1.9 3.9 1.4 -0.6 -
4:00 0.9 1.1 5.8 0.6 -2.1 -
5:00 -0.4 - 2.5 0.9 -3.9 0.9
6:00 0.6 1.2 4.6 4.5 -2.0 3.6
7:00 1.7 3.1 10.2 13.3 -1.7 9.3
8:00 2.8 6.0 11.6 15.3 5.7 11.8
9:00 2.5 5.0 14.3 36.1 21.2 25.6
10:00 3.3 7.6 21.2 46.1 37.1 39.4
11:00 6.6 7.3 16.6 31.2 43.8 45.0
12:00 5.4 10.6 14.0 17.6 53.7 55.3
13:00 17.4 9.1 11.3 38.1 56.0 59.2
14:00 18.6 9.9 12.5 52.7 58.0 62.4
15:00 28.5 5.9 12.1 43.6 58.4 62.0
16:00 20.0 10.1 1.1 31.3 55.6 58.5
17:00 20.5 7.0 5.1 1.7 34.6 36.3
18:00 14.3 13.7 13.9 9.2 35.7 38.5
19:00 28.6 18.8 17.2 8.8 24.7 27.2
20:00 21.1 16.0 15.9 6.9 16.7 18.6
21:00 38.2 26.1 22.1 4.3 18.3 21.6
22:00 18.5 26.3 25.2 4.5 7.8 13.8
23:00 19.5 19.5 17.6 1.5 . 2.1 6.0
24:00 3.5 5.1 7.9 - -5.4 1.0
AVE 11.5 8.9 11.8 15.9 21.1 24.8
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TABLE D~1 (CONTINUED)

RADIATION DATA JULY 11/74 (Ly/Hr)
(FORT_SIMPSON TEST SITE)

(Héﬁﬁﬁ) STAT . STA2 STA3 STA4  STAS STA 6
1:00 0.9 - -0.6 1.3 -5.1 1.9
2:00 1.1 - -0.7 1.0 -4.8 1.9
3:00 1.5 0.2 -0.5 1.2 -4.3 1.9
4:00 2.1 0.8 -0.2 1.6 -3.7 1.9
5:00 2.1 0.7 -0.4 2.0 -3.9 2.3
6:00 2.9 1.6 0.7 7.3 1.3 5.1
7:00 3.4 2.6 2.0 15.6 2.2 12.2
8:00 4.3 4.1 4.0 10.0 2.8 10.3
9:00 5.5 5.2 8.1 19.1 1.7 18.7
10:00 7.4 7.6 12.1 24.0 19.2 26.4
11:00 7.6 7.1 18.6 30.9 38.0 44.5
12:00 7.4 6.6 16.2 23.8 44.0 52.0
13:00 13.3 11.5 16.1 29.8 46.0 55.6
14:00 15.3 12.0 29.0 33.2 49.9 59.3
15:00 14.6  10.5 29.6 24.4 38.0 47.4
16:00 21.1 9.9 53.2 17.9 45.0 54.1
17:00 8.2 - 4.4 10.8 4.4 2.2 4.7
18:00 15.0 = 14.0 20.3 1.4 16.3 22.3
19:00 18.6 15.5 18.1 11.5 13.5 19.4
20:00 32.1 22.2 25.7 8.2 17.9 24.1
21:00 41.5 30.0 29.2 8.1 17.8 24,1
22:00 19.8 16.4 13.1 6.5 5.5 12.4
23:00 10.3 9.7 4.7 3.7 -1.2 5.4
124:00 8.8 8.5 2.1 1.9 -3.6 3.0

AVE 10.9 8.5 13.1 12.6 14.6 21.6
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TABLE D-1 (CONTINUED)

RADIATION DATA JULY 19/74
(FORT SIMPSON TEST SITE)

<H562§) STA1  STA2  STA3  sSTA4  sTA 5 STA 6
1:00 -1.6 0.8 0.3 -0.3 -5.9 1.9
2:00 -1.8 -1.0 -0.3 -0.7 -6.2 1.9
3:00 -1.8 -1 -0.6 -0.8 -6.2 1.9
4:00 -1.8 -1 -0.7 -1.0 -6.1 2.0
5:00 -1.6 -0.9 -0.6 -0.7 -5.6 2.1
6:00 -0.1 1.1 1.8 3.5 -3.2 4.8
7:00 1.9 3.2 4.0 4.4 -0.7 6.0
8:00 4.5 6.1 7.4 8.5 4.1 10.2
9:00 6.5 9.2 11.9 39.2 4.6  31.6
10:00 4.5 6.0 7.1 27.2 19.9 19.2
11:00 3.7 4.7 5.3 54.3 40.3 47.2
12:00 5.5 4.8 5.8 32.8 45.4 54.0
13:00 6.3 4.9 6.0 41.5 47.9 60.9
14:00 18.3 5.6 6.7 45.7 49.7 62.3
15:00 26.5 6.0 7.0 24.0 49.6 62.4
16:00 7.5 6.0 6.6 12.5 46.5 59.8
17:00 24.1 8.0 8.6 13.3 37.9 50.2
18:00 28.7 13.6 10.8 5.7 19.9 29.9
19:00 22.3 13.2 10.8 4.4 9.7 18.8
20:00 18.9 . 15.6 14.1 7.5 8.9 14.5
21:00 8.2 8.5 9.4 5.9 2.5 8.6
22:00 6.7 5.0 8.7 5.6 -1.9 5.6
23:00 2.1 3.4 4.2 2.3 -2.9 4.1
24:00 1.4 2.2 " 3.1 2.0 -2.7 2.1

AVE 7.9 5.2 5.8 14.2 16.1 23.7



