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ABSTRACT

This thesis describes a laboratory study coaducted on samples of
undisturbed, fine-grained permafrost soil. Specimens were obtained
from sampling sites located near Fort Simpson, Nﬁrman We]fs, and Inuvik,
- N.W.T., Canada. Both frozen and thawed soils were tested to explore
fundamental. behaviour and assess typical geotechnical properties.

Direct shear tests on frozen soil were conducted at slow rates,
and obtained a friction angle identical to.the value determined for the
same soil when thawed. Moisture migration induced by shear was demon-
strated by ice lenses which had formed along shear planes. Sustained
displacement resulted in strengths which decreased with. each shear box
reversal. Transient and steady state deformation'processes were iden-
tified in creep tests performed on the same soil, and analytical tech-
niques used to assess.and present the data.have been described.

Résidua] stress tests on thawed soil indicated gqod correlations
between log 00' and thawed, undrainéd vo?d ratios. |t was determined
that post-thaw consolidatibn data could be used to estimate Oo' values
with accuracy éufficient for geotechnical purposes; Consoffdation and
triaxial shear tests demonstrated that fabric produced‘by segregated ice
QOminates behaviour at effective stresses below approximately‘SO kN/mz.
Permeabilities decreased markedly'as the secondary structure closed.
The blocky macrostructure was also responsible tor nonlinear failure
envelopes which were caused by dilatant behaviour at low stress levels.

Site investigation techniques in pefmafrost terrain have been dis-
cussed and recommendations pertaining to ifproving existing praétice

are presented.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

In the Northern Hemisphere, approximately half of Alaska, Canada
and the U.S.S.R. are underlain by permafrost or perennially frozen
ground (Mackay, 1972a). The existence of permafrost conditions fn the
sea floor beneath shallow coastal waters on the Arctic continental
margins has also been established (Mackay, 1972b). In his study of the
distribution of frozen ground in Canada, Brown_(1970) has described a
number of surficial features unique to permafrost terrain and notes
probliems which have commonly been encountered witH construction and
other enyineering activities in these regions.

Historically, the past decade has seen a gradual depletion of cén-
ventional reserves of oil and gas. This has brought about a dramatic
increasé in the demand for new sources of fossil fuel and other non-
renewable resources. Current and projected requirements have intensi-
fied exploration in frontier areas such as the Canadian Arcffc. Further-
more, the imminent need to exploit petroleum, natural gas, and mineral
deposits there will certainly enhance the eventual ecoﬁomic feasibility
of developing and bringing these resources to.markét.

Resource exploration and development occurring in the Canadian
Arctic since 1950 has been accompanied by engineering activities which
range from work as crude as bulldozing sefsmic trails,.to the construc-

tion of completely serviced communities. Ih addition to changing stress

-
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conditions at depth, these endeavours bften produce disturbances that
after the prevailing ground thermal regime. The effects which these
changes may have on the physical and mechanical properties of permafrost
soils are of interest when it becomzs necessary to either evaluate or
predict the geotechnical behaviour of these materials.

Geotechnical concerns unique to permafrost terrain require that
- both strength and deformation properties be defined throughout the
anticipated range of thermal conditions. Although engineering theories
have been developed which ostensibly provide an adequate description of
observed behaviour for both frozen (e.g. Ladanyi, 1972) and thawing
soils (e.g. Morgenstern and Nixon, 1971), there is almost no data available
which quantifies specific geotechnical properties for these materials.
Specifically, difficulties experienced in dealing with fine-grained
permairost soiis have iead to the develobment of considerable iﬁterest
in their behaviour. From this, it was clear that, wnerever possible,
‘undisturbed samples should be used in laboratory testing programs. This
stqdy therefore made use of core which had been obtained from several
different locations in the Mackenzie River Valley. To gain a more
detailed description of geotechnical parameters and soil behaviour, the
research described in this thesis has concentrated on defining certain
strength and deformation properties for frozen and thawing, fine-grained

permafrost soils.

1.2 SCOPE OF THESIS

Several facilities includfng an all-wetther highway and oil and gas

pipelines have been proposed to occupy a trancrortation ceorride: which



~generaliy follows the Mackenzie River Vélley. To_keep experimental data -
genérated by this study relevant, permafrost cores tested were obtained
from éites situated within or close to that same corridor. Figure I.i

is a map of the western portion of the Canadian Arctic and illustrates
locations for the three sampling sites used in this study. Although the
main thrust of this research dealt with the strength and consolidation
behaviour of thawing permafrost soils, additional experimental work also
investigated selected properties of frozen soils.

Chapter 1l describes the composition and properties of frozen soil
and documents the limited information available concerning their behaviour
under typical loading conditions at temperatures within a few degrees of
0°C. The role which ice assumes in introducing rate dependence to
strength and deformation behaviour has been given rather detailed atten-

'ticnf Cfforts Lo develop a rational apprcach to deformation and limit
equilibrium problems in frozen grounﬂ were commenced with a review of
literature dealing with the creep and shear strength behaviour of ice
and frozen soils. This revealed that most previous testing had been
performed'atrrelatively cold temperatures with applied stresses falling
lweil beyond thé usual range of geotechnical interest. Combining the
results of these studies permitted construction of a flow relationship
for ice which may be used to interpret certain aspects of frozen soil
behaviour. It emerged that strength and deformation properties could be
characterized with the aid of a descriptive model based upon certain
concepts which had been described in the available literature.

Published data concerning frozen soil behaviour have been limited

to that obtained from laboratory tests perfbrmed on reconstituted or



artificially prepared specimens. Chapter |}I déscribes direct shear
and creep tests which were conducted on undisturbed samples of a frozen
silty clay. The results of these experiments have been analyzed, and
for the most part, appear to substantiate the conceptual interrelation-
ships established between strength and deformatlon processes in Chapter
11. An attempt has also been made to identify those propertieS'which
will have the greatest effect on geoéechnical designs involving frozen
ground. Methods for evaluating these properties are suggested, and a
discussion of those factors which should be considered in developing a
design approach to deformation and limit equilibrium problems is given.
0f equal importance is an understanding of the mechanical proper-
ties and geotechnical behaviour of thawing soils. Chapter |V outlines
thaw-related geotechnical éoncerns énd reviews the development of a
workable thaw-consclidation theor y. The consclidation and - shear sireng th
characteristics of thawing permafrost soils are then discussed with
reference to the unique stress history and macrostructure which result
from soil freezing. Chapters V and V1 dés;ribe the reéults of a compre-
hensive laboratory testing program conducted to investigate the behaviour
of fine-grained permafrost soils during and after fhaw. Specimens used
in these tests were obtained by drilling and sampling at the three
different sites indicated in Figure 1.1. The surficial geology of these
s}tes, sampling equipment and procedures, core shipment, core storage,
and sample preparation techniques are described .n Appendices A and B.
Chapter V deals with the consolidation and related properties 6f

permafrost soils upon thaw. The stress-sénsitive secondary structure

&



has been shown to dominate soil permeability, and hence, other facets of
coﬁsolidation behaviour. Effective stresses following thaw in an un-
drained condition ('residual stresses') have.been evaluated, and geologi-
cal and geotechnical interpretations of these results are presented.

The data obtained substantiate current theoretical concepts and provide
some documentation of consolidation properties for undisturbed, fine-
-grained, permafrost soils.

Chapter VI contains the results of a triaxiél testing program con-
ducted on these same soils. Once again, the results show that macro-
strﬁcture has an important influence on behaviour, particularly when -
shearing proceeds under conditions where low effective stresses prevail.
Pore pressure response to changes in stress and the dependence of un-
drained strength on the magnitude of residual stress are also described.
Results obtained were found to be in genéral agreement with behéviour
observed for other similarly structured soils.

The final chapter contains a discussion of considerations which
should be included in planning site investigations and commencing geotech-
nical degign involving frozen or thawing soils. Definition of appropriate .
soil properties and obtaining a clear understanding of shear strength
and deformation behaviour are essential to this process. Concluding
remarks summarize the most important findings of the research described
in this thesis. These are followed by suggestidns regarding topics for
related ongoing research which might help to resolve some of the more

important questions which remain.
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CHAPTER |1

REVIEW OF GEOTECHNICAL PROPERTIES OF FROZEN SOILS
2.1 COMPOSITION OF FROZEN GROUND

Frozen soils are a complex multiphése system which may consist of

- as many as four distinct phases, each possessing different properties.
These phases are: mineral particles (silicates), liquid water, ice, and
air or other gases. Also present are several interphases,»the mos t
important of these being ice~silicate, ice-water, water-silicate, air-
water, and air-ice. The interrelationships of these soil constituents
depend upon the properties of each phase as well as external influences
such as temperature and stress.

Physical relationships between the.gilicates, water, and tﬁe water-
silicate interphase are routinely described in most basic soil mechanics
texts (e.g. Yong and Warkentin, 1966; Wu, 1966; Lambe and Whitman,
1969). These sources suggest that physico-chemical surface effects
related fo the size and composition of the mineral particles may have a
considerable influence on the properties of frozen soil. Soils with
large specific surface areas characteristically contain significant
percentages of clay minerals. Experimental and theoretical asbects of
the clay-water interaction have been reviewéd by several authors (Rosen-
quist, 1959; Martin, 1962; Morgenstern, 1969). It is generally accepted
that absorption of water onto silicate surfaces results in changes in

the properties of the water in the interfacial region. Interaction

&



effects may extend outward to include films many molecular layers thick
but little is known about the effect this has on water held at the
silicate surface (Ander;on, 1967). Nuclear magnetic resonance studies

(ibid.) have revealed a substantial reduction in the overall freedom of

molecular movement, but the bouﬁd water apparently retains thé mqbilityi
of a two-dimensional fluid.. Theoretical considerations lead-to the
conclusion ghat the intensity of effects associated with the silfcate-
water interaétion must diminish rapidly as the distance away from the
surface is increased.

Many of the unique characteristics of frozen soil behaviour are
closely related to the nature of these iéterfaces; For a complete
summary of water-ice phase chpositEOn, interface characteristics, and
applicable thermodynamic relationships, the reader is réfgrred to a
recent review paper by.Anderson and Morgenstern (1973).

Experimental studfes have shown that excludingbthe vapor phase,
water in frozen ground exists fn one .or more of three possible states:
ice, strongly bound water, and liquid wafef, the relative proportions of
each being dependent upon temperature (Nérsesova and Tsytovich, 1963).
In any frozen soil, the unfrozen water content present is principally
determined by temperature,‘and for all practical purposes, is independ-
ent of the soil's  bulk water content. 'By specifying temperature,
controlling variables are reduced to specific surface area, nature of
the mineral surfaces, and pore water chemistry. Furthefmore, it appears
that the complex texture and matrix geometry characteristic of natural
soils can be adequately approximated by deEermining total specific

surface area (Anderson and Tice, 1972).
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éeveral different experimental techniques have been ﬁsed to determine
the temperature dependence of the water phase composition in frozen
soil. The results obtained have varied considerably. Although each
approach involves its own inherent abproximations, assumptions, and
inaccuracies, the data obtained seem consistent when normalized with
respect to the specific surface area. From the results of an isothermal
calorimetric study conducted on several different soil types, Anderson
and Tice (1972) have developed an empirica]lequation which relates
unfrozen water content to specific surface area and temperature. This
permits quantification of a soil's unfrozen water content when its
sﬁecific surface area is known or can be esfimated. Phase composition
curves cénstructed on the basis of Fhis relationship indicate that the
“most significant changes in unfrozen water content occur between the
temperatures of 0°C and -5°C. The curves then assymptotically approach
an unfrozen water content equivalent to an interfacial layer approximately
two water molecules in thickness covering all silicafe surfaces (Anderson
~and Tice, 1973).

Farrar and Coleman (1967) found a linear correlation between total
specific éurféce area and liquid lfmit for nineteen different clayey
soils; therefore, the liquid limit may also be used to predict un-
frozen water contents. A relationship using the liquid 1imit has been
obtained by Tice et al. (1973) who indicate that unfrozen water contents
can be determined in this manner with an accuracy sufficient for use in
geotechnical.engineering. Phase composition correlations obtained
appear to be consistent with our current understanding of the role
of specific surface area in relationships ‘between clay content, clay

minzsralogy, and soil plasticity.
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As ice forms during soil fréezing, soluble salts are excluded
from its crystal structure, thus increasing the concentration of
salts in the unfrozen water as the temperature decreases. This
process enhances free;ing point depression in the liquid phase and
thereby affects the soil water phase relationshfb. Banin and Andgrson
(1974) have combined the equations describing salt concentration by
the remova] of water with those for freezing point depression in nor-
mal solutions to eyaluate changes in freezing point depression during_'
freezing. Effects which might be anticipated under various natural
conditions have also been discussed. |

Temperature hysteresis has been indicated in some unfrozen water
content curves, Williams (1963, 1964) being the first to document this
phenomenon. He observed differences in the apparent specific heat
during cooling and warming of the same soil and suggested an analogy
wifh the suction-moisture content hysteresis usually fouﬁd when
porous materials are wetted and dried. His gxperimental results
indicate a lower unfrozen water content during warming than the soil
héd possessed at that same temperature while béing cocoled. Anderson
and Morgenstern (1973) have described some of the inadequacies of
adiabatic calorimetry (the mefhod used by Williams) and conclude that
the hysteresis was due to moisture content redistribution o;curring
during ice segregation.

As soils freeze, some ice in the soil is segregated into discrete
lenses or veins, effectively removing that water from the influence of
silicate surfaces. During soil warming, a longer time would then be
required before ice melting could provide,enough liquid Water to

establish an equilibrium film thickness on the mineral particle surfaces.
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Even then, the process is not completely reversible dufing warming
because the water, having been transformed to the solid state, cannot
‘melt and be redistributed until the temperature is increased to about
~5°C. A unique physic;l relationship that has been established be-
tween unfrozen water content, temperature and spécific surface area,
and it seems likely that the hysteresis obserQed by Williams (1963,
1964) at warmer temperatures was at least in part related to the
rapidity with which his tests were performed. It follows that lower
water contents would be interpreted from measurements made during
warming, but by allowing longer times for water redistribution at
each testing stage, the influence of sample thermal history would
have probably been much less dramatic.

The equation defining unfrozen water content as a function of
specific surface area and temperature has been inccrporated into a
secénd relationship which permits the evaluation of apparent specific
heat as a temperature function for the same soil (Anderson et al., 1973) .

Inspection of the phase diagram for water indicates that at pres-
sures and temperatures encountered in engineering and geological situa-
tions, ice found in frozen ground will be normal hexagonal ice (Type
th). The common occurrence of this ice form in frozen ground has
been substantiated by Anderson and Hoekstra (1965). lce crystals with-
in lenses are usually elongated in the direction that heat flowed
during freezing with the c-axes being oriented randomly in a plane
orthogonal to the direction of growth (Penner, 1961; Osterkamp, 1975).
The properties of ice are responsible for several aspects of uﬁique
behavior that characterize frozen soils. Their viscoplastic

strength and deformation properties can be attributed largely to the
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presence of an ice matrix and ice cementation bonds. Cﬁanges in tem-
perature alter the phase composition of water in frozen soils, and
this in turn controls the degree of ice cementation and total ice
content. The amount of unfrozen water therefore emerges as an impor-
tant quantity in terms of its effects on mechanical and thérmal prop-
erties. Furthermore, ice phase propgrties are also temperature
dependent. . Interaction between the soil mineral skeleton and ice in

frozen soil will be discussed in subsequent sections.
2.2 DEFORMATIONS IN ICE

The rheological chara;teristics of frozen soils are a direct
result of the presence of ice as a matrix or internal bonding agent.
Grain-to-grain contact has an infiuence on soil behaviour, but in ice-
rich materials, a significant portion of the particles are completely
separatéd from each other by ice. With ice present as pore cement
or discrete veins, ice phase behaviour will probably dominate any
load-deformation relationships determined for frozen soil. Studies of
creep in ice are therefore a useful starting point in the déVelopment
of appropriate stress-strain relationships for frozén soils.

Measurements of ice deformation rates have been méde under widely
differing conditions and with various ice typés. Early researchers
assumed that ice would behave as a simple Newtonian viscous material,
so that at any given temperature, strain rate would be linked to
stress by a constant coefficient of viscoéity (Hobbs, 1974). Attempts
to determine this coefficient led to result’s which varied by as huch

as six»orders of magnitude. From these data, it was apparent that ice
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was a non-Newtonian material; therefore an examination of deformation
mechanisms was required. Before theoretical models could be developed
for use in analyses, a.-meaningful constitutive relationship had to be

obtained for ice.

Laboratory studies

Glen (1952, 1955) was one of the first to perform comprehensive,
temperature-controlled laboratory creep tests by subjecting randomly
oriénted poiycrysta]line ice to uniaxial compression. He observed
a rheological response with the’ice undergoing a small instantaneous
deformation (elastic strain) at the outset and continuing to deform
at a rate that gradually decreased with time (transient or primary
creep). With the sufficient passage of fime, a steady creep rafe was
usually obtained (stationary or secondary creep). Under higher stresses,
‘this eventually gave way to reacceleration and ultimately, failure.
Since ice is a crystalline material, its deformation behaviour can
probably.be described with phenomenological models similar to those
used in creep fheories for metals. Typical developments using this
approach can be found in any one of several basic textbooks dealing
with the subject (e.g. Hult, 1966; Odquist, 1966).

Experimental studies on a wide variety of materials indicate that
at a low to moderate stress. level, a simple power law adequately
describes the dependence of steady state creep rates upon the applied
stress (Ladanyi, 1972). Within this framework, Glen (1952, 1955)
developed a flow law for polycrystalline ic; in simple comprassion

that took the form:
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¢, = ACO" , (2.1)
where és denotesnaxial strain rate,

o denotes axial stress,

A is constant for a given temperatu}e and ice type, and

n is an exponent approximately equal to 4 (when the

experimental results were corrected for transient

effects).

Slight curvature of the log € versus log ¢ curve suggested that the

exponent, n, might actually increase slightly at higher stress levels.
Although true steady state conditions were established in few, if

any of his tests, Glen's (1955) early work was a point of departure

- for tHe many studies that followed. His tests were conducted at.
stresses qgenerally exceeding those of interest in both geotechnical
engineering and field glaciology. Creep measurements at lower stresses
were attempted by Butkovich and Landauer (1959, 1960). Their results
suggested that linearly viscous behaviour was dominant for low stress
conditions with temperatures near the melting.point. Combining these
data with his own fieldlresults, Meier (1960) suggested that a reduc-
tion in the power law exponent, n, would be appropriate with decfeasing
stress. At these lower stresses (i.e. those less than Sb kN/mz), it
was indicated that the relationship given in Equation 2.1 was not
adequate to descritz all of the data. An alternate flow law proposed

to embrace the non-linear behaviour took.the form:

& = Ao + Ba" : (2.2)
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where A and B are constant for a given ice type aﬁd temperature,
while,
nis constaqt at approximately 4.5.
Butkovich and Landauer (1960) found a\similar flow law and suggested
an exponent equal to 3 for the higher stress raﬁge. Mellor and Smith
(1967) extrapolated results from their creep.tésts on snow ice to an

3

ice density of 0.917 Mg/m” and obtained a two-term flow law that, in
general terms, agreed with the results of previous workers.

A flow law of the form given by Equation 2.2 lends support to
Meier's suggestion that two separate mechanisms could be responsible
for deformations in ice. From the data available at that time, he
concluded that at temperatures near the melting point, ice was linearly
viscous at low stresses. Barnes and Tabor (1966) observed a rapid
change in the indentation hardness of icc for tcomporatures wairmer than
-12°C. 1t would seem that at these temperatures, evperimental methods
- suggested by Glen (1955) could not be reliably employed to obtain a
satisfactory and comprehensive flow law for ice. Dillon and Anders-
iénd (1967) combined available data that encompassed a wide stress
range and concluded that a transition from one mode of creep to another
appears to separate regions of high and low stress. Their flow law
was linearly viscous at low stresses and featured a transition region,
eventually recovering an equation for higher stresses that was equiva-
lent to Glen's power Iaw; The two emergent terms were in general
agreement with the flow law proposed by Meier (1960).

Studies by Mellor and Testa (1969a) investigated the effects
which temperature has on creep rates. Their interpretation suggests

that the apparent viscosity of ice decreases more rapidly with increasing
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temperature than might have been énticipated*from Glen's earlier work
(1955). A companién paper (Mellor and Testa, I969b) has attracted
considerable interest since the results of long term, low-stress tests
suggest a power law rélationship with an exponent of 1.8. These results
were combined with data from Mellor and Smith (1967) and Mellor and
Testa (1969a) to develop a composite curve which embraced a much wider
range of stresses. The derived curve indicates an increase in the power
law expone;t as stress is increased.

Mellor and Testa (1969b) have qualified their conclusions by
pointing out that their tes} data for the low stress range do not conclus-
ively establish a flow law. Due to slower strain rates observed in
their long-term tests, they criticize earlier laboratory studies on the
basis of premature termination where steady state creep had been assumed
to have been established within a few hotirs or days. WYecrtman {1303) in
turh, refuted Mellor and Testa's claim that_steady siate creep rates had
been established in their tests by arguing that true steady state creep
rates should be obtained over a 10% interval of strain. The slowest
rate that- could then be reliably measured in a year-long laboratory test
would be of order 10-8 sec_]. Weertman and Mellor and Testa were acutely
aware of the experimental difficulties associated with obtaining second-
ary creep rates under conditions of low stress and near-melting temper-
atures. At the same fime, Weertman's suggested standard of IO% strain
appears to be somewhat arbitrary and a physical basis has not beenv
presented. Mellor (1969) in reply, stated that the exact form ofrthe
dependence of creep rate on stress is of less interest than the import-

ance of his finding that ice does not behave, in a Newtonian manner at
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low stfesses. Mellor and Testa's {1969b) reported stréin rates may not
:neéessarily be cdrrect but they do represent an uppér bound and therefore
provide a better approximation of actual steady-state creep rates thén
those previously available. The conclusion to be derived from these
studies is that classical laboratory creep tests are probably not pract-
ical if axial stresses of less than 50 to 100 kN}m2 {7 to 15 psi) are to
.be used.

More recently, Colbeck and Evans (1973) have reported a flow law
based on the results of polycrystalline ice tested in compression at the
preésure melting point. Their equation takes the form:

s 3 5

&€ = Ao+ Bo® + Co {2.3)

and_inéicates sirain raies which are af least a fuii order of mégnitude
faster than those cobserved by Meier (1960) or Mellor and Testa {(1969b)
‘under similar stresses. In view of the small total creep strains and
relatively short test durations reported for this study {200 hr. max-
imum), Colbeck and Evans' (1973) results should probably be regarded
with caution. Concern has been expressed that some of Glen's (1955)
measurements were also inappropriate for secondary creep rate evaluation
since reported values were often obtained from the brief creep interval
separating the primary and tertiary stages. Budd (1969)] has indicated
that at higher stresses, creep rates obtained in short duration tests do

not differ significantly from those determined in longer tests at the

! Referring to conclusions drawn by Voitkovski (1960)
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same stress level. Voitkovski'é (1960) experimental»wo;k suggests that
for stresses below a certain limiting value, steady state creep can
apparently continue over lengthy periods of time (g;g, at 100 kN/m2, -
1°C, a constant rate was observed over 5000 hr.).

Barnes et al. (1971) have conducted a compfehensive sfudy of the
creep behaviour of polycrystalline ipe. Following the approach taken by
Glen (1955) to distinguish transient effects, they have assumed that
total deformation can be described by the superposition of the independent

processes of elastic straining, transient, and steady state creep. The

equation for creep strain is then given by:

/3 . '
= + + £ 2.4
€ g, Bt + et (2.4)
where € denotes tihe instantaneous eiastic strain,
B denotes an appropriate constant (with Bt]/3 giving the

transient creep), and
és denotes the steady state creep rate.
Using this equation, Barnes et al. (1971) then assumed that the steady
state creep rate could be obtained from low stress tests evéh though
creep strains throughout the test were dominated by transient processes.
On this basis, secondary creep rates were obtained forva wide range of
temperatures and applied stresses.

Glen (1955) was the first to suggest that an Arrhenius-type of
equation could be used to describe ice creep over a limited range of

stress. This equation differs from Equation 2.1 by including temper-

ature effects and takes the form: £
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= oy :_Q ) 2.
és = A'g exp (RT) (2.5)
where Q denotes the activation energy,

R denotes the gas constant, and

T denotes the -absolute temperature,‘

The constant, A, in Equation 2.1 has been replaced here by
A' exp (%%): It is clear that if és were proportional to cn, a plot of
log 0 against log és would produce a straight line with a slope of n.
Barnes et al. (1971) found this to be the case for stresses of less than
] MN/m2 (150 psi) and obtained an exponent approximately equal to 3. At
higher stresses, the exponent approached a value of 5 so they proposed a
hyperbolic sine expression to describe the creep behaviour over a broad

stress range. This new relationship is given by:

= = A'(sinha's)" -Q _ '
€ A'(sinha'c) exp (RT) : (2.6)
where A' and o' are new constants and the other symbols retain their

meanings from above,

Most of the laboratory creep tests described above were conducted

4

in the stress range of 102 kN/m2 to 10 kN/mZ; These results generally

fall outside the range of stresses and strain rates appliéable to geo-
technical engineering and studies of glacier flow. A summary of pertin-
ent laboratory stucies, including some not discussed above, appéars in
Table-z.l. This synthesis leads to the conclusion that for stresses in

4

2
the 10° to 10 kN/m2 (15 to 1500 psi) range, an exponent of approximately

3 is consistent with the reliable test data,.
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Field studies

The general applicability of a flow law derived from laboratory

test results can be assessed by substituting that relationship into an

appropriate model and comparing predicted results with field flow rates

measured in glaciers and ice shelves. Some of the uncertainties assoc-

iated with this approach are listed below:

1)

2)'

The laboratory flow law is one-dimensional and experimehtal
verification of its generalization to three dimensions has not .
yet been obtained.

Simplistic models of glacier and ice~shelf behaviour seldom
incorporate appropriate non-uniformities of stress, longi~
tudinal strain, ér‘ice density.

Boundary conditions arc difficult to establish with confidence
when basal sliding, bed undulations, flow constriction, shelf

grounding and edge effects are to be included in the analysis.

lce bodies deforming naturally, in response to self-weight gravity

stresses, have been the subject of numerous studies. Researchers have

inferred relationships between stress and strain rate from the vertical

gradient of horizontal velocity, borehole and tunnel closure rates, and

ice surface velocities. A widely used technique has been the measurement

of time changes in slope of boreholes initially arilled vertically into

glacier ice. Nye (1957) reinterpreted an earlier analysis of data from

the Jungfraufirn borehole experiment (Nye,'1953), the results of which

were originally reported by Gerrard et al. AI952). The basic aséumption
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of laminar flow was checked against field observations of ice movement.
From this, it was concluded that deformation data gathered from the
upper portion of these profiles were unreliable. Borehole inclination
changes could not be uniquely attributed to shear strain and, as a
result, it was not possible to deduce a flow law for ice directly from
the field data. Substituting Glen's power law with an exponent of 4.2
did yield a velocity profile that compared well with the one obtained by
including effects for estimated longitudinal strains. In the case of
the Jungfraufirn results, accounting for the effects of longitudinal
extension reduced the apparent power law coefficient Froﬁ the value
which had been calculated previously by using a simple laminar flow
analysis. _

Méier (1960) has assembled his observations of vertical and trans-
verse velocity profiles from.-the Saskatchcwan gfacier with field and
laboratory data from several other sources. By inferring stresseé and
relating them to strain rates deduced froh borehole velocity profiles,
he obtained a flow law for glacier ice, the form of which was given
earlier as Equation 2.2, These data suggest that the flow law derived
by Glen (1955) with And?ade's law used to separate transient effects is,
in part, consistent with field behaviour (exponent equal to 4). A
discrepancy was indicated at lower stresses, even after attempting to
account for the effects of longitudinal strain using the approach
described by Nye (1°57). The form of Meier's flow law is more complex
than the simple power law (Equation 2.1) and to explain this, he has
suggested that two mechanisms of flow probably operate simultaneously in

polycrystalline ice that sustain deformationt:
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1) Newtonian viscous flow due to grain boundary éliding.

2) . Power law, steady state flow due to intracrystalline gliding

by dislocatiqn climb. |

It would appear téat Glen's equation for creep may not apply at low
stresses; that is, for 'effective' stresses of less than approximately
70 to 100 kN/m2 (10 to 15 psi). It should be noted, however, that at
these sameylow stresses, the potential for error in analyzing Meier's
field data is large. This shortcoming is confirmed both by the author's
expression of uncertainty and by the considerable scatter evident in his
field data. Budd (1969) has summarized results from several boreholes
in colder, polar glaciers, including deformation measurements for the
Tuto ice ramp' in Greenland, but these are all subject to the same
interpretive difficulties.

Internretation of borehole velocity mcasurements by using a simpie
laminar flow analyses becomes more complex when attempts are made.to
account for longitudinal stresses and strains. Data for the Athabasca
Glacier given by Paterson andeavage (1963) are in general agreement
with Meier's results, but similarly, exhibit significant scatter in the
low stress range.

Inclinometer surveys of several boreholes in the Blue Glacier have
been conducted by Shreve and Sharp (1970) to investigate the flow law
for ice at depth. Their study indicates reasonable correspondence

between the field ¢ata and a flow law of the form suggested by Glen

(1955). Raymond (1973) has developed methods to more accurately evaluate

] Data obtained from a report by Wilson (1959)



the three-dimensional distribution of velocity in.a valley glacier.
These techniques have been applied to measurements of internal deforma-
tion in the Athabasca Glacier which differed significantly from the
theoretical distributions derived by Nye (1965). Réymond's interpreta-
tion of the field data supports the validity of extrapolating the flow
law derived from Glen's (1955) experiments (i.e. n = 4 for températures
near the melting point) to 'effective' stresses as low as 50 kN/m2 (7.5
psi). Deformations obtained at lower stresses (i.e. near the glacier
surface) were found to be completely anomalous. 1!t was therefore not
possible to establish the lower limit of applicability of the flow law
described by Equation 2.1. Raymond's analysis demonstrates the necessity.
of correcting the results of creep experiments performed at low stresses
to account for transient effects. His work has sﬂgwn that measured
rates of giacier flow were incompatible with Glen's relationship between
minimum creep rate and stress.

Thé difficulty and importance of distinguishing between true steady
state creep and transient creep in laboratory tests conducted at low
stress has been emphasized by various workers including Glen (1950),
Mellor and Testa (1969b), Weertman (1969), and Barnes gs_gl:-(]97l).
Furthermore, it is apparent that attempts to evaluate flow rates corres-
popding to low stress conditions in natural i;e masses have been hindered
by tHe use of over-simplified thebretical models aﬁd an inability to
obtain all of the relevant field data. Cerfain researchers have sugges-
ted that Newtonian or near-Newtonian viscous flow prevails at low stresses
.@tgr Meier, 1960; Mellor and Testa, 19695). However,.the apparent

inaccuracies associated with these studies %re such that conclusions
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extracted directly from the data should be regarded witH caution.
Thomas (1971, 1973a, 1973b) has eliminated many of the uncertainties
that accompany interprgtation of movements in terrestrial glaciers by
considering the deformgtion behaviour of floating ice shelves. These
simplest of natural ice bodies rest upon a frictionless bed, have well
defined boundary conditions at the upper and lower surfaces, and are

_distinguished by stress conditions that remain uniform over conéiderable,
distances. Equations derived to describe the creep of an ice-shelf
(Thomas, 1973a) have been used to interpret available data on ice-shelf
deformation (Thomas, 1973b). Good agreement was found between these
field measurements and an extrapolation of the results of a previous
laboratory study conducted at higher stress levels (Barnes et al.,
1971).

Due to the extremely low strain rates invelved, laboratory tests at
stfesses of less than about 100 kN/m2 (15 psi) are very time consuming
~and have questionable reliability. With information derived from field
glaciology, Thomas (1973b) has provided an important extension to our
knéwledgé of the flow law for ice at low stresses. His interpretation
of the data suggests that with an exponent of about 3, a generalized
flow law of the form given by Equation 2.1 is applicable for the 40 to
1000 kN/m2 (5 to 150 psi) stress range and may extend to stresses of
less than 10 kN/m2 (1 psi). The ice shelves studied had average tempera-
tures of -6°C to -16°C so it remains to be determined whether this flow
‘law generalization can be applied directly to ice deformations occurring

at temperatures closer to the melting point.
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Table 2.2 presents a summary of ice flow under fiela conditions.

The field and laboratory observations described above have been assembled
and plotted in Figure 2.1 as 'effective' shear stress against 'effective!
shear strain rate (as defined by Nye,.]953). ILn summary, the following
conclusions emerge from the data:

1) Difficulties in eliminating transfent effects wi£hin reason-
able periods of time render low stress labdratory creep tests
impractical.

2) The necessity of including realistic field geometry and stress
nonuniformities renders the interpretation of glacier flow
from borehole velocity measurements.a complex exercise in
applied mechanics.v

3) Adoption of a complex flow law does not seem justified since
botn fieid and iaboratory data support Gien's simple rela-
tionships, with an exponent of 3 to 4 apparently being épplic-
able for stresses as low as 20 to 50 kN/m2 (3 to 7 psi).

k) Certain data describing creep under low stress suggest New-
tonian viscous flow at temperatures near 0°C, but deformation

mechanisms under these conditions have not been well defined.

The preceding should not be construed as an attempt fo present a
compiete review of the literature dealing with the creep of ice. Rather,
its intent has been to describe briefly the status of current knowledge
pertaining to its flow behaviour. Emphasis has been placed on those
features which beaf on the development of a constitutive relationship

for ice which could be applied to the solution of certain geotechnical



problems. More detailed accounts can be found in recent papers by Budd
- (1969), Weertman (1972), and Langdon (1972). Extensive reviews of the
literature are also given in Colbeck's thesis (1970) and a treatise

authored by Hobbs (1974) .

Analysis of data

Glen (}955) realized that the steady state creep rate ultimately
obtained for a given stress might be considerably less than the minimum
rate observed in a test of relatively short duration. To interpret his
test results, the assumption was made that attenuating creep could be
described by Andrade's one-third law. Transient and steady state
components were then separéted on tHis basis with 'the strain at any time
beiné given by:

173, &t o (2.7)

where B is a constant that depends on stress and temperature.

In a similar analysis, Barnes et al. (1971) employed the Cottrell-
Aytekin equation with the implicit assumption that elastic strains and
those resulting from the independent processes of transient and steady
state creep cou]d be superimposed to give the total strain. Equation
2.4 then describes strain with time and shows th.t transient creep will
dominate at small times while steady state conditions are appfoached
asymptotically as the test progresses. Creep curves typical of their

laboratory data are illustrated in Figure 2.2. Curves |, Il and Il
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correspond respectively to constant temperature flow under high, mod-
‘erate, and low stfesses. Under favourable éonditions, four distinct
regions characterize each of the creep curves. Curve Il for moderate
stress shows these reg{ons most clearly:

1) Instantaneous elastic strain (0A) .

2) Creep dominated by transient processes (AB).

- 3) Creep in an essentially stéady state mode (BC).

L) A;celeration to tertiary creep, continuing to failure (CD).

Secondary creep is suppressed at higher stresses (Curve 1) while at
low stresses, creep behaviour in this time interval is dominated almost
entirely by transient processes {(Curve lll). For the tests which gave

the type of results depicted by Curve |11, steady state conditions were

not established, even after .test durations of up to 100 days. Similarly,
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for samples under low stress in Glen's (1955
transient creep still dcminated deformations at the time the tests were
terminated. Agreement with the Andrade law was not always perfect;
nevertheless, its application apparently a]]owed a betfer estimate of
steady state creep rates.

To obtain better agreement with experimental déta, the transient
term in Equation 2.4 can be generalized to parabolic form so the equa-

tion then becomes:
e = e +Bt"+ et : (2.8)
o S | 2.

where m is an experimentally determined exponent.

&
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Differentiating Equation 2.8 with respect to time gives:

_‘% = ¢ = At? + 8 (2.9)
where A is a constant equal to PBm,

a is an exponent equal to m-1, and

B - 1is a constant equal to és’ the steady state creep rate.

By continuously determining strain rate throughout a creep test, the
constants A, a and B can be determined from a plot of log € against log
t. With these terms known, Equation 2.9.can then describe both the
transient and steady state creep processes. Furthermore, B; m and és
can be obtained for substitution into equation 2.8. Figure 2.3 shows
data from an idcalized creccp test plotted in the format suggested by
Equation 2.9

As‘steady state conditions are approached, the difect calculation
of strain rate becomes increasingly éensitive to experfmental error,
temperature fluctuation, and the accuracy of the deformation measure-
ments. The approach described above might also be used solely to deter-
mine the transient creep parameters. By subtracting transient and
elastic strains from measured total strains, the remaining strain can be
plotted against time to obtain an estimate of the steady state creep
rate, és. This procedure makes the implicit ass;mptionrthat transient
and steady state creep commence at the time of stress application aﬁd

occur simultaneously thereafter. Weertman (1969, 1972) has questioned

the validity of superposition during the early stages of creep and
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suggests that it may be necessary to reach some finite strain (e.g. 10%)
before the steady state deformation process has been fully established.
His suggestion has not‘been supporged by experimental data.

In the interest o% obtaining a better estimate of steady state
creep rates from laboratory tests, it seems reasonable to tentatively
accept the assumption of superposition of strains until the whole matter
i§ adequate}y resolved. It should be noted that transient creep constants
can also be obtained from a plot of log € against log t but the influence
of initial elastic strain and choice of origin can interfere with linear-
ity. For the sake of simplicity, use of the method employing a plot of
log strain rate against log time is recommended. Even if data presented
in this manner are not used to evaluate the transient component of
creep; it does provide a convenient means of determining whether or not
steady state conditions have‘been obtained in a particular test.

To obtain strain rate as a function of time, numerical differen-
tiation can be performed on a smooth curve fitted through the experi-
mental time-strain data. By now, it should be apparent that deformations
measured in the early stages of a creep test are most important to the
transient analysis since they will be least affected by other creep
processes at that time. Similarly, it is of interest to re-examine the
low stress creep data obtained by Mellor and Testa (19695). Their
published data is shown in Figures 2.4, 2.5 and 2.6. In each case, it
would appear that 2 straight line could be fitted to the later stages of
these curves to define an apparent steady state creep rate. Their time-
displacement curves have been digitized and differentiated numerically

to facilitate examination of the relative gontributions of transient and
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steady state creep. Figure 2.7 summarizes the analysis ;f data from the
first load stage. It was not possible to determine the early time-
displacement data with much accuracy but the continued linearity of the
l§g ¢ versus log t curve indicates thét transieqt creep processes vere
still dominant in these tests at eiapsed times of 15 days. There is
remarkable agreement between results obtained from each uf the three
different tests.

"An analysis of data from.the second load stage was not performed
since deformations occurring during more than half of that test period
consisted of relaxation response. Data given are not sufficient to
confirm that steady state creep conditions wefe established during this
load stage.

To be completely rigorous, the relationships gfven previously to
describe transient creep shouid oniy be appiied to data from the first
load stage in a multi-stage creep test. However, the results of fhe
third load stage are still of interest when examined in this manner.
Transient creep constants A and a (from Equation 2.9) which could be
derived from the data in Figure 2.8 would obviously have no meaning.

This form of presentation indicates that steady state creep may have

been established in two of the tests by the time 20,000 to 30,000 minutes
had elapsed. Although Mellor and Testa (1969b) have pointed out the
necessity for long test durations under low stress conditions, their
conclusion that true steady state strain rates would not be significantly
less than their experimentally determined values is apparently without
basis. Strain rates obtained in the third load stage are in reasonable

agreement with the asympototic value indicated in Figure 2.8, but effects
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due to stage loading are not known . Primary creep constants obtained
for the first load stage were similar for each of the three different
tests. In addition tofthe simple methods discussed in the preceeding,.a
complete review of numerical methods for the‘analysis of creep data is
‘given by Conway (1967). It should be noted that‘use of the procedures
discussed above has been confined to conditions of uniform stress and
temperature. Phenomenological description of the effects which changing
stress and temperature have on material behaviour involves the use of

equations which assume more complex and unwieldy forms.

Flow mechanisms

Langdon (1972) has reviewed various deformation processes which
could possibly contribute to.the creep of polycrystalline ice. .Although
a precise rate-controlling mechanism has not been identified, steady
state creep rates are apparently proportional to stress raised to a
power of 3 or more. He concludes that while the creep behaviour of ice
compares well with that observed for hexagonal close-packed metals,
existing creep theories are not sufficiently detailed to be reliable in
a predictive capacity. Weertman (1972) has reviewed the same data
sources with respect to dislocation mechanics and concludes that the
Nabarro-Herring theory of diffusional creep is capable of accounting for
the CUbic power law that apparently describes steady state creep for
both polycrystalline ice and single crystals in hard glide. Furthermore,
he dismisses the idea of near-Newtonian creep at low stresses by pointing

out that at the small total strains obtained in these tests, the disloca-



32

tion density probably does not reach a steady state valde compatible
with the applied stress.

Creep deformations reflect changes in the dislocation structureA
over the course of time. |In primary or transient creep, these sub-
structures develop in response to the applied stress and remain es-
sentially unchanged once steady state conditidns have been established.

~ Steady staté creep behaviour may be somewhat temperature dependent. In
many cases, creep deformations are thought to be a thermally activated
process, and as such, can be described by an Arrhenius-type relationship
like the one given in Equation 2.5. Both Glen (1955) and Steinemann .
(1958) have used this sort of relationship to describe steady‘state
creep over a limited stress range. Barnes et al. (1971) found that the
hyperbolic sine term in equation 2.6 provided a more effective descrip-
tion of their experimental results. Data from the jow stress regions of
these studies is of more interest in its application to problems being
‘considered in this thesis, so it seems probable that equation 2.5
adequately expresses the temperature dependence of creep rates.
| Values of creep activiation energies measured for ice have been
summarized by Weertman (1972). Apparent activation energies determined
from creep data range from 10 to 100 kcal/mole with a reésonably con-
sistent value of 14 kcal/mole obtained at ice temperatures below -10°C.
Higher values are reported at warmer temperatures where it séems pos-
sible that recrystallization and grain growth have accelerated the creep
rate. Weertman (1972) indicates that anomalously high activation ener-
gies reported for ice at temperatures warmer than -10°C should be re-

&
~garded as suspect until experiments have been conducted with single
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crystals at these same warmer temperatures. Studiee conducted with
monocrYstals would eliminate any effects associated with movement along
grain boundaries.

It could be anticipated that creep activation energy might be
approximately equal to the selF—diffueion activation energy; and for
temperatures cooler than -8°C or-10°C, available data suggest that this
is the case (Weertman, 1972). Barnes et al. (1971) have attrfbuted
. agreement at colder temperatures to the dominance of intragranular creep
processes (controlled by basal glide of dislocations) over dislocation
climb.

At temperatures warmer than -10°C, indentation hardness_tests
indicate that for polycrystalline ice) sqftening is accompanied by a
rise in the apparent activation energy. However, Mellor and Testa
(1965a) do.not feei that singie crystais exhibit this same sort of
behaviour. The basis fer extending this conclusion to near-melting
conditions is eot clear since the warmest temperature they have plotted
for tests on monocrystals is -11.9°C (their Figure 3). Measured creep
rates for polycrystalline ice at these warmer temperatures are still
slower than those observed for basal planes in single crystaie, but the
two rates converge rapidly as the melting point is approached. The
softening mechanism is probably associated with processes occurring at
the grain boundaries. In any case; arguments Basedrupon increased
activation energy as an explanation for anomalous behaviour are weak.

Liquid-like films are known to exist in ice, both on the surface
and at crystal boundaries (Drost-Hansen, 1967; Jellinek, 1967). Further-

more, Hobbs (1974) has described fillets of water occupying the triple



junctions of grain boundaries in warm ice and givés sub;tantive physical
arguments to account for their presence. Although these fillets have
béen observed at temperatures as cold as -10°C, their existence under
colder conditions has not yet been satisfactorily explained. Impurities
concentrated by selective exclusion during ice farmation are one possible
explanation for the presence of intergranular liquid. Barnes et al.
(1971) have shown that these films are not u;ually thick enough to make
a significant contribution to grain boundary sliding and conclude that
even with these liquid-like layers, deformation will be primarily due to .
intragranular creep. Non-uniform stresses develop at the boundaries of
intimately interlocked grains so that deformation would be accompanied
by increased stresses at the triple junctions. |[If liquid is present at-
these junctions, ice deformation will occur more easily. Grain boundary
cliding and the prescnce of liquid on the grain surfaces wilil then give
rise to deformation. From this, it emerges thét creep activation ener-
gies computed from the deformation of polycrystalline ice at warm temper-
atures will have no real significance since they cannof be attributed to
a single creep process. It is well known that when two independent
processes produce creep, the faster of these two will control the deform-
ation rate. |f each process has a different activation energy, the
observed activation energy for creep will change with femperature,
increasing as the temperature does.

At temperatures nearing the melting point, ueasured flow rates
exceed those estimated from an extrapolation of creep data obtained at
colder temperatures. At higher stress leQels,_pressuré melting can

occur at grain boundaries and further accelerate the deformation‘pro-
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cess. In addition to this, recrystallization can produce preferentially
oriented crystals with their basal planes aligned parallel to the di-
rection of shear. Such an arrangement would result in faster flow
rates, the ice being oriented in easy.g]ide.

All of the above leads to the conclusion that, at present, there
exists no physical evidence suggesting an equation more complex than a
simple power law to relate strain rate to stress. Cénvincing agreement
has been obtained between ice-shelf flow rates and those extrapolated
from an Arrhenius-type equation using an exponent of 3 to 4 with constants
obtained from laboratory creep tests. Bilinear relationships such as
Equation 2.2 lack credibility since they have‘been fitted, jn part, to léw
stress data obtained from either misinterpreted laboratory results or

grossly oversimplified englacial stress conditions.
2.3 DEFORMATIONS IN FROZEN GROUND

The preceding observations have important implications in the
application of ice flow rate data to problems in geotechnical engineer-
ing. McRoberts (1975) has fitted a bilinear equation to a portion of
the published secondary creep data for ice, and suggests that since ice
forms a significant component of permafrost soils, its behaviour will
serve as a reasonable guide to creep in frozen ground. He has made no
comment concerning the reliability of secondary creep data synthesized
in his flow law. A comparison of the ice flow law with laboratory and
field data for frozen soils indicates that certain soils may creep

faster than ice would at a similar temperature and stress level.
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In the Tuto ice tunnel, Swinzow (1962) observed that closure rates
for a band of silty ice were faster-than for adjacent clear ice, while
ﬁhe opposite effect was noted for a dirty band containing pebbles and
fragmerts of rock. A subsequent labo}atory study by Hooke et al.

(1972) determined that in some cases, creep rates in ice containing low
concentrations of sand werelacfually higher than creep rates for clear
ice. At higher concentrations, the creep rate decreésed exponentially u
with an increasing volume fraction of sand. If creep rates can be
increased by the presence of soil in the icé matrix, then a flow law for
ice may well not constitute a limiting condition for deformation rates
in frozen ground. Ice creep data Qsed by McRéberts (1975) has been
derived from tests conducted at'temperatures ranging from -1 to -5°C.

He has also suggested that since confining pressure would probably
diminish observed strain rates, omission of its effect would leave the

ice flow law as an upper bound for load-deformation behaviour.

Laboratory studies

In the first major published work dealing with deformations in
frozen ground, Vialov (1959) Eypothesized a relationship between the
steady state strain rate and stress which takes the same general form as
Equation 2.1. In his equation, the stress used Has been rédefined as
'the difference between the applied stress and the soil's long term
strength. He has noted that if the applied shear stress is less than
this strength, creep deformations will attenuate with time. The applica-

tion of superpositionlprintiples to creep-Jéformations in frozen soils
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has been advocated, it being a common practice in the mathematical
treatment of creep in metals. Vialov also observed.that his experimental
data, obtained in a variety of test configurations, was dominated by
transient creep proces;es.

His second major work (Vialov, 1962) has identified a specific
threshold stress (equal to the long term strength) which must be exceeded
for a process of steady state creep to be initiated and sustained.
‘Deformations have been separated into three components, each associated
with a different mechanism:

1) Elastic strain.

2) Transient creep.

3) Steady state creep.

He has described an empirical method that reduces to a generalized
flow law in terms of stress and temperature. Cognizant that ice exhibits
a long term sfrength of zero, Vialov (1962) has qualitatively explained
‘behavioural differences observed for soils which possess dissimilar
cryogenic structures. |t was found that materials with massive structure
(see Figure 4.6) exhibited greater long term strengths than those having
a reticuléte structure. The opposite was often observed in tests with
shorter times to failure, which reflected the highly rate-dependent
contribution which the ice matrix makes to soil strength. Experimental
procedures and test eduipment used in this study have been described in
reasonable detail. Vialov's experimental studies (1959, 1962) weré,
however, limited to tests performed on artificially frozen soils deform-
ing under relatively high stresses and at fast strain rates. The flow

law exponents obtained in these tests were apparently insensitive to



temperature and ranged from 3.5 to 3.7. Very few tests were reported
fof temperatures warmer than -5°C.

Sanger and Kaplar (1963) have summarized early laboratory studies
carried out at CRREL. Although these were short duration, high stress
tests, the authors developed a model for frozen soil behaviour that was
based on the concept of an isothermal tfme—stress—strain surface.

- Strain rate dependence on ice content has been documented with a par-
ticular stress apparently producing the fastest strain rate at a volu-
metric ice to soil ratio of 1.5.

Recognizing stress, temperature, and soil structure as the chief
variables affecting creep, Andersiand and Akili (1967) employed a multiple
stress reduction technique in an attempt to isolate the effect of stress
on creep behaviour. Creep rates were obtained for very short test
gurations under high stresses and at reiétively cold temperaturés.
Temperature dependence was analyzed in terms of rate process theory and
‘the data apparently indicate that thermal activation energy is involved
in’the process of creep in a frozen soil. A constant activation energy
of 93.6 kcal/mole was reported, suggesting that a single creep mechanism
predominates at these stresses and temperatures. |t seems unlikely that
creep rates used in these activation energy calculations corresponded to
steady state conditions. Andersland and Akili (1967) point out that for
temperatures warmer than about -6°C, changes in unfrozen water content
would handicap this method of creep anélysis. The rate procéss aspects

of this study have been discussed in more detail elsewhere by Akili

(1966, 1970).



39

Hoekstra (1969) has noted that a creep activation ehergy for frozen
soil evaluated with the method employed by Andersland and Akili (1967)
may not be in complete agreement with its strict physical definition.
Temperature differences, in addition fo changing the energy of the
moving molecules, also cause a gradual change ofvphase which constitutes
a departure from equilibrium conditions. This may explain why the
activation energies determined by Andersland and Akili (1967) were
higher than those given for either polycrystalline ice (see Section 2.2)
or unfrozen soils (Mitchell et al., 1968). |In addition to this, Akili
(1971) has suggested that temperature effects, as indicated by the
amount of liquid water present in fhe soil, would influence the soil's
ultimate load-deformation behavioqr. Goughnour and Andersland (1968)
have also used rate process theory to derive a general equation describ-
ing the creep behaviour of a sand-ice system. The roie of soil particle
contact was explored by obserQing changes in creep rate as the saﬁd
volume concentration was increased. Knowing that ice would creep percept-
ibly even at very low stresses, sand was sele;ted for their testing
program to minimize unfrozen water effects and reduce contamination
alteration of the ice matrix. As in previous studies, high stresses
were used, and once again, it seems unlikely that any of the creep rates
reported were obtained under true steady state cbnditions.

In an extensive experimental study of the uniaxial deformation
behayiour of two fiozen sands, Sayles (1968) explored time depéndent
strength in terms of creep. His findings indicate that at stresses
below the long-térm strength, creep velocities will continue to deceler-

ate with time. The early domination of creep deformations by transient
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processes was apparent from the linearity of p}ots of log strain rate
against log time. The primary creep exponent obtained decreased from -
1.0 to approximately -0.5 with increases in applied stress. Test dura-
tions were typically hd to 50 days and some samples remained under load
for more than 100 days without rupture. The timé—strain curves allowed
an approximation of secondary creep rates although no conclusive evidence
was given to demonstrate that true steady state conditions had been
obtained. Insufficient data were reported to permit construction of a
flow law for the materials tested. Empirical relationships given to
predict variations in deformation with stress, time and temperature were
based upon curve-fitting transient creep and subsequent extrapolation to
large times. Samples tested in this study contained no segregated ice
and would be classified as structured or massive soils, which suggests
that the effects of soil structure might be reflected in the creep
response to load.

Andersland and AlNouri (1970) have concluded that increases in
confining pressure produce an exponential decrease in strain rate. In
view of the short test durations, it again seéms probable that creep
rates observed in this study were still attenuating. A complex method
has been employed to interpret their data, but in the light of numerous
ambiguities, their results_must be regarded with skepticism.

Ladanyi (1972) has described a generalized creep theory which per-
mits information required for problem solutions to be deduced from a set
of constant stress creep tests. He has idealized time-deformation
behaviour with a steady state creep line and a pseudo-instantaneous

intercept at zero time that consists of the.transient and elastic strains
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lumped. The creep law proposed is a simple power'expression in the form
of Norton's law with temperature effects on the creep rate embodied in a

creep modulus as follows:

de _ . n . ' ‘ 2 ]0)

-CTE_ = & = éC (O/OC) ( .
where n is a constant which may depend on temperature,

O is a temperature dependent creep modulus, and

éc is the secondary strain rate corresponding to an arbi-

trary stress of o.-

Ladanyi (1972) has discussed previous attempts to describe creep as
a thermally activated process but expresses a personal preference for |
other methods of accounting ‘for the effects of temperature. He has also
suggested that changes in hydrostatic stress wouid have a definite
~effect on the stress-strain behaviour of frictional soils. After conciud-
ing that a clear understanding of the creep behaviour of frozen soils is
still lacking, Ladanyi has suggested that a systematic.and thorough
investigation of both field and laboratory behaviour is a necessary
- prerequisite to meaningful progress.

A laboratory study of frozen remoulded soils has been described by
Perkins and Ruedrich (1973), but once again, the wo}k was performed
using large streSses, fast strain rates, and felatively cold test
temperatures. They found fhat strength could be estimated by using a
flow relationship similar to the one given in Equation 2.1 with an
exponent of 3.7 obtained under what were bresumably steady state con-

ditions. Data from constant strain rate cofipression and constant stress
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creep tests were found to be in reasonéble agreement with each other.
It.was apparent that deformations in the early portions of constant
stress tests were dominated by transient creep. Varying the soil texture
from sand to silt to clay brought abnut a decrease in strength and an
increase in strain rate, while for all three soil types, confining
pressure increases were observed to diminish creep rates. Difficulty
-was encountered in determining the instantaneous elastic response at low
strain rates, since this was apparently obscured by the more dominant
flow behaviour.

Sayles (1973) explored the behaviour of Ottawa sand in constant
stress triaxial compression at a test temperature of -3.85°C. These
creep tests were conducted over periods as long as 3000 hours with
deviator stresses of 260 to 6900 kN/M2 (37 to 1000 psi) and confining
pressures ranging from 0 to 5500 kN/m2 (6 to 800 psi). Sayle's study

. showed that creep rates could be decreased by increasing the confining
pressure. The linearity of log strain rate versus log time data once
again indicated that creep strains were dominated by transient processes
to elaspéd times exceeding 1000 hours. |In some instances, axial strains
of 20 percent were reached without clear indication that steady state
conditions had been established.

Another study of the behaviour of frozen Ottawa sand was conducted
by Alkire and Andersland (f973). They too report that the appfication
of a confining pressure served to attenuate creep so that sample be-
‘haviour became increasingly dependent on the frictional nature of the
sand. A comparison of results for different ice saturations emphasizes

the dominant role of the ice matrix in the garly portions of the creep
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tests, especially those performed at low confining preséures. Creep
rates cited were minimum strain rates obtained within a specified time
period and did not necessarily reflect a steady state condition. As a
consequence, the data from. these experiments are open to many of the
same critisms which have been directed toward eérlier studies.

Recently, Sayles and Haines (1974) have reported the creep behaviour
of frozen silts and clays, presenting their work in a format similar to
that adopted by Sayles (1968) for his earlier work on frozen sands.
Apparent steady state strain rates obtained from tests of 50 to 120 days
duration define a flow law with an exponent approximately equal to 3.
Creep curves in this study characteristically displayed a continuous

decrease in strain rate with time, a departure from the more classical

curves previously obtained for the frozen sands. " Analysis of the trans-

ient data

[te]

.
gave a primary creep exponent that ranged from -0.6 to -1.0 as

axial stress was increased.

Assessment of results

from the preceding, it may be concluded that a concise understand-
ing of creep in frozen ground is lacking. Only the recent work of
Sayles (1973) has been sufficiently detailed to quantify some of the
factors which influence the rheology of frozen soils. Formulating
constitutive relat-onships to obtain a realistic representation of soil
beha?iour requires that input data be derived from a systematic and
thorough investigation of soil properties. As pointed out by Ladanyi

(1972), even the verification of a simple uniaxial creep theory requires



much further experimental study and should be complimented by an éccu-
mulation of detafled field performance data. Only then can the general-
ization of uniaxial stress data to more complex stress conditions be
confirmed as an analytical method reliable for use in practice.

Theories drawn from studies of creep in‘metéls provide a useful
framework for describing frozen soil behaviour, but must be modified to
inélude attgnuation associated with }nferparticle friction as the mean
stress is increased. Volume constancy duriné 'undrained' creep has been
a common aséumption in the studies described above. In support of this,
Fukuo (1966) has measured lateral expansion during creep of a frozen
soil and found that total volume changes were consistently less than 1%
of the total sample volume. The importance of recognizing and analyti-
cally accounting for transfent creep.processesAis also apparent. Deriva-
tion of a fléw law for frozen soils at the stresses and temperatures of
greatest interest remains an onerous task. Estimation of deformations
in response.to load is further_complicated by the knowledge that, under
certain conditions, frozen soils may undergo consolidation. This process
has been shown to be in itself, capable of producing a significant

volumetric strain (Brodskaia, 1962).
2.4 STRENGTH OF FROZEN GROUND

Laboratory studies

According to Vialov (1962), a group of failure envelopes can be

derived from triaxial compression tests on firozen soil such that each
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separate envelope corresponds to a specific time to failure. He has

also recognized the important role played by cryogenic structural features
in determining the str§ngth properties of frozen soils. Since strength

is both time and temperature dependent, a modified Mohr-Coulomb failure

theory has been proposed, taking the form:

= | 2.11
T cp + 0 tan ¢g . » | )

where T denotes the shear strength,

o, denotes the normal stress on the shear plane, and

cr and ¢T are functions of both temperature and time.
The results of tests on frdzen sand fndicated a relatively constant
angle of friction thained for times to failure ranging from | to 24
hours. Friction angles invariably fell just slightly below those ob-
tained for fhé same soil in an unfrozen state.

In a subsequent contribution, Vialov and Shusherina (1964) have
verified this approach for frozen soils by documenting the increase in
shearing resistance in response to increased normal stress. They iden-
tify two components of shearing strength:

1)  Resistance to 'smooth shear' (i.e. cohesion).

2) Frictional resistance to shear as a function of normal stress

It was recognized that creep and shear strer.jth were intimately
related since the strain required to mobilize friction was a direct |
function‘of the time required for the ice matrix to yield under the

applied stress. On the basis of experimentd] data, they conclude that
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the shear strength of frozen sand can be described accurately by Equa-

tion 2.10. The variation of the cohesion intercept, CT would be given

by:

CT = B/log (t/B) ‘ (2.12)
where B and B are constants obtained from a plot of cr against

log t.

This equation has the same form as the familiar expression proposed by
Vialov (1962) to estimate long-term uniaxial éompressive strengths from
the results of several short-term creep tests.

| In tests conducted at higher strain rates, large gains in shearing
resistance were abtained as the soil's water content was increased.
Since the short-term strength is mainly cohtrolled by the ice matrix, it
seems consistent that an increase in water (ice) content would be accom-
panied by a larger shear strength. This effect was also seen in the
anomalously high apparent friction angles measured in the low normal
stress range. Nonlinearity of the failure envelope reflects the domi-
nance of the ice matrix in ité contribution to strengths obtained at
fast strain rates and cold (-10°C) temperatures.

Sayles (1968) and Sayles and Haines (1974) have interpreted their
creep tests using Vialov's (1962) equation for long term strength.
Ekpressions of this same form have been given to describe ultimate
strength as a function of time and temperature for various soil types.

. ' ;
Predictions appear to be in reasonable accord with experimental data.
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Even in these twb comprehensive studies, tests were seldom conducted
beyond a 25 or 30 day duration, which means that evaluation of appro-
priate design strengths would still involve an extrapolétion over sev-
eral orders of magnitude of time.

Goughnour and Andersland (1968) studied the influencg.of sand
concentration on the failure mode and strength of sand-ice mixtures at
temperatures ranging from -4°C to -12°C. When sand conéentfation was
increased beyond 42% by volume, the influence of interparticle friction
and dilatancy became apparent, while at lower sand concentrations,
strengths were relatively constant and approximately equal to those
obtained for pure ice. Upon reaching the critical sand volume, particle
contact produced a rapid increase in strength. An analogy was drawn |
between volumetric increases observed during shear of the frozen sand
and the effective stress changes accompailying diiation in the undrained
shear of a_dense, unfrczen sand. |t was thought that confining preséure,
being largely carried by the ice matrix at the outset, was gradually
transferred to the sand particle contacts as the ice crept under the
influence of intrinsic shear stresses. The presence of unyielding sand
particles apparently causes faster deformation rates in thevice matrix
during the time that overall sample deformation is accommodated. This,
in turn, results in higher shear strengths when sand concentrations are
increased. Limited experiméntal‘evidence suggestsvthat clays probably
behave in a similar manner although larger strains might be required to
mobilize peak shear strength. |

Following Vialov's earlier work, Andérsland and Al Nouri (1970)

examined the time dependent strength behavi%ur of two frozen soils.



Sand behaved frictionally as might be expected, with a friction angle
corresponding to that of the unfrozen soil. Failure envelopes were
essentially parallel for the range of strain rates and stresses re-
ported. It was concluded that the frictional component of strength was
rate independent while the geometric cohesion infercept could be related
to strain rate and test temperature. Confining pressure had little or
~no effect on the shear strength of clay when tested at these relatively
fast strain rates and cold temperatures (-12°C).

Neuber and WOltérs (1970) have summarized the results of numerous
strength tests performed on artificially frozen soils. They determined
that shear strength was a direct function of confining pressure, although
friction angles obtained were slightly lower than those determined for
the same soils in an unfrozen state. Figures 2.9.and 2.10 show typical
strength envelopes taken from their study= The relatively large co-
hesfve intercepts are associated with the fast straia rates and cold
-temperatures used in these tests. Probably because of the rather short
test durations, no frictional response was detected for clay soils
tested. Similar to the findings of Goughnour and Andersland (1968),
Neuber and Wolters (1970) report that strains of 10% or more were re-
quired to fail the ice matrix and subsequently mobilize full frictional
shear strength under triaxial conditions. It should be noted that due
to the unusually large confining pressures used in this and some earlier
research, the frictional component of shear strength was invariably a
major part of the total strength, even at fast sfrain rates.

A brief study by Heiner (1972) concluded that short term strength

in frozen soil was mainly dependent on the strength of its ice matrix,
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and hence, its moisture content. His strength envelopes indicate
anomalously high values for the friction angle under normal stresses as
high as 150 kN/m2 (20 psi). Very ;;st strain rates were reported;
therefore, this behaviaur again reflects the overwhelming contribution
to strength offered by the ice matrix.

By testing sand-ice specimens triaxially at -8°C, Perkins and
Rﬁedrich (1973) were able to confirm an increase in strength that was
propgrtiona} to confining pressure. Scatter in the data made the exact
friction angle somewhat difficult to resolve but an average value appears
to be in reasonable agreement with that obtained for the same sand in an
unfrozen state. Some nonlinearity may be evidenced at higher confining
pressures, and since the lowest cell pressure used was 4.3 MN/m2 (625
psi), behaviour under sensible engineering stresses remains undefined.
Ruedrich and Perkins (1973) have attempted to separate the shear strength
of frozen soil into two components:  the resistance of ice to deformation,
and the frictional response of soil grain contacts. Their results show
that these separate components can be well approximated Lby:

1) The time dependent strength of the ice matrix, taken as the
unconfined compressive strength of the soil in question and
obtafned at an appropriate strain rate.

2) The essentially time-independent strength associated with the
mobilization of frictional resistance at particle contacts
under the applied boundary stresses.

If this is the case, then shear strength can be estimated by ob-

taining the uniaxial strength as a function of strain rate (or time to

~
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failure) and adding to this, the frictional response of ‘the soil &atrix
for a particular'mean stress or confining pressure. Computed and ex-
perimentally derived stress-strain curves have been given and appear to
agree reasonably well Qith each other. Such close correspondence might
not have been found for a finer-grained soil whefe the frictional re-
sponse would also be time dependent. This approach to the rationaliza-
tion of shear strength response is e%sentially identical to -that de-
scribed previously by Vialov and Shusherina (1964) .

A recent study by Alkire and Andersland (1973) provides further
information regarding the influence which confining pressure has on the
shear strength of a sand-ice material. Varying the degree of ice-
saturation in the soil pores has demonstrated the relative influences of
the ice matrix and sand pafticles oﬁ-overall mechanical -behaviour,
Volume increases were recorded at lower confining pressures, but under
increased pressures, dilation was totally supressed. Considerable
energy is required to overcome the strength of the ice matrix so that
particle dilation can occur. This response produces aAcharacteristic
bilinear stress-strain curve. The ice first yields at a strain of about
1%2. This is followed by the gradual development o% frictional strength
at larger strains. The contribution of dilatancy to the sand's fric-
tional strength is inferred by a slight tendency for curvature of the
failure envelope with increasing normal stress. These envelopes are
still best approximated by a straight line and i: seems_unlikely that
pronounced curvature would be apparent when testing in a narréwer rénge
of confining pressures appropriate for routine geotechnical engineering

problems. £
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Full development of frictional strength may be inhibited as ice
saturation is increased, but at fast strain rates, this will be accom-
panied by a higher cohesion intercept. Figure 2.11 shows two failuré
envelopes for a frozen sand that were obtained at different ice saftura-
tions. From these, it is clear that thé Mohr-Coulomb equation ade-
quately describes the shear strength behavioué of frozen soils. The
‘observed friction angles of 29.5° and 33° are less than the 37° value
given for the unfrozen sand, suggesting that ice does interfere With the
development of full frictional resistance. Alkire (1972) has indicated
that these lower values compare well with data reported elsewhere for
dense sands tested at high confining pressures where dilatancy is sup-
pressed . He suggests that at the temperatures and strain rates adopted
in his study, ice effectively increases particle confinement, and hence,
inhibits dilatancy. The analysis of all of tlese results has neces-
sarfly been based on total stresses.

Sayles (1973) has performed triaxial tests on frozen sands, shear-
ing samples to more than 10% axial strain. The stress-strain curves
obtéined in his study typically exhibited two peaks: the first at
approximately 1% strain, corresponding to failure of the ice matrix, and
the second at strains as high as 10% where full interparticle friction
was mobilized. Instances were noted where the first peak actually
exceeded the second, since at lower confining pressures, the strength of
the ice matrix exceeded the frictional strength of the sand. Results from
the second resistance peak are summarized in Figure 2.12, from which it
is clear that the friction angle obtained is‘approximately equal to the

37° value indicated for unfrozen sand. Coméression data given for
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polycrystalline ice indicate a strength dependency on confining pfessure
consistent with the findings of others (Chamberlain, 1969; Roggensack,
1975). Friction is apparently mobilized between the ice crystals as
failure planes form aI;ng grain boundaries, but slower testing rates and
higher confining pressures subdue this response.‘ A second test series
is reported that determined thé creep strength of frozen sand as a
function of confining pressure: the results were similar to those obtained
for the first series.

Chamberlain et al. (1972) have described an investigation of the
effects of confining pressure on the shear strength of various soils at
a temperature of -10°C. While the pressures and strain rates were
intended to approximate those associated with shock waves, several of
their observations are stiil‘applicéble to behaviour under less unusual
conditions. They indicate that pressure melting is the normal response
to an application of hydrostatic or deviatoric stress to frozen soil.
When stressAconcentrations are produced by a small deviatoric stress,
melting occurs and the water moves to regions of lower stress where it
refreezes. Once again, frozen sands exhibfted dilation and a frictional
response when sheared with confining pressures falling in a range that

is relevant to normal geotechnical analyses.

Assessment of results

The laboratory studies described above permit several conclusions
to be drawn regarding the behaviour of frozen soils in shear. A strong

argument emerges in support of the adoptiontof frictional strength as
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the long term strength for massive soifs. Best available data indicate
thét the approbriate friction angle can be approximated by the effective
angle obtained for the same soil in its thawed state. There is some |
evidence that in icier materials, fu'l mobilization of frictional
strength may be hindered by the ice so that the observed friction angle
is reduced. For dense and coarse-grained soils, dependence o% shear
‘strength on strain rate and temperature can be embodied in the cohesion
intercept while the friction angle remains relatively unaffected.
Limited data suggest that the geometric cohesion intercept can be
described with an expression similar to the one given by Vialov (1962)
for time-dependent strength.

To strain a frozen soil first requires that the strength of the .ice
matrix must be overcome. The stress necessary to accomplish this will
depend on the imposed strain rate ng_soﬁe appropriate relationéhip
describing a flow law for ice (several have been discussed in Section
.2.2). As the soil and ice gradually deform, frictional strength can be
mobilized at the mineral particle contacts. Ice has a long-term strength
of zero,‘so the stresses transferred to these contacts must eventually
equal the applied total stress. During shear, the ice restricts particle
movement and supresses dilation. It is this impedance that leads
to the unusually large cohesion intercepts obtained for frozen soils
sheared at relatively fast strain rates. Data pertaining to fine-
~grained soils are inconclusive, but it seems probable that these soils

will also behave frictionally at slower rates of strain.
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Some researchers have indica&ed that unconfined coﬁpressive strengths
(and possibly geometric cohesion intercepts) can be related to tempera-
ture by adopting a rate process theory approach. Activation energies
determined in tests co;ducted at temperatures warmer than -10°C remain
unreliable for reasons that were outlined in Seétion 2.3. Only limited
data are available, and it seems unlikely that the rate process approach
will meet wjth much success in the light of difficulties encountered in:
applying this theory to the warm-temperature, low-stress behaviour of
polycrystalline ice.

It has not been possible to determine stresses carried by the icé
phase and experimental measurement of pore pressures in the unfrozen
water is similarly difficult and subject to ambiguity. As a conse-
quence, the contributions of ice and unfrozen water in a frozen soil's
response to the application of stress have not been clearly defincd.
The-behaviour of frozen soils must therefore be intecpreted in terms of
-total stresses.

At temperatures approaching 0°C, behaviour will likely be similar
to that observed for unfrozen soil. However, at these same warm tem-
peratures, segregated ice may exert a much greater influence on both
strength and deformation behaviour. Under these circumstances, it will
be important to recognize structural features such as high ice content
or throughgoing and semi-continuous ice veins that could act‘as pre-
ferred planes of weakness under sustained load. Experiments have also
'shown that ice and water can be redistributed within a frozen soil by
migrating in response to applied stresses.. Experimental data of any
sort is limited for fine-grained soils and cbmp]etely lacking for

natural permafrost soils, especially those containing segregated ice.
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Evaluation of the behaviour of these soils at warm temperatures and

under reasonable magnitudes of stress is an urgent research requirement.
2.5 INTERACTION BETWEEN STRENGTH AND DEFORMATION

Ladanyi (1974, 1975) has described a theoretical treatment that
_takes into consideration fhe processes of creep, consolidation and shear
\in frozen soils. An arbitrary boundary has been defined between 'hard

frozen' and ‘plastic frozen' soils on the basis of texture and temper-
ature. Experimental limitations currently necessitate a guasi-single-
phase approach to séi] behaviour that lumps creep with those deforma-
tions which are actually due to consolidation volume change. Even so,
it is still useful to analytically examine consolidation and creep as
two separate but simultancous processes. Since the relative amounts of
each type dof strain will depend upon the stress path and elapsed time,
"It is clear that the constitutive relationship chosen to represent this
quasi-single-phase behaviour must be obtained by following a laboratory
stress path coinciding with anticipated field conditions. Using an
approach based upon the unique relationship between water content con-
tours and effective stress paths {(well known for saturated soils),
Ladanyi (1974) has examined stress changes in frozen soils with the aid
of the familiar Rendulic plot. This format permits the convénient_

separation of any stress into its normal and deviatoric components.

" 'Frozen soil response to a stress increment

&

Following Ladanyi (1974), Figure 2.13 il1lustrates the diagonal

plane of the principal stress space with different failure surfaces
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shown as a function of time. A ‘normally consolidafed‘ triaxial speci-
men (in equilibrium at point 0') is subjected to a stress increment
that will be carried by the mineral particles and the pore-filling
matrix. Some of the applied stress is immediately assumed by the soil
skeleton and can be likehed to an effective stréss in unfrozen soils.
In the case where the applied stress increment, AOI (O'A), does not
exceed the long term strength, if caﬁ be separated into two components

/§'AUOCT and V3AT which are the octahedral normal and octahedral

ocT
shear stress changes, respectively. As the soil deforms without drain-
age, unfrozen water in the soil will carry only the hydrostatic stress.
Shear stresses can be temporarily supported by the ice matrix, and it

will assume those not immediately taken up by the soil skeleton. A .

portion of the shear stress .is initially supported by the ice, with the

rained than it would be

Y 4]
L Vel s

result that the soil skeleton will he less s

[ d

under the same stress 'in the unfrozen state. Effective shear strength
is then mobilized initially to B' instead of B, and the hydrostatic pore
pressure generated by this straining (assumed to be the same in the ice

and unfrozen water) is given by:

= - !
Au AGOCT Ao ocT (2.13)
This will be smaller than the pore pressure change that would be gen-

erated in the same soil if it were unfrozen. Shear stresses are shared
by the ice matrix and soil skeleton; and, similarly, the following can

be written:

ATQCT,i = ATOCT - AT'OCT : (2.14)



where AT and At are the shear stresses assumed by the ice

oCT, i ocT

-and soil respectively.

Ladanyi suggests that the creep relaxation of the ice can be likened to
the dissipation of the excess pore pressures durfng consolidation since
it results in a gradual transfer of the applied stress to the soil
skeleton. Eventually, under conditiéns of c{osed-system creep,

Aui+Au and ATO i+0 (the long term strength of ice being zero) so that

cT,
point B' will move toward B.
By opening the system when the effective stresses are at point B',
consolidation will occur simultaneously with creep of the ice matrix and
B' will move toward A. In this case, the long term conditions will have
Aui+0, Au+0, and ATOCT,1+0;“ With péint A below the long term failure
line, both creep and conselidation processes assumc an attenuating:
<haracter. Therefore, deformation rates will decrease continuously with
time.
Jwo features distinguish frozen soil behaviour frbm that commonly
-associated with normally consolidated soils:
1) Although the soil appears to be very stiff at the outset and
creep and consolidation attenuate with time, ultimate defor-
‘mations can still be quite large.

2) By mobilizing the short term strengfh of the ice matrix,
frozen soils can temporarily sustain stress increments which
'exﬁeed the soil's long term strength..

This second characteristic is depicted in Figure 2.14, As before,

the effective strength of the soil skeletort is initially mobilized to B’

under closed system conditions. The ice matrix then creeps to mobilize
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full soil strength as B' moves toward B. Simultaneously, progressive
straining brings fhe ice closer to failure. Loss of strength with time
can be likened to a gradual shrinking of the delayed failure surface so
that with point A lying outside the long-term strength envelope, failure
will occur at some time,ltA. Permitting consolidation by bpening the
system at é', the stress path will move toward A'. The relative rates
of consolidation and creep will dete}mine whgther A' is reached before
failure occurs. In this case, straining consists of simultaneous con-
solidation and steady state creep, and would be characterized by para-
bolic time-deformation curves.

An approach similar to that shown in Figures 2.13 and 2.14 can be
used for 'hard frozen' soils, with the difference being that these will
behave as closed systems uﬁder all éircumstances sTﬁce the possibility
of consolidation is eliminated by the.virtual absencc of mobile unfrozen
water.

Figure.2§15 illustrates a similar consideration of the probable
behaviour of an 'overconsolidated' frozen clay or densé granular soil by
assuming a differently shaped effective stress path. Point B represents
the peak undrained strength, and may lie slightly beyond the long-term
strength envelope. Here, %he application of stress produces a slight
pore pressure decrease, causing the soil skeleton to carry a greater
pértion of the shear stress at the outset than in the previous cases.
if point A lies beyond the long-term strength envelope, a steady-state
creep response will be initiated with failure at some finite time |

being the inevitable result.
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A precis of Ladanyi's (1974) excellent conceptual description of
the response of frozen soil to a stress increment has been included here
to clarify soil behaviour and demonstrate the interaction between
strength and deformati;n properties. 1t is apparent that an estimate of
the position of the applied stress with respéct to the long-term strength
is an essential first step in déciding the design approach to be adopted
in either limit equilibrium or deformation analyses. Ladanyi's approach
suggesfs th;t the long-term strength for ice-rich materials will be
zero, while.for massive soils, this strength can be approximated by the
drained strength of the unfrozen soil. Befween these extremes and the
short-term strength, lie a number of delayed strength envelopes, each
having a shape which may be different fr;m the straight line Mohr-
Coulomb»failure envelope. 'These envelopes must be defined in terms of
total stresses, so it seems entirely possible that thg épparent friction
angles obtained could .be different from the drained friction angle found
for the same éoil in an unfrozen state. The extreme sensitivity of
strength to strain rate or time to failure can be directly attributed to
the extremely nonlinear behaviour of the iée matrix that is described by
a flow law like Equation 2.1.

Experimental determination of the various strength and deformation
components is an onerous task buf Ladanyi's (1974) model is certainly a
useful framework within which a better understanding of observed be-

haviour can be obtained.

Consolidation of frozen soils

%

N

It is essential that deformations assocfated with consolidation

processes in frozen ground be recognized. Brodskaia (1962) has
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shown that frozen soils, hitherto considered incompressible, were capa-
ble of sustaining appreciable volume changes with the controlling
factors being soil texture, temperature, structure and ice content. It
was stated that complete consolidation had been obtained in the tests
reported in her study, but a close examination of the time-settlement
data indicates that this was not the'case. Low permeabilities and the
viscous nature of ice prolonged deformations so that even thbugh the
consolidation process did attenuate, equilibrium conditions were hot
reached in any of the tests. Based on this observation, there is good
reason to suspect that compressibility coefficients for frozen ground
reported by Brodskaia (1962) and given elsewhere in the Soviet liter-
ature may be nonconservatiye. Some.experimental studies have reported
finite soil permeabilities and confirmation of water flow in frozen soil
(Williams and Burt, 1574; Burt and Wiliiams, 1973).

Kent et al. (1975) have described a study that set out to verify
the state variables required to describe deformation mechanisms in
frozen soils. They proposed that two volume change processes would be
produced by the application of an isotropic stress: firstly, steady
_state creep in the ice due to intrinsic shear stresses impoééd at the
micro scale; and secondly, attenuating consolidation. (O-UW) was
identified as a state variable and by plotting volume change against log
time, a curve resembling the conventional conéolidétion relationship was
obtained. This finding suggests that the‘rate oi{ volume change in
frozen soil is governed by the dissipation of excess pore water pres-
sures. Similar results were_obtained for'volume changes produced by an
incremenfa] change in temperature. Volumegfic strains resu]ting'from a

temperature increase exceeded the amount that could be explained by
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phase change alone. The authors attribute these volume changes to addi-
tional creep in the ice matrix as it yielded to conform to its new
equilibrium ice porosity. Kent (1974) reports the possible diffusion
of ethylene glycol into the test samples which complicates the inter-
pretation of his experimental results. Behaviour observed in this

study is in general agreement with the conceptual model for volume

change in frozen soils proposed by Ladanyi (1974, 1975).
2.6 APPLICATION TO ENGINEERING PROBLEMS

The use of laboratory data to predict in situ behaviour requires
thg generalization of simple constitutive relationships to‘more complex
conditions approximating field configurations. The usual practice in
developing a flow law has been to express data in terms of 'effective'
stresses and strain rates, for example, like those proposed by Nye
(1953). Emery and Nguyen (1974) have reviewed the extension of uniaxial
creep laws to the multiaxial case and concur with Ladanyi (1972) in
recommending adoption of the 'effective' stress and strain rates defined

by Odquist (1966):

= = ! !
Teff /3 '/TZ’ and ./%t Oij cij
where G'ij = O.j - Baij s With G being the mean stress
& =
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l2 and J2 denote the second invariants of deviatoric stress and strain
rate, respectively. 'Effective' stresses and strain rates given by
O0dquist (1966) are preferred for generalization to multiaxial conditions
since Narton's law is recovered when the multiaxial flow law is sp»cial-
ized to the uniaxial case. It should be cautioned that contained herein
is the implicit assumption that hydrostatic stress will not influence
behaviour, ‘and although this may be approximately trﬁe for ice, avail-
able data suggests the contrary for massive soils. In synthesizing
behaviour to develop a flow law, it is essential that the same stress
and strain definitions be applied to all of the data. The practice of
using these stresses and strain rates in multiaxial generalizations of
uniaxial data has not yet been validated, either in the laboratory or
the field. Further research is required to improve confidence in the
application of these relationships in practice.

The only well-documented study of the situ creep behaviour of

o
i
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frozen soil consists of measurements of the roof and wall displacements
in an underground room in permafrost (Thompson and Sayles, 1972). The
opening was located at a depth of approximately 20 m (65 ft) in ice-rich
Fairbanks silt. Closure measurements were reported for a time interval
exceeding one year. A relationship was derived between stress and
strain rate from the results of short-terh uniaxial creep tests per-
formed on undisturbed samples in the laboratory. The finite element
method was then employed to analyze measured deformatiohs, and the

authors have indicated close agreement between in situ and laboratory

creep characteristics for the frozen silt. Their analysis was based
: ‘ L ¢
upon the assumption that deformations were entirely dominated by steady

state processes. By using a numerical analysis to generate closures
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corresponding to measured field béhaviour, the back-calculated flow law
thus determined indicated a strain rate some 3.3 times faster than had
been obtained in the laboratory testing.

Examination of the vertical closure data, shown in Figure 2.16,
suggests that assuming steady state conditions ﬁay have been an over-
simplification. An early transition to steady state creep was reported
from laboratory tests conducted on the frozen silt. This observation is
difficult to resolve when compared with other creep data given for
similar silts and clays at or about the same temperature (Sayles and
Haines, 1974). In the more recent study, it was observed that strain
rates were still attenuating after times exceeding 1000 hr. This writer
has not conducted a detailed examination of the finite element analysis
employed by Thompson and Sayles (1972), bﬁt in light of the c§mplexities
inherent with the creep formulation, it seems reasonable to cuggest that
sevéral of their conclusions require more detailed substantiation before
~gaining acceptance. Some test of the accuracy of their program against
a closed form creep solution would be éppropriate before going on to
suggest that transient creep deformations have made a negligible con-
tribution to the closure of the room.

Records of ice tunnel closure over periods extending to 8 years
have been reported by Bender (1967). These openings were advanced in
snow ice, and although its lower density (0.8 Mg/m3) may have influenced
. behaviour, the closure curves clearly illustrate sustéined rate atten-
uation. Bender's (1967) observations suggest that transient processes
may have a significant influence on creep under field conditions.

Nixon and McRoberts (1976) have used & secondary creep law for ice

to relate the steady state settlement of a pile in ice or an ice-rich
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soil to the applied shaft stress. In part, their flow Iéw has been
based upon the same low stress creep data that was criticized in Section
2.2, They point out that their analysis wil] tend toward conservatiém,
but the issue of prima;y or transient creep has been completely omitted
and deserves attention.v There is a paucity of éreep data in the range
of stresses and deformation rates of greatest interest in pile design.
_If the creep rates reported by researchers like Mellor and Testa (1969b) |
or Colbeck and Evans (1973) are actually much faster than true steady
state rates, then over long times, the flow law assumed by Nixon and
McRoberts (1976) will grossly overpredict settlements. Their figurés
indicate fhat pile shaft stresses will have to be kept small to satisfy
design requireménts which 1imit deformations. On the other hand, if

early settlements are dominated by transient processes, creep attenuation

es, increased shaft

rk

will occur and'with clower long-term settlement ra
stresses might. then be permissible. Experimental recults discussed
‘previously have shown that the créep behaviour of ice at near-thawing
temperatures is, at best, erratic. Without the benefit of satisfactory
laboratory data or careful observations of field performance, it is
extremely difficult to make estimates of deformation behaviour for
structures fpunded in permafrost.

In summarizing the useful strength and creep rate testing reported
for frozen soils, Anderson and Morgenstern (1973) have suggested that
the bulk of existent data can be criticized for Qhe or more of the
following reasons:

1) Stresses employed were beyond the range of engineering interest.

3



2) Strain rates obtained were considerably faster than those
~anticipated for usual figld,conditions.
3) Test temperatures were considerably colder than normal ground
temperatures.

L) Creep test durations at lower stresses‘were too short.
Little or no data are available defining the behaviour of natural perma-
frost materials. With respect to shear strength, an ‘analysis of a
landslide on the Mountain River, N.W.T. by McRoberts and Morgenstern
(1974b) contains field evidence that the long-term strength of ice-poor
permafrost is entirely frictional, Limifations to be placed upon this
approach when ground ice is present as either continuous layers or a

reticulate structure have yet to be determined.



TABLE 2.1 SUMMARY OF LABORATORY CREEP TESTING
. ON POLYCRYSTALLINE ICE
VEFFECTIVE' SHEAR'
SOURCE STRESS,RANGE TEMPERATURE - TEST DURATION ICE TYPE REMARKS
(kN/m®) (°c) (hr)
Glen (1955) 40 to 540 -13 to 0 150 max. random no low stress tests
’ transient effects
accounted for
" Steinmann (1958) ‘50 to 580 -12 to -1.9 180 max. random transient effects not
accounted for
questionable testing
techniques
Butkovich and 50 to 300 -6.5 to -4 170 max. _random report only minimum
Landauer (1959) 680 to 2700 -5 1 max. (also some strain rate
elongated small samples used in
crystals) pure shear
Butkovich and I to 12 -11 to -5.9 300 (?) as above report only minimum
Landauer (1960) strain rate
probably dominated by
transient creep
very small strains
Voitkovski (1960) 25 to 240 -4 to -1.2 5000 max. random . original text not avail-
(in Budd, 1969) ) : able to the writer
Dillon and 590 to 1600 -14 to -10 1 to 2 (?) random small strains
Andersiand {1567) steady state difficult to
distinguish
Mellor and 40 to 1000 -10 to -4 2700 max. snow ice, steady state not
Smith (1967) : random 3 established in low
(0.83 Mg/m”) stress tests
Mellor and 20 to 1200 -6.1to 0 120 max. random some tests stage-loaded
Testa (1969a) (mostly (approx.) recrystallization
~10 to 0) thought possible
Mellor and 5 to 25 - -2 340 and 870 random steady state rates given
Testa (1969b) are questionable
transient effects not
accounted for
small strains
Tabor and 50 to 5800 -48 to -2 2400 max. random transient effects
" Walker (1970) accounted for
Barnes et al. (1971)
Colbeck and Evans 5 to 125 o] 210 max. random small strains
(1973) (glacier) crude testing apparatus

steady state questionable
recrystallization may
complicate interpretation

*
‘Effective’

'Effective’ Strain Rate @&

|
Shear Stress Teff =3 4]

v

eff =7 €

axial

axial

{(definitions from Nye (1953), p. 486)

(uniaxial compression)



TABLE 2.2

SUMMARY OF FIELD OBSERVATIONS OF ICE

FLOW

'EFFECTIVE' SHEAR

‘;[EMP RATURE

TYPE OF MEASUREMENT

SOURCE STRESS,RANGE E REPORTED LOCATION REMARKS
(kN/m“) (°c)

Gerrard et al- (1952) 10 to 100 near 0 horizontal velocity Jungfraufirn - measurements in upper
from borehole profile unreliable
inclinations - no longitudinal strain

measured

Nye .(1953) ~10 to 100 -0.8 to 0 reanalysis of above Jungfraufirn, =~ laminar flow analysis

and and tunnel closure Skautlzoe, ~ longitudinal strain not
100 to 400 rates Z'Matt and accounted for

Arolla - simplified stress con-

glaciers ditions around tunnels

Nye (1957) ~10 to 100 near 0 reanalysis of above Jungfraufirn - renalaysis accounting

for longitudinal straln
- data from low stress
regions questioned

Wilson (1959) ~ 5 to 40 -1t borehole inclinometer Tuto ice ramp - laminar flow analyses

(in Budd, 1969) results Greenland neglecting longitudinal

R strain
Meier (1960) ~ 1 to 100 near 0 horizontal velocity Saskatchewan - laminar flow analysis
. from borehole and Maspina ~ some doubts about near-
inclinations glaciers surface data

Paterson and ~50 to 110 near O horizontal velocity Athabasca - encountered large

Savage (1963) {estimated) from borehole glacier errors at low stress
inclinations tevels

- discuss difficulties in
taminar flow analysis
accounting for longi-
tudinal strains

Shreve and ~20 to 120 near 0 borehole inclinometer Blue glacier - large deformations in

Sharp (1970) {estimated) results basal ice and on

glacier bed

Raymond (1973) -50 to 150 near 0 borehole inclinometer Athabasca - analyzed for unique

(estimated) results glacier stress distributions

~ anomalous behaviour in
upper half of profile

Thomas (1973) ~12 to 100 -16 to -6 surface velocities Brunt, - model developed to

co (average Maudheim, account for lateral
values for Amery, Ward restraint, grounding

each shelf)

Hunt, and Ross
ice shelves

restraint, and density
variations with depth
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At any stage, creep rate ¢ = (ep — €4)/(ty — t¢)

a

Figure 2.2 ‘Schematic representation of creep of polycrystalline.
ice at various stress levels, temperature constant
(from Barnes et al. , 1971)
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Figure 2.3 Typical creep test data plotted to evaluate transient

and steady state components
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Figure 2.9 Failure envelopes for medium and coarse-grained frozen
sand (from Neuber and Wolters, 1970, with changes)
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Figure 2.10 Failure envelopes for fine, silty frozen sand (from
Neuber and Wolters, 1970, with changes)
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1974) o



Figure 2.15

Figure 2.16

Rendulic plot for 'overconsolidated' frozen soil stressed
beyond its long term strength (after Ladanyi, 1974)
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CHAPTER 111
LABORATORY STUDIES OF FROZEN SOILS AT

'NEAR-THAWING TEMPERATURES
3.1 STRESS-STRAIN RELATiONSHIPS FOR FROZEN SOIL

- The strength and deformation pfoperties of ice and frozen soil and
their response to the application of stress have been discussed at
length in Chapter II.’ Features distinguishing the behaviour of perma-
frost from that of similar unfrozen soil are associated mainly with the
amount of ice present in the soil. Unique properties, such aslcreep
under sustained load and the marked dependence of strength on strain
rate, can be attributed difectly to.the manner in ‘which ice responds to
the application of load. Research reported by others and described in
the previous chapter has shown that ice behaves as a non-Newtonian, tem-
perature dependent, viscous material. It appears that a constitutive
reiationship for ice can be described adquately by aﬁ experimentally-
derived flow law.

The phenomenon of unfrozen water content has been discussed in
connection with consolidation volume changes, water flow in frozen
soils, and variations in matrix ice content produced by temperature
changes. lce .is a causative factor in the well-documented rate-, time-;
and temperature-dependent properties which chara-terize the behaviour of
frozen soils. This emphasizes the qeed to recognize discrete forms of
ground ice and to treat them as geological discontinuities which may

exert a significant influence on overall: geotechnical behaviour. It is

77
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therefore essential that the role assumed by ground ice~sh0uld be recog-
niéed and accounted for in analyses or design work involving frozen
soils. |

in much of the literature dealing with frozen soils, the methods
described for predicting movements and determining conditions of failure
have been borrowed from classical soil mechanfcs. In unconfined compres-
-sion, the ice matrix invariably makes a primary contribution to a soil's
strength and to its resistancebto deformation. However, it has been
shown that the strength and deformation behaviour of ice-poor frozen
soifs depends to some extent upon the magnitude of normal or confining
pressures. In soils which possess either massive or reticulate ground
ice structure, frictional contact between mineral particles enables
confining pressure to effect both shear strength and creep behaviour.
Ladanyi (1974) has described the manner Ey which internal stresées in a
frozen soil can be distributed between the ice, unfrozen water, and soil
‘skeleton at various points in time. Similar concepts have been applied
to the analytica]lsolution of specific problems such as the bearing
capacityland settlement of both strip and circular footings (Ladanyi,
1974; Ladanyi and Johnston, 1974; Ladanyi, 1975). These theoretical
developments suggest that accounting for a soil's non-linear creep
behaviour changes bearing capacity factors from conventionalvvalues and
affects the rate and magnitude of settlement produced by any given load.
Here and elsewhere, emphasis has been placed on the need to identify the
components of both strength and deformation. This will enable the
subsequent interpretation of field or laboratory data by separate con-

. £
sideration of the various phenomena involved.
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Specific mathematical models fO(mulated to describe stress-strain-
time relationships for‘ice and froéén soil have been discussed in the
previous chapter. Exi;ting experimental data could be used to verify
the adoption of these models for routine use, but it should' be noted
that virtually none of theldocumented research has involQ;d either quan-
tification of field behaviour or testing undisturbed permafrost at
stress levels or temperatures which are pertinent to geotechnical engin-
eering in the Arctic. More basic experimental (and probably field)
information must be accumulated before designs involving frozen soil can
be undertaken with confidence.

Much of the published data that was discussed in Chapter [l has
limited value, as interpretations.and conclusions offered by the majority
of authors cited have been hindered by failure to account for fundamental
aspects of strength or creep behaviour in frozen soils. A typical
example of this sort of omission appears in Mellor and Testa's (1969b)
study where, after ignoring the process of transient creep, the authors
have assumed that steady state conditions»weré established long before
defofmations came to be dominated by a stationary creep process.

Errors like these can have serious consequences when others adopf pub-
lished data blindly, and use it for their own purposes without first
conducting a careful exémination of its inherent quality. In this
particular instanc2, Mellor and Testa's (1969b) results suggest that ice
subjécted to relatively low stresses will reach steady state creep rates
which are much fééter than those derived from more reliable data which
has been publishednin the interim (Barnes;gﬁ_gi., 1971). Relatively

" simple techniques exist which enable one to separate the transient from
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the steady state components of creep deformation. Flow laws can thus be
developed with considerably greater accuracy. Similar criticisms could
be directed toward dgscriptions of shear strength research on frozen
soils. In this regard, experimental work has been largely restricted to
cohesionless soils, with tests conducted at rélétively cold temperatures,
fast strain rates and stress levels considerably higher than those
encountered in routine practice. Although this sort of data.is easier
to obtain experimentally, it has only limited applicability in the
solution of geotechnical design probiems. Purposefully designing research
programs to expediate laboratory testing and avoid difficulty, while at
the same time failing to obtain data pertinent to design, is a practice
that has yielded only small returns.

To improve our ability to describe and predict the behaviour of

frozen scils subjected to load, those soil properties used in the various
phenomenological and mechanical models must first be quantified. It

follows that experimental studies undertaken to accomplish this should
include an assessment of the behaviour of naturally occurring pérmafrost
soils. These comments apply equally well to data collected in the
laboratory or the field. The subsequent sections of this chapter describe )
laboratory tests performed on samples of undisturbed, fiﬁe-grained
permafrost soil obtained from the Fort Simpson landslide sampling site.
Discussions concentrate on the shear strength and creep behaviour ex-
hibited by this material in a temperature and stress environment intended

to simulate conditions which would probably be found in a natural slope

or beneath a loaded foundation.



3.2 DIRECT SHEAR TESTS ON FROZEN SOIL

Laboratory equipment

To facilitate performing direct shear tests‘on frozen soils,
several changes were made oﬁ two Wykeham Farrance SBl machines. The
_testing was conducted inside a refrigerated laboratory in which amBient
temperatures were maintained below 0°C. Controlling the room's air
temperature proved insufficient to keep specimen temperature fluctuations .
within acceptable limits. Therefore, provision was made to circulate
fluid from a constant temperature bath through the base and load cap of
each of the shear boxes. To minimize side friction on the specimens,
the boxes were lined with a thin sheet of Teflon, which reduced the
final inside dimensions to 6,00 cm by 6.00 cm (2.35 in. x 2.35 in.).

| Figure 3.1 is a schematic layout of the apparatus which was used to
conduct the shear tests described below. Lead weights placed on the
load hanger assembly acted via the plunger to apply normal stress. A
sysfem of microswitches and relays was attached to the motor drive unit
to atuomatically reverse the shear box's direction of travel once it had
reached a particular displacement from the midpoint position. The first
reversal occurred after approximately 1.0 cm (0.4 in) of movement.
Subsequent reversals were separated by approximately 2.0 cm (0.8 in) of
horizontal displacement. With the system of gears, 25 different speed
settings were available, so displacement rateé céuld be selected over
more than three o;ders of magnitude. As a safety precaution, shutoff

switches were installed to disconnect the pbwer supply and stop the
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drive motor in the event that reversal failed to occur at the end of a
particular shear cycle.

A load ram connected the upper half of the shear box to a load cell
and reaction frame. The bracket supﬁorting this ram was fitted with a
Thompson linear bushing to minimize friction in the shear force measure-
ment system. The lower portion of the box was located in a bronze
carriage trough runnihg'on ball tracks that were guided in ground and
hardened vees. The samples were flooded with light paraffin oil instead
of water. This minimized desiccation and avoided problems that would
have arisen if samples had been degraded by the chemical action of
aqueous solutions of antifreeze compounds liké ethylene glycol. It was'
determined that surface tension fprces would prevent the oil from intrud-
ing into the pores of fine-grained frozen soils. A detailed discussion
of the use of oii in these tests is given in Section 3.4. Sintered
stainiess steel porous stones used in these tests were separatedAfrom
the specimen by a.single thickness of Whatman 54 filter paper.

Horizontal and vertical movements were measured with linearly
variable displacement transducers (LVDT's) to an accuracy of approx-
imately 0.0008-cm (0.0004 in). Shear loads were measured with tem-
perature-compensated electrical resistance strain-gauged load cells with
a capacity of 10 kN (1000 1b) and a resolution of approxfmately 2N (5
1b). Atkins type #3 thermistbrs were used to monitor temperatures.
Thermistor beads Qere'submerged in the oil surrounding the soil specimen,
and it was assumed that temperatures measured there would not be signifi-
cantly different from actual sample temperatures. |t was also assumed that

. k
temperature fluctuations measured in the oil would exceed those actually



experienced by the test specimen which was situated between two heat
exchangers. Therefore, temperature control achieved was probably better
than the data indicate. Temperature records were checked regqularly,
and, wi:en necessary, the circulator bLath controls Were adjusted to
minimize departures from tHermal conditions established at the outset.
LVDT, load cell and thermistor output signals were conveyed:to é'data
acquisition system which recorded displacements, shear loads and temper-
atures at regular time intervals.

SeVeral other equipment modifications were required before adequate
control of test temperature was finally obtained. An insulated cabinet
constructed around the direct shear apparatus diminished the effects of
fluctuations in room temperature but was still not sufficient to obtain
the degree of sample temper;ture control required. After trying several
other arrangements, the best temperature control was'finally achieved by
increasing the volume of fluid circulated from the temperature controlled

bath to the shear box heat exchangers.

Materials and sample preparation

At the time this research was initiated, undisturbed samples of
permafrost were not available. A preliminary labqratory study was
carried out to compare shear strengths determined for a reconstituted
clay when frozen and unfrozen. The material used in thi; program had
been excavated from a river bank exposure of dark grey, fissured clay
near the mouth of the Mountain River, District of Mackenzie, N.W.T.

&

(McRoberts, 1973). |Its basic geotechnical index properties are summarized
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in Tabie 3.1. To obtain a uniform structure, the soil Was air-dried,
pulverized, and slurried at a water content corresponding to a liquidity
index of two. A vibrating table and the application of vacuum were used
to remcve air from the slurry before placing it .in a 25 cm (10 in}
diameter oedometér. :The soil was then consolidated in stages to an
effective stress of about 25 kN/m2 (3.5 psi) at which point the undrained
strength wéﬁ sufficieﬁﬁ'to permit handling the extruaed soil as a block.
By femoulding and reconsolidating the soil from a high liquidity index,
it was felt that fabric differences existing prior to shear testing
could be virtually eliminated.

To prepare the soil for direct shear testing, specimens were trimmed
ffom the block and transferred directly'to the shear box. Freezing’
was prevented by circulating fluid at temperatﬁres of 2 to 4°C through
the heat exchangers. Normal load was applied to consolidate the clay to
an effective stre;s of 50 kN/m2 (7 psi), which exceeded the maximum
pressure previously experieﬁced by the soil. When consolidation was
complete, the wafer‘surrounding the specimen was removed from the shear
box. The samp]e was then flooded with light paraffin oil, then cold
fluid (-10°C or less) was circulated through the base and load cap‘to
initiate freezing. It was hoped that redistrfbution of moisture within
the sample could beAkept to a minimum by freezing the soil rapidly.
Vertical deformations were mon{tored during this part of the test. Once
tﬁe sample héd been frozen, circulator bath temperaturés were adjusted
to achieve the thermal conditions selected for the test. The specimen
was left at this temperature for two or three days to ensure that thermal

(= . ¢

eduilibrium had been established throughout. The artificial 'perma-

frost' specimens were then ready to be sheared.
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A second group of tests was berformed on natural permafrost cored

from Zone L4 at the Fort Simpson landslide headscarp sampling site].
Geotechnical index properties characterizing this soil are given in
Table 3.1.. Direct shear specimens were prepéred from 10 cm (4 in)
diameter samples which had been cored with théir long-axes oriented in
the horizontal plane. Individual blocks were cut from the core with a
~ power band saw, and an overhead milling machine fitted with a carbide
insert rotary cutter was then used to trim them to the precise dimensions.
Prior to testing, the sides of each sample were inspected and sketches
were made to record any ice structure that was present prior to shear.
External dimensions and specimen weights were also noted. After seating
each sample, normal stresses were applied and refrigerated fluid was

circulated through the shear boxes to maintain constant test temperatures.

Shear testing procedure

Prior to shear, the normal stress acting on the sample was increased
to-some predetermined value by placing additional lead weights on the
direct loading frame. |f the normal stress selecte& for a test was
quite large, incremental load increases from the initial seating value
were employed. Sett]ements were recorded for each increment of normal

stress.

1 This sampling site and its geology are described in Chapter 5
and Appendix A.
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After the sample had reached a stable condition with prevailing
temperatures and normal loads, the upper half of the shear box was
raised slightly to leave a gap about 0.05 cm (0.02 in) wide. This gap
determined the position of the shear plane that would form during the
test. The gear train and driving motor were enéaged to commence shear
by driving the lower half of the shear box/back and forth at a constant
displacement rate. The load cell and reaction frame held the upper half
immobile and shear loads produced by the differential movement were
measured and recorded. During shear, horizontal and vertical movements
were monitored with LVDT's. By plotting horizontal movements as a
function of time, it was a simple matter to determine actual displacement
rates occurring during the test. It was observed that these rates
remained constant throughout the tests for each of the different gear
combinations used in this study.

Every specimen was subjected to a minimum of one complete shear
" reversal before it was removed from the apparatus. Following the first
reversal, two of the tests were interrupted at the midpoint and subjected |
to an increment in normal stress. When settlement had ceased, shear was
resumed under this increased normal load. Sample temperatures were
checked regularly during each test and minor adjustments to the bath
controls were made on an as-required basis to limit undesireable temper-
ature fluctuations.

When the shear test was complete, samples were extracted from the

o .

box and wiped clean to remove the film/of paraffin oil left adhering to
the external surfaces. The specimens were then cut longitudinally down

the middle with a band saw to expose any ice structure which might have
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been generated by shear. Each of the cross-sections was sketched, and
most of the soil slices were also photographed. Water content determina-

tions completed the process of data accumulation for these direct shéar\#

tests.

3.3 STRENGTH BEHAVIOUR FROM LABORATORY TESTS

Typical test results

To permit comparison of the strength of froien and unfrozen clays,
shearing characteristics were determined for each state by employing
identical testing conditions, with the obvious exception of differences
in temperature. During each test, a data acquisition system recorded
shear load, horizental dcformations,Avcftica! defecrmation, and tomper-
ature. The data records were reduced with a simple Fortran program
“which tabulated the various quantities measured in the test, Figure 3.2
shows a computer-drawn summary of results from one of the direct shear
tests conducted on frozen soil. These curves are typical of data ob-
tained from tests performed on either ‘artificial' or undisturbed perma-
frost soils.

Figure 3.2 indicates that shear stresses increased quickly and
reached maximum values at relatively small shear displacements. This
rapid shear stress build-up was usually accompanied by a slight increase
in sample thickness (i;g, dilation). Vertical deformation recorded

during shear was probably the result of volume changes occurring in the

failure zone, but could have also been affected by temperature fluctua-

\
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tions and load cap tilt. After reversing the QIrectibn of travel,
sample thickness decreased to less than the pre-shear value, but indica~-
tions of dilation were;usually observed as stresses built up during the
second cycle of shear. Similar behaviour was observed with other tests
on undisturbed Fort Simpson silty clay. |

Generally, vertical deformations occurring during shear were quite
small and rarely exceeded 0.1 mm. Not all of the samples displayed
dilatant behaviour during shear. Tests performed under higher normal
stresses were usually characterized by volume decreases or settlement
from the outset. Maximum temperature fluctuations recorded were typi-
cally less than + 0.2 °C over test durations of up to three weeks. Kent
et al. (1975) have shown that small changes in sample temperature can
result in consolidation, so it is conceivable that some portion of the
vertical deformations recorded during shear were associated with phasc
change alone. However, settlements recorded-in these shear testé were
sufficiently small to justify dismissing any effect which temperature
fluctuations might have had on the results.

A feature of almost every stress-strain curve was the reduction in
peak shear strength mobilized for each successive reversal. The trend
is clearly demonstrated by data from those few tests which ran to five
or more reversals. Possible causes for this characteristic behaviour
are discussed in a subsequent section of this chapter.

Accumulation of shear stress during the second and subseduent
cycles of shear often faltered or lagged at a horizontalvdISplacement
corresponding roughly to the midpoint or starting position of the shear

box. Following a brief plateau, the stress buildup resumed until a peak
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was reached in that particular cyé]e. This peculiar shape is apparent
with the shear stress-deformation curve sthn iﬁ Figure 3.2. More
striking examples of thjs behaviour can be founa among other test
results which appear ia Appendix C. These fiat spots developed on the
stress-strain curve are caused by two shear mecHénisms which operate
separately but simultaneously, and reach their individual peaks at
different sgrains. Displacemént rates indicated for each test were
determined from actual rigid displacements measured during shear.

After removing the samples from the shear boxes, it could be seen
that most had experienced some extrusioﬁ. Ice and varying amounts of
soil had been displaced into the gap separating the upper and lower
portions of the shear box. Ice had also accumulated in the porous
stones which, in the tests on undisturbed.samples, had been completely
dry at the outset. These observations confirmed the mobility of water
in frozen soils by providing clear evidence that it had made its way out
.of the specimens under the combined influences of compression, shear and
changes in temperature. Relatively warm testing temperatures were
employed~in these experiments. With some unfrozen water still present,
it may be that some of the vertical movement recorded during shear can
be attributed to consolidation processes in the frozen soil. Ladanyi
(1975), Kent et al. (1975) and Brodskaia (1962) each have indicated that
time-dependent volﬁmefric strain accompanying a change in stress may be
the result of hydrodynamic time lag during consolidation. Attempts to
define consolidation properties from settlement curves recorded in this

study proved unsuccessful,
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Summary of strength data

The first group of direct shear tests reported in this section was
performed on samples of 'artificially-prepared"permafrost. Considerable
care was taken to obtain uniform soil fabric, stress, and thermal his-
tories for these specimens. Figure 3.3 shows the strength envelope
obtained from Series A, which involved testing unfrozen, reconstituted
samples of Mountain River clay. A peak effective friction angle of
26.5° and a small cohesive intercept equalling approximately 7 kN/m2 (1
psi) were indicated. Multiple shear reversals on both natural and pre-
cut shear planes defined a residual friction angle of 23° that is consist-
ent with predominantly illitic mineralogy and published relationships
between residual strength and plasticity (Mitchell, 1976).

Series B consisted of five direct shear tests performed on sampies
identical to those used in Series A, except that thcy were frozen.

Figuré 3.4 shows the strength envelope obtained from these tests.
Stress-strain curves from the different tests exhibited remarkable
uniformfty. This similarity was probably due to the virtually identical
soil and ice structure which these specimens possessed. It should be
noted that sudden commencement of cold fluid circulation through the

heat exchangers was very effective in producing rapid soil freezing.

This procedure ensured that similar ice structures were developed in

each sample prior to shear. Inspection of longitudinal sections revealed
that during the early portion of freezing, small lenses formed parallel

to the top, bottom and sides of the shear box. Because the freezing

. &
plane advanced inward from the heat exchangers, ice lensing assumed a
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predominantly Eorizontal attitude. The internal ice structure present
prior to shear could not be obserygd"directly: it wa§ therefore impossible
to determine with any certainty, which of the bost-shear lenses had

formed solely as the result of shear.

The strength envelope shown in Figure 3.h‘éxhibits slight nonlin-
earity. Nevertheless, the average friction angle indicated was essen-
tially identical to that determined for the same soil in an unfrozen
state. Higher normal stresses were used in the tests on frozen soils to
improve the definition of the frictional and cohesive components.

Fitting a straight line to the Series B envelope for normal stresses
between IOQ and 300 kN/m2 indicates a friction angle of 26 to 27°. This
value agrees with the peak angle shown in Figure 3.3. Dissecting these
samples after shear revealed a distinct horizontal, and apparently
continuous ice lens occupying what appeared to bhe the principal shear
plane. However, there was no way of determining whether this ice lens

was a result of shear distortion in the soil. The samples could all be
cleaved with relative ease along this ice lens, and although some slicken-
sides were observed, it appeared that few sécondary shear structures had
developed. |

In all of the Series B tests, strength -continued to decreése with
each reversal. None were continued beyond one or two reversals, so a
'residual strength' envelope could not be constructed. The failure
envelope shown in Figure 3.4 indicates that a geometric cohesive inter-
cept of 130 kN/m2 (18.9 psi) was obtained with a rigid displacement rate

of 6.9 x 1072 cm/day (2.7 x 1072 in/day).

I3
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Specific surface area measurements performed on the Mountain River
clay gave a total surface area of approximately 300 mz/gm.] This value
seemed abnormally large for a material with clay-sized component of 55%,
a liquid limit of 50% Snd composed predominantly of non-expanding clay
minerals. A comprehensive x-ray diffraction analysis of the clay rrac~
tion revealed that although discrete montmorillonite was only present in
trace amounts, a significant portion of the minera]slpreviously identi~-
fied as ili}te were actﬁaiiy inferstratifiedlmontmorillbnite-hydrous
mica;2 The clay sizes thus contained a total expansible componenf of
approximately 30%. The anomalously low liquid limit obtained for Mountain
River clay may be consiﬁtent with behaviour observed with mixtures of
pure Mg-illite and Na—montmori!]oniteB. However, strength data for this
sa@e mixture of minerals indicates that residual friction angles measured
for these soils would normally be considerably lower than 23° as the
montmorillonite fraction dominates strength behaviour when present in
amounts exceeding 10%. The 20° residual angle measured in this study
remains as an unexp!ained peculiarity of the geotechnical behaviour of
Mountain Rivef clay. The higher friction angle is probably the result
of illite and montmorillonite occurring as mixed-layer clays and account-
ing for only 40% of the soil solids in Mountain River clay.

With specific surface areas as high as 300 m2/gm, there is little
douﬁt that significant gquantities of unfrozen water will be preéent in
the frozen clay at temperatures as warm as -1 to -2°C. 0n>the basis of

phenomenological relationships developedAby Anderson and Tice (1972),

1,2 Pawluk,S. 1972. Personal communications.

&

3 Quigley, R. 1973. Personal communication.
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the unfrozen water content for thfs soil has been estimated at approx-
imately 20% by weight of dry soil for a temperature of -1°C. Therefore,
a substantial portion of the water retained in the blocks of soil which
occupy positions betwéen ice lenses probably'exists in the liquid state.
This unfrozen water is one possible source for fhe ice which appears to
accumulate along shear planes formed in frozen soils.

It was apparent that performing similar shear tests on specimens
carved from undisturbed permafrost core would provide a better oppor-
tunity to document any ice structure that was present prior to shear.

An adequate assessment could be obtained by examining the lenses of
segregated ice exposed on the sample's exterior. Triaxial shear strength
data had been obtained for silty clay from Zone 4 at the Fort Simpson
landslide headscarp (see Chapter V1): therefore, this material was
adopted for additional research on the frictional behaviour of fine-
gréined frozen soils. Results obtained from tests using this material
-constitute one of the few instances where the strength of an'undisturbed
permafrost soil has been documented, particularly for warm temperature
cohditions and very slow rates of strain.

Figures 3.5, 3.6 and 3.7 show strength envelopes obtained by shear-
ing the Zone 4 soil at three different rates of rigid displacement. An
attempt was made to keep the specimen temperatures constant between -
1.4°C and -1.5°C during shear. Data points plotted on these figures
correspond to the peak shear stresses measured during the first cycle of
each test, with exceptions as noted. In two different tests, shear
displacement was halted when the midpoint was reached in the second

shear cycle. The normal stress was then increased and some time passed
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before the tests were resumed. Tﬁe open circles on Figures 3.5 and 3.7
indicate the peak strengths measured during the second half of those
shear cycles. Changes in normal stress have been noted on the stress-
deformation curves for these tests (see Appeﬁdix c).

The peak strength envelope in Figure 3.5 indicates a friction angle
of about 23° for the tests conducted at the slowest of the three strain

rates used. This agrees with the effective friction angle of 23 to 24°
that was obtained for this soil when thawed (see Section 6.5). The
failure envelope defined by the triaxial testing was nonlinear, so the
effective friction angle quoted above corresponds to the portion where
effective stresses exceed 200 kN/mz‘(30 psi). Other direct shear tests
on frozen soil were performed at faster displacement rates. Failure
envelopes for these tests indicate some ffictional response, but Figures
3.5 and 3.6 suggest that the friction angles decrease as the strain rate
is }ncfeased.

Figure 3.8 shows apparent cohesive intercepts plotted against time
to failure for the Fort Simpson silty clay and for 20-30 mesh Ottawa
saﬁd (from Sayles, 1973). This form of data presentation is a modifica-
tion of the method used by Vialov (1962) to describe the time-dependent
uniaxial strength of froéen soils. Test results from both sources show
the geometric cohesive intercept decreasing with increasing time to
failure. This relationship implies that with sufficiently slow strain
rates or long times to failure, an increasing fraction of the total
shear strength can be attributed to frictional mechanisms. Behaviour
observed in this study is consistent with Vialov's (1962) and Vialov and

Susherina's (1964) findings which were discdussed in Section 2.4 and
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substantiates predictions made by Ladanyi (1975).  These authors ﬁave
attributed the cohesive component of shear strength in frozen soils
entirely to the time—dependent strength of the ice matrix. It follows
‘that the dependence of cehesion on strain rate (time) and temperature is
directly related to resistance offered by the ice'phase during shear and
deformation of frozen soils. | o

Most of‘the differences between the apparent cohesioﬁ for sand and
clay in Figure 3.8 can be explained by differences in test temperature.
Different sofl porosities may also be responsible for some portion of
the gap between these two lines. Also, the-Fort Simpson silty clay
almost certainly contained a significant amount of unfrozen water and
each sample had several through-going veins of segregated ice.

For a time to failure bf 90 to 100 hours, the.cohesive intercept
from the Mountain River clay, Series B tests (Figure 3.4) falls slightly
below the value determined for Fort Simpson silty clay under similar -
testing conditions. This lower cohesion is prebab]y the result of a
remoulded soil structure and slightly warmer test temperatures associated
with Series B. |t appears that for longer.times to failure, the apparent
cohesive intercept tends to zero, regardless of soil type. As this
occurs, effects associated with differences in soil texture, dehsity,

structure and temperature apparently diminish.

Shear-induced fabric

In the preceding, reference was made -to certain structural features

which had apparently developed during shear.. These fabric changes were
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accentuated by the thin ice lenses which accumulated aléng the various
shear planes. Inspecting interior longitudinal sections obtained at the
end of shear revealed gistinct ice segregations and sketches were made
of each specimen. Post-shear ice structure was then compared to the
sketches of segregated ice structure which had geen exposed in the
exterior faces prior to testing.

Figure 3.9 shows cross-sections of all of the gpecimens of.silty.
clay from the Fort Simpson landslide headscarp which were sheared in
this study. Most of the specimens exhibit a nearly continuous icé lens .
occupying what appears to be the principal shear plane. Numerous other
lenses were visible along lesser shear structures which tended to be
concentrated in and adjacent to the shear zone. The orientations of
these fine lenses suggested shear features that were similar to those
which are known to develop in conventional diiect shear tests (Morgenstern
and Tchalenko, 1967a, 1967b, Tchalenko, 1968). Riedel shear zones were
observed in most of the samples and some tﬁrust features extended well
away from the principal shear zone. These thrust shear zones seemed to
have developed best in specimens subjected to large cumulative horizontal
displacement (e.g. FS-08 and FS-16).

The degree to which accumulation of ice lenses enhanced shear
structures appeared to be intensified by having distinctvice lenses
present prior to shear. Naturally occurring ice lenses functioned as a
source for at leasc part of the water that eventually méde itsvway into
the shear zone. Examples of specimens which are thought to have developed
thicker or more numerous ice lenses in their sheér zones because of ice

present at the outset are FS-0k, FS-07, and FS-09. In particular, the



latter developed an ice-rich zone at the point where theﬁprincipaf shear
plane intersectedra natural ice lens.

Examination of thevsoil surfaces adjacent to the ice-enriched shear
zones revealed that slickensides had developed in every sample. These
polished surfaces were observed along both the p}incipal shear planes
and many of thé thrust shear zones which extended into the relatively
intact soil, After drying, it could‘be seen that high spots on the
principal shgar planes had become noticeably élossy. Selected examples
of shear plane surfaces were viewed at high magnification in a scanhing
electron microscope. A thin layer of highly oriented particles had
formed along the shear plane. Within just a few miérons of that surface,
however, the undisturbed soil fabric had been preserved intact. There-
fore, it appeared that the briented fabric developéd by shearing action
in these frozen soils was restricted to a thin laver immediately adjacent
to the shear plane. It was not possible to determine whether the particle
orientation had been produced by mineral contacts during the early |
stages of shear, or whether the polishing was caused by differential

movement between the ice and soil as horizontal displacements accumulated.

The cross-sections in Figure 3.9 suggest that increased water
contents might be expected in the immediate vicinity of the shear zone.
After each sample had been sectioned longitudinally, the shear zones
were cut away to compare their water contents wi;h those obtained for
the remaining soil. Water content profiles obtained this way are summar-
ized in Figure 3.10. A band saw was used to section the samples, and

some specimens were cut into as many as five separate layers. The



~

majority were sawed into three seétions, simply separating the shear
zone from the top and bottom of the specimen. Deviations from the
average water content are shown in Figure 3.10. Water contents were -
usually higher in the Qicinity of the shear ﬁlane, and this increase
apparently occurred at the expense of fhe rest of the sample. Since
light paraffin oil was used to flood the specimens during shear; tHere
~were no externa] sources for providing this 'extra' water. |t should
also be noted that the material extruded along the shear plane consisted
mainly of ice and was not included in the shear zone water content
determinations.

At the relatively warm test temperatures used, the migration ofv
unfrozen soil water could be responsible for the changed conditions
observed. Intact soil peds situated within the network of ice lenses
were actually quite dense and may have exhibited dilatant behaviour when
subjected to shear. It is well known that negative nore pressures can
-develop in a dilating soil and such a phenomenon may have been respons-
ible for attracting water to the shear zone. The process of water
migration toward shear zones in frozen soils has important engineering
implications. On the basis of features observed during this study,
extrapolation to field conditions suggests that sustained shear movements
along a well-developed rupture surface could produce an accumulation of
ice and contribute to a progressive deterioration of the available shear
strength. This would probably be accompanied by displacement rateé

" approaching those observed for pure ice.
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Components of strength

Experimental results described”in the preceding sections are in
general agreement with shear strength concepts for frozen soils which
were described in Chapter Il. Test data reported there demonstrated
that shear strength of frozen sand exhibited identifiable frictional and
cohesive components. The experiments performed in connection with this
study were designed to explore the strength characteristics of frozen, -
fine-grained soils at temperatures and strain rates approximating those

encountered in the geotechnical analysis of slopes or loaded foundations.

Figures 3.3 to 3.7 show that if frozen clays are sufficiently dense
so thaf most of the shearing occurs through intact soil rather than ice,
then the frictional component of strength will depend directly upon the
normallstress or confining pressure. The friction angle determined froﬁ
samples sheared at the slowest rate was the same as that obtained from A
triaxial tests on the same soil after thawing. Increases in strain rate
were accompanied by an overall increase in stfength, but the friction
~angle$ tended to decrease.

Previous studies (e.g. Neuber and Wolters, 1970) had invariably
concluded that frozen clays exhibited a negligible Frictfonal response
to changes in confining pressure. The strength envelopes shown in
Figures 3.3 througt 3.7 clearly indicate that the opposite is true.
HoweQer, it appears that very slow strain rates must be employed before
a definite frictional response can be identified., Ladanyi (1974) has

suggested that a ffnite interval of time must follow the application of
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stress before a frozen soil's behaviour can be resolved in terms of
effective stress concepts. He a]s?lstates that stresses initially
carried by the ice matrix must be dissipated by creep before the soil
skeleton can fully ass;me the hydrostatic and shearing stresses applied.
This transfer of stress must be a time—dependenf process since it is
governed by creep. Therefore, mobilization of friction at the soil
particle contacts can occur only if strain rates are sufficiently slow
for creep deformation in the ice matrix to permit the soil skeleton to
assume most of the applied stress. Even if each soil grain is completely
coated with ice, stresses at the contact points will be large enough
that, with the passage of time, creep and regelation may displace the
ice and give way to a solid contact between mineral particles.

At lower mean stresses, the éhear strength of frozen clays will de-

pend mainly on the

sive nature cf the ice matrix, particularly if
rates of shear are fast. As stress levels are increased, the cohesive
component may constitute a decreasing fraction of the total strength.
Alkire and Andersland (1973) have observed that ice occupying pore
spaces in frozen sand inhibits the developmenf of frictional resistance,
so that friction angles measured may actually be smaller than those
obtained for the same soil in an unfrozen state. They have argued that
the combined effects of high confining pressure and particles being
restrained by the ice matrix tend to retard any tendency for volume
change. A decreas: in the component of strength normally assotiated
with dilatancy thus tends to reduce the measured friction angle. That

similar behaviour was not observed in the shear tests on frozen clay

reported here, was probably the result of smaller pore sizes and the
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presence of unfrozen water in‘the soil. Results Suggesf that at fhe
slowest rate of étrain, shearing resistance offered by the ice matrix
was so small that it was possible for the full effective friction angle
to be mobilized.

Figures 3.6 and 3.7 show that at faster stréin rates, apparent
friction angles were less than the effective friction angle for the
thawed soil, Figure 3.5 demonstrateg that this same friction angle can
be duplicated under frozen conditions by conducting shear at sufficiently
slow rates of strain. Sayles (1973), on the basis of tests on Ottawa
sand, concludes that long term strength is a function of the effective
angle of internal friction which can be determined by performing simple,
standard tests on the unfrozen sands.

An indication of voluﬁe change.was obtained by measuring the
vertical movement of the load cap. Some portion of the volumetric
strain can be attributed to sample extrusion and phase change associated
with temperature fluctuation. However, the vertical movements do pro-
vide a crude indication of volumetric straining occurrfng due to shear.
Review of the test results shown in Appendix C, Table C.-, permits the
following general observations:

1) During the first cycle of shear, volume changes were small and

uéually positive.

2) With sustained shearing, volume chahges beﬁéme negative as the.

result of extrusfon.

3) Immediately following each reversal, small volumetric in-.

creases were usually superimposed on a typically decreasing

L

trend.
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Since the volumetric strains were small, it follows that the contribution
of dilatancy to strength will also be small.

The accumulation of ice in the shear zone suggests that some dila-
tion may be the result of redistribution of water on a micro scale. It
may be possible to apply some of the concepts which Boulton (1975) has
used in describing basal shear in glaciers, to ice structures observed
in the test.specimen shear zones. He has attempted to show that voids
located downstream of protuberances on an undulating shear surface may
become sites for the accumulation of ice by the process of regelation.

Figure 3.11 illustrates an ice lens observed in a section of core
that was removed from the headscarp of the Fort Simpson landslide. The
features noted within this core show several similarities to fabric
developed along shear zones in the laboratory study. It is not possible
to determine the origin of an apparent d?splacemcﬁt discontinuity in
this core. In this instance, a through-going ice lens appears to have

‘been rigidly displaced (post-contemporaneously) along either side of a

thin ice lens which has tentatively been identified as an in situ shear
plane. Slickensides were observed where the soil surfaces had contacted
the foliated ice.

On a larger scale, an unusual accumulation of ground ice and evi-
dence of intense shearing have been observed in several undisturbed
permafrost cores obtained from a borehole located on the valiey wall of
the Great Bear River near Fort Norman, N.W.T.]. .The elevation of this
sampling interval corresponds exactly with a zone where inclinometer
measurements indicated that sustained shear movement has been occurring

&

for more than a year.

1 Savigny, K.W. 1976. Personal communication.
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On the basis of these two examples, it appears that ice structures
and slickensides observed in laboratory test specimens compare well with

in situ shear zones encountered in fine-grained permafrost soils.

Figure 3.8 suggests that_geometrfc cohesive intercepts from strength
envelopes obtained at different rates of strain can be described with an
expression of the form proposed by Vyalov (1962). This relationship
(which appears in this thesis as Equation 2.12) may not be rigorous, but
the data do seem to fit it reasonably well.

Some of the literature discussed in Chapter || has suggested that
it may be possible to relate the geometric cohesive intercept directly
to the flow behaviour of polycrystalline ice. 'Figure 3.12 illustrates
an idealized cross-section of a direct shear spe;imen. If a distinct
shear zone can be identified, it can be assumed thaf distortion within
thai portion of the specimen can be approximated by a condition of
simple shear. Shear strain rates can then be computed from the rfgid
displacement rates imposed in each test. The shear box configuration
must be resolved in terms of effective stresses and strain rates (Nye;
1953) before any relationship between the cohesive intercept and strain
rate can be assessed in terms of the constitutive relationship that is
summarized in Figure 2.1.

The sketches shown in Figure 3.9 3ndicéte that a weli-defined shear
zone can be identified in each of the direct shear specimens. The
approximation proposed in Figure 3.12 therefore seems quite reaéonable.

To permit comparison with the behaviour of ice, measured displacement
rates and cohesive jntercepts were converted to effective strain rates

and stresses. These strain rates were subsequently used to extract a
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corresponding effective shear stress from the flow law for ice.giQen in
Figure 2.1. Stresses thus determined could presumably be equated to
those required to produce an identical rigid displacément rate if pure
ice were being tested ih the shear box. Pridr to shear, ice along the
shear plane was largely restricted to pore spaces. Therefore, shear
stresses predicted from the flow law required some adjustment to acqéunt
for actual distribution of ice. It wa§ assumed that the pore ice carried
.the same shear load on a reduced shear plane area, so a correctioq was
made by multiplying the flow law shear stress times the average soil
porosity to estimate the cohesive intercept. Clearly, this approach was
approximate at best, and only served to obtain a crude estimate of thé
magnitude of shear stress carried by the ice matrix. Continuous ice
lenses on the shear plane were not considered since it was felt that
some time and displacement were required to develop these features.

The average water content of the 16 specimens tested was 30%.
Assuming complete saturation,’this corresponds to an average porosity of
about 0.45. Table 3.2 has summarized these calculations and presents a
comparison of the measured and 'predicted' cohesive intercepts. Agree-
ment was good at the two slowest strain rates, but the calculated intercept
for the fastest rate exceeded the experimental valﬁe considerably.
Differences between the predicted and measured cohesive intercepts were
expected since severai assumptions and simplifications had been made.
Even with the discrepancy at the fastest strain rate, it appears that
reasonable estimates of shearing strength can be made if the conditions

of stress, temperature, and strain rate are adequately defined.
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3.4 [ISOTHERMAL CONFINED CREEP TESTS ON FROZEN SOILS

An entirely diffe(ent experimental program formed the second por4
tion of this study of the geotechnical properties of frozen fine-grained
soils. Laboratory testing consisted of observiné the creep behaviour. of
undisturbed specimens which had been subjected to a long-term application
of constant _stress under isothermal conditons. The soil specimens used
in this study were trimmed from core segments of the same silty clay

used in the direct shear program.

Laboratory apparatus

A specialized apparatus was constructed that was capable of apply-

ng o constant stress, maintaining it over long periods of time, measur-
ing axial deformations, and controlling fluctuations in sample temperature
within acceptable limits. A sectional view of the modified triaxial
cell used for these isothermal creep tests is shown in Figure 3.13.
Modifications to suit the specific requirements of this study included
the installation of friction-reducing surfaces on the load platens, heat
ex;hanger coils to provide temperature control, and a thermistor probe
to monitor temperatures during the test.

Axial loads were applied with a Bellofram air cylinder aétuated by
a pressure-regulated air supply. Various Belloffam sizes were used to
obtain the magnitude of axial load required in a particular test. The
air cylinder connecting rod applied axial stresses via a steel ball

resting in a recess at the end of the creep’cell load ram. Thompson
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linear bushings were used to guide the load ram and minimize shaft
friction.

Initial attempts to use conventional natural rubber membranes with.
aqueous solutions of methyl alcohol or ethylene glycol were not success-
ful. While these fluids satisfied the necessary‘freezing point depres-
sion criterion, they invariably caused chemical damage to the membrane.
The cracking, blistering and crazing often resulted in small amounts of
leakage which were sufficient to damage the sample. Direct leakage and
diffusion occurring through the rubber produced significant amounts of
ice corrosion and sample deterioration over the lengthy test durations
required in this study.

To decrease the risk of aborting a test in its terminal stages,
light paraffin oil was used to apply confining pressuresvwithin the
creep cell. Although the oil was messy to work with, it caused no
visible adverse effects. Laboratory trials were conducted to assess the
potential for intrusion into the soil during prolonged tests. As part
of this preliminary study, cell pressures were elevated wall beyond the
range intended for use in the creep tests. "Né intrusion was observed
during these trials so the paraffin method of applying confining pressure
was adopted. As an added precaution, a spray.bottle was used to.apply a
thin coat of ice to all of the test specimens before placing them in
contact with the oil. A technical note published by lverson and Moum
(1974) later confirmed the decision to use oil as a confining fluid.
Thei} work demonstrated that rubber membranes need not be used in triaxial

testing if:
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1) The cell fluid is immiscible with the soil poré fluid; and,

2) The interface between the§g>f1uids is stable under the pre-
vailing conQitions of pore geometry and applied cell pres~
sure.

_A physical assessment of the pressures required to cause oil to flow

into the soil pores indicated, that for clays, the oil-water interface

could conceivably sustain pressures as great as 10 atmospheres before

intrusion would occur. Therefore, a frozen clay with ice in its pores
should be capable of withstanding similar pressures without the risk of
intrusion. Cell pressures were controlled by regulating air pressures
applied to an oil-filled reservoir outside the cold room.

The creep cells were located inside a controlled environment lab-

oratory where ambient air temperatures could be maintained between -1

and -2°C. To decrcase fluctuations in sample temperature, an agueous

solution of ethylene glycol was circulated from a constant temperature

bath through a set of heat exchanger coils mounted inside the cell.

Figure 3.14 shows a schematic layout of the apparatus used in the creep

testing program. To diminish the effects of éir temperature fluctuations

occurring in the cold room, a closely fitted, insulated cabinet was
constructed which completely enclosed the loading frame and creep cells.

The exterior of the creep cell was also covered with a layer of Styrofoam

insulation. An Atkins Type-3 thermistor cemented inside a piece of

stainless steel tubing was inserted through a Swagelok fitting'and
monitored cell fluid temperatures adjacent to the test specimen. It was
felt that a good approximation of the actual soil temperature could be

obtained by measuring fluid temperature &t the sample mid~height.
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Axial stresses were determined indirectly with an electric pressure
transducer by measuring the air pressure acting in the Bellofram. Each
of the Belloframs was calibrated with a load cell to establish relation-
ships between air supply pressures and the resulting piston force.
Valving was arranged so that both cell pressures and axial loads could
be measured with the same transducer. The resolution of this instrument,
when combined with the air pressure regulatioq, permitted determination
and control of the axial stress to within 0.1%. A Hewlett-Packard
24DCDT linearly variable displacement transducer (LVDT) clamped to the
axial load ram was capable of measuring deformations to an accuracy
exceeding 7.5 x 10 4 cm (3 x 10—4 in). Output signals from the pressure
transducer, LVDT's and thermistors were monitored and recorded at speci~
fied time intervals with a data acquisitidn system. Information thus
obtained inciuded a record of axial deformation as a functién of time,
and permitted a review cf the temperature control, axial loads, and cell
pressurés throughout each test. Temperatures were checked manually on a
regular basis and When slight deviations were detected; the refrigerated
bath was adjusted accordingly. This procedure made it possible to

maintain nearly isothermal conditions throughout each test. -

Materials and sample preparation

Samples used in the creep studies were trimied from core which had
been extracted from Zones 3 and 4 of the Fort Simpson landslide headscarp
(refer to Appendix A, Figure A.6). Specimens containing typical, randomly

' ¢

oriented, reticulate ice structure were selected for the tests. " The

index properties of this soil are given in Table 3.1
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To ensure a relatively uniforﬁ ice structure within each sample, a
maximum length of about 12 to 13 cm was adopted since longer specimens
usually contained single thick ice lenses. The core was trimmed to a’
testing diameter of 10 cm (4 in) with a smalf soil lathe. An overhead
milling machine was then used to trim the samplelends parallel to each
other. Each specimen was sprayed with a fine mist of water to completely
cover it with a thin coat of ice. Apart frém functioning as an oil-
proof membrane during the creep testing, encapsulating the samples in
ice also retarded desiccation which might have otherwise been caused by
sublimation during storage. Specimens stored for any length of time
between preparation and testing were wrapped carefully and sealed in
double polyethylene bags.

Since specimen lengths were less than the normally adopted minimum
of twice the diameter, it was felt that lubricated load p]étens should
be used to reduce end friction during the tests. Provious research has
‘shown that using friction reducers at either end of short soil specimens
is an effective means of duplicating strength results obtained in tests
with conventional sample lengths (Rowe and Barden, 1964; Duncan and
Dunlop, 1968). Lubricating the load cap and base pedestal required the
use of centering pins to restrain the specimen from lateral movement
following the application of axial load. Shallow holes drilled in
either end of the creep specimens accepted pins which had been fixed at
the center of each load platen. Specimen weights, dimensions and externally
visible ice features were all recorded prior to-set—up. As watér contents
determined from pieces trimmed from the ends were seldom representative,

bulk density was adopted as the basis for ‘comparing specimens.
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Creep testing procedure

Setting'up the isothermal confined creep tests was performed
entirely within the con%ines of the cold room; Once the equipment had
been cooled to subfreezing temperatures, the load‘platen surfaces were
prepared with surface lubricants. Figure 3.15 shows a sectional view of
the base ped§stal with details of the friction reducing precautions.

The contact surfaces of the pedestal and load cap had been covered with
a thin sheet of Teflon. This was coated with an even film of Dow-
Corning high vacuum grease. A second film of lubricant containing
molybdenum disulphide was then applied. Finally, a thin sheet of neo-
prene rubber was placed on top of each lubricated surface to separate
the sample from the grease. Neoprene membranes were used in preliminary
testing, but adopting oil as a confining fluid eliminated the necessity
to jécket the specimens so their use was discontinued.

Once the load platens had been lubricated, creep specimens were
located on the pins and set up with the load cap in place. The upper
half of the creep cell was then lowered and clamped onto the base to
make a seal. Circulation of refrigerated fluid through the heat ex-
changers was commenced while the cell was being filled with paraffin
oil. It should be noted that prior to each test, the thermistor probe
calibration was checked against an ice bath at 0°C. The temperature
sensor was then lowered into position through a Swagelok bulkhead adaptor
and, as a last step, the exterior of the cell was‘enclosed in Styrofoam

insulation.
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A small axial stress was applied to seat the load platens against
the test specimen. Valves were then plosed of f inside the cold room so
the cell pressure and axial stress>;ould be adjusted externally'without
applying any load to tﬁe sample. The air pressure regulators used to
control these stresses were located on a controf panel outside the cold
room. This arrangement avqided problems which were encountered with the
condensatewfreezing and interfering with normal operation when the
regulators had been located in a sub-freezing environment. Once the air
pressures had been set at appropriate values, cell pressure and axial
load were controlled by opening valves on lines located inside the cold
room. Cell pressures were applied a minimum of three days prior to
increasing the deviatoric stress and initiating of creep. This provided
some time for adjusting the test fempekatures and allowing the sample to
reach thermal equilibrium.

The creep tests were usually run with two cells set up side by side
in the same load frame and enclosed within a single insulated cabinet.
Once the load platens had been seated, LVDT's were clamped to the load
rams on each cell. Following adjustments to fhe LVDT output voltage,
the insulated cabinet was closed and sealed. When conditions were
considered stable, initial readings were taken and the valve controlling
the Bellofram was opened which resulted in the sudden applicatfon of
axial load. Air pressure in the Bellofram built up to the desired level
within a matter of a few seconds. During each creép test, cell pressures
and éxial loads were checked for constancy at intervals of one to fwo
days. The axial load was adjusted periodically to account for changes

in the cross-sectional area that was calcudated from axial strains by
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assuming that the sample volume did not change. Deformations occurring
over time intervals of several day;ﬁwgre normally quite small, so a
constant axial stress (1_0.5%) could be maintained quite easily.

Records of the test data were subsequently reduced with a simple
Fortran program. Small temperature fluctuations‘seemed to cause irregu-.
larities in the time-deformation curves. To‘avoid the difficulties
which thesguwoﬁld cause in computing strain rates, a five-point moving
average was employed to smooth the data. Figure 3.16 shows how effect-
ively this technique removed the irregularities induced by temperature.
Strain rates were determined continuously in the data reduction process
by numerically differentiating axial strain with respect to time.
Standard relationships were employed which used strains measured at
three successive points in time aﬁd calculated the rate at the center
point for cach increment of time. [Interpretation of the data was facili-
tated by using graphical displays of various combinations of the reduced

data which were produced by a computer-controlled Calcomp bed plotter.
3.5 CREEP BEHAVIOUR FROM LABORATORY TESTS

The literature discussed in Chapter 11 indicates that both strength
and deformation characteristics of ice and frozen soils are highly
dependent upon the duration of load. Certain aspects of this behaviour
are amenab]e to study in laboratory tests, and this section describes
the results of a series of constant axial stress, isothermal creep

experiments which were performed with different confining pressures.

&
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Typical test results

Sayles (1973) haé;reported that evén though care was exercised to
eliminate or at least minimize experimental incqnsistencies related
to specimen composition, preparation procedure, and testing conditions,
there were still notable variations in his results. Since undisturbed,
fine-grained permafrost soils were used in this study, it seemed probable
that the results might prove difficult to interpret.

Effects primarily caused by fluctuations in test temperature have
been mentioned in the preceeding section. Temperatures were usually
controlled to within + 0.1 C° of the desired value, but sudden, small
increases often initiated a temporary acceleration in the observed axial
creep rate. Figure 3.16 iilustrateé this behaviour reasonably well
nce mest of the-perturbations in the strain-time curve appcar to be
preceded by an increase in spécimen temperature. Employing a five point
moving éverage has smoothed the experimental curve effectively by distri-
buting the brief, temperature-related disturbances ovef longer intervals
of time. This technique probably provides a reasonable approximation of
the average creep response to axial load which would be observed if
temperature could be held perfectly constant. A portion of this incre-
mental creep behaviour may also be the product of random stabilization
of minute shear displacements occurring along.vari0us planes of weaknesg
within the specimen. |

Stage loading was employed in most of the tests. This was accdm—
plished by allowing the specimen to attain what appeared to be steady

state creep conditions before applying one ‘or more additional increases
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in axial stress. The results from a typically stage-loaded creep test
are shown in Figure 3.17. These curves illustrate the classical trans-
ition.from primary or transient creep into seﬁondary steady state creep.
By plotting both strain and strain rate as a function of time, it is
possible to determine whether the specimen has actuél]y exhibited true
steady~state creep.

Conventionally, a straight line has been fitted tangent.to the
axiaj strain versus time curve. The slope of this line has then been
used to estimate the secondary creep rate. Since strain rates fof these
tests héd been evaluated continuously by numerically differentiating the
normal creep curve, a piot of axial strain rate versus time could also
be drawn. An alternate aﬁd more reliable means of determining the
steady state creep rate consisted of taking the va]ue which the strain
rate cufve approached asymp;otically at large times. For the particular
test illustrated in Figure 3.17, it can be seen that ﬁecondary creep
rates estimated by using these two different methods are in reasonable
agreement with each other. Similar curves were obtained for each of the
tests and all are included in Appendix C.

In certain tests, the axial stress was held constant while the
confining pressure’was either increased or decreased. Other tests were
initiated with considerably different confining pressures but identical
axial stresses. Data obtained using these different combinations were
inconsistent. However, the results didAindicate that increasing the
confining pressure tended to prolong transient creep and slightly reduced
the ultimate steady state creep rate obtained with a specific axial

stress. This observation is consistent with the frictional effects
&
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discussed in Chapter Il in thét a higher i;e content would tend to
decrease the number of soil particle contacts in a given specimen.

An inspection of the various creep curves obtained in this study
indicates that in the early portion of mést tests, strain rate continues
to decrease with time. This behaviour suggests an empirical power law
relationship betweén creep strain rate and time. Figure 3.18 shows
logarithmic plots of strain rate versus time for the first loading stage
of four different tests conducted with axial stresses ranging from 35
kN/m2 to 227 kN/m2 (5 psi to 33 psi). Although significant fluctuations
in strain rate occurred, a considerable portion of this could be attrib-
buted to small changes in test temperature and computational limitations
inherent to the numerical differentiation technique which was used in
their determination. Even with these departures from ideal behaviour,
the experiments have vielded curves with shapes that closely resemble
the general form shown in Figure 2.3. This transition from attenuating
primary creep to a constant secondary creep rate can be phenomenologically
described with a power law taking the form given by Equation 2.9.

~

— = é = At + B (2'9)

By determining the constants in this equation experimentally, it should
be possible to define strain rate as a function of time for an arbitrary
material, temperature, and applied stress.

Rigorously, data plots like the ones sHown in Figure 3;]8 should be
used to establish appropriate constants in the primary creep equation.

Strains produced by these transient pfocesses could then be subtracted
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from the total measured strain to obtain a residual displacement. This
would presumably be the sole product of steady state or secondary, non-
attenuating creep processes. A ligé;r equation (obtained by linear
regression analyses orxgome other suitable technique) relating residual
strains to time could then be derived, and its slope would define the
secondary creep rate., |If thi§ secondary strain rate were quite small,
the influence exerted by steady state pfocesses on the primary portion
of the Ioga;ithmic plot of strain rate versus time would be insignificant.
Separating the primary and secondary creep strains with the procedure
described above would probably not be necessary in most cases. At small
times,'strains due to secondary creep would be small and at longer
times, primary creep processes will have diminished to a rate that is
considerably less than the secondary strain rate. Transient creep will
dominate at early times and steady state processes will begin to control
the strain rate as time passes.

In the data reported in this study, there was no attempt made to
separate the transient and steady state components of creap. Rather, it
was assumed that the parameter B in Equation 2.9 equalled zero at the |
outset and that primary creep ceased entirely at large times. This
simplistic approach was thought to be warranted in view of the mérginal
quality of most of this data. However, data which might be obtajned
from other tests conducted at colder temperatures with improved thermaf
control and larger deviatoric stresses might justify using a more compre-
hensive analysis. Only that data obtained during the first load stage
of multi-stage tests>has been used.to determine constants describing

primary creep behaviour. ‘Hult (1966) has outlined a method to reconstruct
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primary creep curves for cases where deviatdric stress has been abruptly
increased at some arbitrary point in time. The construction assumes a
strain-hardening creep law, and Hulf (1966) comments that in experiments
where metals have exper}enced this sort of stress history, measured
results compare reasonably well with theoretical‘predictions. Unfor-
tunately, numerous irregularities in the data collected for this study
precluded the analytical construction of true primary. creep curves for
second and subsequent loading stages.

A summary of the results obtained from creep tests performed on
undisturbed samplies of the Fort Simpson silty clay appears in Table 3.3.
Additional details pertaining to the source and techniques used to pre-
pare these samples are contained in Appendices A and B. The laboratory

creep curves can be found in Appendix C.

Transient creep

Other experiments discussed in Chapter Il have shown that subse-
quent to immediate elastic deformations, the instantaneous slopes of the
strain-time curves (i.e. creep rate) obtained for ice and frozen soils
-decrease with time and eventually assume a constant value. Methods
outlined in the preceding sections and in Chapter 1|l have been used to
analyze transienf creep behaviour observed durfng the first load stage
of each test conducted in this study.

Figure 3.18 illustrates the typical linearity obtained at small
times on the logarithmic plots of strain rate against time. The trans-

ient creep rate term in Equation 2.9 consists of a constant (A), and a
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time exponent (a) for any given deviatoric stress and temperature.
Tabulated data indicate that A exhibj}s only sljght variability, while
the exponent a (slope 9f the line) increases from -1 and approaches zero
when the applied stress bécomes large. Figure 3.19 shows a possible
means of expressing this nonlinear relationshipvbetween the applied
stress and its associated primary creep exponent.

Ladanyi and Johnston (1973) have reported contradictory behaviour
in their Iogarithmic.plots of volumetric strain versus time which had
been derived from a multi-stage pressuremeter creep test performed in a
frozen, varved sflt-clay. Their interpretation of the data had appar-
ently been based on an extrapolation of lines drawn tangent to the creep
curves at an arbitrary time of 15 minutes. An alternative interpretation
can be obtained by fitting straight lines to the creep curves. At a
time of one minutc, the ordinate intercepts of these lines converge on a
relatively narrow range of volumetric strains. These intercept values
have been derived in a manner similar to that used to obtain the constant
A in this thesis. Also, the creep exponent derived from these curves
varies from approximately -0.6 at the lowest étress used, and approaches
zero as the pressuremeter's internal stresses are increased.

Using simple relationships like Equation. 2.9 to describe creep
behaviour phenomenolégically constitutes a gross over-simplification of
more rigorous physical relationships. Formulating a general expression
to cover a wide range of stresses and temperatures for even a single
material type would require an enormous amount of experimental work to

define the necessary parameters. Similar efforts would be required to

&
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describe the simultaneous process of steady state creep.’

A lpgarithmié plot of the transient creep exponent versus applied
stress is shown in Figgre.3.19. This graph indicates that a power law
relationship may exist béfween these two variables. The flow law for
ice described in Chapter Il was also a power law; relating steady state
creep rates to stress. Figure 3.20 shows a‘semi-logarithmic_plot of
primary creep exponents versus the éfeady state creep rates eventually
obtained in those same tests. Although thesé results Eannot be con-
sidered conclusive, they do suggest an interesting topic for future
research. |If a relationship like this can be shown to be tenable, the
need to conduct long-term tests to define steady state conditions might
be relaxed. Some control testing would still be required, but results
from relatively short term.pressureheter testing might eventually be
used more confidently to predict both traﬁsient and steady state creep
behaviour.

From Figure 2.1, it can be seen that small applied stresses produce
very slow steady state creep rates. Under these circdmstances, transient
creep processes could conceivably dominate total deformations some time
after the initial application on load. This might be especially true at
temperatures close to 0°C where steady state behaviour has not yet been
well-defined. Data presented by both Vialov (1962) and Sayles (1973)
indicate that large times are required before creep behaviour makes the
transition from deformation dominated by non-attanuating processes to a

condition of steady state.
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Steady state creep

Although the slopes of tangents drawn to creep curves have been
used to estimate steady state creep rates, the rganalysis of Mellor and
Testa's (1969b) data discussed in Chapter Il demonstrates that this
technique has not always been reliable. It appears that a more acceptable
method of determining steady state creep rates might involve the use of
a logarithmic plot of strain rate against time. Presenting data in this
manner provides a clear definition of the point at which the instant-
"aneous creep rate becomes constant with time. Typical data shown in
Figure 3.17 suggest that steady state creep rates estimated from strain-
time curves are in reasonable agreement with the strain rate approachedA
assymptotically at large times. Logarithmic plots of strain rate versus

time like those shown in Figure 3.18

weire used to deteirmine steady siate
creep rates_(B or és) which are listed in Table 3.3.
Exberimentally-derived steady state strain rates were poorly de-
fined in those tests conducted at the lower stress levéls. However
questionable they may be, strain rates were determined as accurately as
possible, and a logarithmic plot of axial stress against axial strain
rate including data from all of the tests appears as Figure 3.21. It
can be seen that considerable scatter exists for test data obtained at
axial stresses of less than 100 kN/m2 (15 psi). An examination of the
creep curves for these particular tests (see Appendix C) indicates that
steady state creep rates were extremely difficult to estimate. Alsd

shown are data points derived from tests reported by Sayles and Haines

(1974) which were conducted on a similar material (Suffield clay) at a



1121
slightly cooler temperature of -1.7°C. The durations of these tests
ranged from 30 to 50 days.

The heavy curve shown in Figure 3.21 represents an experimentally
derived flow relationship for the Fort'Simpsoﬁ silty clay and has a
bilinear shape. A power law fitting the straighf line portion at stresses
above 100 kN/m2 (15 psi) has an exponent of approximately 2.75. This
value is consistent with the flow law exponent reported for polycrystal-
line ice in Chapter Il. |If this line ig extended through the Suffield
clay data points, a single straight line defines the flow law for these
soils. Until better tests can be conducted at low stresses and warm
temperatures on both frozen soil and ice, it seems premature to recognize
any sort of bilinear flow law.  After having fitted a straight line
through the data for Suffield clay and results from tests at higher
stresses con the Fort Simpson silty clay, the steady state creep rates
are one to two orders of magnitude faster than those indicated for ice
‘under similar conditions of stress and temperature. This difference in
creep rates may be thée result of one or more of the following factors:

1)  The presence of significant quantities of unfrozen water in

fine-grained soils at temperatures close to 0°C.

2) Shear movements occurring along soil-ice interfaces at contacts

between discrete ice lenses and intact soil.

3) Acceleration of creep in the ice lenses caused by softening

and crystal boundary thickening caused by chemical impurities
which were excluded from thé soil watef during freezing.

Closer correspondence to the behaviour observed for ice would be antici-

pated at colder temperatures or in highly ice~rich soils.
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Table 3.3 shows that when specimens were subjected to the same
axial stress, higher confining pressures appeared to result in slightly
slower secondary creep rates. The most probable explanation for this
behaviour is that confining pressures'increase the stress carried by the
soil skeleton so that greater frictional strengtﬁ must be overcome to
produce shear movement and creep. It follows that creep rates could be
.attenuated by elevating the confining pressure if sbme form of 'drainage'
in the frozen soil results in the soil skeleton carrying an increased
mean stress. Decreased creep rates under high confining pressures have
also been reported for frozen sands (Alkire and Andersland, 1973; Sayles,
1973).

One exception to this trend Was observed in Tests 5 and 6 where the
confining pressure was suddenly reduced from 552 kN/m2 (80 psi) to zero
with the axial strcss being held constant. It was expected that the
secondary creep rates would increase, but instead, they appeared to
‘decrease by as much as a factor of 5. These results are questionable
since the procedure employed did not provide any time for the specimen
to equilibrate after adjusting the confining stress.

The data also indicate some effects which are related to the charac-
teristics of individual specimens. All other factors being the same,
behavioural differences associated with physical characteristics seemed
to be more strongly affected by internal ground ice structuré thanv
frozen bulk density. The presence of features spch as through-going ice
blenses inclined at favourable angles had very noticeable effects.

Samples were thus selected to eliminate nonuniformities which might have

made the interpretation of test data more fifficult. Cores used for the
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tests reported here were prepqred so that each specimen contained a
similar, evenly-distributed ﬁetwork of thin reticulafe ice lenses.

It was anticipated;thét warmer temperatures would result in faster
creep rates. Tests run with temperatu;es closest to 0°C displayed
greater sensitivity to fluctuations in temperatu;e control. This respohse
was almost certainly related to the increasing rate of change in the
unfrozen water content as 0°C was approached.

The creep specimens were all examined in detail once the fests had
concluded. Most of them appeared to have strained uniformly and showed
no indication of bulging or distinct shear planes. In a very few in-
stances, small amounts of movement appeared to have occurred along ice
lenses, but in general, the assumption of volume constancy appeared to

have been a reasonable one.
3.6 DISCUSSION OF RESULTS

The data presented in this chapter are unique for two reasons:

1) A majority of these tests were performed at near-thawing
temperatures on natural and relatively undisturbed fine-
grained permafrost soils.

2) The tests were performed at slow strain rates with low sfresses
and very long test durations.

The slow strain rates used in the direct shear testing meant that several
.experiments lasted for more than 30 days. Fortunately, the results
obtained appear to have justified the experimental difficulties which

were encountered. Similarly, the creep stldy required long testing
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times before steady state conditiéns could be identified with confidence.
The challenge of conducting t%ese long-term tests was compounded by the
necessity for extreme}y effective temperature control when working

within 2°C of the melting point. ’. |

This study of the strength and deformation‘behaviour of natural
permafrost soils has shown that a mechanistic description of the inter-

‘ action between shear and creep given in Chapter Il was reasonably
accurate. The applicability of this conceptual model had been demon-
strated for frozen sands, but much of the literature pertaining to the
properties and behaviour of frozen, fine-grained soils seemed quite
ambiguous. The results of these experiments have shown that Ladanyi's
()974, 1975) basic model for frozen soil behaviour can be used with
reasonable confidence in making predictions of creep settlements and
time-dependent bearina capacities for foundations on frozen soils.

Thése same concepts may also find application in estimating and interpret-

-ing time-settlement relationships for piles in permafrost, as well as in
establishing the conditions of limiting equilibrium when analyzing the
stébility of slopes which are affected by permafrost conditions.

The direct shear testing has demonstrated that frozen fine-grained
soils exhibited a definite frictional response. [If imposed strain rates
are sufficiently s]ow, the friction angle mobilized can equal the effect-
ive angle of shearing resistance obtained for the same soil in an unfrozen
state. Higher geometric cohesive intercepts were observed with increas-
ing rates of strain, the magnitude apparently befng controlled mainly by
the strain rafe and soil temperature. The magnitudes of these cohesion

intercepts were estimated by using the flo¥ law for ice (Figure 2.1) to
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compute a shear stress corresponding to the strain raté imposed during
the test. The cross-sectional area .of the specimen was then corrected
to the average amount of ice actually pfesent in the shear plane (j;jg
proportional to the soil's porosity)} It was also found that the avail-
able shear strength decreased as the horizonfa] deformationé accumulated.
The observed reduction in strength can be at least partially attributed
to the formation and accumulation of a thiﬁ layer of segregated ice
along the shear plane. Slickensides were noted on the soil surfaces
which had been in contact with shear-induced ice lenses. Samples of
Fort Simpson silty clay used in these tests were quite dense so it seems
probable that these polished surfaces formed'during the early stages of
shear. Indications of dilatant behaviour during the first and some
subsequent cytles of shear suggest that unfrozen water and ice may be
attracted to the shear zone, uitimately producing the accumulation of
ice observed there.

This particular observation has serious implications with respect
to the long-term behaviour of footings, pilgs, and slopes involving
permafrost soils. Since sustained shear movements can apparently cause
increases in ice content within shear zones, imposing stresses which
exceed a soil's long-term shear strength could conceivably lead to a
condition of deteriorating stability. With an underestimated load,
deformation rates might increase, as the ultimate strength and creep
rate of an ice-rich shear zone would be governed by the propérties of
ice. These structures were observed in all of the direct shear speci-
mens, but it was not determined whether similar lensing could be pro-

duced during transient and steady staté creep. Sheared samples examined
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were characterized by a well-developed shear zone that was crisscrossed
with numerous combounded shear:planes. Decreasing friction angles
observed were in good agreement with Ladanyi's (1974) prediction that
faster strain rates wou}d inhibit the full mobilization of frictional
resistance in the soil. The direct shear testing also demonstrated that
changing the normal stress acting on a shear plane had little or. no
effect on strength mobilized once an‘ice lens.had formed there.

The most important finding was thaf, conirary to previous sugges-
tions that frozen, fine-grained soils exhibit no frictional response,
these tests have shown that the soil's effective angle of internal
friction can be mobilized if strain rates are sufficiently slow. Under
low normal stresses and at faster strain rates, the frozen strength is
dominated by the cohesive cbmponent.. This quantity is largely controlled
by the strength of ice and is therefore dependent upon strain rate,
temperature, and ice content.

The creep testing program demonstrated that the deformation behav-
iour of undistﬁrbed, fine-grained permafrost soils is amenable to rational
analysis. Both transient (attentuating) and steady state processes were
clearly identified. Of considerable interest was the observation that
steady state creep rates determined in this study were in general agree-
ment with those which could be estimated using the flow relationship
summarized in Figure 2.], It would seem that'at.warm temperatures,
fine-grained soils actually creep at rates which are only slightly
faster than those exhibited by ice. Although increasing the éonfinfng

pressure seemed to have an attentuating effect, the resultant changes in

creep rate were not large. £
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Limited data suggest that since the exponent describing transient
creep response is a function of the applied deviatoric stress, it can
also be correlated to the steady stégé(creep rate which is ultimately
obtained. Further resea}ch in this area could result in the development
of a procedure for estimating steady state creep rates directly from
transient creep behaviour observed in realtively short-term tests.
Mefhods for separating transient and steady state creep processes have
been discusséd. It seems reasonable to conclude that utilization of
these techniques in analyzing laboratory data, the results of pile load
tests, etc., would almost certainly improve the level of confidence in
the interpretation and engineering application of results obtained.

It was generally felt that the creep data obtained in this study
were subject to some criticism, as a result of testing difficulties
associated with temperature control. Even so, a.crude flow law was
constructed, and the exponent of 2.75»relating stress to strain rate
corresponds closely to the value of 3 which Qas determined for poly-
crystalline ice in Chapter II. Additional experimental work will be
required before the magnitude of creep deformations occurring in frozen'
soils can be estimated with confidence.

This laboratory study has shown that tran;ient creep can contribute
significantly to total deformation, particularly at low stress levels.
Numerous carefully instrumented and monitored long-term field and
laboratory tests will be required before a comprehensive_model can be
develbped to describe and predict the creep behaviour of frozen soils
accurately. By employing analytical techniques which are physically
sound, solutions to specific problems can bg obtained through the sensible
-interpretation of éevéral tests which havé simulated design loading

conditions.
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TABLE 3.1 SUMMARY OF SOIL INDEX PROPERTIES
SOIL PERCENT CLAY PERCENT  LIQUID PLASTIC  PLASTICITY
(less than 2u)  SILT LIMIT LIMIT  INDEX
Mountain River 50-65 35-50  h0-52 . 20-22 27
Clay! (55)° (h5)  (48)  (21)
Fort Simpson 50-85 15-50 45 20 25
Clay'*3 (60) (40)

X-ray diffraction analyses performed on the clay-sized fraction of
both soils indicated that illite and kaolinite were the major
identifiable minerals. Chlorite and montmorillonite were also
present in trace amounts.

Numbers shown in brackets are average values.

Samples tested were obtained from Zone 4. See Chapter V and Appendix
A for details regarding stratigraphic position.
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Figure 3.2 Typical results from a direct shear test Eonducted

on frozen soil3(Test FS-11) o = 370 kN/m”,
Ye = 1.93 Mg/m”, and sheared at 1.9 cm/day
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Figures 3.9 Sketches of ice structure in sheared specimens of

"Fort Simpson silty clay
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Figure 3.12 Idealization of direct shear test to estimate
strain rates from an assumed condition of simple

shear
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Figure 3.19

Figure 3.20

a PRIMARY CREEP EXPONENT

a PRIMARY CREEP EXPONENT
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CHAPTER 1V
REVIEW OF GEOTECHNICAL PROPERTIES
- OF THAWING SOILS

L.1 PROBLEMS ASSOCIATED WITH THAW

“Introduction

‘Development of petroleum, natural gas and other natural resources
in afctic regions has necessitated certain engineering innovations to
deal with problems peculiar to this environment, not the least of which
are the difficulties associated with thawing soils. It is obvious that
many projects will involve thaw since the maiﬁtenance of frozen condi-
tions under all circumstances is neitherltechnicaliy or economiéa]ly
feasible. It has‘been widely recognized that soil properties deterior-
ate due to thaw but there have been few examples where available analy~-
tic capabilities have been applied to predict these changes. The follow-
ing provfdes a review of current (1976) practice and reflects that
influence which an appreciation of soil behaviour during thaw has had on

design and construction.

Soviet practice

Construction in connection with heavy industrial development has

been underway in the arctic and subarctic regions of the U.S.S.R. since

&
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the early 1940's. These activities have included open.pit and under-
ground mines, hydroelectric developments, surface transportation net-
works, pipelines, and cities with multistoried buildings. In his syhthe-
sis of experience gained from these various activities, Tsytovich (1973)
has emphasized the need to include design provisfon for settlementé
occurring with the thawing of permafrost soilg. 'He comments that the
‘majority of construction failures recorded in the north can be attrib-
uted directly to the omission from design of foundation settlements and
decreases in shear strength that accompany thaw. These concerns are
especially important when dealing with ice-rich soils. Soviet practice
recognizes thé‘importance of determining the properties of frozen and
thawing soils, and indicates that incorporating these features in design

procedures will ensure the safety and adequate performance of most

Tgytovich (1973) states that in moist soils, the freezing process
‘causes development of distinct cryogenic structures, the specific forms
of which are determined by material type, moisture availability and
gréund thermal conditions. In their study of the effects of freezing,
Soviet researchers have found that soil structure and texture have a
considerable influence on the consolidation and shear strength of
thawed soils. |If fhawed void ratios exceed those prior to freezing,
increases in compressibility and reductions in shear strength are gen-
erally observed. The presence of relatively dense aggregates of soil
particles (with moisture contents approaching the plastic limit) has an
important‘influence on soil behaviour. In summary, Tsytovich (1973)
cites the following properties pertaining exclusively to thawing soils,

which he feels are most important:
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1) Under load, void ratio changes experienced by thawing soils
may exeeed those for similar unfrozeﬁ soils.
2)  Water permeabi]ity after thawing may be.increased by one or
two orders of magnitude over values for the same unfrozen
soil, decreasiﬁg with time (due to sweliing) and consolidation
stress.
" 3) Pore water pressures generated dur[ng the thaw of ice-rich
soils may result in conditions of low effective stress. -
4) - Denser soils produce relatively small pore water pressures
during thaw and consequently exhibit measurable strengths.
Qualitatf&e and quantitative descriptions of the behaviour and prop-
erties of thawing soils have been the topic of a considerable volume
of Soviet literature. It is regrettable that only recently have portions
of this woerk {(largely completed prior to 1565) become availabie to the

North American engineéring community.

North American practice

Sanger (1969) has reviewed North American experience with the de-
sign and construction of foundations in permafrost areas. He suggests
that continued thaw-consolidatidn associated with thermal degradation
initiated during or subsequent to constructioh introduces risk since
estimates of settlement (and especially differeniial settlement) are
highly uncertain. Discussion of more recent engineering work in thé
Arctic is‘given in Linell and Johnston (1973). Aside from limited
investigations conducted under the auspicesfbf United States mifitary

agencies, methods for including the effects of thawing permafrost in
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g
design were virtually non-existent prior to the late 1960's. Exceptions
to this are the development of hydroelectric facilities along the Nelson
River (MacDonald, 1963; Johnston, 1969; Brown and Johnston, 1970; Mac-
Pherson et al., 1970) and some undocumented highway construction in
Alaska and the Canadian north. Until recently, structures with low
tolerance for movements have been either relocated to thaw-stable sites
or, more often, founded in permafrost with precautions taken to main-
tain the ground in a frozen condition. With the recent enactment of
restrictive arctic land-use regulations in both Canada and the U.S.A.,
attention has tended to center on environmental damage produced by thaw.

Current concerns

in the late 1560's, discovery of marketable reseives of petroleum
and natural gas on the Alaskan North Slope initiated a suddén incfease
in engineering activity in the Arctic. If was eventually concluded that
transportation of oil from the Arctic coast to an ice-free port could
best be accomplished with a 48 inch (122 cm) diameter pipeline that
would be buried-along a significant portion of its route. Maintajning
oil temperatures at approximately 70°C would result in thawing of the
surrounding permafrost wherever fhe pipe was buried. Among problems
considered in connection with this project were the stability (Woodward-
Clyde and Associates, 1970) and differential settliements (Palmér,’1972)
of the plug of thawed soil surrounding the pipe. Lachénbruch (1970)

studied potential problems created by the presence of a hot-oil pipe-

line in permafrost. Although the conclusions of his study reflected a
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limited understanding of the mechénica] properties of thawed soils, they
did serve to focus attention on the geotechnical aspects of such a pro-
ject.

The possibility also exists that casing in production wells which
penetrate permafrost could be subjected to significant axial stresses if
downdrag were exerted by the settlement of adjaéent thawing soils (Koch,
'1971). This problem of soil-structure interaction has been treated in
more analytical detail by Palmer (1973). McRoberts and Morgenstern
(1974) have identified two types of mass movement common to thawing
soils and have developed an analysis that‘permits preliminary evaluation
of slope stability. Other studies (Smith and Berg, 1973; Pufahl et al.,
1974) have examined the construction and subsequent performance of
roadway cuts excavated in permafrost. |

Planning for the construction of various transportation facilities
inciudfng é highway, a chilled gas pipeline and a hot oil pipeline (all
“in the Mackenzie River Valley), has served to focus Canadian attention
on a group of concerns which are similar to those described above.
Fofemost'among these is the potential for environmental damage iIf melting
is induced by disturbance of the thermal equilibrium of the permafrost.
The post-thaw behavioural characteristics of high compressibility and
low shear strength for ice-rich fine-grained soils have been recognized,
but it is clear that if theoretical analyses are to be applied to engi-

- neering problems with any confidence, realistic parameters must be
determined to describe soil behaviour. The establishment of a rational
basis for coping with thawing soils can best be achieved by an examina-

tion of the following items: ot



. 153

1) Evaluation of the progress of the thaw front Qith time.

2) Evaluation of total thaw settlements.

3) Evaluation of;excess pore pressures associated with consoli-
dation during thaw.

k) Evaluation of available shear strength.
4.2 THAWING. OF FROZEN SOILS

Analysis of thaw

Several techniques of thermal analysis are currently available
which permit the evaluation of thaw depths with time. Solution methods
range from modification of the simple Neumann problem to complex numerical
_methods.. Nixon and McRoherts (1972) have presented ccome uscful sclutions
to one;dimensiona] problems with simple boundary conditions. The dominant
‘variables in thaw problems have been isolated for the general case of a
step temperature applied to the surface of a homogeneous mass of frozen
s0il. The subsequent movement of the thaw interface with time is given
by: _ _
X = a/t | (4.1)
where X is the depth of thaw .
t is time, and
‘o is a constant, determined‘analytically as the root of
a transcendental equation.
In practice, o is simply a parameter which describes the rate of

thaw. Nixon and McRoberts (1973) indicate that since a specific thermal
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solution is seldom an end in itself, a one-dimen;ional‘approach méy be
entirely adequate for application to many field problems.

Analyses of problems including the effects of nonhomogeneity,
complex two-dimensionaf'geometry, space and time dependent properties,
and mixed boundary conditions are possible only through the utilization
of a digital computer. Various finite element and finite difference
schemes are available for suitable modelling of these more complex cir-

cumstances (Hwang et al., 1973; Sykes et al., 197ka; Sykes et al.,

1974b) .

Thermal analysis

In their examination of factors‘affeéting the thawing of frozen
soils, Nixon and McRoberts (1973) haQe assessed the relative effects of
thermal propertieé in determining the rate of thaw. Their study indi-
cates that evaluation of the temperature dependence of less important
parameters such as thermal conductivity is totally unwarranted. By
making use of estimated thermal properties, thaw can apparently be de-
scribed with accufacy sufficient for geotechnical purposes. In con-
clusion, they state that, ''continuing research intb the thermal proper-
ties of soils is considered, at our present state of understanding, to
be subordinate to the.requirement for a more exact knowledge of the
geotechnical properties of thawing soils.'! The suggestion that thermal
properties can be either calculated or estimated with reasonable accuracy

from published data (e.g., Kersten, 1949) has been supported by several

recent studies.
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Comparing predicted and observed fhaw rates for laboratory tests on
reéonstituted soils, Morgenstern and Smith (1973) found that measured
values fall approximately 15% below computed rates. The presence of
unfrozen water was not accounted for in these estimates, and had i*s
effect been included, a better correspondence-might have emerged. Nixon
and Morgenstern (1974) tested undisturbed samples in a similar manner,
-and by taking account of the unfrozen water, obtained a values averaging
7% greater than predicted. |

A comparison of measured and calculated thaw rates has been made by
McRoberts (1975) for several cases of field thawing. He has concluded
that although extensions to the simple Neumann thaw model are sometimes
necessary, agreement between observed and computed o values is good. In
addition, he has demonstrated that the magnitude and range of thaw rates
encountered in nature is not large. Penﬁef et al. (1975), aftef testing
compacted fine-grained soils from the Mackenzie Highway, have reported
1good agreement between their measured thermal conductivity values and
those reported by Kersten (1949). They conclude that this correspondence
has enhaﬁced the reliability of previously published data for use in
.general thermaf calculations. A comparison of field and laboratory
~va]ués of thermal conductivity would, however, still be of value.
Laboratory thermal conductivities have been evaluated for undisturbed,
ice-rich permafrost soils by Slusarchuk and Watson (1975). Thermal
conductivities were again found to be in good agreement with published
values for similar soils at corresponding unit weights and water coﬁtents.
This study draws attention to the fact that the thermal conductivities

. &
of high ice-content soils do not approach the value for pure ice as
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might have been expected. The lower values observed are attributed to
the thermal resistance of tiny air bubbles and discontinuities occurring

naturally in undisturbed ice-rich permafrost.

4,3 CONSOLIDATION OF THAWING SOILS

Thaw-consolidation theory

Central to any effort to describe the behaviour of thawing perma-
frost is an evaluation of the effective stress in the soil. It is this
quantity that uniquely controls both volume change and shear strength.

Tsytovich et al. (1965) have predicted that if a soil is subjected
to a sudden step temperature, settlement will proceed linearly with the
square root of time. Unfortunately, their attempt to cstablish the
bouﬁda}y conditions at the thaw line was incomplete. Zaretskii (1969)
-was probably the first to recognize that settlements due to thaw could

be separated into three components, namely:

1) Settlement brought about by volume reduction associated with
change of phase of ice in the soil pores and gas compression.
'2) Consolidation settlement occurring during the period of thaw.

3)  Consolidation settlement occurring subsequent to the comple-

tion of thaw.

Although the original translation is somewhat confusing, a more recent
description of this work appearing in Tsytovich (1973) makes it clear

that Zaretskii's original assumption about the boundary condition at the
: &
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thaw line was essentially identical tobthat later given by Morgenstern
aﬁd Nixon (1971). Figure 4.1 shows the one-dimensional configuration
for thaw-consolidation, assumed in the following derivations. The key
statement in their solution of the thaw-consolidation problem is that
-"for a saturated soil ... any flow from the thaw line is accommodated by
a change in volume of the soil'. The equation derived to describe this

-condition was:
Vs

du(X,t)
+ oy - ) S '
Py + Y'X - u(X,t) =c, ax , (4.2)
. dt
at x = X(t), t>0
where Po denotes the stress applied to the soil surface,

' denotes the submerged density of the soil,
_ u(X,t) denotes the excess pore wéter pressure at the
thaw front,
c denotes the coefficient of consolidation,
X denotes the distance to the thaw plane from the
soil surface (see equation 4.1),
X 'denotes depth from the ground surface, and
t ~ denotes fime.
Zaretskii (1969) has derived a slightly different equation, but
both analyses assume the foilowing expression for the solution of the

problem:

u(X,t) = A erf

+ Bx | (4.3)
z/E\'I‘E ,
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where A and B are consfants found from the boundary conditions, and
| erf denotes the error function.

Although Zaretskii's sclution takes the samé general form as that ob-
tained by Morgenstern and Nixon (197!) it contains an inexplicable de-
pendence on the average dry density of the thgwing soil. Other things
being equal, this relationship predicts that the degree of consolidation
~at the end of thaw will be reduced by decreasing the soil's dry density.
Comparing this to the Morgenstern and Nixon's linear thaw-consolidation
Solution, it can be seen that Zaretskii cénsistent]y predicts an end-of-
thaQ degree of consolidation that is as much as 7% higher, thus tending
away from conservatism.

Both treatments conclude that excess pore pressures and the degree
‘of consolidation in thawing soils are dependent upon the thaw consoli-
dation ratio R, a term emerging from the.ana]ytica] solutions and defined

by:

R = a A : (4.4)
2/8;

This ratié describes the relative rate at which water is generated
and dissipated at the thaw front. Morgenstern and Nixon (1971) have
~assumed that if no volume change were permitted after thaw, the initial
effective stress in the soil would be equal to zero. This seems reason-
able for extremely ice-rich soils, and they observe that should this
term become substantial, its effect would be to diminish pore pressures
generated by melting and thus reduce the severity of problems arising

. .
during the thawing of frozen soils.
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Although this simple model is somewhat idealiéed,.the basic theory
can be modified to include a variety of thermai and .- loading conditions
of practical interest (Nixon and'Morgenstern, ]9733). The one-
dimensional theory of consolidation of thawing soils has been extended
to consider separately:

1) Description of the movement of theiéhaw front by a more gen-

eral power law.

2) A non-linear stress-strain relationship for the soil skeleton.

. Sykes et al. (1974b) have attempted the formulation of a two-
dimensional finite element model for thaw-consolidation which would
enable the assessment of effects associated with complex geometry and

nonhomogeneity.

Laboratory studies = artificfal]y prepared permafrost

In the preliminary stages of research in a new area, it is custom-
ary to undertake laboratory studies on remoulded soils. Relative homo-
geneity is assured by controlling variables like the stress history,
texture and thermal history, thus eliminating or significantly reducing
variations which would be unavoidable with undisturbed samples. Smith
(1972) and Smith and Morgenstérn (1973) have described the development
of a permafrost oedometer (permode) suitable for the experimental study
of remoulded soils. Their research was designed to assess the validity
of the one-dimensional thaw-consolidation theory previously formulatéd

by Morgenstern and Nixon (1971). Within tHe permode configuration,
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settlements during thaw were obsefved to proceed propoftionally with the
square root of time. In Figure 4.2, the dependence of both the degree
of consolidation and maximum excess pore pressures upon the thaw con-
solidation ratio (R) iﬁ’shown to be good agréement with the theoretical
relationship. For these tests, the assumption was made that the initial
effective stress was zero. The authors draw attention to the diffi-

culties associated with the evaluation of in situ permeability and

compressibility characteristics, and speculate that determination of
field permeabilities will be essential for an accurate estimate of R.

In connection with the same study, Smith (1972) observed that for a
given average void ratio, soils subjected to a freeze-thaw cycle exhibit
an increase in permeability of one to two orders of magnitude in the
range of low applied stresses. This behaQiour was attributed to the
formation of small channels in pqsitions occupied by seqrenated ice
pribr to thaw. He has also demonstrated that successive freeze-thaw‘
-cycles performed under constant stress can p}oduce significant reduc-
tions in void ratio. Smith has suggested that local overconsolidation
wa§ caused by negative pore pressures generated during freezing, so that
upon thaw, the sample would swell. |f permitted to drain, however, the
soil would not return to itsvoriginal void ratio.

Recognizing the importance of the effective stress remnant in a
soil skeleton thawed in an undrained condition, Nixon and Morgenstern
(1973b) undertook an experimental examination of -this quantity (here-
after referred to as the 'residual stress'). Exﬁerimental evidence
(Smith, 1972) suggested that the thermal and stress histories prior to

and associated with permafrost formation cauld be effective in reducing
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void ratios and result in a significant residual‘Stress upon soil thawing.
The thaw-consolidation theory developed for soils exhibiting nonlinear
compressibility {Nixon and Morgenstern, 1973a) indicates that the magni-
tude of pore pressures produced by thaw will depend very much upon the

ratio of the final effective stress to the residual stress.

Residual stress

Since a physical appreciation of the role of residual stress in the -
behaviour of thawing soils is essential to understanding much of the
experimental data presented in subsequent chapters of this thesis, the
following recapitulation extracted from Nixon and Morgenstern (1973b)
should serve to famiiiarizé~the reaéer with this concept.  Referring to
Figure k.2, 2 sediment with 2 known stress history is shown, having been
normal ly cqnsoiidated’to an effective stress Po at a point A. With
freezing in the absence of drainage, a small increase in average void
ratio from point A to B accommodates the volume change'associated with
phase change as most of the water in the pores turns to ice. Thawing
the soil without drainage returns the void ratio to ey which often
produces an increase in pore water pressure. {f the void ratio is
sufficiently high, observed pore pressures can approach or even equal
tﬁe'tota] stress acting on the sample. Thus,'it follows that effective‘
stresses are reduced subsequent to thaw, and in uxtreme cases, may for
all practical purposes equal zero. By permitting drainage, a reduction
in void ratio brings the soil into effective stress equilibrium at point
L. Externally, the freeze—tﬁaw cycle undeﬁ_constant external stress has

brought about a net decrease in volume, represented by AC.
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At lower stress levels in fine-grained sails, the tendency for
development of neéative pore water pressures during freezing has been
recognized. Small lensgs and other discrete bodies of ice are routimely
observed to form in the soil, even under conditions of closed-system
freezing. If the total duantity of moisture in fhe samp]é'remains
unchanged, any redistribution of water must have the effect of over-
consolidating (and possibly desaturating) ceﬁtain soil elements with
respect to the external load. This suggests that soil lying between
segments of discrete ice has probably been subjected to an effective
stress exceeding Po'

Upon thawing, overconsolidated elements of soil may retain effec~
tive stresses greater than_Po. As thaw progresses, excess water is made
available in the macropore system previously occupied by ice, and the
adjacent soil swells to absorb available Tree water. - The stress path
followed by the soil during this process is shown by the dashed iine ADE
in Figdre h.3;

During swelling, all soil elements do not necessafi]y achieve the
same effective stress and void ratio. The material nearest to the
macropores may swell a great deal, coming to equilibrium at an effective
stress somewhat less than Po. Soil further from the pores could then
retain relatively high effective stresses for some time after thaw by
virtue of its overconsolidated state.

If the soil is capable of absorbing all of Lhe water freed by ice
melting, then the remaining effective stress is the residual stress;

co'. Alternately, if the soil swells to a state where the effective

stress is negligible and some excess pore fluid still remains, then the
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residual stress will be zero. Fo]lowing thaw, free drainage will permit
the soil to consdlidate (or swell) under thevaction of an external load
to some effective stres§, Po' During reloading aiong the line EC,
stress-strain behaviour will be typical of an overconsolidated soil.

The net strain from the frozen to the fully thawéd state (line BC) has
been termed the thaw strain.

- From the foregoing, it should bé obvioug that the behaviour of
‘thawing permafrost is strongly influenced by its stress and thermal
histories. The residual stress will affect pore pressures, settlements
associated with thaw, and the undrained strength of the thawed soil
mass. In their experimental study, Nixoon and Morgenstern (1973b) uti-
lized a modified permode to measure residual stresses in two different
reconstituted silty clays.. The tests revealed an excellent linear
correlation between soil veid ratic and logarithm of the effective ~
stress. Figure 4.4 shows that by following entirely different streés
paths in two éeparate test series, essentially identical relationships

were obtained between e and 00'.

Laboratory studies - undisturbed permafrost

in addition to testing reconstituted materials, Nixon and Morgen-
séern (1973b) also measured residual stresses'in a number of undisturbed
samples of silt obtained ffom a site near Norman Wells, N.W.T. A similar
linear relationship was obséryed between void ratio and the ldgarithﬁ of
residual stress. Scatter in the data at higher stress levels was attribu-

ted to difficulty in measuring pore pressures as the soil became rela- -
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tively incompressible. A trend indicating an increase in residual
stress with depth was demonstrated for this site. Less sophisticated
tests conducted on undisturbed perméfFost have attempted to characterize
the magnitude of thaw sérains associated with different soil types.
Woodward-Clyde Associates (1970) has documented the results of an extens-
ive testing program conducted in connection with the Alyeska Pipeline.
Thé results of this study were subsequently presented in an abbreviated
form_(Luscher and Afifi, 1973). By correlating axial thaw strain to
frozen dry density, relationships have been-deve]oped that facilitate
estimates of thaw settlements for silts and graﬁular soils directly from
index properties (excluding effects due to the thawing of ice lenses or
massive ice). Thaw strain data is presented as a function of the applied
consolidation stress, and consequently, the thawed soil's compressibility
also enters the analysis. |
Another group of uncontrolled thaw-settlement tests have been
reported by Speer et al. (1973) who show that a relationship can be
developed between frozen bulk density and total settlement. Their study
indicates that a useful correlatidn may exist between frozen bulk densify
and thaw strain for a given mineral soil type, thus permitting estimates
of settlement magnitudes and variability within specific geclogic units.
Combining data from several sites, a least squares curve was fit;ed to

obtain the equation,

A=73.6 - 101.8 In v, (4.5)
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where A is the thaw strain'(percent), and
Ye s the frozen bulk density (Mg/m’).

A study reported by Keil et al. (1973) ledvto a similar correlation for
varved lacustrine soilsﬂwith-the generally Iérger thaw strains reported
probably being due to differences in the soil and ground ice types
encountered. Watson gi_gl. (1973b) have provfded additional data for
the density-;ettlement correlation. They also note that permeabilities
for undisturbed samples of clayey soils thawed under low stresses are

relatively high (1 x 1077

to 1 x 10_4 cm/s). Small increases in over-
burden pressure brought about a rapid decrease in permeability of two to

three orders of magnitude.

Field studies of thaw

To date, only one field test ha§ been conducted that is sufficiently
well documented to be amenable to analysis. Watson et al. (1973a) have
presented data collected during Mackenzie Valley Pipe Line Research
Limfted's (MVPL) brief operation of a hot~oil pipeline test section at
Inuvik, N.W.T. ' Information recorded at the site included ground tempera-
tures, pore water pressures and settlements. Details of the instrumen-
tation used at that site have been described elsewhere by Slusarchuk et
al. (1973). Morgenstern and Nixon (1975) have analyzed the MVPL test
site data, making use of their (1971) linear thaw-consolidation theory.
The general agreement demonstrated between prediéted and observed rates
of thaw, pore pressures, and setflements improves confidence in esti-

mates of in situ performance based upon existing theories and making use

of results determined in standard laboratory tests.
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McRoberts and Morgenstern (1973, 1974) have examinéd the stability
of'thawing slopes within the framework of thaw—conso]idation theory and
suggest that thaw—generaFed pore water pressures have been an important
factor in a number of cases of instability observed in the Mackenzie
River Valley. Excess pore water pressures measuréd at the thaw froﬁt in
several mudflows constitute an indirect confiémafion of correspondence

between field and laboratory behaviour.
4.4 SHEAR STRENGTH OF THAWING SOILS

The well-known dependence of shearing resistance upon effective
stress remains valid for thawing soils. By using thaw-consolidation
theory to establish pore water pressures, it should be possible to de-

termine shear strength ¥ the effective friction anglc and pore pressure

parameters are known for the soil in question. In the preceeding section,
it was shown that the freezing process has a cénsiderable influence on

the consolidation properties of thawing soils. Investigation of their
behaviourlduring shear would verify the application of thaw-

consolidation theory to problems pertaining to instability and deforma-

tion.

Laboratory studies

Broms and Yao (1965) have documented the effects of freezing and
subsequent thaw on the shear strength of a compacted silty clay. They
observe that changes in mechanical properties can be attributed to one

or more of the following:
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1) Internal redistribution of water.

2) Volume and density changes due to soil water freezing.

3) An overall ingrease in water content during open system freez-

ing.
In their study, a variety of freezing conditions Qere simulated by
varying freezing rates, surcharge pressures aﬁd drainage conditions
during sample preparation,

Unconsolidated undrained tests showed that slow freezing rates (in
conjunction with water inflow being allowed during open-system freezing)
could result in shear strengths of less than 10% of the values obtained
for the control specimens. This loss in strength was attributed to the
presence of 'layers of water' occupying the locations of former ice
lenses. These were thought to permit development of high pore pressures
~dur§ng*thaw and shear under undrained conditions. Furthermore, com-
pacted soils subjected to several freeze-thaw cycles approached full
saturation when frozen at slow rates under open-system conditions.

Stress paths followed in these tests demonstrated the effect of the
apparent overconsolidation caused by the negative pore water ﬁressures
.generated during freezing. These preconsolidation effects were most
noticeable on samples frozen at fast rates without drainage. The
effective angle of shearing resistance remained unaffected by freezing,
but increased moisture contents did cause a reduction in the cohesipn
intercept. The influences of effecfive stress changes experienced
during freezing were more apparent in the shapes of the stress vectors
during shear, which were typical of those normally associated with

overconsolidated clays. This behaviour may*be related to the fact that
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compaction was used to prepare the soil specimens priorAto freezing.
Kaplar (1965) pointed out that bringing the soil to maximum Proctor
density is equivalent to heavy preloading. This could provide an alter-
nate reason for the similarity of stress patﬁs followed by soils sub-
jected to either overconsolidation or a freeze—tﬁaw cycle.

Thomson and Lobacz (1973) employed direct shear tests to determine
strengths along a frozen-thawed interface in a remoulded silty soil.
Their procedure ensured that fully drained conditions existed during
shear, and they measured an effective angle of shearing resistance not
significantly different frqm that of the unfrozen soil. It is of intgr-
est to note that results from triaxial tests on samples which had been
frozen then thawed could be interpreted as exhibiting a nonlinear envel-
ope, even though the authors have chosen tb approximate the failure
relationship with a straight line.

-:watson et al. (1973) report, but do not comment on, results from
‘several consolidated undrained triaxial tests performed on undisturbed

samples.

Soviet research

Very little of the Soviet research dealing with the shear strength
of thawing soils appears in the translated literature, but several
interesting reports are available. Tsytovich et al. (1957) have indi-
cated that strength reductions experienced by sofls subjected to a
freeze-thaw cycle are a conseguence of_structural changes, moisture

redistribution, and water concentration in:«ice lenses. Maximum reduc-
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tions in shear strength have been-observedffn soils poésessing a strati-
fied or cellular (reticulate) structure. Cryogenic fissures retained
after thaw apparently produce significant increases in permeability and
compressibility at low effective stress Ieveis. At higher consolidation
pressures, the magnitudes of these variables tena to conform with values
observed for the unfrozen soil. Increases in the coefficient of consoii—
‘dation at low stress levels have also been attributed to fabric changes
produced by the freezing process (Vodolazkii, 1962). His observations
indicate that under field conditions, the cryogenic structure is retained.
for some time after thaw, but eventually disappears after two to threg
months.

Shusherina and Tsytovich (1967) have presented undrained shear
strengthsAfor clay soils that demonstrate éonsistent strength reductions
for samples which had beenisubjected to a freeze-thaw cycle. The ex-
perimentally determined unfrozen and thawed shear strengths emerge as
‘linear functions of bulk density, with the ratio of these two strengths
remaining essentially constant throughout the documented density range.
HWafer segregated as ice during freezing is released upon thaw but is not
immediately reabsorbed. They suggest that this condition is a major
factor contributing to the strength reduction process in thawing soils.
This response has even been noted for clays frozen under closed-system
conditions with moisture contents as low as the plastic limit.

A number of in situ vane shear tests performed in a thawing earth
fill also gave a linear correlation between shea?ing strength and
density. Although subsequent data exhibits considerably more scatter,

increases in strength that were reported over the three month period
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following thaw are probably related to the dissipation'of excess pore
pressures in the fill. Other vane tests in soil beneath an excavation
showed very low strengths near the thaw plane, again implying the pres-

ence of excess pore water pressures.

4.5 ROLE OF MACROSTRUCTURE IN THAWED SOIL BEHAVIOUR

Ground ice origins

" Hughes (1974) has indicated that, aside from the obvious thermal
conditions necessary for the formation of permafrost, the distribution
and form of ground ice normally encountered is the product of several
interrelated conditions summarized in the fo]]owing:

1). The physical properties of sediments withfn a geologic unit.

2) Origin and postdepositional history of the geologic unit.

3) Spatial relationships between geologic units.

4)  Hydrogeologic conditions from the onset of permafrost aggrada-

" tion.

Figure 4.5 shows a genetic classification scheme proposed by Mackay
(1972a) that demonstrates some of these associations on the basis of
water origin, dominant transfer processes and resultant ground ice
types. A wide variety of forms can be found within the range of geologic
materials typically encountered.

Occurrences of ground ice documented in conﬁection with engineering
investigations have begn reported primari]y in unconsolidated sediments

of Pleistocene age. Pore ice is not a particularly distinguishing
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feature since ice will necessarily be preSént in the voids of any
sediment that was‘moist prior to permafrost invasion. More visibly
obvious, and of greater concern, is ice in excess of that required to
occupy the porosity of’apparently intact soil. This segregated ice con-
stitutes the majority of.ground ice encountered fn permafrost areas and
ranges from thin veins, barely visible to the naked eye, to thick tabular
bodies of the sort described by Mackéy (1971).

Till plains, which consist of a relativeiy thin veneer of lodgement
till overlying bedrock, make up roughly 50% of the land area in the
vicinity of the Mackenzie River Valley (Hughes, 1974). The compact
nature of these materials, combined with their relatively low permea-
bility, almost totally restricts the formation of segregated ice. Next
in areal extent are the cléys, silts; and sands that were deposited in

glacial lakes impounded along the valley during deglaciation.

lce in glaciolacustrine sediments

Particular interest has been focused on ground ice formed within
fine-grained glaciolacustrine sediments. These materials are the most
potentially troublesome to geotechnical engineers due to the typically
high water contents that render them unstable when thawed. A survey'of
néturally occurring instability in the vicinity of the Mackenzie River
Valley reported by McRoberts and Morgenstern (1¢73) has indicated that
mass movements are most frequently associated with the frozen clays,
silts, and sands found in glacial lake basins. They also note the

invariable occurrence of segregated ice in+tsediments exposed at the
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headscarps of these landslides and flows visited in the course of their
study. |

It seems probable that the construction of h}ghway backslopes in
these same deposits would be accompanied by the gonsiderable risk of
precipitating similarly unstable conditions (Pufaht et al., 1974) .

Concern has also been expressed.regarding the effects which local
ground ice variability could have on the total and differential settle-
ments sustained by a warm-oil pipeline founded in permafrost (Speer et
al., 1973). Bedded silts and clays which had been deposited in glacial
lakes were identified as a problematic terrain unit and an extensive
laboratory testing program subsequently demonstrated that design concerns
were well founded. Additiqnal]y, ground ice structure apparently plays-
a significant role in sustaining slope retreat at the ablating headscarps

-

flows in these same siity ciays {(Pufahi, 1976).

o

of bimoda

Although more detail regarding the field identification and de-
script?on of Qround ice could be given, it is instructive to review the
three most common structures developéd when ground ice forms in soils.
Without reference to origin or subsequent developmental processes,
Tsytovich (1973) has described three easily distinguished structures
shown schematically in Figure 4.6,

Soils with massive structure contain a uniform distribution of pore
ice, and occasionally some fine, random, discéntinﬁbus veins. These
soils are characteristically quite dense. They generally exhibit negli-
gible to moderate thaw strains and satisfactory thawed strengths, with
almost none of the structure‘associaied with freezing being retained

after thaw. The thawed behaviour of these ‘soils is, then, not ﬁarkedly
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different from similar material that has not éxperienced a freeze;thaw
cycle. The same generalization is certainly not true of soils with
either stratified or reticulate structures, both of which exhibit re-
duced shear strengths and larger strains upon thaw. Since these are
apparently the most common ice structures found in glaciolécustrine
sediments, the following provides a brfef review of ice formation pro-
cesses for each case.

Taber (1929) concluded that conditions of high initial water con-
tent and easy water access during freezing were favourable to the forma-
tion of alternating soil and ice layers with an essentially horizontal
attitude. A more quantitative description of the physical processes
leading to the formation of rhythmic ice bands has been given by Martin
(1959). Both authors have indicated that stratified structure is most
requently observed in relatively silty scils and can generally be:
attributed to the traﬁsport of water to the freezing front which results
in moiéture cbntents that exceed the soil's pre-freezing equilibrium
‘moisture content. Experience has shown that large théw strains and very
low shear strengths are commonly aséociated with soils containing a
stratified ice structure. |

Taber (1929) also conducted freezing tests on clay soils and ob-
'gerved that the low permeability limited water supply so that ice segre-
gation caused shrinkage cracks to form. As freezing advanced, these '
cracks gradually filled with clear ice and enlaiged themselves, extend-
ing downward and combining with horizontal veins to form a cellular or

reticulate structure. In several instances, vertical or steeply inclined

planes of weakness developed and intersectéd ice veins which had previ-
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ously formed in essentially horizontal attitudes. Subsequent differ-
ential growth of the horizontal lenses apparently caused local contem-
poraneous.'faulting' along these high-angle flaws. The partitioning
walls of clear ice were;gradually thickened with water derived from the
clay blocks contained within. Beskow (1935) has documented a simiiar
process where water for ice veins growing well behind the freezing front
was removed from the adjacent clay.

| More récently, Mackay (1974) has reviewgd'the literature concerning
reticulate ice vein networks and, on the basis of his field obserQations,
has discussed theories of origin and growth. He indicateg that soils
exhibiting reticulate structure yield little excess water when they
thaw, lending support to the suggestion that ice veins have grown in
shrinkage cracks‘and consist of water derived ]ocally. The most fav-
orable conditions for producing this sort of structure would then be
where steep temperature gradients occur in massive soils with low per-
meabilities. This observation is in close agreement with the sequence
of events proposed by Hughes (1974), depictiné the exposure and subse~
quent freezing of a stratigraphic cro§stection thought to be typical of
conditions prevalent in the glaciolacustrine basins of the Mackenzie
River Valley. Although segregated ice in clay typically appears as a
reticulate network, thick horizontal bands of.relatively clear ice, and
eveﬁ downward grading into massive segregated ice have also beeh reﬁort—
ed (Hughes, 19731, Mackay, 1975; Pufahl, 1976).

"Since the reticulate structure is three-dimqnsionél, it is espe-

cially important to recognize this macrostructure in the examination of

ice and soil in small diameter core samples.
_ :

! Hughes, 0.L. 1973. Personal communication.



Effects of thawed fabric

Fissures present in soils possessing efther stratified or reticu-
late structure will prébably produce significant increases in permea-
bility at the low stress which normally correspond to field thaw condi-
tions. | |

Watson et al. (1973) found that undisturbed samples obtained at the
MVPL Inuvik“test site and thawed under low ovérburden pressures had
relatively high coefficients of permeability. However, small increases
in pressure caused a large decrease in perméability. This behaviour is

also supported by the results of in situ permeability tests reported by

Rowley et al. (1973). Thawed soil permeabilities of_]O-h cm/s con-
siderably exceeded the values which might have been anticipated on the
basis of the soil's grain size curve. In their analysig of performance
data for a hot-oil pipeline test section at the same site, Morgenstern
and Nixon (1975) chose to use laboratory permeabilities for the appro-
priate stress range. They have suggested that the measured field values
were too high and cite several reasons to support this view.

High permeabilities have been reported for low plasticity clays
from the Copper River Basin in Alsaka (Woodward-Clyde Associates, 1970)
The results of falling head permeability tests performed on 2.5 in. (6.4
cm) and 7.7 in. (19.6 cm) diameter samples are shown in Figure 4.7. All
specimens tested were recovered from the same genlogic unit. These data
demonstrate the importance of relating sample size to sbi] structural
features. The larger diameter cores clearly contained a more representa-

tive sample of in situ fabric, specifically the fissuring associated
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with ground ice. On this basis, it was concieaed that the macrostructure
was responsible for a permeability increase of at least two ordersrof
magnitude in the low stress range.

The development of a well-defined secondary structure has also been
described in highway subgrade soils frozen under essentially closed-
system conditions (Bergan, 1973; Bergan and Fredlund, 1973; Fredlund et
al., 1975). . Laboratory measurements on remoulded and undisturbed clay
~samples have demonstrated that a freeze-thaw cycle produces a significant
reduction in matric suction. These changes in the subgrade soil para-
meters apparently influence the soil's response to dynamic loading, and
hence contribute to the fatigue damage of oveflying asphaltic concrete
pavements. The explanation offered for the suction decrease is an
accumulation of water in the secondary structure that results from the
melting cut of segregaied ice. On thawing, the reiatively higher moisture
contents in the macrostructure control suction values measured in‘the
laboratory. The action of external stresses and internal suction gradi-

ents can, over the course of time, restore uniform soil moisture distribu-

tions and lead to an increase in observed suctions.
b

o

Experience with structured soils

It is clear that discontinuities produced by‘melting ice lenses are
the dominant features in post-thaw fabric. On the basis of structural
similarities; a number of parallels can be drawn from geotechnical
experience gained with similar materials which are more familiar in

terms of conventiqnal_practice. Rowe (19725 has authored an excellent
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treatise on the role of soil fabric inAgeoteCHﬁical engineering prac-
tice. He emphasizes the need to firstly, recognize features of
fabric during sampling operations, and secondly, take proper account of
the effect that fabric details have oﬁ the interpretation of site aeology
as well as soil strength and consolidation properties.

The consolidation behaviour of fissured clays suggests that sec-
ondary structure provides additional drainage capacity, particularly at
low stress levels (Kazi and Knill, 1969; McGown and Radwan, 1975). Test
results indicate the importance of sample size and macrofabric for

testing under stresses which lie at or below the in situ overburden

pressure. As effective stresses increase, fissures close and the scatte%
in‘permeability data observedlbetween otherwise similar samples decreases
(see Figure 4.8). Permeabilities tend toward uniform values that are
characteristic of the homogeneous intact ciay.

Marsland (1972) has described the role played by extensive ffssur—
ing in producing a nonlinear failure envelope for London clay. At low
normal stresses, the soil behaves like a slightly dilatant granular
material with the clay lumps remaininé relatively intact during shear.
The effects ofvlarge overconsolidation stresses are apparent only within
the hard tumps. As the normal stress is increased, howeyer, larger
portions of the shear plane pass through the intact material and a
definite peak strength is produced. The stress-strain curves obtained
from this series ot fully drained triaxial tests are shown in Figure
4.9, Marsland also emphasizes the absolute neceséity of testing rep-
resentative soil elements (in the iaboratory or field) with specific

attention being paid to recognized relationships between sample dimensions
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L |

and the spacing of discontinuities. It seems reasonable to conclude
that permafrost soils exhibiting a stratified or reticulate structure in

the thawed state should behave similarly to fissured clays.

Research objectives

At present, there is a paucity of well-documented field case his-
tories describing thaw-induced settlements or instability. This sug-

gests that laboratory or in situ testing to evaluate properties of

undisturbed fine-grained permafrost soils would provide information of
.considerable value. A primary objective in any preliminary study
should then be an attempt to define the role of cryogenic structure in

the geotechnical behaviour of thawing soils.

Reference to Figurc 4.10 provides a summary of the various pro-
cesses thought to be occurring during the thaw of a fine-grained soil
possessing reticulate structure. The frozen clay shown contains through-
going sedimentary and cryogenic features. As thaw proceeds, water
released from the melting ice network will soften the adjacent soil and
flow along the secondary structure in response to any existing hydraulic
gradient. Water will also make its way into bedding features such as
silt lenses. . .

-Availability of water permits the soil blocks or 'peds' to even-

tually swell to a noisture content in equilibfium with the in situ

effective stresses. At the completion of thawing, it is probable that
the secondary structure will be fully saturated and possess a moisture

content somewhat higher than average. Lunfps retained within the soft-
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ened matrix will have lower water.contents and may not be fully saturat-
ed. |If external stresses are high, water will continue to drain pre-
ferentially along the fissures until effective stresses become suf-
ficiently high to cause“c]osure of the strucfure. Under these circum-
stances, water migration would continue within the soil blocks. With
lower external stresses, it seems less Iikely.tHat drainage and local
~moisture redistribution would occur. Suctions within the lumps would
then constitute the only potential driving water from the secondary
structure into the intact soil. This model suggests several behavioural
features that have a great deal in common with other soils possessing a
definite secondary structure such as the more familiar fissured clays.

The physics of thawing soils are understood reasonably well, and
analytic solutions are now available for épblication to a wide variety
of engineering problems. However, very little detailed information
exfsts describing the geotechnical behaviour of thawing soils. With
‘numerous important problems confrdnting the geotechnical engineer in the
Arctic, it is probable that those situations involving the thawing of
frdzen soil will be the most common and potentially serious from both
structural and economic points of view. Fine-grained permafrost soils,
particularly glaciolacustrine clays, have been singled out for attention
in this thesis. The_subsequent chapters present a detailed laboratory

examination of their geotechncial behaviour when thawed.
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CLASSIFICATION OF UNDERGROUND ICE
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‘98 mm specimens of London clay.(after Marsland, 1972)
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CHAPTER V

LABORATORY STUDIES OF CONSOLIDATION IN THAWING SOILS
5.1 INTRODUCTION

A mathematical model to describe the brocess of consolidation and
experimental results to substantiate the theoretical ‘work have been
discussed in Chapter IV. As a next step, it is important to more.
accurately determine the soil properties used in the theory, with par-
ticular reference to natural materials. Subsequent sections describe
laboratory tests on 10 cm (4 in.) diameter undisturbed samples of
fine-grained permafrost soil obtained from three different sites in
the Méckenzie River Valley. Discussions concentrate on the measurement
of recidual stress and conselidation properties, and an attempt is
made to relate them to the debositional and thermal history of the

sediments.
5.2 FACTORS AFFECTING CONSOLIDATION AND SETTLEMENT

The analysis of consolidation and settlement in thawing soils
begins with a determination of the effective stresses acting in the

soil. At the thaw front, the effective stress is described by:
o'(X,t) = P +y'X- u(X,t) + c'o ’ (5.1)

with symbols as defined in Chapter IV. Thé surface surcharge (PO) and

the thawed soils' submerged density (Y') can be evaluated. With the

187
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application of a step temperature at the soil surface, the depth of thaw
(X) is related to the square root of time by the constant a. The de-
pendence of the excess poré pressure (u (X,t)) on the thaw-consolidation
ratio has been discussed in Section 4.3. Since the thaw-consolidation
ratio contains both thermal and geotechnical properties, the precision
with which pressures can be predicted will depend upon the accuracy

with which q and c, can be determined. The residual stress (pb') is
apparently best determined by laboratory measurement.

Nixon and McRoberts (1973) have shown that in thaw problems, the
dominant variables are grsund surface temperature, the thermal con-
dugtivity of the thawed soil, and the quantity of water involved in
phase change. Field and laboratory studies described in Section 4.2
providé reasonable assurance of the general applicability of Kersten's
(1949) data in thermal calculations. .Thermal variables entering the
thaw-consolidation ratio are reasonably well-defined, whereas knowledge
of the equally important geotechnical variables is less complete.

The coefficient of consolidation is the parameter which describes
fhe rate of dissipation of excess pore water bressures and is related

to soil permability and compressibility by the following:

¢, == k | (5.2)
VYW

where - k dences the coefficient of permeability of the soil, and
m, denotes the coefficient of volume compressibility.
Mineralogy, texture, and stress history all influence compressibility,

whereas permeability is, in addition to thgse factors, affected by fabric.
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Rowe (1970) has suggested that m, can be adequately determined from
oedometer tests. Permeability, however, should be obtained either from

in situ measurements or laboratory tests on large diameter samples

which include representative fabric. Even the results of in situ per-

meability tests are subject to error since effecfs due to stress depen-
dence are difficult to assess. Al Dahir Eﬁ_gl..(1970) have demonstrated
“the importance of scale and stress level in applying laboratory results

to the interpretation of field data. They showed that consolidation
coefficients calculated from field records of pore pressure dissipation
could be as much as an order of magnitude higher than laboratory values.
The tendency for these differences to decrease at higher effective stresses
was attributed to the diminished role of secondary structure under

field conditions.

The difficulties involved in estimating either k or m_ for’
§i££_conditions are well known. No attempt has yet been made to account
for the stress dependence of consolidation properties in the develop?
ment of thaw-consolidation theory. Extensions do, however, include
afﬁonlinear e-0' relationship with <, assumed constant. To include
property variations in the theory is not yet practically justified,
but a realistic value for c, is essential to obtaining an accurate
prediction of pore pressure. For problems involving thawing permafrost,

in situ permeability tests are not feasible and will seldom be prac-

ticable since the soil would normally be frozen at the time of the
site investigation. This limitation increases thé importance of obtain-

ing and testing undisturbed samples which are representative of the in

situ fabric. ' :
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The magnitude of the residuél streés term in equation 5.1 has a
significant influence on excess pore pressures predicted by the non-
linear theory. A semi-logarithmic correlation has been found between
thawed, undrained voiddratio and residual'sfress, but additional test-
ing of natural permafrost is required before this parameter can be
routinely and confidently included in analysis and design (Nixon and
' Morgensternj 1973b). Nevertheless, features such as cryogenic structure
will inflﬁence the experimental measurement of residual stresses.

The expression giving total settlement for thawing, non;homogeneous

soils consists of two terms and takes the form:

H H
S = f A(z)dz + J’ mv(z)Ac' dz (5.3)
o o ’

where A(z) denotes the thaw settlement parameter at depth 7,
| mv(z) denotes the coefficient of volume compressibility at
depth z,

Ac' denotes the effective stress change, and

H denofes the thickness of thawed soil.
The shape of the assumed thaw settlement curve in Figure 5.1 has been
substantiated by thaw strain data reported by wgtson et al. (1973). The
thaw settlement parameter has been equated to the apparent relative
settlement of a permafrost‘samp]e thawea under a no-load condition. A
standara procedure to evaluate this quantity has.not yet been estab-
lished. Correlations between thaw strain and frozen bulk density have
only been used to estiﬁate settiements, so refinement of the test method
is probably not justified. Thaw strain ingludes the large initial

compression that occurs at low stresses as well as volume change
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associated with the ice~water transformation. The second term in equa-
tion 5.3 is settlement due to consolidation with m, assumed constant.
For soi]s exhibiting large thaw st;;ins, this term will be small when
compared fo the total settlemént. If the prediction of.time-dependent
settlement is required, more involved formulations are available
(Morgensfern and Nixon, 1971; Nixon, 1973). Transient settlement be-
haviour is related to the dissipation of excess pore pressures and
therefore éepends upon the thaw consolidation ratio R.

Much larger variations caﬁ Se anticipated in the_geotechnical than
in the thermal parameters for soils. Knowing index properties and water.
contents, the rate of thaw in a frozen soil can be predicted from pub-
lished relationships with accuracy sufficient for most geotechnical
purpoées. ‘The uncertainty in obtaining a value for o is considerably
less than the uncertainty in estimating or measuring c,

In situ testing to assess thawed properties is precluded by prac-

—

tical considerations. With laboratory testing as the only alternative,
care must be exercised to obtain truly representative results. Site
investigation requirements should include the determination of accuraté
stratigréphic, water content, and density profiles as well as obtaining
undisturbed core.suitab\e for laboratory testing. Tests on representa-
tive samples should be performed over a stress range thét approximates

field loading conditions.
5.3. MODEL FOR CLOSURE OF THE SECONDARY STRUCTURE

In the proceés of thaw-consolidatiom, c, is the most important

geotechnical‘parameter_and its macnitude is strongly influenced by the
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permeability of the thawed soil. Recognizing permeability's stress

dependence, Nixon (1973) has emphasized the importance of performing

tests at the correct stress level to éstimate in situ permeability.
Research cited in Chapt;r IV has shown that fissured soils exhibit a
variation in permeability related to changes in effective stress.
In most instances, a reduction in permeability has been found with
incréasing stress, and these initial.decreaseS'become less pronounced at
higher stresses. Stress increases reduce porosity, which in turn,
diminishes permeability. The much larger reductions in permeability
displayed by undisturbed soils have generally been attributed to closure
of structural discontinuities such as cracks, fissures, and root holes.
The influence of cracks on the permeability of rock has been re-
viewed by Morgenstern and Guther (1972) who draw attention to effects
related to preséure changes. The aspect ratic of a crack is much higher
than that of a pore, and since cracks are more prone to closure, stress
changes have a significant effect on the permeability of a fractured
porous medium. The use of Darcy's law to describe flow through a fis-~
sured or fractured media has been justified by Snow (1967). Water
can then be assumed to flow everywhere in the medium and not just along

joints and fissures. The equivalent permeability of such a material is

given by:
ko= ke + k ' | (5.111)
where kf denotes the permeability of the fissure system (strongly
stress dependent), and '

k, ~denotes the intrinsic permeability of the soil (weakly

stress dependent).
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The intrinsic permeability will reméin essentially constant because
compressfon of the soil skeleton will be negligible over the relatively
narrow range of stresses antiéipated f;r most thawing situatijons. At
low stresses, the permeability of a joint or fis;ure system will sig-
nificantly exceed the intrinsic permeability of the soil; Although the
overall permeability will be a function of average effective stfess, it
is also possible that fissure closure could be induced by changes in
shear stress. |

Terzaghi (1960) has explained the permeabil}ty of a jointed rock
mass by proposing a model consisting of three similaf sets of mutuélly
perpendicular joints. He assumed that plane.laminar flow occurred
through two sets of joints and at.right angles to the third. Figure 5.2
shows such an idealized soil mass with a set of intersecting disconti-
nuities with a width of b and spacing D. The average velocity for

laminar flow between two plates is given by:

1 (9F) 2 (5.5)

V= 121 5?0 b
where b denotes the spacing of the plates (joint width),
U . denotes the dynamic viscosity of water,
2%5- denotes the pressure gradient, Ywi, in which ’ .-

i denotes the hydraulic gradient.
Discharge is then determined by the product of flow velocity énd area
(xz). For fhe soil element in Figure 5.2, a unit area is seen to con-
tain a fissure area of_2x2b/D. By making the appropriate substitutions

into Darcy's law, the following is obtained:
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3
k b

Equation 5.6 suggests that small change; in b will produce large changes
in kf. Fissure closure will be determined by effective stress. B,
neglecting swelling effects, a functional relationship can be found
between permeability, effectiQe stress, and the geometry of the macro-
structure o% the soil. To describe experimental daté typically obtained

for fractured rock, Guther (1972) has suggested the function:

A
k= —2— (5.7)
(oa+T)
where - 9, denotes average effective stress, and

A, T, and N are empirical constants.
Equation 5.7 will plot as a straight line of log k against log (ca'+T).
Since the stress dependencé of permeability is directly related
to fissure width, a similar relationship can be developedbby expressing

fissure width as a function of effective stress:

b

b= "o ' - (5.9)
(oa'+T)n
where bo denotes initial fissure width, and
n is an empirical constanf.

" The fissure width for any.effective stress is then substituted into
Equation 5.6 to obtain the equivalent permeability of the fissure
system. Adding this value to the intrinsic permeability (Equation 5.4)

£
. yields the apparent permeability as a function of stress.
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Figure 5.3 is a log-log plot of stress against permeability.A The
behaviour of these thawed samples appears to be described adequately
by a reletionship with the same form as equatfon 5.7. The initial
average fissure width and spacing can be estimated from the ice network
visible on frozen soil sémp]es._ Since this methed of describing fissure

system geometry is an arbitrary process, it cannot be used to estimate

in situ permeabilities with any degree of confidence. Adopting this
approach to model the interaction between macrostructure and effective
‘stress is useful in explaining the large changes’in pefmeability which
are observed in thawing soils.

Combining equations 5.4, 5.6 and 5.8 yields the following

expression:

b3

YW o

~
]
~
F
~—~
\S2}
.
—
o
S

. 6ud (o, 147) 30

which can be reduced to the same form as equation 5.7 if:

Y 3
A = wbo

_TIIE— andN=3n

An apparent value for n can be determined from the type of data shown
in Figure 5.3. With the iﬁelusien of the appropriate values for the
other parameteré, predicfed ahd observed relationships between c¢' and
k can be compared.

Sample NW3-5A displayed a reticulate.ice network that closely

£
resembled the assumed configuration. Measurements of average geometry
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were made and the exponent was evaluated from Figure 5.3. Figﬁre 5.4 shows
tHat the predicted o'~k curve agrees well with experimental results.
Duplication of experfmental data in this case was possible only becaﬁse

the exponent 'n' was evaluated from results that were to be predicted.

The curves in Figure 5.4 demoﬁstrate that the fissure closure model

provides an explanation for stress-dependent consolidation properties in

: thaWing soils. By developing a semi-empirical equation to describe thq
decrease in permeability with ihcreasing stress, it is possible to

obtain a better understanding of the contributions made by the different

elements of soil fabric in determining the soil's overall permeability.
5.4 TESTING EQUIPMENT AND PROCEDURES

Laboratory equipmerit

Laboratory_equipment has been developed to permit the detailed
study of thawing soils. The mosf sophisticated and versatile item
has been-the permafrost oedometer or permode (Smith, 1972) used to
perform thaw-consolidation tests on remoulded clays. The original
appa;atus and instrumentation are described in detail by Morgenstern and
“Smith (1973). Later, a number of design improvements were incorporated
which permitted both the.testing of undisturbed pérmafrost samples 2.5
in. (6.4 cm) in diameter, and the measurement of residual stress.

The objectives of this research prbgram requjred that testing be
done on a large number of 10 cm diameter samples. To facilitate sample

’ .
preparation and test setup procedures, two larger diameter permodes
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were designed and constructed. The fo]lowiﬁg equipment improveﬁents
were made: |
1) The pore pressure measurement system was redesigned to min-
fmize its volume, eliminate air bubble entrapment, and permit
transducer recalibration at any time. |
2) Modifications to the valving were included which permitted
mgasurement of pore water pressures at either the top or base
of the samble.
3) Zero volume change valves were added to give complete control
of drainage as well as to perhit flushing of the top and
'
bottom porous stones during and after test assembly.

L)  Base pedestal height was increased to reduce difficulty

previously encountered .in placing the lower 'o' ring seal.

\n
~—

ring seal on the load cap minimized the possibility
of leakage.

6) Since there was no need to maintain controlled thaw with
relaxed requirements for temperaturelcontro], thermo-electric
modules were replaced by fluid being circulated through heat
exchangers in the base and load cap.

A diagram of the apparatus used for consolidation, germeabilityz
residual stress and thaw-consolidation tests is shown in Figure 5.5.
The permode .is basically a ffxed-ring, low friction oedometer providing
complete control of sample drainage and measurement of pore water
pressures. The split barrel design developed by Nixon and Morgenstern
(1973b) was retained to facilitate the testing of undisturbed samples.
Because of its'low_thermal'conductivity, the barrel exterior and bottom

'éection of the base were made from polyvinyl chloride (PVC). Following
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earlier designs, the load ram was threaded into the load cap to minimize
any tendency for tilting. Ram alignment was maintained by a Teflon
bushing set into an aluminum guide bar; The barrel was lined inter-
nally with a Teflon inéert which, together with a greased rubber mem-
brane, virtually eliminated friction on thebsample sides.

Sintered stainless steel ﬁorous stones replaced the usual carborundum
stones which deteriorated and frequently cracked Qhen subjeéted to
freeze-thaw action. The lower porous stone Qas connected to the ‘
pressure trénsducer.by a 1/16 in. (0.16 cm) insfde diameter bore.

During the manufacture cf valve assemblies; care was taken to minimize
the internal volume of the pressure measuring system. ‘A small, threaded
bleeder valve was built into the transducer block so the transducer
could be.zeroed to atmosphéric pressure with no flow of water occurring
either into or out. of the sample. Undersized neoprene.'o' rings were
used to seal the rubber membrane to the load cap and base peaestal., 'n
addition, fhe clamping action of the barrel on the lower 'o' ring
assisted in producing a completely watertight seal. Each of the 1/8 in.
drainage tubes leading from the load cap Were connected to valves which
permitted the control of flow from top end of the Sahple. All valves
used were 1/8 in. Teflon seated Whifey ball valves (zero volume change)
and all tubing conﬁections“wére made with Swagelok fittings.

By clamping a linearly variable displacement transducer (LVDT)
solidly to the load guide bar at the top of the sample barrel, settle-
ment was measured directly to an accuracy of better thén 0.0002 cm
(0.0001 in.). An electrical resistance sirain-gauged diaphragm pressure

transducer with a resolutioﬁ of approximaqély 0.15 KN/m2 (0.02 psi) was

used to measure sample pore water pressures and hydraulic gradients
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applied in the constant head permeability tests. Provision was not made
for the routine use of thermistors or thermocouples since adoptiné un-
controlled thaw had eliminated fhe necessity for temperature measurement
in most of the testing. However in thaw consolidation tests, both base
and load cap temperatures were monitored by usiné precision thermometers
to measure temperatures in the circulator baths. The accuracy obtained
by determining the step temperature in this manner was checked by insert-
ing a thermistor between the load cap and sample. By using pumps to
circulate either refrigerated or heated fluid it was possible to mini-
mize differences observed between the bath and heat exchanger temperatures.
Shielded cables transmitted LVbT and transducer output signals to a

data acquisition system which provided continual monitoring of pore

pressures and settlements.

Testing procedure

Prior to each test, the permode and test specfmen were placed in
the'sampie preparation room for two to three hours to bring them to a
uniform temperature in the -5 to -8°C range. Test specimens were turned
on a small lathe to a diameter that corresponded to a close internal fit
in the permode. Specimen lengths were usually in the 5 to 6 cm range
but several as long as 8 and 9 cm were tested. An overhead hilling
machine was used to face the ends plane to each other and perpendicular
to the core axis. Complete details regarding procedureS‘and equipment
for sample preparation and storage are given‘in Appendix B.

To preveﬁt freezing of the fluid in thé pore pressure measuring

system, earlier studies had made use of automotive antifreeze in a 50%
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or stronger aqueous solution. Sample deterioration was not reporﬁed,
but from the writer's experience, it is certain that these high anti-
freeze concentrations caused significant erosion.” To diminish thfs:
effect, an aqueous solﬁtion of reagent ethylene glycol was prepared at
as low a concentration as possible while only mérginally preventiné
fluid freezing at ambient cold room temperatures. By reducing the
concentration of the ffeezing point‘depressant, sample erosion and
chemiéal attack on the latex membrane were m}nimized. The deaired
porous stones were cooled after being boiled in a 20% solution of
ethylene glycol.

Alternating between warm and cold environments prodUces conden-
sation which is known to.cause deterioration of strain gauge bonding.
To avoid changes in calibrétion and.zero shift, the pressure transducer
was repléced with a solid plug during‘assembly-fo avoid unnecessarily
subjecting the instrument to large temperature changes. A pre-céoled,
pressurized source of deaired ethylene glycol solution was used to flush
and deair the pore pressure measurement and drainage éssembly.

The process of pfacing a piece of frozen core into the permode
was begun by rolling a rubber membrane onto the sample.r The three 'o!
ring seals were then slipped over:tﬁe sample, outside the membrane.
Before moVing the lower‘porous stone into place, the recess in the base
ﬁedestal was flooded. With the stone in place, a wet filter paper was ‘
slid onto the fluid meniscus, taking care to el.ninate all air bubbles
trapped unde;neath. Excess fluid was wiped away and the sample in its
rubber jackef'was set directly on>thé filter paper. By rolling the
membrane down and snépping fhe lower 'o! ﬁingvinto its groove, the

base seal was established. |t was not always possible to remove
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trapped air when this process was repeated for the load cap. Once the
specimen was enclésed and sealed, the split barrel halves were positioned
and bolted together. The Teflon liner and all 'o' ring grooves were
routinely cieaned and éoated with Dow-Corning silicone grease prior to
each assembly. With the barrel and guide bar clamped into pla;e on the
base assembly, the ram was threaded into the load cap. Application of

an axial stress of 30.to 50 kN/m2 (h'to 7 psi) made it possible to

flush fluid through the lines and porous stones to remove any air trapped
during setup, thus ensuring that the entire system was deaired. After
closing all valves, the permode and sample were placed in a loading

frame and prepared for testing in a warmer laboratory. This sequence

was used to mount permafrost sbecimens prior to any one of the several

different tests that could be conducted using the permode assembly.
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The layout of the complete sys
permode for thaw-consolidation, residual stress, consolidation, and
permeability testing is shown in Figure 5.5. With the permode and
sample in place in the loading frame, components were‘properly seated by
applying a nominal stress of 75 to 100 kN/m2 (10 to 15 psi). Valves to
both the load cap and base were opened to permit drainage and dissipa-
tion of any pore pressures that remained in the measuring system.
Following removal of the plug, the pressure transducer was torqued
into its receptacle and deaired. Axial streés on the frozen sample was
adjusted to the test value and heat exchaﬁger lines were connected to
their approbriate baths and pumps. Permode drainage lines were deafred
prior to connection with volpme change indicators or burettes. The
pressure transducer wés zeroed to atmospheric pressure and the LVDT

was initialized prior to starting the test.’
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5.5 DESCRIPTION OF SOILS TESTED

The undisturbed permafrost séﬁbies used in this testing program
were obtained from theAfollowing sites:
1) A landslide headscarp on the lgft bank of the Mackenzie River,
located approximately 35 km (22 mi) downstream (west) of Fort
Simpson, N.W.T.

2) éérings on the MVPL ice variability study site, 1.6 km
(1 mi) northeast from the towhsite of Norman Wé]ls, N.W.T.

3) Borings in the Noell Lake vicfnity, some 27 km (16 mi) north
of Inuvik, N.W.T.

1t was anticipated that the fine-grained ice-rich soils present at
these sites would provide marginal or unséfisfactory foundation con-
ditions for projects such as a burieq hot oil pipeline. Higher con-
struction costs associated with rerouting or implementing some form of
above-ground support prompted and justified a detailed assessment of
geotechnical properties for these materialg. The geogréphic locations
of these sampling sites have been indicated on Figure 1.1,

Frozen core samples Qere obtained with a modified CRREL-type shell-
auger core barrel, one meter in length. The 11 em (4.25 in) internal
diameter produced slightly oversiied core which could then‘be trimmed
du?iné sample pfeparation to remove disturbed or desiccated material
from its exterior. Sampling sites were restricted to locations where
previous inve;tigations had indicated recovery of fine-grained ice-rich
perm%frost soils. Limited research funds meant that site selection was

restricted to those locations which were ?ccessible from commercially

serviced air strfps.' Descriptions of sampling equipment and procedures,
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site maps, borehole logs and soil classification test data appear in

Appendix A.

Fort Simpson landslide site

In the vicinity of the landslide at Mile 226 (see Figure A.3), the
Mackenzie River has cut its valley through the sediments of a proglacial
lake. Inta;t slopes adjacent to the.slide area are vegetated with mature
white spruce interspersed with occasional birch. The inspection of
soil exposures and a limited amount of test drilling indicate that the
occurrence of ground ice in glaciolacustrine silts and clays is common
in this region (McRoberts and Morgenstern, 1973; Rutter et al., 1973).
in the valley west of Fort Simpson, the Ffﬁe—grained sediments lie in
a wedge-shaped body which thins away from the river. The thickness of
silt and clay in the immediate vicinity of the sampling site appears to
~ be in the order of 4o to 50 meters (130 to 160 ft).

The heéascarp section expégéd in October, 1973, was composed of a
uhiform.déposit of silt and clay with minor amounts of sand. A slight
decreasé in grain size was observed with depth and this was accompanied
by increasgd plasticity. In Appendix A; a_plasticity chart and typical
-grain‘size curves are given.which.summarize the textural pfoperties of
the soils at this sife. Distinctions between the four zones identified
on the stratigraphic log of the headscarp were based 05 the soil and ice
structures that characterized each unit in the exposure. The lateral
variability apparent in the exposure suggested that there was little to
be gained from measuring the depth at whicQ-each core was taken.

Therefore, only the source zone and core orientation were recorded.

Samples from this site were used to conduct an experimental study of
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the effects which various types of ground ice structure would have on
geotechnical behaviour. Labdratory testing was limited to samples
extracted from the three lower zones.

McRoberts (1973) and Pufahl (1976) have commented on the evolution
of the soil profile at this site. For the purposes of this study, Zone
2 has been called a fossil actfve layer but it may also be flow debris
that has been refrozen. Dendrochrohological studies incidafe that this
site was s;bjected to an intense forest fire'some 130 to 140 years ago
(Pufahl, 1976). Thermal disturbance associated with this event could
account for the marked structural differeﬁces between Zones 2 and 3. At
the same liquid limit, material from Zone 2 invariably exhibited lower
plasticity indices than the underlying soil from Zone 3. This may
reflect textural coarsenihg‘due to the mixing=in of silt and sand de-
rived from thevﬁantle of deltaic or alluvial sand outcropping further
upslope. In the exposure examined, materials that make ﬁp Zones 3 and 4
appear to‘have remained undisturbed from the time of their deposifion.

When the same headscarp was visited a year later (after some 12 m
of ablation retreat), the headscarp was considerably different, with new
materials exposed consisting of a channel infilled by sand containing
silty clay incluéions. Several inactfve ice wedges were present at the
upper surface of the sand. At this time, the sand was still overlain
by material that resembled the Zone 2 mapped the previous year. lts
presence suggests that Zone 2 was probably formzd some time after
gléfiolacustrine sediment deposition had ceased and pérmafrost aggrada-
tion had begun. The depth and age of the permafrost at this site are
not known but its relatfvely warm tempera;uré (-1.5°C to =0.5°C) indi-
cates a condition of delicate equilibfium Qith prevailing climatic con-

-ditions.
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Core samples were taken from Zénes 2;'3 and 4 in vertical, horizonfal,
and intermediate orientations. Figure A.6 shows a typical section and
the following is a summary of the principal characteristics of each of
the zones in the exposure:
1)  Brown saﬁdy silt, thawed active layer.
2) Grey-brown silty clay, highly disturbed with predominantly
horizontal segreéated ice. |
3) brey silty clay, ccarse reticulate segregated ice structure.
k) Dark grey silty clay, fine reticulate segreg;ted ice inter-
sected by thick, subhorizontal ic¢ veins or layers.
Variations in structure, density, and orientation permitted compariéons
between significantly different samples that otherwise exhibited iden-~

tical external features.

Norman Wells site

A previous study of the effects of ground ice variability on result-
ing thaw settlements at the site near Norman Wells provided a consider-
able voiumé of preliminary data.(Speer et al., 1973). The insert in the
location pian (Figure A.4) shows the array of boreholes initially drilled
during the MVPL study (as well as the three subsequent borings made for
this study, designafed NW2, NW3, and NWh). Local relief is flat and
;everal small, shallow lakes dot the area. Vegetation consists of a
moderately dense stand of black sprucé. A muskeg with scattered larch
lies directiy to the northeast.

The site is in a shallow, poorly drained channel that lies at the
. i &

foot of a long slope rising to the néafby Norman Range. It is underlain
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by massive or thickly bedded silty cla?s that are a minimum of 12 m in
thickness. These lacustrine sédiment; were deposited in an extensive
glacial lake that was impounded along the Mackenzie valley during de-
glaciation (Hughes gg.gl:, 1973). An upward textural gradation from
clay through silf to sand is typical of deposits that wogld normally
be‘expected in the central portion of a former lake basin. The profile
contains varfable quantities of ice iﬁ the form of randemly oriented
veins up to 5 cm‘in thickness. Organi; specks and discrete layers of
sticks and leaves can be found as deep as 8 m. Below this depth,
increases in density and plasticity are accompanied by a reduction in
the quantity of segregated ice. Bofings for this study were placed within
a 2.m radius to minimize the effects of lateral variability. A profile
derivcd from the composite borehole log (Figure A.10) showed the following
strata:
1)  Mechanically and thermally reworked silts and sands (0 to 2 m).
2) Silty clay with peat, low to medium plasticity (2 to 9.5 m).

3) Clay, medium to high plasticity (9.5 to 12.5+ mj.

Noell Lake site

Examination of pipeline exploration boreholes drillea northeast of
Noell Lake had indicated a clay with low to medium plasticity. Rampton
(1972, 1974) has de-cribed the general area as subdued, hummocky and’
rolliﬁg moraine composed of a dark, sticky clay with variable stone
content. These sediments are certainly not glaciolacustrine and this
final drilling siterwas selected to obtain samp]és of a material that

was texturally similar to the previous locations, but that differed
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significantly in its depositional history.

There are several thermokarst lakes in the immediate vicinity and
local soils have probably been modif&éa to some extent by thermokarst
action. The merainic stony ;]ay is thought t? overlie a complex of
texturally variable marine and flupial sediments with relief being
Iargely controlled by the presence or absence of massuve.lce or ice-rich
beds at depth. Rampton (1974) has indicated that this ice is commonly.
found at theicontact between the stony clay (till or till-derived col-
luvium) and the underlying coarser deposits. Excess ice appearing as
discrete veins is also found within the stony clay.

The drilling site was located at‘the margin of a slight linear
depression that conducts surface runoff toward Noell Lake. Raised-
center'polyggns or earth hummocks cover the area and produce a iocal
relief of approximately 0.5 m. The saﬁpling site lies at a lower ele-
vation than the surrounding tundra and probably occupies the drained
terminus of a mfgratiﬁg thermokarst depression. Active mudfliows were
observed along the margins of nearby lakes.

The upper 1.5 to 2 meters have been subjeéted to severe cryoturba-
tion in the active layer. Material below this is the ubiquitous stony
ciéy which, at this site, has a highly disturbed appearance. Theitype
and quantity of ground ice encountered with depth was ext%emely grratic,
but a general increase in density with depth was indicated. A simplifica-
tion of the profile (Figure A;IS) consists of:

i) Reworked sandy silt, high ice‘confent, present-day or fossil

active layer (0 to 2 m).
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2) Dark grey silty clay with stones, low to medium plasticity,
highly disturbed, ice contenf extremely variable (2 to 8m).
3) Grey silt and fine sand, low plasticity, contorted bedding,
high ice contént (8 to 10.5 m).
4)  Stony clay as above (10.5 to 12+ m).
The generally fine-grained texture of the soils sampled and used in this

study is summarized for the three different sites in Figure 5.7.
5.6 RESIDUAL STRESS MEASUREMENTS

Testing procedure

With the sample prepared and mounted in the permode as described in
thawing was initiated by circulating warm

water through both the load cap and base heat exchangers. The usual

procedure was to start this portion of the test with an applied vertical

stress equal to approximately half the estimated i

situ effective

overburden stress. Thaw typically took from 36 to 60 minutes, depending
on sample height and ice content. Base pore water pressures were
monitored continualfy and if égb-atmospheric values were observed,
load increments were applied to keep pore pressures slighgly positive
and thus avoid damage to the préssure transducer. At the completion of
thawing, the sample and permo&e were brought into thermal equilibrium
with the laboratory room temperature.

Nixon and Morgenstern (1973b) have described two methods for the
determfnation of residgal stress in saturated éoils. The technique

édopted in this study was a modification of their 'null method' which
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which maintained pore water pressures close to zero during the thawing
portion of the test by manipulating the applied total stress. The
possibility that permafrost soils might not always be fully saturated
was confirmed by test data that is discussed in Chapter VI of this
thesi;. At the end of thaw, observations of poré pressure response to
additional load increments ensured that neither side friction nor small-
scale non-homogeneity influenced the measured value of residual stress.
Results from tests on typical_soilé in the Norman Wells and Noell Lake
profiles are given in Figures 5.8 and 5.9. [If leakage was observéd past
any seal, or the pore pressures measured'at the base continued to decay
under constant total stress, it was apparent that the sample was not
being maintained in an undrained condition. These conditions constituted
justification for the rejection of data from the residual stress portion
of that particuiai test.

The pore pressure reaction curves obtained suggest that residual
stress can be determined by extrapolating the response line to a ver-
tical stress that corresponds to a condition of zero pore.ﬁressure. The
élope of the line also provides some indication of the overall pore
pressure response of the soil. Assuming that the maximum stress acts

vertically, the relationship given by Skempton' (195%4) can be written as:

= _Au Au .
B= - = — . . (5.11)
Ac] AOV
where - B denotes the overall pore pressure coefficient,
Au denotes the increase in poré pressure, and
A01=on denotes the increase in the major total principal

stress (vertical).
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Determination of the overall pore pfessﬁre coefficient is important
in the estimation of pore pressures at the thawing front, since a B of
less than unity will have the effect of reducing predicted magnitudes of
pore pressure. The.decrease observed fn B with increasing density and
residual stress is consistent with the overconsolidation and possible
desaturation known to accompany closed-system freezing. Further dis-
cussion of pore pressure response to total stress changes is givgn in
Chapter‘Vl.

At the completion‘of each test, the total stress was decreased to
an intehsity equal to approximately twice the residual stress. Undrained
thaw strain was‘determined by notiné the total compression that had
oqcurrgd during thaw and pore pressure reaction testing. Figure 5.10
shows values of this parameter measured on selected samples from the
Norman Weils site. Disregarding the two sampie§ which contained sig-
nificant quantifies of peat, undrained thaw strains are in close agree-
ment with the solid line representing the computed contractioﬁ associated
with phase change.

Consolidation was initiated by opening the top and bottom drainage
valves. Measurementbof expelled water vofumes perhitted calculation of
moisture content and void ratio changes with-each stress_increment. The
LVDT monitored vertical strain and its signal was recorded at specifi;
time intervals by the data acquisition system. Pérmeasility, compres=
sibility, and consotidation coefficients were determined in the usual
manner from each successive application of load. Constant head permea-
bility tests were rputinely performed at tHe end of each consolidation
“"stege and a detailed discussion of test protcedure and results appears in
fhe next section. bata from the residual stress, consolidation, and

permeabilify tests are summarized in tabular form in Appendix C.
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At the completion of testing, all drainage valves were closed and
external loads were removed from the sample. TBe cores were removed for
water content determination which, in turn, permitted calculation of the
void ratio for any point‘in the tést. It should be notcd that volume
changes %rom settlement observations on some of the denser samples cften
exceeded the volume of water expél]ed during consolidation. In addition
to the . reasons given by Nixon and Morgenﬁtern (1973b), the gréater
variability éf residual stresses measured for undisturbed samples rgfrozen
at higher stresses may have been §aused by desaturation effects.

"Residual stresses were also measured inAa triaxial ﬁell'and close
agreement was found with results obtained in the permode. Initial tests
on silty clay from the Fort Simpson site frequently indicated negligible -
residual stresses. These samples had been thawed under very low cell
pressures and it was suspected that the absence of a preésure gradient
during thaw allqwed most of the water produced by the melting of dis- .

crete ice to remain in the cryogenic fissure system. Measured pore

pressures then reflected the response -of the high water ¢ontent soil
occupying and adjacent to the secondary structure. Testing consistently
yielded very low residual stresses, régardléss‘ of sample density. The
tendency to measure the response of the secondary structure instead of
the whole sample was overcome By thawing triaxial specimens Qnder a
moderate cell pressure. This procedure seemed to assist and accelerate
the process of moisture redistribution prior to cnndu;ting the residual
stress test proper. Cell pressure increments were applied in a manner

similar to that adopted in the permode test procedure. Pore pressure

response observed in these tests allowed evqluétion of the pore pressure
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parameter B. Samples used in triaxial shear strength tests were routinely

subjected to the same procedure.

Laboratory test results

The existence of a linéar relationship between the thawed, undrained
void ratio (et) and the logarithm of residual stress (ool) has been
demonstrated for both reconstituted and undisturbed permafrost soils
(Nixon and Morgenstern, 1973b). The results reported in this thesis
provjde a convincing confirmation of this relationship. An attempt to
cofr?late-residua] stiress with frozen bulk density proved unsuccessful.

Figure 5.11 presents both permode and triaxial cell determinations
of resfdual stress for material frdm zones 3 and 4 of the Fort Simpgon
landsiide headscarp. The data is‘confined to a relatively narrow band
and agreement between results obtained with the two different types of
testing equipment is encouraging. Similar relationships are given in
Figures 5.12 and 5.13 which summarize residual stress data from the
Normaﬁ Wells and Noell Léke sites.

Several patterns emerge from the data. Firstly, it would appear

' S
that the slope of the e, - lpg'co relationship is related to plasticity

t

since the highly plastit clays from Norman Wells were found to have the

]
steepest e, - 9y line. Lower plasticity indices for the siltier clays

t
from the Fort Simpcon and Noell Lake sites give reduced slopes, with ﬁhe
flattest one corresponding to the clayey silt found near the surface at

the Normal Wells site. This bghaviour is consistent with the conceptual

model presented in'Section.h.B to explain the development of residual



/ B 213
stresses in thawing soil, vHigher plasticity'ié usuaily associated with
an increased clay content, which in turn, causes greater compressibility
and a potential for larger negative pore pressures during freezing. The
combinati~n of these two features ;roduces a steeper curve for the
residual stress-void ratio refationship.

Secondly, there is a tendency for a reduction in scatter of the
data With increasing residual stress for all soils except the medium to
highly plastic siltybcjay at Norman Wells. The different behaviour
exhibited by this material is probably related to the frequent presence
of peat layers in the test specimens. Uncertainty. in the computation of
void ratios ié increased by the presence of organic material. The
presence of peat also increases the difficultiesiassociated with pore
preséure measurement since it decreases the system ;tiffness. 1 f broblems
with compliance or side fri;tion were not encountered at higher stress
levels, the uniformity of ﬁeasured residual stresses wpuld increase as
effects related to. secondary structure were diminished by its closure.

At lower Stresses, however, differences in residual stress might be

anticipated between two similar samples at a given void ratio, due

entirely to differences in the macrostructural response.

EE 2

In addition to prqviding properties.such as permeability and the
coefficient of consolgdation, compression followfng residual stress
measurement also provides an e-log o' relationship fér each soil tested.
Nixon and Morgenstern. (1973a, 1974) have indicated that to predict pore
" pressures during thaw, o°| must be determined when a nonlinear function

is used to describe the deformation of the soil skeleton. - To evaluate

residual stress indirectly for ice-rich soiﬁs, they suggested a graph-
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ical construction which extrapolates:the,e-log o' line back to the
thawed, undrained void ratio as shown in Figﬁre 5.14. ‘The absolute
accuracy of the residual stress obtained in this manner was shown to be
of ;econdary iﬁportance.‘ Since it was not possible to pefform a thaw
consolidation test and measure the rcsidual s;ress on the same sample,
they assumed that for ice-rich soils, the value of co'fwas so small that
the extrapolation procedure approximated the first portion of the e-log
o' curve with sufficient accuracy.

For a number of samples, residual stress determination was_followed
by consolidation to define the e-log o' relationship. Figures 5.15,
5.16 and 5.17 show data of this sort for boreholes at the Norman Wells
and Noell Lake sites with depths as indicated. It should be re-embhasized
that each void ratio calcula£ion is subject to some error if organic
material is present, of if the soil is nof fully saturated. Using the
bestfavai]able data for specific gravity'of soil solids and assuming
f;ll safuration, it can be seen that the measured residual stress points
(open circles) consistently fall on the extrapolated e-log o' line.

This provides a convincing demonstration of the general applicability of
the procedure described for the graphical construction of co' from post-
thaw consolidation data.

Further inspection of Figures 5.15 and 5.16 reveals the remarkable
uniformity of the compression index (slope of the e-log ¢' line) over
the full ;oil proffle at the Norman Wells site. Disregarding absolute
values of void ratio, this éonsistent compression Sehaviour attests té

the similarity of the depositional history and soil constituents through-

out the depth interval sampled. These similarities become more apparent
&
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when the microfabric of the undisturbed sdil:is exaﬁined with the aid of
a-scanning electron microscope.(Appendix B). Although the percentage of
silt sizes détermined by hydrometerﬁénalysis was variable, fabric
inspection showed that }dentTfiable silt grains were almost totally
absent. Instead, silt;sized particles appeared to be aggregates of
kaolinite and illite clay sizes. This general uniformity at the micro-
stfuctural level provides some insight into the uniformity of the compres-
sion jndexiwhgre textural changes would normally suggest significant
behavioural differences.

A similar trend did not emerge for.samples from the Noell Lake
site. The variabiliﬁy in compresgion behaviour found for these soils
ref}gcts the highly erratic and_dféturbed nature of the soils encountered.
in tbié profilgi Linearity of the e-log ¢' relationships remains a
consfsfent_feature. - |

Differences in vdid ratio at the same stress level exhibited by
soils which appear to be similar can be attribdted to inéccuracies in
the determination of Fhe specifi; gravity of soil solids (Gs) and the
degree Qf saturation (§)>used in void ratio calculations. G_ tests were
_jnyariably performed on samples from which organic material had intén~
tionally Eéen separated. This procedure, although aiding in the éharac—
terization of soil minerals, tends ta artificially elevafe‘yoid ratios
computed for soils which do contain signifitant quantities of organic
material. Skemptor and Petley (1970) have shown that a correlation can
be.deVelopédvbefween ignition loss and GS for organic and peaty soiIs.
The highly variable nature of peat }nclusions in the upper 8 m of the
Norman Wells soil profile precluded the application of such a correlation

to void ratio calculations since ignition loss determinations would have

been required for each sample tested.
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For nearly all of the tests shown fﬁ Figures 5.15, 5.16, and 5.17,
the residual stress point plotted at the thawed, undraiﬁed void ratio
lies on or slightly below the extrapolated e-log o' line. Points along
the consolidation compression’curve are back-calculatgd from the final
water content and measurements of water volumes expelled during each
~loading stage.. The assumption of full saturation is probably reasonable
iat higher consolidation stresses but many samples.teéted in thfs study ©
were almost'éertainly unsaturated at the time .of thaw. vDirect evalua-
tion of the dégree of saturation was hampered Ey uncertainty iﬁ the
accuracy of Gs for each particular sémple. it”is cleér that by.usfng
values of S of less than unity in calculating vojd ratios, residual
stress points woﬁld be moved éloser to orfeven above the extrapolated
e;log o' lines. The occurreh;e of peét inclusions was confined to

samples from the Norman Wells site since soils from other locations were

essentially free of organic material.

Summary of results

A1l of the available results from experimental determinations of
residual stress for both undisturbed and reconstituted soils are
assembled in Figure 5.18. Here, the thawed, undrained void ratio (et)
is plotted against measured residual‘stress (06') using a logarithmic
scale for stress. Water content and void ratio have been related by
assuming full saturation and an average soil grain density of 2.7.

In many respects, these data are similar to the sedimentation compression

curves given by Skempton (1970). At a giveq void ratio, residual stress

is apparently dependent upon the amount of clay mineral present as
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indicated by the liquid limit. The fact fhét more plastic soils exhibit
hfgher residual stresses for any given water content has been discussed
previously. The various materials summarized in this figure have sihi-
lar clay mineralogies and c;nsequently, effects related to this

variable could not be determined. Figure 5.18 sﬁggests that typical
Mackenzie Valley soils with bulk moisture contents of 35% or less might
. be expected_to exhibit a significant residual stress. Geophysical

methods (e.g. surface resistivity) may prove to be a feasible means

of delineating this characteristic moisture content in situ.

If the data appearing in Figure 5.18 are replotted in terms of
liquidity index instead of void ratio, the points for clay soils are
seen to occupy a distinct band as shown in Figure 5.19. |t is inter-
esting to note that the slope of this band is essentially identical to
that for the sedimentation compression of clays reported by Skempton
(1970). However, at any particular liquidity index, residual stresses

‘fall significantly below corresponding effective overburden pressures
(Po) for normal consolidation. The similarity of the band slopes may
explain the tendency observed for residual stress distributions with

depth to fall parallel to the in situ effective stress line.

———

The discrepancy between 00' and the effective overburden pressure
at the same liquidity index is related to the stress path followed to
reach each condition. In Figure 4.4, we have seen freeze-thaw action
bring about a large decrease in void ratio under conditions of constant
applied stress. To obtain the same void ratio {or liquidity index)
along the virgin compression line would require much larger effective
stresses. Effective overburden pressures during normal consolidation

are defined by the virgin branch of the e-logo' curve, while in a
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closed system, residual stresses are determi&éd by swelling to the pre-
freezing void ratio. The differences in e-logc' behaviour between
virgin compression and swelling are well known. - The flat line followed
during swelling subsequent té thaw means thatr;ma]l increases in void
ratio will produce large reductions in effective stress. Thus, con-
sidering the stress path followed during a closed system freeze~thaw
cycle, it is reasonable to expect that the Llf}ogco' line should fall
well to the left of the Ll-log Po 1ine. Experihental results are in
agreement with anticipated behaviour.

_ The line for silts in Figure 5.19, although parallel to the clay
band, lies some distance to its right. A plausible éxp]anation fér this
deviation is that liquid and plastic limits uSéd in the Ll calculations

may be in error. The composition of the sandy silt unit (8 to 10.5 m)

at ihe Noell Lake site was irregular and it is quite possible that
At;erberg limits determined in that interval were not representative of
the material ihéldded'in the residual stress samples. Limits given by
Nixon and Morgenstern (1973b) were used to compute liquicity indices for
the.various undisturbed Norman Wells silt ﬁamb]es.‘ A summary of site |
conditions at the Gas Arctié test facility (Pémcan Services, 1972)
indicates that a more plastié soil is present. below the 2.5 m depth.
UsingAthese alternate quu?d and plastié'limits to fecoﬁpute L1 values
mo?es the silt line much closer to the other data.

'Severa\'correnations can be derived for residual stresses, but for
thg Rgrposes of design work, expressing the data in the form et-log 00'
curvés for each geologic unit (as shown in Figures 5.11, 5.12, 5.13 and

5.19) is probably most satisfactory. This form of presentation describes

the laboratory results for a particular soil in a straightforward manner
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and defines the relationship between residual stress and the thawed

undrained void ratio.

In situ profiles

Nixon and Morgenstern (1973b) found an approximately linear increase
in residua]~stress with depth for another site at Normal Wells (CAGSL
test site, formerly operated by Gas‘Arctic; site plan in Figure AL

shows the location). With laborétory results obtained in the course of
researchl;bf this thesis, it was possible to obtain a similar correla-
tion to depths of 12 m at both the Norman Wells and Noell Lake sites.

Residug] stress profiles are given for boreholes NW2 and NW3 (Nor-
man Weils site) in Figures 5.20 and.5.21 respecitvely. A trend for
increasing residual stress with depth is c]early’deméhstrateé in each

case. The solid'iines shown arelprbbably a reasonable'approximation of

the actual in situ relationship. Opeh circle§ on the density profile
- 'indicaté the Ye of samples for which residual stres;es wei'e determined.
Thé two boreholes were drilled within 2 ﬁ of each other, and con-
sequently, the density profiles are similar. The solid line indicating
the relationship between densify and depth is,a,cﬁrve drawn through
densitf averagés for sémpling intervals of 0.5 m. It caﬁ'be seen that
oo' for samples with higher tha? average densitiés piot to the right of
the apparent Go'-d:pth relationship. The opposite is true for samples
withrbelow-average density. A change in residual stress behaviour is
seen at the transition from low to high.plasticity clay near the 5m

depth. Below this depth, oo' is related.to density deviations produced

"by peaty layers, local desaturation, and local accumulation of ground
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ice. This patural variability is, in tﬁfn,'(elated to tempqral and
spatial fluctuations of proceéses that éoverned formation of the sediment
profile. A more detailed discussisﬁnof the transport and depositional
agencies responsible for thé accumulation of materials encountered in
this glaciolacustrine sequence appears in Appendix A.

In Figure 5.22, a sihilar presentation of data is given for bore-
hole NL2 at the Noell lLake site. Quantities of ground ice encountered
between thé.depths of 1 and 8 m were éxtremely variable, and are reflected
:in both the density and residual stress proff]es. This site is located
among active thermokarst iékes and the majorityiof the éection sampled
may have been reworked by thcrmokarst migration at some time in the
past. Even with this disturbanCef a géneral trend emérges which indicates
an increase in residual stress with depth. The sandy silt between 8 and
10.5 m was very ice-rich, exhibiting low density énd zero residual
stress. Directly below this, a sharp increase in density produced a
corresponding response in the residual stress. The low plasticity silty
cléy at the bottom of the borehole appeared to be much fess.disturbed
than the texturally similar material ;ampled nearer the surface. The
extraordinarily'hjgh co' values in Figure 5.22 came from sampjes which
were almost certainly unsaturated. Difficu!ties and uncertainties in-
volved with tHe measurement Qf pore pressures in unsaturated soils raise
quesfions regarding the credibility of residual stresses determined in
these few tests. Ry contrast, other samples in close proximity had high
ice Contents and consequently, zero residual stress. A more detailed ‘

description of local and regional geologic features pertinent to this

profile are given in Appendix A. .
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An increase in residual stress with depth has been shown for both
the Norman Wells and Noell Lake gites. Specific geotechnical data has
been related to a sequehce,éf geo]oéic events that seem reasonable for
each lozality. Even so, a number of ériticiéms can be applied to this
data, the most obvious being that iﬁ many instances, densities of

samples tested did not correspond to the average in situ density. Again,

this point raises the controversial question of representative sampling
ahd testing discussed in Section 4.5. Until test results from large

samples are used to corroborate field test observations or performance

data, little more can be done to advance existing confidence in the

measurement and prediction of residual stresses in situ. |t is encour-

aging to note that theoretical concepts developed earlier appear to be
consistent with the behaviour of natural goi]s. Furthermore, the fact
that samples containing segregated ice can exhibit substéntial residual
stresses and small thaw'stfains suggests that ﬁany of the behavioural

inferences made on the basis of currently accepted ground ice logging

procedures should be subject to careful review.

5.7 PERMEABILITY MEASUREMENTS

Testing procedure

At the completion of each residual stress test, samples were sub-
jected to one or more load increments to determine consolidation char-
acteristics. Permeability coefficients could be calculated indirectly

- ) & . . .
from the consolidation data for each stress increase, but it was recog-



222

nized thét these values wou]d‘be inf\uenced‘by the accuracy with which
the soif's compressibility and coefficient of consolidation had been
evaluated. Since thelpermode enabled complete control of drainage, it
was a simple matter to obta;n more }e\iable,Aata by conducting constant
head permeabilify tests at the end of-each consolidation stage. Figure
5;6 details the plumbing whiéh allowedeater to be conducted under
pressure through the transducer valve assembly.to the sample base. This
procedure permitted accurate measurement of the applied head at any tihe
during the test.

The water supply was maintained at constant pressure in a reservoir
mounted approximately one meter above the permode. Pressures applied

-were kept well below those transmitted to the specimen by hanger loads.

E N

At low consolidation stressés, the pressure reservoir was opened to the
atmosphere so that only a small gravity head was applied to conduct the
permeagility test. As hanger loads were increased, regulated air pressure
was incremented in the reservoir to increase the'applied head. The
imposedvhydraulic gradient could then be computed by evaluating the
current length of the sample. Venting the reservoir to atmosphere also
provided'a.convenient check on the transducer's calibration factpr.
Drainage from the top of the sample was measured in a burette
attached to a'moveable ﬁount. Durfng tests with small applied heads,
gradient fluctuations were minimized by adjusting the position of the
bure;te to keep the outflow water level at a constant elevation.
éermeabilities were computed from thé>record of oﬁtflow volume against
time. Use of the falling head method was confined to samples from the

Fort Simpson landslide headscarp which were tested in a 10 cm oedometer

" rather than the permode.
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Permeabilities obtained by the three different methods described
above were in good agreement for samples which wére fully saturated.
Differénces between the indirect.results and permeabilities measured by
diréct uethods were usually noted whenever soils were unsaturated
or concained discrete orgauic layeré. To conduct direcf permeability
tests on these mate;iuls, water was flushed through’ the sample for a
réasona?]e length of time before flow measurements wé?e commenced. |t
was hopeu that this prouedure'would serve to fill the voids along the
priucipal flow'paths. Correspondence bétween volumes of inflow and out-
flow measured in several such testsfconfirmed thé applicability of

this technique.

Laboratory test results

Core was taken from the Fort Simpson landslide headscarp in a
variety of orientétions, and samples contained bothrstratifigﬂ (Zone 2)
and reticulate (Zones 3 and 4) ground ice structures. Permeubility test
resulté.fdr éamples‘from Zone 2 are shown in Figure 5.23. The develop-r
ment of ground ice has produced a system of horizontél structural dis-
continuties which might be expected to produce anisotropic permeability.
'The experimental data conflrms this lmpre55|on since the stratlfled
structure apparently contrlbutes significantly to the bulk permeablllty
This observation does require some qualification, howeyer, since closure
of the horizontal structure uas probably inhibited bu the inability of

the permode to model in situ stress conditions and still measure direc-

tional permeability. A permeability ratio ranging from 5 to 10 in the

low stress range (less than 50 kN/mZ) isvprobably representative of
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field behaviour. These curves illustrate the extremely non-linear rela-
tionship between permeabi]ity‘and‘effective stress and confirm that
re]étively large permeabilities are encountered in the low to moderate

*

stress range. ,
In Figures 5.24 and 5.25, similar data are shown for material with
reticulate structure obtained from Zones 3 and 4. No attempt was made
to distinguish between the behaviour of these two soils since the struct-
ure for each was quite similar, even though Zone 4 samples tended to be
slightly denser. Having recgonized the difficulties associated with
interpretiﬁg oedometer data from tests on horizontal core, no attempt
wa§ made‘to.explore anisotropic éffects with the reticulate structure.
Here again, a permeability decrease of approximately two orders of
_mégnifudé was produced by increasing the effective stress to approximately
50 kN/mz. The reticulate structure apparently exhibits much larger |
differences in behaviour between samples under the same pressure, which
indicates a greater variability in the‘structural sensitivity to stress.
Figure 5,25 shows an exbénded section of some of the curves given‘
in Figure 5.24, A generalrtrend'for lTower pérmeability with higher
density is apparent, but the sample with the lowest density (1.65 Mg/m3)
also exhibited the most rapid decrease in perméability as the effective
stress were increased. This core contained a thiék, suﬁ-horizontal ice
lens which decreased sample deﬁsity.but contributed little to the fabric

enhancement of per-weability. Deviations such as this only serve to

emphasize the need to select test specimens carefully when attempting to

obtain an accurate representation of in situ structure. When working

with core obtained from a borehole, the assessment of structure can
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prove to be a difficult task. It was fortunate that the landslide
headscarp exposure provided én exce}}ent opportunity to obtain an accurate
impression of the bulk structure, onevwhich could not have béen gained
from examination of cére. p

Data from the Zone 3 and 4 material exhibited considerably more
scatter between samples than did the vertical permeabilities measured
fér soi]«from Zone 2. Closure of the stratified structure in the latter
was a direct result of thé vertical stress applied, whereas the reticu-
late structﬁre's response was also influenced by changes in horizontal
stress. This feature, in combination wifh a wider range of frqzenvbulk
densities, accounts for the greater amount of data scatter exhibited
under low stresses by material from Zones 3 and 4. Terminal or. intrin-

7

sic péfmeabilities of 1 x 10-7 cm/s were lower than the 4 x 10 ‘em/s
determined for Zone 2 soils which reflects slight textural differsnces
betweén the units. A]though no experimental data is available for
largef samples, inspection of the discontinuity spacings in these speci-
men; indicates that the 10 cm permode was probably large enough to
eliminate most of the scale effects reléting fo secondary structure in
thése particular soils.

Selected permeability data for samples from the Norman Wells test
site are given in‘Figure 5.26. Once again, the large deErease in per-
meability associated wifh s;ructural closure at low stresses is a dominant
feature. Intrinsir. permeabilities measured at higher stress levels are
consfstently lower for soils with higher clay contents or plasticity. A

wide range in permeability is apparent, even at high stresses, because

materials encountered at this site range from silts to highly plastic
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clays. Even so, as would be predicted by the fissure closure modél
discussed in Sectfon 5.3, macrostructure dominates permeability behaviour
in the low stress range.

Similar results obtainéd for samples from Noell Lake are summarized
in Figure 5.27. The ice;rich and highly structﬁred near-surface material
underweﬁt a permeability decrease of nearly three orders of magnitude
before appﬁoaching a constant value Qnder higher stresses. Sandy silt
in the 8 to IOLS m depth interval showed almost no structural influence,
even though distinct reticulate features were visible in the frozen
coré. Permeability differen;es betwéen samples in this unit could
usualiy be attributed to textural differences. The stony clay in this

profile gave permeability results which were highly variable. The

[

apparent disturbance and erratic ice contents probably contributed sig-

nificantly to this nonunifor
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Flattening of the
k-o' relationship for this soil appeared to occur at a stress of 80
kN/mz, slightly higher than the 50 kN/m2 value that was found to be

typical for the other two sampling sites.

Permeabilities in profile

Figures 5.28 and 5.29 show permeability variations in profile for
the Norman Wells and Noell Lake sites, respeétive]y. These permeabilities

have been interpolated from k-o' curves at the wppropriate calculated

in situ overburden pressure. At Norman Wells, the decrease in permea-

bility with depth is consistent with increasing plasticity and closure

of the macrostructure in response to highdr stresses. The regularity of
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this trend reflects the overall uhiformity of sediments encountered at
this site. The deviation indfcated at the 7.5 m depth is due to several
layers of peaty material which tended to increase soil permeabilities.

Combined variations in“éoil texture anq.ground ice produced a much
less regular relationship between permeability and depth at the Noell
Lake site, but a sensible relationship did emerge when the erratic

stratigraphy was taken into account. .

Summary of results

In Figures 5.30 and 5.31, permeabilitieé are plotted as a~functfon
of void raffo for materials from the Fort Simpson site. The data plof
as a straight-line on semi-iogarithmic axes. Figure 5.3Q shows that
horizoA£al samples from Zone 2 displayed permeabilities that were slightly
higher than those obtained from vertically oriented gamples with similar
. void ratios. Reasons for this behaviour have been discussed above.
Several data points lie below the line, and it seems quite probable that
bybcorrecting for the degree of saturatibn, a closer correspondence
might be obtained. The average void ratio of soils containing strati-
field structure.apparently describes most of the fabric dependent pro-
perties since a single e-log k relationship fits the observed behaviour
reasonably well. |

-Figure 5.31 shows.that this is not neceséarily-true for the retic-
ulate structuré sampled from Zénes 3 and 4. Here, small void fatio

decreases produce large changes in permeability, and data from all of

the tests converge on a single line for permeabilities of less than 10~
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cm/s. In this instance, void ratio cannot, by itself, account for
effects related to the macrogtructurg's response to stress. Several
different networks of discon;inuities, each with different spacings and
widths, could conceivéb]y,bé describéd by the same average void ratio.

Samples from the Norman Wells and Noell Lake sjtes both»showed
sjmilar sorts of behaviour. High.fce content samplés often sh;wed no
definite S;ructural influence, while those with a.we]l-developed reficu-
late structure displayed é rapid decrease in permeability with the small
void ratio changes occurring during the early stages of loading. In
many instances, Samples with similar bulk densities exhibited markedly
differéﬁt e-log k relationships. |

The object of sévefal tests performed was te assess the reproduc-
ibilify of data. Figure 5.32 shows consolidation and permeability test
results for two apnarently identical'sambles which had been trimmed from
the same piece of core. For stresses ekceeding 10 kN/mz, results obtained
from the two different tests were essentially identical. In another
case,.é short specimen was tested iﬁ the permode and compared to a much
larger specimen tested in a triaxial cell. Again, permeability coef-

ficienté were identical at the same stress level.
5.8 COEFFICIENT OF CONSOLIDATION MEASUREMENTS

The previous section has shown that large reductions in permea-
bility are produced by increases in effective stress as consolidation
proceeds. |t remains to examine the effect which this has on the coef-

ficient of consolidation-(cv). Nixon (1973) obtained very little c,



229

data for undisturbed permafrost but he has suggested that the determina-

tion of correct in situ permeabilities is én essentiél prerequisite to
the application of thaw. consolidation theory to practica] problem;.‘

A sketch of a typical but somewhat 'idealized' permafrost sample
appears as an inset in Figure 5.33. A weIILAeve]oped cryogenic st}ucture
is‘apparént.and the sample confains no dfg;nic inclusions. Test results
shown for this section of core are typical and demonstrate éome impor-
tant featu}es. Although permeability decreases by approximately two
orders of magnitude as the stress increases from 0 to 200 kN/mz, <y
varies by no more than a factor of 5. It can be seen that at very low
stresses, reduétions in permeability are not completely compensated by
compressibility? so that the,coefficiﬁné of consoliaation actually
decreases slightly.' Once tge fissures.close, permeability changes occur
more gradually. Since the thawed soil has been somewhat overconsolidated
by the freezing process, compressibility continues té decrease with
increasing stress. Interaction bétWeen these two properties causes the
coefficient of consolidation to increase'slighély or remain relatively
const;nt thrOQghout the stress interval.

In Figure 5.3%4, c, data is given for Zone 2 material from the Fort
Simpson site. There are very few indications of anisotropy; thus, it
appeafs that the larger horizontal permeabilities have been compensated
by the_so[l being more compfessible in that direction. At stresses
below 40 to 50 KN/m2, measured values of c, are relatively high for low
to medium plastic silty clays and ténd toward a constant value of 1 x
10f3 cmz/s (i). The wide range in permeability indiqated for this

material in the 0 to 50 kN/m2 stress range is almost certainly related



to structural differences between samples. Testing specimens of larger

diameter might serve to reduce this scatter, but it seems probable that’

the geotechnical engineer would still be faced with difficulties when

deciding on an appropfiate’re]ationship to fepresent in situ behaviour.
Similar test results for the Norman Wells and Noell Lake sites are
summarized in Figures 5.36 ana 5.37, respectively. Comments concerning
the perme;bility data from these sites can be applied equally well to
the explanation of similar trends in consolidation behaviour. It
should be noted that considerably lower c, values have been measured for
samp]es of the highly plastic clay found below the iO-m depth at Norman
Wells, and for some of the stony'c]ay froﬁ the Noell Lake site. Wifh
respectkto pore pressure generation, it is geotechnically fortunate that
large residual stresses weire measured. Otherwise,_cdncerns about the

thaw-stabi]ity of these soils would have been well-founded.

Estimates of c, at the in situ effective overburden pressure for

these two sites have been piotted in profile in-Figures 5.38 and 5.39.
The upper 6 to 8 meters at the Norman Wel]s.site appea? to be free-
dfaining with less desireable materials being encountered at depths
below 10 meters. A trend showing the coefficient of consolidation de-
creasiﬁg with depth reflects finer particle sizes and increasing plas-
ticity. Figure 5.39 shows that although surficially reworked material
and thelsahdy silt ét the 8 to 10.5 meter depth have relatively high <y
values, the stony clay is not at all free-draining. The Noell Lake
profile'suggésts that if the upper clay unit werevto impede dréinage
from the underlying and extfeme]y wet sandy siit, the potential for

instability is high, especially for conditions involving seismic loads.
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To assess the effects that testing in tHe permode configuration
might have had on <y measurements, results were compared with data
obtained from the triaxial consolidation of samples with similar den-
sities that had been taken from the saﬁe appfoximate dépth or zone. The
general agreement indicated in Figure 5.40 confifms an earlier suggestion
that side friction in the permode was minimal. All of the specimens set
vup in the triaxial cell were fitted with side dfains to facilitate the
dissipation of pore pressures during subsequent shear. Since the perme-
abilities of these thawed soils were large at low stress levels, low
efficiencies for the side drains would virtually eliminate the possibility
for radial flow during consolidation in the trféxial cell (Bishop and
Gibson, 1963). As stresses were increased and soil permeabilities
decreased, side drain effectiveness would tend to increase. By account-
ing for this, a correction forvthe apﬁropriéte am;unt of radial drainage
would place the c, values well below those computed from triaxial consol-
idation, if it were assumed‘that drainage occurred only from the sample
ends. Sincg the values plotted for <, (triaxial) were based upon the.
assumption that sfde drains were totally ineffective (i.e. one-
dimensional drainage in the triaxial cell), any tendency to the._contrary

would move the data points closer to the dashed line.
5.9 THAW-CONSOLIDATION TESTS
A limited number of thaw-consolidation tests were run on samples

from the Fort Simpson and Norman Wells sites. Since residual stress and

consolidation behaviour had been defined for these soils, it seemed
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worthwhile to supplement the comparisoh bétween measurgd and predicted
pore pressures for undisturbed'permafrost. Base fémperatures were
controlled by circulating fluid froﬁﬁa refrigerated bath, while heated
water imposed the step temperature required to initiate and sustain
thaw. Pore pressure and settiement curVes, and a tabluar summary of the
data are given in Appendix C.

| Figure 5.41 demonstrates the good agreement obtained between measured
pore pressufés and estimated Qalues-based/on nonlinear thaw-consolida-
tion theéry (Nixon and Morgensterﬁ,']973a). Residual stresses used in
the calculations were obtained from Figures-B.Ii‘and 5.12, These were
checked using the oo' construction method discussed in Section 5.6 (see
Figure 5.14), and_were found to agree well with measured va\uesifor most
of the éaﬁﬁles tested. Pore pressure measurements defined the effective
stress at the thaw front, so an approprﬁate consolidation coefficient
could then be used in the calculations. If the applied loads produced
effective stresses at the thaw front in excess of 50 kN/m2 (7 psi),
pos;-thaw cv's seemed to be adequate; Bars joining points-in Figure
5.41 indicate pore pressures calculated after aésuming a reasonable
range of c, for cases where accurate values had not been determined.

In certain instances, measured pore pressures were significanfly
less than those predicted from theory. It is>probablé thaf if unsatur-
ated soils were encounterea, measured pore pressure response would be
some_fraction of tha* anticipated for a fully saturatéd syétem. Using a
correlétfon developed between the pore pressure coefficient B and the
" frozen bulk density, predicted pore pressures were adjusted accordingly

with the equation that follows:
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4 B(,, iy .) - (5.12)
o o ‘theory

High frozen bulk densities for several samples tested necessitated cor-
rections for reduced pofe préssure response. Appropriate E values were
used fn Equation 5.12 to obtain revised values for predicted pore water
pressures; By accounting for effects which desaturation had jmposed

upon response, Figure 5.41 indicates fhat good agreement can still be
obtained between theory and experiment. It sHou]d be noted that measured
pore pressures did not exceed predicted values in any of the samples
tested.

Thaw strains measured in the permode have been plotted as a func-
tion of frozen bulk density in Figures 5.42 and 5.43. It can be seen
that these data points fall-réasonabie close to the correlation given by
Speer et al. (1973) and Watson éﬁ.fl: (1973). In each case, outliers

were samples with high crganic content, having either been sampled from

the active layer or the peaty zones encountered at depth.
5.10 INTERPRETATION OF LABORATORY TEST RESULTS

The laboratory tests descrised by Morgenstern and Smith (1973) and
Nixon and Morgenstern (1973b, 1974) have revealed much about the funda-
mental properties of fine-grained permafrost soils during thaw-
consolidation. High void:rafio soils exhibit ma kedly nonlinear stress-
strain behaviour since the soil skeleton must:éxpel large quantities'of

water to gain small increases in effectivé stress. The behaviour of

these soils has been successfully described with a nonlinear thaw-
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consolidation theory (Nixon and Mofgenstern3'1973a). However, to accohp—
lish this, an exact determinatfon of the residual §tress is necessary
for estimgting excess pore pressures at the thaw front. |

A sfudy of natqral'soilg from three différent sites has shown that
a correlation can be developed between void ratio and logoo' for each
soil type. For the purposes of design, a similar relationship could be

established between residual stress and water content. Data suggest

that for silty clays from the Mackenzie Valley, significant residual

stresses can be anticipated wherever in situ water contents fall below
approximately 35%. The permode was.usedlfo measufe residual stresses in
this study, but Figures 5.15, 5.16 and.5.l7 indicate that elaborate
equipment and procedures may not be necessary. Using the graphical

- construction technique described by Nixon and Morgenstern (1974), it
appears that residual stress can be estimated Qith sufficient accuracy
by éxtrapolating pogt-thaw consolidation data to the thawed, undrained
void ratio. Its inherent versatility stfll makes the permode an attrac-
tive apparatus for this sori of laboratory work. Testing to determine

values for co'

and cv‘is currently within the capability of most well-
equipped geotechnical laboratories. 0n;e the e-log co' relationship has
been established for each characteristic soil type, the most important
requirement becomes obtaining accurate sfratigraphy, water contents, and
in situ densities. This might best be accomplished by augmenting
sampling .operations w%th information from a selec?ed group of downhole
and éurface geophysical tools.

The consolidation efficiency of which the freezing process is

capable has been demonstrated in Figure 5.13 where effective (or residua])
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stresses are associated with smaller liquidity indices than might be
anticipated for a normally cohsolidéted soil. Residual stresses are a
response to swelling following thaw:A»Locally véfiable overconsolidation
occuré during freezing as water is drawn out”of the soil and into
Ln;lusiOns of segregatéd ice. lrreversible strains take place in the
soil skeleton so that the same average void ratié before and after thaw
is.associated with qqite different effective sfresses, The difference
in slope bet@eén tﬁe compression and swelling curves accouﬁts for.the
_‘decrease in effectivebstfess that occurs during an undrained freeze-thaw

cycle under constant external stress.

. In situ, the occurrence of a residual_stress reduces the magnitude
of consolidation gettlement and increases the sof]'s undrained shear
strength. "A decrease in the liquidity index or void ratio with depth
should normally be indicative of increasing residual stresses in the
thawedvsoil, Although the\variabilitylencountered with natural deposits
causes some scatter, a t;end for incréasing residual stress with depth
is apparent from the déta for both the"Norman Wells an& Ncell Lake
sites.. | | |

éome explanation of the sensitivity of permeability to changes in
‘effective stress has been given by the suggested_médel-for closure of
the cryogenic macrostructure. Increases in permeability }elated_to

structure indicate the importance of obtaining and testing samples which

are representative of in situ.conditions. Even though permeability

decreases sharply by as much as two orders of magnitude in response to
small inbreases in effective stress, the coefficient of consolidation is

much less sensitive to these same changes. Permeability decreases are
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apparently accompanied by similar reductions in-compressibility, with
the net effec£ be?ng only.small variations in c, over sensible rangés of .
stress.r In soils containing feticulate ground ice structure,‘the
coefficient of éonsolidation reaches a minimum value at a stress corre-
sﬁonding to closure of the structure, and remains essentially constant
thereafter. The success obtainéd herein by using pqst—thaw.cV data for
pore pressure predictions can be attributed to the fact that for stresses
above 30 to 50 kN/mZ, changes in the coefficiént'of_consoljdatidn are
small. | | |

The possibility exists that by using tHe lower <, values obtaiﬁed
at higher effective stress levels, pore pressure predictjons for thaw-
"consolidation at lower stresses would exceed actual values. This is a
conservative error. - The pefmeability of thawing soils.is nonlinear, so
that under certain conditions, impeded drainagé couidlcoﬁtribute to
increasfng the pore water pressures in the vicinity éf the thaw front.

A moderate éurfacé load such as a gravel pad could produce effective
strésé increases in fhe underlying soils that would, in turn, diminish
permeabilities and hinder d;ainage from‘thé thawing soils at depth.

Thaw ébnsolidation tests on undisturbed permafrost soils have
demonstrated good agreement between measured and predfcted pore water
pressures when the appropriate co' and c, were used in the nonrinear:
tHeory; The complex cbnsolidation behaviour observed for cryogenically-’
structured soils presents considerable problems t» the engineer faced
with the task of choosing parametersrfor use in design.. Furthermore,

many soils are not fully saturated and exhibit a diminished pore pressure

response to-the application of changes in,stress. Empirical correlations
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developed between B and frozen bulk density, as described in Section
6.2, can be used to correct pore pressure pfedictioﬁs made on the basis
of assumed full saturation. A'vast majority of the undisturbed soils
tested in this study exhibited a linear e-log o' consolidation curve
which suggests that the nonlinear thah-consolidatjon'theory should be
adopted as a matter of course when dealing with natural soils.
Difficulties.encountered with establjshfng specific gravitiés and
hence, Qoid }atios and degrées of saturation, -could be avoided if igni-
tion losses were determined for selected samples. The peat and other
organic material present in the Norman Wells soils compficated interpre-
tation of some of thé data. Gases produced by decomposition processes
have probably beén another'factor dimini§hjng the pore pressure response

characteristics of these materials.
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Figure 5.1 Generalized thaw settlement curve

&

‘Figure 5.2 ‘Model to investigate the effect of fissuring on
permeability
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results from permeability tests on thawed soil

Comparison of predicted and observed perﬁeabilities for

thawed soil
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Figure 5.10 Vertical thaw strain without drainage, samples from
Norman Wells site
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.CHAPTER Vi
LABORATORY STUDIES OF SHEAR STRENGTH

IN THAWING SOILS
6.1 INTRODUCTION

Research pertaining to the geotechnical properties of undisturbed
permafrost upon thaw has primarily concerned itself with the determina-
tion of index properties, thaw strain behaviour, and undrained strength;]
The few tests conducted to obtain strength déta in terms of effective
stress have not been reported in sufficient detail to be of fundamental
value (Watson Eﬁhél:;j]973)‘ Since the stability of thawing soils is a -
current concern, gaining a c1garer understanding of .their shear strength

_beHaviour would certainly be an asset. Undisturbed frqzeﬁ core obtained
fn connection with the laboratory studies described in Chapter V pro-
vided an oppdrtunfty to investigate selected aspects of the strength-
effective stress relationships for thawed.permafrost soils.

Properties such as shear strength, compfessibility, permeability,
and thé>coefficientAof earth pressure at rest are likely to be modified
by soil freezing and thawing. ' The magnitude of these modifications will
depend to a great extent upon the changes in soil structure effected by
freeze-thaw cycling. The objectives of the study described in this

chapter were:

Most of these data consist of one-time proprietary reports compiled
in the course of oil and gas pipeline feasibility studies carrigd out

in both Canada and Alaska. ‘
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1) To examine the effect of‘macrostructural cryogenic features on
| strength in terms of‘effective stress in thawed, undisturbed
fine-grained permafrost soilsg and,
2) To evaluate thé pore pressure paraméters required to
describe the behaviour of these same soils in undrained shear.
The principle 6f effective stress.is fundamental to all discussions
of shearing resistance in soils. The preceding chapters have referred
to analyses developed for the estimation of pore pressures génerated

during consolidation in thawing soils. Use of the appropriate con-

solidation parameters permits evaluation of in situ effective stresses

and hence, the maximum shearing resistance. To supplement laboratcry.
studies of consélidation properties, isotropically cpnsolidated_un—
drained triaxial compression tests were carried out on numerous 10 cm (4
in) diameter $peciméns obtained from the Fort Simpson and Norman Wells
sambling sites. Extreme textural variability encountered in the soil
profile at the Noell Lake site made it apparent that analyzing shear
test results from these samples might prove difficult. ‘Since strength
data specific to a particular site would contribute little or nothing toi
a fundamental study, detailed testing was restricted fo samples from the

two other sites where meaningful comparisons could be made between

tests.
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6.2 DESCRIPTION OF SOILS TESTED

Soil characteristics

It was necessary that frozen samples 22 to 24‘cm (9 to 9.5 in) long
be used to ensure a length to diameter ratio of two after thaw (and
possible consolidation). Drilling in .ice-rich soils invarigbly results
in core-breakage along.thicker ice veins, so obtaining completely intact
sections long enough for triaxial testing‘limited the number of suitable
samples available. A hand-held motorized auger was used to drill éore
. at the Fort Simpson site. A large quantity of core was obtained and the
mechanical breakage caused by the core barrel was kept to a minimum.

The héaascarp was divided into four zones, largely on the basis of
ground_ice structure. These have been described in Section 5.5 and a

more detailed account of the stratigraphy is giQen in Appendix A. The
material frém Zone12 typically exhibited large thaw strazins, so to keep
testing procedure simple, shear strength studies were restricted to core
from Zones 3 and 4. The'dfilling.equipment used at the Norman Wells

site caused considerably more sample breakage, but enough intact core

was obtained to permit an adeduate shear testing ﬁrogram for each‘of the
different soil types identified. A more detailed describtion of sampling
- equipment and procedures employed is given in Appendix A.

Core taken froin: Zones 3 and 4 at the Fort Simpson site consisted of
an essentially homogeneous dark grey silty clay that contained a
regular, reticulate ice structure. The soils at the Norman Wells site

were similar but more variable. The profile was made up of thickly
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bedded sflt aﬁd clay which typically contained organic specks and peaty
layers. The sediments at both sites had been deposited in glacial iakes
impounded along the Mackenzie River Valley during the retreat of the last
Wisconsin ice sheet. Clay contents of 40 to 70% were found with illite
and kaolinite being identified as the major clay mineral species preseng.
These soils were all classified as inactive (Skempton, 1953). A scanning
electron microscope examinétjon‘of microfabric revealed a Clogely packed
turbostrétic §£ructure (Collins. and McGown, 1974) with predominantly
horizontal orientation of the clay between larger, silt-sized partiéles.
The clay particles also occur as aggregates 6f various types, and very
few discrete silt grains~were observed. Most of the silt-sized particles
examined a;tually consisted of aggregates of clay minera]s. Borehole logs
and a complete‘summary of indgx and classification testing data for.fhese soils

apbear in Appendix A.

Representative sampling

The influence which macrostructure exerts on both the field and
laboratory shear strength of fissured clays has been the subject of a
considerable volume of literature (see for example: Marsland, 1972;

Bishop et al., 1965). When a frozen soil containing reticulate ice

-

lenses thaws, the structU(al discontinuities remaining are not unlike a
system of fissures. Thawiﬁg and fissured soils possess similar secon-
dary structures and might therefore be expected to behaQé in a like
manner during shear. Data given in Chapter V have confirmed this
hypothesis of similitude for consolidation behaviour, but the comblex
natyre and variability of uﬁdisturbed soils méke~these generalizations

difficult to substantiate under many circumstances.
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jt is difficult to obtain consistently representative samples of
fissured clays, and coring ice-riqh fine-grained soils is subject to the
same uncertainties. A bias toward igwer moisture contents and higher
densities for intact co}e.is’inherent since iFier sec£ions.are more sus-
ceptible to mechanfcal disturbance during drilliﬁg. Core segmenfs used
in the triaxial testing program had frozen bulk densities ranging from
1.8 to 2.0 @gm/m3 with corresponding,Qater.contents of 30 fo 40%. Peaty
inclusions in the Norman Wells samples'iﬁtroduced additional variability,
making density data from that site more_difficu\t to correlaté with
other properties. Visible arganic ﬁatérial was £otally.absent in core
obtained from Zones 3 and hyaf the #o;t Simpééﬁ site.

Both the soil and ground ice structure for each of the Zones in the
Fort,Si&pson landslide headgcarp appeared to be quite uniform. This
exposéd section afforded an opportunfty to aésess the intrinsic hetero-
geneity of typical permafrost soils by performing frequency analyses of

measured frozen bulk densities (Yf) and water contents (w). In natural

soils like these, density and water content in situ should have been
controlled by essentially random processes. Variabilfty may be large or
small depending upon the relative influences of steady and transient
effects during sediment deposition and subsequent permafrost aggréda-
tion. Even so, it can be reasonably supposed that the core sampled
randomly from the headscarp constitutes a normal population. The basis
for dividing the headscarp into four zones waé described in Section 5.5.
.lt,haé also been assumed that samples taken frém each of the zones can
be treated as independent populations. Although the zonation boundaries
were transitional rather than beiné sharp centacts, both W and Y¢

‘should still be expected to exhibit normal distributions about their

means within each Zone.
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For the purposes of statistical analysis, data for samples from
Zones 3 and 4 were grouped together“since‘;he cores could not be dis~
tinguished from each other oncé the thick, icy layers had been removed
from the latter. Figure 6.1 shows thé frequency distributions of Y%
and w and the results of the analyses aré,summarized in Table 6.1. The
72 pieces of core included in this study had volumes of 300 to 2300 cm3i‘
.and-masses whjch ranged from 500 to 3700 gm. The‘distfibutions are
Gaussian, and it is apparent that both the density and water content
relationships are skewed-normal. This asymmetry reflects sampling bias
associated with firstly, ice exclusion by mechanical damage.to thick
lenses and icy sections during drilling; andréecondly, the removal of
larger ice bodies from—samples being prépared for testing. This prac-
tice has little or novbearing on the shear strength test fesults, but it
does tend to Endicété higher densities and jower water cqﬁEents than are
probably representative of in situ conditions. Thicker ice lense§ were
usually trimmég out prior to shear or congolidation festing, since their'
presence during thaw would only‘make the tests more difficuiﬁ to per-
form. lce lenses were spaced more ciosély in the stratified Structufe
typicaliy Found.in Zone 2, but a frequency analysis of data from those
samples yiélded similarly skewed distributions. e would.seem that

without exercising a great deal of care, conventional sampling tech- -

niques are brobab]y seldom capable of obtaining continuous and accurate

profiles of ¢ and w in situ. A detailed description of the potential
use of specialized downhole logging tools to obtain continuous profiles

and assist in overcoming this difficulty appears in Appendix A.

F3
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Macrofabric

It is unlikely that the clays at either sampling site had been
previously subjected to an overburden pressure much greater than that
existing at the time of sémpling._ However, effeﬁtive stress changes
occurfing during freezing are knowﬁ to produce behaviour similar to that
which is considered characteristic fof overconsolidated soils. A
detailed discussion of the stress path fo]lowéd by a soil during a
freeze-thaw cycle has been giVen in Section 4.3. It was shown that
primary soil fabric can be mechanically disturbed by the formation of
fissures associated.with ice lenses and the subsequent remoulding of
adjacent sqi] as excess water becomes avaflab]e,from the melting of
nearby segregated ice. Wheﬁ fine-grained soils with reticulate ice
veins thaw, the cfay blocks usually remain intact. 1f sufficient
quantities of water are sresent as dis#rete ice lenses, thaw produces a
fabric consisting o% stiff lumps in a matrix of softer clay. The
remoulded appearance of the soil adjacent to secondary structural
features is similar to the weathering produced by seasonal water content
changes in fissured clays described by Brewer (1964). Chandler (1972)
Has described a similar macrostructure in the Lias clay consisting of
small ‘stratified’ lTumps or lithorelicts which have been rotated so that
intact bedding features contained therein assume various attitudes in a
softer»matrix. He suggests that since this distu-rbance extends to
considerable depthé, the formation and melting of ground ice lenses May
have produced this fabric at the time that permafrost conditions prevailed
during the Pleistocene. Moisfure content differences of as much ‘as 10
percent were observed between the matrix and blocks of soil from Zone 3

specimens thawed undrained under low stresses.



On Page 272, Equation 6.1 should read

Gy, (1 +w)

Yo = = (6.1)
(1 +1.09 Gsw)

and Equation 6.2 should read
Gy (1 +w)
__s'w

Yf ) 1.09 G w ' (6.2)

(1 + ——=)

S
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Density - water content relationships

If it can be assumed that all of the water present in a frozen soil
is in the form of ice, the relationship between bulk density (yf) and

water content (w) in a saturated soil is given by:

Gy, (1 +1»a9w)

Yf = (6.])
(1 + I.OSGSW)
Similarly, if the soil is unsaturated:
v = Gs"Yw (]'l' 5 W)
f - (6.2) *
(1 + I'g9G5w) . .
where - S denotes the degree of saturation.

Equations 6.1 and 6.2 ignore the fact that some water commonly exists in
the ]iqﬁid phase in the fine-grained soils at temperatureéras cold -as |
seQeral degrees below 0°C (Anderson and Tice, 1972). Furthermofe, these
equations assume that freezing or thawing is accompahied by an increase
or decrease in overall .volume which corresponds to that proﬁuced by
the pﬁase change of water in the soil. |If the pores femaiﬁ filled with
either ice or water in the saturated case, the presence of unfrozén
water instead of ice will have the effect of increasing the bulk
density measured for the frozen soil.

lfithe soil skéletén is sufficiently rigid, water movement
toward discrete ice lenses may not be fully accommodated by volumetric
strain. Thié local moisture depletion is not necessarily accompanigd

by an equal pore volume decrease, so that the net result can be
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desaturation. lce formation drives air out of solution, and in addition
to gases produced.by the in situ decomposition of organic material, this
causes the gas bubbles nhich are often observed in ice lenses. The
rotation and vibration of core barrels during’sampling can initiate
cracking or bulking within the lenses, effectively reducing the unit
weight of the ice. Even nn carefully machined cores, volumetric de-
termination‘from the measurement of external dimensions can léad to
errors which usually result in calculatedAdenéitieS which are slightly
less than actual values. Total immersion'or fluid displacement technique§
would have been preferred for volumetric measurements, but were purpose-
ly not adopted in this study so that samnle Contamination could be
avoided. ‘The possibility ofAsmall dimensioning errors was also recognized,
but no attempt was made to apply corrections to the measured densities.

The factors indicated above all tend to artificially diminish the
frozen bulk denéfty that would ‘be observed for a given soil water content.
In Figure 6.2, densities and water conténts are plotted for 72 samples
from Zones. 3 and.h at the Fort Sinpsén site. .Lines based on equations
6.1 and 6.2 have been superimposéd to show the effécts whfch variations
in the degreg of satufation and GS havebon computed densities. - Most of
the data points fall within_a saturation limif of 90 to 100% and specific
gravities of 2.72 ip;oz. These curves suggest that many of the samp1es
tested were unsaturated in the frozen state. Moisture-denﬁity data for
soils from all the sampling sites have been presented in a similar

manner in Appendix A.
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6.3 TESTING EQUIPMENT AND PROCEDURE

Description of the apparatus

L g

-The four standard triaxial cells used in‘thig study were capable of
accommodating 10 cm (4 in) diameter samples (see Bishop and Henkel,
1962, for mechanical details of.cell construétion); Several modifications
were required to render the cells suitable for use in the sub-freezing
énvironment that was required for test setup. For example, the cold can
cause the brass bushings to shrink tigbtly onto the load ram. This
immobility would then result in considerable difficulty in the setup
procedure. . To remedy this'specific problem, tHe honed brass bushings
were replaced with Thoméon linear ball-bushihgs and an oil seal. It was
then necessary to repiace the standaird ram with case-hardened steel to
prevent scoring which would have o£herwise been. caused by the balls in
the Thomson bushing. Valves_and connections were convérted to 0.3 cm
(1/8 in.) Whitey zero volume change ball-valves (Teflon seats) with
Swagelok fittjngs. The pore water pressure transducer block used was
simi]ar to the one shown on the permode base in Figure 5.5. An auxiliary
drainage line was added so that the porous stone beneath the load cap
could be flushed.

The layout of a typical triaxial cell and associated equipment used
in the strength tests is shown in Figure 6.3. Constant cell pressures
and backpressures were maintained by regulating air pressure over water
in reservoirs. These pressures were monitored and coarsely adjusted by
observing the Bourdon gauge; a pressure trdnsducer was used to make more

iaccurate measurements. Water expelled during consolidation was measured

3

with a 100 cm” volume change indicator. Plumbing was designed to permit
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a flow reversal so that volume changes exceeding the basic burette
capacity could still be monitored. “Qccasionally, extremely large volume
changes occurred during;initia] consolidation stages, and these were
measured by simply directfngqthe draining f]uid into a graduated
cylinder. Whitey ball-valves and Swagelok fittiﬁgs were used exclus-
ively throughout the'plumbing system. Compressive loads were appliea to
the sample with a 100 kN (10 T) capacity, constant displacement rate,
gear-driven Wykeham-Farrénce press. |

A linearly variable displacement transducer (LVDT) was clamped to

the -load ram fo measure axial deformations. These displacement measure-
ménts were accurate to better than 0.001 cm (0.0005 in). A 10 kN
(2000 1bf) capacity shear web load cell (resistance strain gauged) with
a resoiution of approximately 5N (i_lbf) was used to measure axial
compressive leads, The lcad cell was attached d?rect}y to the reaction
frame, although placement within the triaxial ce]l‘wou]d have been
preferred. Electrical strain-gauged diaphragm'pressure transducers were.
used to measure cell pressures, backpressures, and soil pore wéter
pressures. Ranges of 0 to 700 kN/m2 (0-100 psi) and 0 to 200 kN/m2
(0-30 psi) were used with resolutions of 0.25 kN/m2 (0.04 psi) and 0.15
kN/m2 (0.62 psi) respectively. Lo, load cell, and pressure transducer

signals were conveyed to a data acquisition system where displacements,

loads and pore pressures were recorded at predetermined time intervals.

Sample preparation and setup

All of the tests described were conducted on undisturbed samples

which had been obtained with a CRREL-type auger core barrel. Either a
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circular-bladed rock saw or a power band saw were used to cut fhe intact
core into appropriate lengths. Sample diameters were turned to 10 cm
(4 in.) on a small soil lathe. While the sample was still held in the
lathe, a slotted filter érai; (Watman 54 paper) was attached by applying
water to the outside of the core with.an atomizer. Cold ambient air
temperatures froze the fine spray immediately and ice held the side
drain in place. The éxternal dimensions and mass of the specimen were
measured and recorded prior to commenéing the test setup.

The.triaxial cell and saturated porous stones were a]lowed to cool
in the sample preparation room for one to two hours. The setup pro-
cedure was begun by forcing fluid (ethylene glycol 20% aqueous solution)
through the various cell baée valves to deair the drainage and pore
pressure measurement systems.. With a porous stone in place on the
pedesté}, more fluid was permitted to.flow in ana'form a meniscus. A )
saturated filter paper was then laid on the stone, and after excess
fluid had been wiped away, the soil sample was set in place. This
procedure was duplicated dur?ng placement of the lead cap, upper porous
stone, énd filter paper. Care was taken to ensure that the ends of the
side drains contacted both porous stones. A special stretching cylinder
was used to place a latex rubber membrane (0.03 cm thick) around the
sample. |If a lengthy test duration or several-consolidaf!on stages were
anticipated, a second membrane was added as a precautionary measure.

" The membrane was s:roked against the core in an upward direction to
remove any air that had been trapped. Neoprene 'o' rings were then
rolled off of the membrane stretcher, first onto the pedestal and then
onto the load cap.v Two rings were used at;each end to en§ure a water-
tight seal. fhe,top'drainage lines were flushed to deair them before

‘

final connections were made to the load cap.
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Once the necessary internal connectioné were completed, the upper
'cell section was lowered into position and clamped down with tie bolts.
A nominal air pressure of approximately 100 kN/m2 (15 psi) was applied
inside the cell so that flu}d could be circulated through the porous
stones and drainage lines. This completely deaired the assembled test
and also provided an opportunity to detecf leaks while corrective
measures were still possible. Excess fluid was drained away before
closing the valves and venting off the cell air pressure. The load ram
was then lowered into contact with the load cap so its protruding height
could be measured and recorded. This would later enable evaluation of
sample length changes occurring dufing thaw and subsequent consolidation
stages. With setup‘complete, the sample and triaxial cell were ready to
be moved into a warmer robm for thaw, consolidation, and compression.
For reasons explained in Section 5.4,"a piug was used in lieu of the

pressure transducer while the cell was in the cold room.

Testing procedure

Triaxial specimens were thawed under an all-around pressure by
filling the cell with water. The apparatus was usually left until the
following day to ensure that equilibrium conditions had been obtained.
By applying the cell pressure through a burette, it was possible to
measure undrained volume changes during thaw. At this point in the
test, the pore pressure transducer was installed in the cell base and
deaired by flushing water through the cavity. A pore pressure reaction
test was then performed by measuring respofise to the application of

increments of cell pressure. This permitted simultaneous determination
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of the residual stress and the pore pressure parameter B (Skempton, 1954).
The same method was employed fbf residual stress testé on short samples
as a triaxial alternate to the procéaﬁre normally emp]oyed with the
pefmode. Residual stréss was defined in this test by extrapolating the
pore pressure response curve to a cell pressﬁre corresponding to zero
pore pressure. Prior to commencing either uﬁconsolidated undrained (UU)
shear or isotropié consolidation, the confining stress was set at "
some_valué exceéding the measured residual stress;

Drainage was not permitted duringvthe UU-test so axial compression
determined thé undrained shear strength. Cell pressures exceeding 00'
were applied to induce positivé pore.pressures prior tc commencing
shear. This resulted in a stress axis translation so that reductions in
pore bressure occurring during shear could be measured without having to
‘determine negative values. Pdre pressures were_monitoredufor,some time

prior to shear to be sure that equilibrium conditions had been established.

The load cell output was initialized for zero deviatoric stress
‘with the cell pressure holding thé load ram up against it. Contact wifh

the sample was made by turning the load platen up by hand. Initial
uLVDT readings were taken before engaging the gear drive, theﬁ axial
compression was commenéed at a predetermined displacement rate. At set
time intervals throughout the test, simultaneous measurements of axial
strain, compressive load and pore pressure were recorded by a Hewlett-
Packard data acquisition system.‘

To obtain shear strengths at effective stresses exceeding the
residual stress, samples were stage-consolidated isotropically. Quan-
tities of water eXpelled;during thaw were measured in a graduated

cylinder. For subsequent consolidation stages with smaller volume
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chgnges, a more precise burette indicator was used. Once the degired
effective stress had been obtained, any air bubbles which had become
entrapped were eliminatéd by flushiAQ water through the drainage and
pore pressufe meaéuremeﬁf sy§tems. The trah;ducer was zeroed to atmo-
spheric pressure, théh residual pore water pressufes remaining after
consolidation wére determiﬁed. A confining pressure increment was |
applied to check,the value of the B'parameter prior to shear and to
induce positive pore pressures inithe sample for reasons which were
explained previously. This increase in pore pressure also served to
d}ssolve some of the gas remaining in the sample while approximating
conditions of stress increase that might be encountered under field
loading conditions. From this point onward, the procedure adopted
for coﬁauéting an isotropically consolidated undrained shear test was
identical to that described_for the UU-test.

Strain rates used in eaﬁﬁ test were détermined from the consolida-
tion properties of the parfiCular soil being tested. Interpretation of
conso]idafion data from tests employing side drains requires special
consideration of the.relatiVe'permeabilities of the drains and soil
v(Bishop'and Gibson, 1963). Head losses-in the filter strips can cause
errors which wil] be negligible only for clays with very low permé-
abilities. Furtﬁer complications are related to the lack of continuity
‘ of slotted side drains, but in any case, their presence cértainly
accelerates the equ-lization of excess pore pressures during undrained
shear. -ln Section 5;7, it was shown that the Fort Simpson and Norman
Weilsvsoi]s exhibited large permeabilities at stfesses less than about

50 kN/m2 (7 psi). Even after the effective:stress had been increased,
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7

values of less than 10 ' cm/s were seldom encountered. Many soilk
permeabilities were as high as values pdblished for the filter strips
used as side drains (Bishop and Gibson, 1963), so it was apparent that
in these cases, the dreins would be completely ineffective. Consolida-
tion coefficients were cemputed by assuming thef drainage occurred

only toward the ends of thejsample. Figure 5.40 indicates that-cv's
determined in this manner were in geﬁera] agreement with those obtained
from consolidation tests cenducted in the peémode. Decreases in soil
permeability produce an increase in the effectiveness of £he side
drains. |If it were possible to include a correction for the effect of
side drains, computed <, values would tend to be lower than those

which were computed assuming no radial drainage. The general agreement
between consolidation coef%icients ebtained in the permode and the
triaxial cell indicates that in triaxial consolidation with side drains,
soil permeabflity was suffic{ently high that almost all of the sample
drainage occurred one—dimeneionelly toward the ends.

To avoid potential ambiguity in determining‘apprdpriate times to
failure (Bishop and Henkel, 1962), cv‘s used in the calculations were
obtained from permode tests on similar material at the appropriate
effective stress level. Axial deformation rates of 8 x lO_h cm/min
(3 x lo_h in./min) were adopted to shear all of the Fort Simpson
samples and the more plastic soils from the Norman Wells site. Faster
rates were used to test the siltier, near-surfac. soils from the latter
site. These strain rates were sufficiently slow to ensure that at

least 95% equalization of the pore pressures or suctions developed

during shear had been obtained. Requiremerts for fully drained testing
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were satisfied so that, even if assumed c, values were in error, it is

highly probable that pore pressures measured in the undrained tests were

- correct.

Several tests performed at low confining pressures were stopped at
an axial strafn of approximately 10%. The sample was then consolidated
to a higher effective stress prior to resumfng shear. This technique
was adopted to increase the amount of strength data obtained for the
‘Norman Wells site since there was a limited number of useable samples.

At the.complétion of shearing, all valves were closed before
reducing the confining pressure and draining the cell. The apparatus
was dismantled and a bulk moisture content obtained by removing a full
length slice, 2 to 3 cm (1 - in.) thick, from the center of the sample.
Wherever possible, a moisture content was also determined for material
trimmed from the shear plane.

Tesf results were tabulated and reduced wifh a simple Fortran
program that was élso capable of producing graphical preséntations of
the test data on a computer-controlled Calcomp bed plotter. Calculated
deviatoric stresses were based on the average cross-sectional area
obtained from measuremenfs of axiaI strain and sample volume changes
prior to shear. |In some instances, failure involved the relative
displacement of several separate lumps, resulting in an irregular cross-
section., No suitable means was found to evaluate deviatoric stress in
these cases, so the usual method of area correction was retained.
Failure criteria based on both the maximum deviatoric stress and the

maximum principal effective stress ratio were considered.

&
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6.4 ROLE OF PORE WATER PRESSURES

Pore pressure response

In describing the role of the principle of effective stress in soil
mechanics, Terzaghi (1936) stated that:

“all the measureable effects of a change in stress such as

compression, distortion and a change of shearing resistance

are exclusively due to changes in the effective stresses".
Pore water pressures must be known to define effective stresses ac-
curately, and hence, soil behaviour in general. Skempton (1954) has
described the undrained pore pressure change (Au) occurring due to

changes in the principal stresses Acl and A03, with the equation:

o
\
et

Au = B[AU3 + A (Acvl - Ao3)] ‘ ' B |
‘where A and B are pore pressure coefficients.

B deffnes the ratio of pore pressure changes in response to an increment

in the all-around stress, A03. The changes in pore pressure resulting from
appli;ation of deviator stress are similarly given by'the parameter A.

It has been suggested (Skempton, 1954) that the pore pressure ratio B
can be used to estimate pore pressure changes generated by an increase
in the major principal stress, especially where this stress can be
approximated by the overburden pressure. Equation 6.3 is rearranged to

give:

- Ao
B =§%= B I - (1-8) (1 - -&7—?-)] (6.4)

£

Bishop (1954) has rewritten Equation 6.4 as:
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= _ o 1= (1-A) (1-K) '
. [} [N
where K is the ratio of principal effective stresses ACB /Ad] . This

indicates that B will be a function of the principal effective stress
ratio and additional comﬁ]exity_is introduced by‘the dependence of the
A parameter on the same ratio.

“Under pormal conditions, B will.equal one if the soil is fully
saturated. In this case, Equation-6.5 indicates that B and B should be
equal, regardless of values fof A or K. Theoretical and,ekperimental
studies (Lee et al., 1969; Wissa, 1969) have shown that B values of less
than one'can'be obtained under certain circumstancés, even though the
soil isAfully saturated. It is fmprobable that the stiff structure
necessary for this sort of fesponse ﬁight be encountered in thawing
—permafrégf scils., Differences would normally be anticipated between £
values measured in a triaxial cell and B values measured in a permode if

the soil were not fully saturated.

B and B parameters

In Figures 6.4 and 6.5, values for B andVE are plotted aginst
frozen bulk density for samples from the Normén Wells and Noell Lake.
sftes. These pore pressure reaction tests Qefe performed on thawed
samples either during the evaluation of residual stress, or prior to
triaxial testing. Aside from a few samples containing large amounts
of organic material, the rest follow a clear trend. For the Norman
Wells site (Figure 6.4), samples with frozén bulk densities of less than

1.8 Mg/m3 consistently exhibit responses in the range of 0.9 to_l.O,
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indicating nearly full saturation. As densifies increase, however, a
great deal of scatter develops with responses on some samples’dropping
as low as 0.4, A similar relationship is illustrated in Figure 6.5 for
the Noell Lake samples, althgugh the behavioural transition occurs at a
slightly lower density.
Specific measured values in each case are of less interest than the
trends. In Figure 6.4, several B values (triaxial) fall as low as 0.5
so it would seem that the lower B values (permode) cannot be entirely
attributed to pore pressure.response being diminished by side friction.
The wide scatter in the data-is brobab]y related to structural differences
between samples which have similar densities. Even though their average
degree of saturation may be less than ohe, samples with thicker ice
lenses will often have higher values of B and E,‘sfnce pore pressure
response wiil be dominated by softened soil in the cryogenic structu%e.
In more massive sampleé, measured response will reflect the lower
average degrees of saturation which apparently accompany higher densities.
Figure 6.6 shows the results of pore pressure reaétion tests in
.profiie for the Norman Wells site. There is not much scatter at depths
of less than 5 m, but as peaty layers become more numerous in the 5 to
8 m interval, large variations in the measured values of B and B are
observed. Below the 8 m depth, there are apparently no organic inclusions
and-high densities are typical. Reticulate sfructure in these dense
soils is responsible for the variability indicatéd in pore pressure
response characteristics. Under these circumstances, it is difficult to .

anticipate in situ response from the extrépo]ation of laboratory results

to field scale. The importance of recogni%ing these limitations in
practice can only be assessed by observing pore pressures under controlled

circumstances in the field.
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The considerable influence which Cryogeﬁic struéture has on pore
pressure response during thaw is illustrated in Figure 6.7. The B
parametér was determineq for each of these samples immediately following
undrained thaw. Each was thén allowed to drain and consolidate by
increments to successively higher effective stresses. A pore pressure
reaction test was performed at the end of each consolidation stage and
the results obtained confirm the behaviour anticipated for thawed soils
possessfng a distinct cryogenfc macrostructure. At low effective stresses,
the high pore pressure response measured is due to the presence of soft,
saturated soil along the ice-lens fissures. As effective stresses are
increased, this softened soil consolidates and measured pore pressure
response decreases to approach that ofvfhe overconsolidated and»usually
desaturated lumps which the fissures surround. The tWo samples tested
in tuis case had similar frozen bulk densitics and displayed B values
which diminished from greater than 0.9 to less than (.7 as the con-
solidation stresses were increased fo 250 kN/m2 (35 psi). These results
confirm the suggestion that some of fhé data scatter which is apparent
in the three previous figures can be attribﬁted to inherent differences
in structure existing between particular samples. Obvious difficulties
remain in selecting representative samples for testing wheh the results
will be used to predict i situ behaviour.

—— - e——

A parameter

Consolidation and swelling occur simultaneously in soil samples
during undrained thaw. Specimens thawed irf a triaxial cell under an

equal all-round pressure will follow a different stress path than
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those thawed in a permode under conditions of zero laferal yield, even
though no drainage is permitted in either case. Departures in the pore
pressure response characteristics of otherwise similar samples are a
consequence of the differentéstress paths followed during thaw. The
applieé stress ratio (K) is different in each caée and aside from its
direct effect on B, the A parameter will also reflect differences in
consolidation stress conditions (Simonﬁ, 1960; Henkel and Sowa, 1963).

In Figures 6.8 and 6.9, the pore pressure parameter A shows a
dependence dpon effective stress, and hence; upon the response of the
secondary structure to the application of deviatoric stress. Under
small stresses, shear results in a strong tendency for dilatancy as
sliding along the boundaries of intact lumps of soil leads to failure
along pre-existing discontinuities. Dilation occurring in an undrained
test geneiates a reduction in pore waler pressure. These suctions are
reflected in the low or negative values found for A at effective con-
fining pressures ofi50 kN/mZA(7 psi) or less. Permeability data
‘discussed in Section 5.7 suggest that this corresponds approxfmately to
the stress required to produce closure of the secondary structure. By
increasing average effective stresses, the lumps become more tightly
interlocked and resist ény tendency to dilate ‘during shear. At
elevated stresses, failure planes develop primarily through intact soil.
As effective stresses are increased, the A parameter falls between 0.2
to 0,4 and is in goud agreement with typical magnftudeS'reported.for
lightly overconsolidated clays\(Skempton and Bjerrum, 1957).

The values given for the A parameter in Figures 6.8 and 6.9 should
not be construed as an éccurate representation.of pore pressure

response to the application of shearing stresses i

situ. These data
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are subject to the same criticisms that have been directed toward the
application in practicé of A valuesﬂgbtained from conventional (03 =
constant) displacement-controlled triaxial shear tests on»isotropically
consolidated samples. Howevér; the variation in A indicated in these
tests does serve to_demonstratelthe ro]e‘played By cryogenic structure
in_bore pressure response' to shear for fhawing.soi]s.

6.5 TRIAXIAL SHEAR STRENGTH TESTS ON UNDISTURBED PERMAFROST

Typical test results

Undrained tests with measurements of pore pressure have been
carriea out on thawed, isotropicajly consolidated samples of undisturbed
fine-grained permafrost soils. To minimize amhiquity in interpreting the
resufté, only samples with B values exceeding 0.95 were deemed accept- |
able for interpreting effective sheaé strength parameters. Appendix C
‘contains a complete summary'of the results obtained with tests on soils
from thé Fort Simpson, Norman Wells, and Noell Lake sites. These
strengths have been determined on the basis of both the maximum deviatoric
.stress and maximum principal effective stress.ratio failure criteria.

Typical relationships between deviatoric streés, obiiQuity, pore
water pressure (as inferred by the A parameter), and strain, are illus-
trated in Figure 6.10. These particular results were obtained from
consolidated undrained tests performed on samples taken from Zones 3 and
L4 at the Fort Simpson landslide headscarp. At low effective stresses,
it can be seen that the deviatoric stress ciimbed slowly to a value that

‘remained nearly constant, even after peak strength had been reached.
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Obliquity is seen to peak early in each test, but larger strains are
apparently required to mobilize maximgm deviatoric stresses. This
stress-strain behaviour is typical ;f shear through the_éoft matrix
which surrounds the harder, intact lumps of 9Iay.'

At medium and high stress levels, the‘lumps'tend to become more
tightly interlocked and the deviatoric stress peaks.at a much lower
strain. A distinct peak is suggested in Figure 6.10(d), characteristic
of behévfour usually associated wifh overconsolidated clays. :The peak
stress‘ratios consistently occur early in each test at axial strains of
2 or 3%. Deviatoric stress maxima are obtained at axial strains that
decrease with incréasing effective confihing pressure. jn these un-
drained tests, pore pressures initially increased then decreased rapidly
to appfoach an essentially constant value at larger strains. In many
cases, these pore pressures were still decreasing slightly when maximum
deviator stress was. reached. |

A single major shear plane was observed in most of the samples but
‘smaller shears were also common." Slickensides were frequently found
well away from the main shear plane. These uéually occupied dis-
continuities éssoeiated with ice lenses, suggesting that shear features
may be produced during_thaw and consolidation by relative movement

occurring between lumps.

Stress paths in cor;olidated-undrained tests .

Figure 6.11 gives some typical stress paths showing the relation-
ship between (cl' - 03')/2»and (Gll + 03')/2 during undrained shear. In

"the low stress range, stress paths rise from the isotropic consolidation
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pressure to meet the failure envelope at a point corresponding to the
maximum effective stress ratio (open circles), then follow along the
envelope.until failure;is reached at peak deviatoric stressv(closed
circles). At higher consolidation pré$sures, the stress paths assume

a shape characteristic of soils which have been subjected to some preload
or‘overconsolidétion. These stress paths invariably depart from the
failure envelope once peak deviator stress has been reached. Numbers
appearing beside eaéh of the curves identify the correspoﬁding Fort

Simpson test series numbers.

An interesting example of the influence Which»seaondary structufe
may exert during compression is illustrated in ngure 6.12. Shear
movemenf initially occurred along é discontinuify that ha& previously
been occupied by a 4 to 6 mm {i/4 in.) thick ice iens. The stress path
rose to the failure envelope as slip proceeded aldngﬂthisfprimary‘shear
plane. Once the stress ratio had peaked,.the stress path fell
away slightly, and with continued axial strain;va second sheér plane
fdrmed to intersect the first almost orthogonally. Although portions of
the seﬁond shear plane folloWed cryogenic fissures; most of it passed
through intact soil.  Once again, the stress path rose to touch the
envelope then fell away rapidly. Since each of the pointé along the-
curve represents approximately one percent.of axial strain, it can be
seen that small deformations produce large increases in stress in the
early portions of these undrained compression tests. The slow deforma-

tion rates employed ensured that pore pressures'measured at the base

&
of the sample accurately réflected those acting in the shear zone.



290

Shear strength envelopes

Maxima for.either‘the deviatoric stress or the principal effective
stress ratio are usually ado;ted as failure criteria in triaxial testing.
In undrained shear, these criteria are rarely coincident. Figures
6.13 and 6.14 show Qhear strength envelopes for the Fort Simpson Zone 3
and 4 material obtained by adopting, respectively, eéth.of the failure
criteria mentioned above. Theimost_siénificant feature of these
envelopes is their change in slope as the mean stress is increased.

THe curves are quite similar although the (o"‘- 03') peak failure
criterion does yield a slightly lower ultimate ¢' value. For all
practi;al purpoées, the curved failure‘envelopes passbthrough the origin
and suggest a geometric cohesive intercept (c') equal to zero.

The same data is shown again in Figure 6.15 where the sample source
and core orientation have been indicated. The curves in this figure are
based oﬁ failure at peak deQiatoric stress. For small normal effective
stresses,‘¢' equals 28° to 32° and decreases to 23° or 24° at effective
stresses of 300 kN/m2 (4O psi). This same sort of failure envelope
curvature has been reported for other clayey soils possessing blocky
structure (Bishop gﬁ_gl:,‘l965; Marsland, 1972; Mitchell{ 1975). In
the pressure range examined, there appear to be no marked differences
between the effective strength parameters obtained for vertical and
horizontal samples. The scatter in the data was sufficient to obscure
any clear indication of anisotropy.

Tests conducted on core from the Norman Wells site yielded similar
results. Strength_énvelopés for each chardcteristic soil type are given

in Figure 6.16. At larger stresses, the highly plastic clay from
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below 10 m displayed the lowest ultimate friétion angle. Each of the
envelopes is curved and has a zero cohesive intercept similar to that
found for the Fort Simpson soils. In Figure 6.17, a wider range of
stress is shown for materiaf.from the 0 to 2.m interval, indicating that
envelope curvature persists under effective stresses well beyond those
Iike]y to be encountered in most field problems.

A portion of the curvature observed may be reiéted to the breakdown
of silt-sized aggregates of clay minerals, but most of the nonlinearity
can be attributed‘to the stress-dependent response of the blocky secondary-
structure. In this'stuay;'simi]ar proportioné of illite and kaolinite
were fbund in soils tested from eath of the three different sampling
sftes. In the low stress range, envelope shape was influenced more by
soil macrostructure than the intrinsfc frictional characteristics of the

(<]

intact scil. At higher coffective stresses, ¢' values of 23° o

found, even though there\were considerable textural c¢ifferences between
the soils: It may be significant that the 26° peak and 23° residual
angles obtained for reconstituted Mountain River Clay (Figure 3.2)
bracket the peak effective friction anglés found for similar, but un-
disturbed soils from the Fort Simpsoﬁ and Norman Wells sites.

An insufficient number of satisfactory samples were available to

adequately define strength properties for soils from the Noell Lake

site.
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6.6 UNDRAINED SHEAR STRENGTH

Residual stress

When a sample of frozen soil is removed from the ground, its
residual stress defines the effective stress acting when that soil is
thawed in an undrained state. Aside from constituting the starting
point for estimating excess pore pressures and settlements during thaw,
this effective stress will also govern available shearing strength. A
relationship can be derived to relate the undrained strength of nor--
mally consolidated saturated clays to their effective overburden pres-
sure (Skempton and Bishop, 1954). Nixon and Morgenstern (1974) have
suggested that this same expression might be used to relate the un-
drained strength of a purely fictional thawed soil to its residual

stress (Oo'). This equation is written as:

¢ [K+AQ - K)] sin ¢ _ (6.6)

u —
.6:' T T+ (2A - 1) sin ¢’

where c is the undrained strength of the thawed soil,
K * is the ratio of horizontal to vertical effective stress
with no lateral yield,
A is the pore pressure coefficient at maximuﬁ deviatoric
stress, and
¢! is the effective angle of shearing resistance of the

soil.
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A plot of undrained shear strength with depth might then be expected

to reflect the iﬂ_éitu profile of residual stress. Figure 6.18 shows

the undrained strengths found with depth at the Norman Wells site.
Moisture contents found for thése’samples gave liquidity indices which
were slight]y’below average values indicated for‘the corresponding
depth. This was probably_due to the exclusion of ice which occurred
during sampling and specimen preparation. The undrained strengths
varied considerably with depth, as might have been anticipated from the
residual stress profiles (Figures 5.20 and 5.2])..

| Equation 6.6 was originally intended to describe the relationship

between undrained strength and vertical effective stress in situ for

soils with a much different stress history than that experienced by
thawiné.permafrost. In ideal, normally consolidated c]ays, K is often
approximated by 1 - sin¢'. Making that assumption, Figurc 6.19 shows
the range of cu/p or culco' ratios computed from Equation 6.6 using the
range of effective friction angles and A parameters found to be typical
for soils tested in this study. In the low effective stress range,
where A values were zero or negative, and_friction angles were at their
highest, predicted values for cu/oo' ratios are significantly greater
than the cu/p.ratios usuallY given for normally consolidated clays.
However, if the coefficient of earth pressure at rest épproaches the

active case, the Equation 6.6 reduces to:

[+

u _ sing'
o ' T+sing' ' (6.7)

o}



This relationship, plotted as a dashed line in Figure 6.20, is inde-
pendent of A and only weakly affected by ¢'. To be able to predict

undrained strengths (given the in situ effective stress and appropriate

strength parameters), it_is necessary that both A and K be known with

confidence for the thawing ground in question.

Measured undrained strengths

v

Effective strength envelopes and pore pressure parameters have been
determined for soils from the Fort Simpson and Norman Wells sites.
Samples tested were thawed, and in many finstances, consolidated under an
equal all-round pressure.  ln each test series, selected specimens that>
exhibited a finite residual stress were sheared &ﬁﬁrained. Results from’
these tests are summarized in Figures 6.21 and 6.22. " The Fo}f Simpson
data covers a residual stress range that-is broad enough for the noniine-
arity of the cu/oo' ratio to become apparent. Curvature of this sort
would be anticipated if ¢' decreased and A increased with increasing

oo‘, as is the case. Data for the Norman Wells site falls in a narrower

%, range and defines what appears to be a simple, linear cu/oo'

relation-
ship.

The ratio between vertical and horizontal stresses (K) is nec-
essarily equal to one when these.soils are thawed in a triaxial cell
under an isotropic stress. Hen;e, consolidation or swelling processes
occurring during undrained thaw will be in response to that same

isotropic stress. Table 6.2 compares experimentally measured cu/co'

! &
ratios to those computed by substituting measured values of A an

¢! into Equation 6.6. A values used were the averages of those measured
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in the tests reported. Reasonable agreement was observed between com-
puted and measured undrained strengths.

At present, virtually nothing-}s known about the coefficient of
earth pressure at rest in thawing ground, since thése soils follow a
stress path that is duite differeﬁt'from those eﬁcountered in con-
ventional soijl mechanics. It is also known that the value of the A
parameter mgasured in compression is quite sensitive to sample dis-
turbance and the pfg-shear consolidation stress. path (Bishop and
Bjerrum, 1960; Simons,_1960; Skémpton and Sowa, 1963). Anisotropy,
strain rate, and the rotation of principal stresses are all factors which
deserve consideration in assessing the undrained'strength of thawing
ground.‘ |

Lastly, it was observed that water contents in the shear zone
invariably fell witHin one percent of the sémple's bulk water content.
Agreement of,this sort is remarkable when the complex fabric of the
samples sheared is considered, and indicates that negligible redis-

tributjon of moisture has occurred during shear.
6.7 INTERPRETATION OF LABORATORY RESULTS

Mars]and‘(]972) has described a dilative failure moae at low
confining pressures for stiff, fissured London clay. Mechanical and
mathematical model: have been developed by Ladényi and Archambeault
(1969)'to explain a similar mechanism of dilative failure in a jointed
rock mass. They have proposed a general shear strengfh equation to
describe curved faflure envelopes, and Ladaﬁyi (1970) has subsequently

‘suggested that‘this same approach might be used to describe two
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i
simulataneous failure modes in a jointed clay mass. The simultaneous
" shear along softened jéint planes and through intac? material produces a
curved failure envelope with strength at low stresses being influenced
more by the clays' mac}ostructure than its intact stregnth. While the
equation may well be conceptually correct, several parameters are
involved which would prove difficult to determine experimentally, and
for this reason, it seems improbable that this approach could be used
for routine purposes.

The strength envelopes determined for the soils described in this
study all showed obvious curvature. This can be attributed directly to
dilative failure in the blockyvstrucfure that remains when reticu]até
ice melts out. The structure produced by freezing and ice segregation
permits easy access to water upon thaw. The mechanical disturbance
resulting from differential volume changes during freezing accelerates
post-thaw softening of soil adjacent to these ice lens fissures.

‘Although intact soil blocks apparently retain their original lacustrine
élay fabric, the softened soil within the fissured network becomes
progressively remoulded. Chandler (1969, 1972) has described similar
features and behaviour in soil profiles thought to have been subjected
to permafrost conditions during the Pleistocene. fhe presence of

these fissures lowers soil strength at lowvstresses by eliminating

-

cohesion.

Although no cohesion intercept was found for the materials tested
in this study, it is conceivable that a finite cohesion might be
observed with unsaturated samples. When the envelope extends into
the low pressure range, caution is indicated in applying a cohesion

intercept extrapolated back from tests performed at conventional
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pressures (e.g. 200 to 400 kN/mz). Adobting a c' and ¢' obtained

at these stresses will predict signifjcantly higher strengths than
the values which could qltimately be mobilized. The poesibility of
envelope curvature has Eeen anticipated in the sloee stability design
assumptions described by Canadian Arctic Gas Pipeline Limited (1974).

In the past, concern has been expressed regarding the size of the
element of seil tested in relation to the spacing, geometry, and nature
of discontinuities such as fissures (Marsland and Butler, 1967; Skempton
and Petley, 1967; Morgenstern, 1967; Lo, 1970; Marslend, 1972). In this
study of thawed permafrost soils, it was possible to maintain ratios
of specimen diameter to average ice lens spacing greatef than two in

most cases. At Norman Wells, however, the nature of the core precluded

an adeduate assessment of the ground ice structure in situ. Although
it appeared that the size criterion was usually satisfied, some of the
éamples used mayvnot have been iarge'enough to completely eliminate |
effects related to the presence of discontinuities.

For a particular sediment, the accuracy with which laboratory
strengths can represent field behaviour will depend considerably
upon the spacing and geometry of cryogenic discontinuities. The ]ength
of time a soil mass remains under a particular stress will alse affect
its strength if softening remainé a possibility. Of course, tests on
small specimene that do not contain representative structure wi]i sfmply
reflect.the_shear si.rength propertieé ef the intact clay.

Extreme variations would normally be anticipated with undrained
strengths measured in the laboratory, since the clays all exhibit a very
flat swelling curve; Small. changes in water content during thaw will

produce large differences in effective stress, and therefore, in strength.
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Local diversity in the freezing and stress histories, ground ice struc-
ture, and basic textural properties, will then be responsible for the
-spatial differences in undrained st;é;gth.

Nixon and Morgenstérn (1974) have suggested that Equation 6.6
can be épplied to the prediction of undrained stréngths from measured
values of residual stress. This approach requires other input.para-‘
mefers including ¢', A, and K (agsuming full Saturation). Effective
strength parameters can be determfhed with accuraty sufficient for
eﬁgineering purposes by following any convenient stress path to failure.

The first stage in the usual procédure is isotropic consolidation

(K=1). In situ, both K and A will be different from values deter-

mined in this sort of triaxial test. The coef%icient of earth pressure
at rest will certainly be less than one in én ice-rich thawing séil, and
this suggests that coﬁsolidation should be conducted anisotropically,
“even duringbundrained thaw. Pore'Qater suctions during soil freezing
undoubtedly cause some isotropic volume change. This isvevidenced
indirectly by the formation of shrinkage cracks which eventually fill
with fce to become the familiar reticuléte ice nefworks. Upon thaw,
some portion of this sfrain must be irreversible, so it could. be argued
‘that K during thaw might éven be less than K = 1 - sin ¢' which was
probably the'case prior to freezing. As K approaches thé active con-
dition, cu/co' becomes much less sensitive to both ¢' and_A. ff this
condition is assured as a lower bound, cu/co' falls in.the 0.3 to 0.4
range and will provide a conservative estimate of undrained strength in
terms of residual stress. |

The experimentally measured undrained, strengths compare well with

cu/co' values computéd by substituting appropriate values for ¢', A, and
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K into quation 6.6. 1t should be appreciated, however, that this A
parameter is strongly inf]uenced bi/;Be stress ratio. Experimental
studies have shown that, with overconsolidated soils, anisotropic con-
solidation resglts‘in a higher value for A than does isotropic con-
solidation (Simons, 1960; Blight, 1965). This suggests-fhat, by virtue

of lower A values and a higher K, undrained strengths reported herein

may be considerably higher than those which could be mobilized in situ.
A small or negative A value in combination with a K = 1 explains the
unrealfstically high cu/oo' values that were obta?ned in these undrainedv
tests. The circumstances surrounding thawed soil behaviour lead to the
conclusion tﬁat reasonable undrained strengths can only be obtained if

the sémple is thawed under an anisotropic stress field to simulate

i
@n——

situ conditions. Subsequent,consolidation and shear will yield
‘values ef A and K that would be more appropriate for application to
field problems. |

Furthermore, residual stresses obtained under isotrcpic stress
conditions in the triaxial cell might be expected to differ from those
found under conditions of zero lateral yield in the permode. There is
probably a pore pressure response to the deviatoric stress applied in
‘the permode so that, unless A were by chance equal to zero, permode and
triaxial co' values would not be expected to equal each other. ‘ln
‘Section 5.6 it was indicated that, by_using two different test pro-
cedures, similar residual stresses were obtained for the homogeneous

soils at the Fort Simpson site. This |nd|cates that either K must have

been equal to approximately one in situ (Hnlikely) or the appropriate
- value of the A parameter was close to zero. Residua] stresses deter-

mined in the triaxial cell for materials from the Norman Wells site
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could rot be correlated with permode results. They were erratic and
probably reflected local variationsfjn both K and A. Considering the
constraints in each test, it seems reasonable to expect that residual
stresses determined ig the permodé would probably be more representative

of in situ conditions. Caution must be exercised in the use of relation-

—

ships such as Equation 6.6 unless a better appreciation of in situ

values for‘A and K can be obtained. Vane shear tests and anisotropically
consolidated undrained tests present é possible means éf exploring these
unknowns. [t should be ﬁoted that testing thawed soils after isotropic
consolidation, while defining appropriate values for c¢' and ¢', cannot
hope to yield meaningful values for the‘A parameter. For this reason,
undrained strengths determined in the conventional manner will
neceséarily be unconservative. Furthermore, sampling disturbance
usually imparts some conservatism to measured strengths, but, since
frozeﬁ core is a nearly perfectly undisturbed sample, this effect cannot
be assumed in an assessment of thawed soil behaviour.

From the preceeding, it should be clear that application of this
sort of strength data to problems like evaiuafing the stability of
slopes requires a careful examination of the parameters involved as well
as the testfng techniques which have been employéd to obtain them.
Mitchell (i975)Ahas suggested that the conventional (03'= constant)
displacement-controlled triaxial test is not well ;uited to defining
strength envelopes for soils exhibiting dilative failure. The stress
path§ shown in Figure 6.11 lend support to his contention, since before
peak deviatoric stress is reached, soils tested at low confining pressures

attain (o]' + 03')/2 values well beyond the range of normal stresses

" encountered in most slope stability problems. This observation is
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especially appliéable to the case of active layer detachment slides,
flows, and cther shallow mass movemgpts. These circumstances suggest
that careful appraisal'of the stregs path selected to produce failure
'is a necessary prereqdisite to serious analysis and design. A modi-
~fication of the hydraulic triaxial cell describéd by Bishop and Wesley
(1975) might be considered for use in futurérstudies of the undrained

strength of thawing soils.
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TABLE 6.1 FREQUENCY ANALYSES OF w AND Yf
' FOR ZONES 3 AND 4
ITEM MEAN STANDARD DEVIATION
Density 1.78 0.12
DensityI (Mg/m3) 1.80 0.12
Water Content Lo 11
Water Content' (%) 39 10
] Weighted with respect to sample volume
TABLE 6.2 .COMPARISON OF COMPUTED AND MEASURED
c /o ' RATIOS ‘
u' "o
EFFECTIVE STRESS
ITE ! '
S RANGE ¢ Af CU/Oo
(kN/m“) (degrees) ' Computed Measured
Fort Simpson 0 -5 28 0.05 0.81 0.79
150 - 200 24 0.20  0.53 0.46
Norman Wells 0 - ho 31 -0.05 1.21 1.26
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CHAPTER VII

CONCLUDING . REMARKS

7.1 SITE INVESTIGATION PRACTICE

The design and construction of civil engineering works is normally
preceeded by a site investigation that is intended to provide some
definition of subsurface conditions. This investigation establishes the
feasibility and economics of a project, and furnishes some or all of the
information required for associated geotechniéa] analyses and design.
However, obtaining access to conduct site investigations in Canada's
arctic and subarctic regions is invariably a difficult and expensive
undertaking. Such work is normally conducted distant from laboratory
facilities so that drilling and sampling»operations are usually cémp]eted
some time before any core can be examined or tested in a laboratory
environment. To adequately prepare for unforseen circumstances, planning
for these site investigations should depart from routine practice by:

1) lncréasing the depth of boreholes.

2) Decreasing the spacing between boreholes.

- 3) Increasing the number of undisturbed samples taken and returned
to laboratory facilities.
in most cases, the additional expense associated with a more thorough
initial progfam on site constitutes only a small fraction of the cost
involved in mobilizing drilling equipment and personnel to conduct a

&

supplementary field program.
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Where permafrost conditions prevail, the soii fabric is invariably
dominated by structural features associated with ground ice. In this
thesis, laboratory results have indicated that fabric has a significant
influence on the geotechnical behaviour of bothvfrozen and thawing
soils. Therefore, primary fabric formed during sedimentation and second-
ary fabric which has developed thergafter should be described in consider-
able detail. This implies a comprehensive account of ground ice features
which can only be obtained from the examination of undisturbed core. A
detailed description of stratigraphy and structure is essential since
soil classification on the basis of index tests and textural analyses
can seldom be used to indicate the more -complex geotechnical character-

istics exhibited by natural deposits in situ. Techniques available for

sampling permafrost provide core diameters which Farely exceed 10 cm (4
in.), andkborehoie logs are commoniy prepared from an examination of
this sort of sample. Viewing the same or similar material in sectioh at
an exposed face certainly facilitates a more realistic visualization of
bulk fabric than do ground ice features included in small diameter
cores.

When disturbed samples are taken instead of intact coré, logs
detailing materials encountered are restricted to textural descriptions.
Without some prior knowledge of the site, it is difficult or impossiblel
to infer genetic origin, stratigfaphy, macrofébric, and other geological
details. In both frozen and thawed soils, discontinuities produced‘by
freeze-thaw processes or the presence of discrete ice lenses are important
factors affecting soil behaviour. Practiéal Iimitatidns on sample

quality complicate obtaining accurate descriptions of quantities and
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types of ground ice, especially when it is present in thick streaks
which are either badly shattered or washed away during coring. Diffi-
culties such as these emphasize the need to select sampling equipment
carefully, so that core obtained will.have dimensions sufficiently large
to contain representative and identifiable ground ice structure.

Although the NRC-CRREL system (Pihlainen and Johnston, 1963) system
for field description of permafrost soils has receivéd wide use in
practice, it is only modestly capable of proViding an adequate log of
ground ice conditions. Volumetric percentages of segregated ice are
based on visual estimates and little attention is usually paid to accuracy.
Direct measurements of cumulative ice lens thfckness over core lengtﬁs
of 20 to 50 cm (8 to 20 in.) are seldom made, so ice contents reported
on routine borehole logs are often more qualitative than quantitative.

The NRC-CRREL system is most deficient in soils which contain a rgticulate
ice structure or are extremely ice-rich. Thereféke, the'deyelopment of

a more comprehensive scheme for the field identification, classification
and description of ground ice is urgently required. This system would
concentrate on primary features such as the amount and distribution of

ice in the soii, the geometry of its occurrence, and the nature of the
soil included between discrete ice lenses. Secondary features pertaining
to ice petrology, genetic origin, hydrogeological conditions at the time
of permafrost aggradation, and the soil's geothermal history could

become important if a more detailed understanding of the relationship
between the fce and its host sediments was sought. However, obtaining
data pertaining to secondary features is not usually practical, especially

. &
in the field. Once primary features have been logged, superimposing the
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ground ice description on a detailed stratigraphic log provides a sound
basis for interpreting the genetic origin of each ice type encountered
in the borehole.

Results presented in this thesis suggest that in addition to index
and textural properties, representative values 6f water content and
frozen bulk density in profile are impoftant in the assessment of geotech-
_nical behaviour for frozen or thawing soils. These properties can also
be used to obtain a clearer understanding of the geological and Fféezing
histories which the soils have experienced. Obtaining representative
water content and density data requires considerable effort in selecting
appropriate equipment and conducting the subsequent sampling operation,
To stress this point, a study worthy of note is one reported by Lau and
Lawrence (1976) which analyzed a large volume of drilling results obtained
in the Mackenzie River Valley. Their data indicate that under similar
terrain conditions, the frequency and amount of ground ice reported when
“conducting disturbed sampling was invariably less than when continuous
undisturbed samples were taken. After recognizing the practical limita-
tiéns which normally‘contro] accuracy obtained in logging ground ice
quantities from intact core, it is apparent that continuous undisturbed
sampling methqu should be given preference where permafrost conditions
are anticipated. Large diameter samples certainly provide a better
opportunity to log ground ice conditions correctly. This sort of sampling
should be specified whenever possible so that fabric contained in spec-
imens selected for more sophisticated laboratory testing will be repre-

sentative of conditions in situ.




| 320

Considering the high costs associated with drilling and sampling

activities in the Canadian North, it is clear that the introduction of

|
.

new methods for supplementing data obtained from boreholes would cerfainly
be welcomed. Downhole geophysical tools offer some promise in this
regard, particularly when a need to correlate stratigraphy or specific
soil properties exists. Continuing research ana development to refine
~sampling equipment and procedures is required before the quality of core
obtained can be improved, especially in the case of soils which contain
sfgnificant quantities of segregated ice. Minimizing or eliminating
mechanical disturbance to ice inclusions will result in improved accuracy
in logging ground ice conditions, and in determining profiles of water
content and frozen bulk density which are representative of conditions

in situ. Concern with sample quality must also be continued throughout

tnejr transport and storagg. The judicibus use of field laborgfory
facilities can minimize risks which would otherwise be necessary if
‘large quantities of core had to be shipped from remote sites to estab-
lished geotechnical laboratories. At fhe same time, a field laboratory
permits 6btaining a greater amount of data per borehole than might

otherwise be collected.
7.2 ENGINEERING BEHAVIOUR.OF PERMAFROST SOILS l .

Frozen soils

A review of published results obtained from tests on polycrystal-

) ¢
line ice and various frozen soils has suggested that shear strength and
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creep behaviour are intimately related. An approximate flow relationship
has been developed for ice and consists of a power law which relates
strain rate to stress;with an exponent that is approximately equal té 3.
Temperature effects in this relationship are included in a creep modulus
which appears to be amenable to analysis withiﬁ the framework of rate
process theory.

Laboratory testing conducted as part of the research reported in
this thesis substantiates the»concept that shear strength in ice-poor
frozen soils depends upon normal stress. The frictibn angle mobilized
in these tests was essentially identical to that which could have been
determined from conventional drained tests on the same soil in a thawed
state. The results of previous laboratory studies have documented this
sort of behaviour for sands, but other limited testing reported in the
!E;erature had indicated that frozen finé-grained soiis did not behave
in a frictional manner. By conducting shear tests al sufficiently slow

‘rates of strain, results reported herein confirm that ice-poor frozen
silty clays do exhibit frictional strength. Rate and temperature depend-
ence are included in a cohesive intercept which becomes small or negli-
gible when strain rates are very slow. The strength and deformation
characteristics of ice-rich soils probably correspond more closely to
behaviour observed for ice, although effects which soil inclusions may
have onhthese properties require further study.

Inspecting samples which had been subjected to direct shear revealed
that some redistribution of moisture had occurred within the shear
zones., This was evidenced by the formation of semi-continuous ice

lenses along both principal and secondary’shear planes and resulted in a
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net increase in soil water content within the shear zone. Accumulation
of segregated ice.along failure planes implies that sustained shear
movement could lead to an acceleration in displacement rates if the
applied stress were to remain constanf. The amount of unfrozen water
present and its mobility are factors which are certainly important to
obtaining an understanding of this process.

The creep behaviour of frozen soils is less well-defined. Addi-
tional testing under both laboratory and field conditions is required
before design work governed by deformation criteria can be undertaken
with any degree of confidence. In particular, the effects which thermal
conditions have on the creep behaviour of finé-grained soils are accent-
uated by changes in unfrozen water content: these tend to be most
dramatic at.temperatures within 2 or 3°C of the melting point. Data
presented here indicate that at near-thawing temperatures, fine-grained
soils may creep at rates which'are faster than those given for ice.
However, several questions have been raised regarding temperature control,
measurement and uniformity of strain, and methods employed to interpret
the test results. A critical examination of analytical methods used to
evaluate laboratory creep data in the past has revealed that considerable
errors have occasionally been introduced in the determination of creep
rates. In such cases, interpretation may be confused to the point that
certain basic behavioural characteristics are overlooked. Methods
described here for reducing creep data eliminate some of the interpretive
problems by utilizing continuous differentiation of the time-strain
curves to establish strain rates. These same analytical procedures have

been successful in identifying both attenugting and steady state creep
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processes in a series of tests performed on undisturbed, fine-grained

permafrost soil.

Thawed and thawing soils

The results of various tests repérted in this thesis have consist-
ently shown that macrostructural feafures associated with segregatedAice
have a significant effect on the strength, permeability, and copsolida—
tion properties of thawed soils. These findings emphasize the great
importance of obtaining and testing specimens which contain fabric that

is representative of in situ conditions., Geology and conditions prevail-

ing during permafrost aggradation are reflected in a soil's behaviour
upon thaw. Obtaining a befter appréciation of geotechnical properties
in profilé has been a definite aid in interpreting geé!ogical histories
for sections logged at both the Norman Wells and Noell Lake ;ampling'
sites. Data collected there indicate that simple index properties like
density, water content, texture, and'liquidity index cén rgveal a great
deal about the deposition of sediments and the subsequent invasion of
perma%rost conditions.

Consolidation testing has revealed that a vast majority of these
undisturbed samples exhibit a linear relationship between void ratio. and
tﬁe logarithm of effective stress. Consolidation coefficients measured
during some tests changed by more than an order cf magnitude, and usually
decreased as stresses were increased. A review of complementary perme-
ability data has demonstrated that at low effective stresses, open
structural discontinuities afe capable of ¢onducting significant amounts
of water. However, as effective stresses are increased, structural

closure effects a marked decrease in permeability. Consolidation coe-
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fficients determined from post-thaw settlement data may be quite conserv-
ative when used to predict pore pressures generated by thaw. Limited
data contained in this thesis suggest that the nonlinear thaw-
consolidation theory (Nixon and Morgenstern, 1973a) should be adopted

for most cases of thaw involving natural soils. Appropriate values for
the residual stress and <, would be required to obtain a meaningful
theoretical-prediction of pore pressures.

‘An extensive investigation of‘residual stresses in undisturbed
permafrost soils has shown that for a specific soil type, this quantity
is uniquely related to the thawed, undrained void ratio. It can also be
correlated with plasticity characteristics and liquidity indices.
Redistribution of soil water, and irreversible strains occurring due to
local increases in effective stress during freezing, control the résidual
stress (Go') measuired when the soil is fhawed under uéd(ained conditions.
Finding that e-log 00' curves were typically linear made it—possible to
obtain co' values by extrapolating post-thaw consolidatfon data back to
the thawed, undrained void ratio. Estimates qf oo' made in this way
agreed well with values measured directly in the tests. For each soil
type ;ested, linear correlations have been developed between the thawed,
undrained void ratio and the logarithms of experimentally measured
values of residual stress. Similar relationships can probably be der
veloped for any other soil type.

The permode used to perform these tests proved to be quité versatilé
and demonstrated its utility as a basic apparatus for conducting labor-
atory tests on thawing soils. This detailed study of residual stresses

and the consolidation of natural soils has‘shown that relatively
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unsophisticated testing methods can provide sufficient geotechnical data
to permit the application of existing thaw-consolidation in analysis and
design. Further experimental work on the consolidation and related
properties of thawing permafrost will.probably result in diminishe
returns unless site-specific data are required. Other research topics
which might yield useful results are a controlled investigation of
structural scale effects and the prototype developmeﬁt of a suitable

piece of in situ testing equipment like the modified compressometer

described by Janbu and Senneset (1973). At this pdint in time, better
confirmation of existing theories and laboratory data should remain as a
priority item. Carefully planned and executed field thaw tests are the
only means available to increase engineering confidence in our ability
to understand and predict the behaviour of thawing soils.

Consolidated undrained triaxial tests with pore pressure measurement
were performed on several different soil types, and the results consist-
ently showed a nonlinear failure envelope. This is a reflection of the
way in which a dilatant macrostructure dominates strength behaviour at
low effective stresses. At those low stresses, peak friction angles
were significantly higher than might have otherwise been anticipated on
the basis of soil texture and plasticity. This nonlinear behaviour will
"~ have the greatest beéring on cases like active layer detachments or
flows, where conditions of low effective stress will certainly be common.

‘Secondary structure also has an effect on the pore pressure response
to changes in both the all-round and deviatoric stresses. Softened
soil, situated adjacent to discontinuities which were formerly occupied

by ice lenses, initially exhibits a high po;e pressure response to
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changes in confining pressure. This pére pressure increase graduafly
dissipates as water either drains away or is absorbed by the soil ped;
as they swell. Data obtained indicate that as samples are consolidated
to higher confining stresses, the poi= pressure coefficient B decrcases.
This behaviour suggests that in the long term, response may be mainly
governed by the peds. In fine-grained soils, moisture content data
indicate that these peds have usually been desaturated by suctions
generated during freezing. The measured Af parameters were negative in
tests conducted at low effective stresses, which indicates that the peds
were behaving as intact units by dilating, with failure planes tending
to follow existing structural discontinuities. At higher stresses,
shear planes also formed through the peds, and higher values were observed
for Af.

Unarained strengths appeared to be related directly to the residual
stress. By using the measured Go' as an initial effective stress and
including appropriate values for A, K, and ¢2 close agreement was obtained
between ;heoretically predicted and measured values of undrained strength.
A detailed review of the data led to the conclusion thatlproviding for
anisotropic consolidation during thaw was probably essential to the
measurement of realistic undrainedrstrengths and pore pressures during
shear. Testing procedures used in the course of this research may have
obtained undrained strengfhs which were too high, and it is certainly
questidnable whéther they are at a]f representative of éhear strengths

which could be mobilized in situ. This means that testing procedures

may also affect the measurement of residual stress, since pore pressures

£

generated by the application of a deviator stress are strongly influenced
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by conditions of lateral restraint. In the analysis of cases such as
active layer detachments where low effective stresses certainly prevail,
pore pressures generated in a dilatant macrostructure may warrant the
additional experimental difficulty of adhering to a more appropriate

stress path during thaw and shear.
7.3 FURTHER RESEARCH

in a field which has only received serious geotechnical attention
during the last decade, many topics remain which require further research.
The study described in this thesis involved several different laboratory
programs, and of all the exper}mental problems encountered, obtaining
adequate temperature control in tests performed on frozen soil proved to
be the most difficuit. |
Although there is probably not much more basic laboratory wofk on
thawed soils required, the following are noted as being topics deserving
of attention:
1) Determining the effects which conditions of applied stress
have on the measurement of residual stresses.
2) Determining pore water pressures génerated durjng shear when
realistic stress paths are followed.
3) Comparing shearing behaviour and pore pressure response under
conditions of isotropic, anisotropic, and Ko COnsolidatioh.
Although using undisturbed materials in these studies provides additional
detail on other natural soils, the interpretation of experimental
results will almost a]ways‘be complicated due to their inherent vari-

‘ability.
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0f greater significance is the need to conduct more tests on frozen
soils at stress levels and temperatures which correspond to typical
field conditions. Continued research in this area is particularly
important in light of the fact that éreep behaviour in frozen soils is
still rather poorly understood. Although some 6f the work reported in
this study has resulted in the development of more rational methods for
analyzing experimental creep data, additional tests on natural permafrost
soils are still required before field behaviour can be thoroughly under-
stood or predicted. A definitive study of consolidation processes in
frozen soil to explore mechanisms and processes controlling moisture
migration would also be of considerable interest.

Very little practical experience with the design or performance of
foundations in arctic regions has'been documented. Theories have been
developed which preovide analytical solﬁtions Lo several key probiems,
but before these can be used in routine design practice, determination
of appropriate, and often complex, material properties is required.
Some degree of confidence in the general appljcability of these theor-
etical treatments must also be gained. With this virtual absence of
well-documented case histories, detailed performance records from any
structure foupded on frozen or thawing soils will constitute welcome
data. To obtain optimum benefit from information of this sort, it is
essential that the results be analyzed and interpreted in a rational
manner. |

Almost any activity which enhances the geotechnical engineer's

ability to understand and predict the behaviour of frozen or thawing

soils is costly. At the same time, the expense involved with instru-
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mentation, performance monitoring, or conducting large-scale field tests
may be warranted if the costs defrayed by reduciqg the necessity for
conservatism in design are sufficient. The most fruitful areas for

future research in permafrost engineering probab]y‘relate to developing
methods and equipment which are capable of improving both the quality

and quantity of information collected during site investigationé.

Although less glamorous than developing elegant theoretical treatments,
‘aqtivities which are currently hindered by deficiency include-drilling,
sampling and logging procedures, dowﬁhole and surface geophysical methodﬁ,

and ig_situ tests.




REFERENCES CITED

Akili, W. 1966. Stress effect on creep rates of a frozen clay soil
from the standpoint of rate process theory. Unpubl. Ph.D. Thesis,
Michigan State Univ., East Lansing, Michigan. 108 p. (University
Microfilms 66-843)

Akili, W. 1970. On the stress-creep relationship for a frozen soil.
Mat. Res. and Standards, 10(1), pp. 16-22. .

Akili, W. 1971, Stress-strain behaviour of frozen fine-grained soils.
Highway Res. Rec., No. 360, pp. 1-8.

Al-Dhahir, Z., Kennard, M.F., and Morgenstern, N.R. 1970. Observations
on pore pressures beneath the ash lagoon embankments at Fiddler's
Ferry power station. 1ln Situ Investigations in Soils and Rocks,
British Geotechnical Society, London, pp. 265-276.

Alkire, B.D. 1972. Mechanical properties of sand-ice materials. Unpubl.
Ph.D. Thesis, Michigan State Univ., East Lansing, Michigan. 197 p.
(University Microfilms 73-12, 656)

Alkire, B.D., and Andersland, 0.B. 1973. The effect of confining
pressure on the mechanical properties of sand-ice materials.
J. Glaciol., 12(66), pp. 469-481.

Andersland, 0.B., and Akili, W. 1967. Stress effect on creep rates in
a frozen clay soil. Géotechnique, 17(1), pp. 77-39.

“Andersland, 0.B., and AlNouri, I. 1970. Time-dependent strength
behaviour of frozen soils. Proc. ASCE, 96(SM4), pp. 1249-1265.

Anderson, D.M., Tice, A.R., and McKim, H.L. 1973. The unfrozen water
and apparent specific heat capacity of frozen soils. 1In
Permafrost: The North American Contribution to the 2nd Inter-
national Conference, Yakutsk, pp. 289-295,

Anderson, D.M. 1967. The interface between ice and silicate surfaces.
J. Colloid Interface Sci., Vol. 25, pp. 174-191.

Anderson, D.M., and Hoekstra, P. 1965. Migration of inter-lamellar
water during freezing and thawing of Wyoming bentonite. Soil Sci.
Soc. Am. Proc., Vol. 29, pp. 498-50k4.

Anderson, D.M., and Morgenstern, N.R. 1973. Physics, chemistry and
mechanics of frozen ground: a review. In Permafrost: The North
American Contribution to the 2nd International Conference, Yakutsk,

pp. 257-288.

Anderson, D.M., and Tice, A.R. 1971. Low-temperature phases of inter-
facial water in clay-water systems., Soil Sci. Soc. Am. Proc.,

35(1), pp. 47-5h.

330



331

Anderson, D.M., and Tice, A.R. 1972. Predicting unfrozen water con-
tents in frozen soils from surface area measurements. Highway
Res. Rec., No. 393, pp. 12-18.

Anderson, D.M., and Tice, A.R. 1973. The unfrozen interfacial phase
in frozen soil water systems. Ecological Studies, Vol. 4, pp.
107-124, :

Baker, T.H.W. 1976. Transportation, preparation and storage of frozen
soil samples for laboratory testing. In ASTM Spec. Tech. Publ.
NO. 599’ pp. 88_]]2. ‘ )

Baker, T.H.W., Frederking, R.M.W., and Hoffman, D.R. 1976. Performance
characteristics of the geotechnical cold rooms. Building Research
Note, NRC Canada, No. 109. 19 p.

Banin, A., and Anderson, D.M. 1974, Effects of salt concentration
changes during freezing on the unfrozen water content of porous
materials. Water Resour. Res., 10(1), pp. 124-128.

Barnes, P., and Tabor, D. 1966. Plastic flow and pressure melting
in the deformation of ice. Nature, Vol. 210, No. 5039, pp. 878-882.

Barnes, P., Tabor, D., and Walker, J.C.F. 1971. The friction and creep
lycrystalline ice. Proc. Roy. Soc. London, Vol. 324A, pp.

r

5

Bender, J.A. 1967. Deformation of excavations in a high polar névé. In
Physics of Snow and lce, H. Oura (Editor), Institute of Low Temp.
Sci., Hokkaido Univ., Sapporo, Japan, Vol. 1, Part 2, pp. 973-982.

Bergan, A.T. 1972. Some considerations in the design of asphalt con-
crete pavements for cold regions. Unpubl. Ph.D. Thesis, University
of California, Berkley. 333 p.

Bergan, A.T., and Fredlund, D.G. 1973. Characterization of freeze-
thaw effects on subgrade soils. Presented to the Symposium on
Frost Action on Roads, Organization for Economic Cooperation and
Deveiopment, Oslo, Norway. (Research Report RP-4, Dept. Civil Eng.,
. U. of Sask., Saskatoon).

Beskow, G. 1935. Soil freezing and frost heaving with special applica~
tion to roads and railroads, Swed. Geol. Series C, 26th Yearbook,
No. 3. (Trans!ated from the original Swedish by J.0. Osterberg,
Northwestern Univ., Evanston, 111. 1947).

Bishop, A.W. 1954, The use of pore preséure coefficients in practice.
Géotechnique, 4(4), pp. 148-152.



332

Bishop, A.W., and Bjerrum, L. 1960. The relevance of the triaxial test
to the solution of stability problems. 1n Proc. ASCE Research
‘Conf. on Shear Strength of Cohesive Soils, Boulder, Colorado,

pp. L437-501.

Bishop, A.W., and Gibson, R.E. 1963. The influence of the provisions
for boundary drainage on strength and consolidation character-
istics of soils measured in the triaxial apparatus. In Laboratory
Shear Testing of Soils, ASTM Spec. Tech. Publ. No. 361, pp.
L35-451.

Bishop, A.W., and Green, G.E. 1965. ' Influence of end re§traint on
~ the compression strength of a cohes:onless soil. Geotechnique,

15(3), pp. 243-265.

Bishop, A.w;, and Henkel, D.J. 1962. The measurement of soil properties
in the triaxial test (2nd Edition). Edward Arnold, London. 228 p.

Bishop, A.W., Webb, D.L., and Lewis, P.I. 1965. Undisturbed samples
of London clay from the Ashford Common Shaft: strength-effective
stress relationships. Géotechnique,15(1), pp. 1-31.

Bishop, A.W., and Wesley, L.D. 1975. A hydraulic triaxial apparatus
for controlled stress path testing. Géotechnique, 25(4), pp.
657- 670 . ’

1l

Black, R.F. i1505. Thaw depression

s
Peryglac., No. 19, pp. 131-150.

(3%
-
=

4

I - $ o
anrkes a reviow.

Blight, G.E. -1965. Shear stress and pore pressure in triaxial testing.
Proc. ASCE, 91 (SM6), pp. 25-39.

Boulton, G.S. 1975. Processes and batterns of subglacial sedimentation:
a theoretical review. In lce Ages: Ancient and Modern, A.E. Wright
and F. Mosely (Editors), Seel House Press, Liverpool, pp. 7-42.

Brewer, R. 1964. Fabric and mineral analysis of soils. John Wiley and
Sons, New York. 470 p.

Brodskaia, A.G. 1962. Compressibility of frozen ground. Moscow, lzd-Vo
Acad. Nauk SSR, pp. 2-83. (translated from the original Russian
in 1970, U.S. Dept. Commerce, NTIS No. .AD 715087)

Broms, B.B., and Yao, Y.C. 1964. Shear strength of a soil after
freezing and thawing. Proc. ASCE, 90(SM4), pp. 1-25.

Brown, R.J.E. 1970. Permafrost in Canada. Univ. of Toronto Press,
Toronto. 234 p.



333 -

Brown, W.G., and Johnston, G.H. 1970. Dykes on permafrost: predicting
thaw and settlement. Can. Geotech. J., 7(4), pp. 365-371.

Budd, W.F. 1969. The dynamics of {ée masses. Australian National
Antarctic Research Expeditions Scientific Reports, Series A(lV),
Glaciology Publ. No. 108. 216 p.

Burt, T.P., and Williams, P.J. 1976. Hydraulic conductivity in frozen
soils. Earth Surface Processes, Vol. 1, pp. 349-360.

Butkovich, T.R., and Landauer, J.K. 1959. The flow-law for ice.
SIPRE Res. Rept. No. 56. 7 p.

Butkovich, T.R., and Landauer , J.K. 1960. Creep of ice at low
" stresses. SIPRE Res. Rept. No. 72. 6 p.

Canadian Arctic Gas Pipelines Limited. 1974, Responses to Pipeline
Assessment Group requests for supplementary information, Toronto.

Chamberlain, E. 1969. Some triaxial shear strength tests on frozen.
soil and ice. U.S. Army CRREL, Draft Interim Technical Report.

32 p.

Chamberlain, E., Groves, C., and Perham, R. 1962. The mechanical
behaviour of frozen earth materials under high pressure triaxial
test conditions. Géotechnique, 22(3), pp. 469-483.

Chandler, R.J. 1969. The effect of weathering on the shear strength
properties of Keuper Marl. Géotechnique, 19(3), pp. 321-334.

Chandler, R.J. 1972. Lias clay: weathering processes and their
effect on shear strength. Géotechnique, 22(3), pp. 403-431.

Colbeck, S.C. 1970. The flow: law for temperate glacier ice. Unpub.
_Ph.D. Thesis, Univ. of Washington, Seattle, Washington. 149 p.
(University Microfilms 71-16,934)

Colbeck, S.C., and Evans, R.F. 1973. A flow law for temperate glacier
ice. J. Glaciol., 12(64), pp. 71-86.

Collins, K., and McGown, A. 1974. The form and function of microfabric
features in a variety of natural soils. Géotechnique, 24(2), pp.

223-254,

Conway, J.B. 1967. Numerical methods for creep and rupture analyses.
Gordon .and Breach Science Publlshers, New York. 204 p.

Dillon, H.B., and Andersland, 0.B. 1967. Deformation rates of poly-
crystalline ice. In Phy5|cs of Snow and lce, H. Oura (Editor),
institute of Low Temp Sci., Hokka:do Univ., Sapporo, Japan,
Vol. 1, Part 1, pp. 313-328.



334

Drost-Hansen, W. 1967. The water-ice interface as seen from the liquid
side. J. Colloid Interface Sci. Vol. 25, pp. 131-160.

Duncan, J.M., and Dunlop, P. 1968. The significance of cap and basé
restraint. Proc. ASCE, 94 (SM1), pp. 271-290.

Emery, J.J., and Nguyen, T.Q. 1974. Simulation of ice flow problems.
In Applications of Solid Mechanics, 2nd Symposium (CSME-CSCE-ASME)
McMaster University, Vol. 1, pp. 30-45.

Farrar, D.M., and Coleman, J.D. 1967. The correlation of surface area
with other properties of nineteen British clay soils. J. Soil
Sci., 18(1), pp. 118-124,

Fredlund, D.G., Bergan, A.J., and Sauer, E.K. 1975. Deformation
characterization of subgrade soils for highways and runways in
northern environments. Can. Geotech. J., 12(2), pp. 213-223.

Fukuo, Y. 1966. 0On the rheological behaviour of frozen soil (Part 1).
Bull. Dis. Prev. Res. Inst. (Kyoto U.), 15(3), pp. 1-7.

Gerrard, J.A.F., Perutz, M.F., and Roch, A. 1952. Measurement of the
velocity distribution along a vertical line through a glacier,
Proc. Roy. Soc. London, Vol. 213A, pp. 546-558.

Glen, J.W. 1952. Experiments on the deformation of ice. J. Glaciol.,
2(12}, pp. H11-114,

Glen, J.W. 1955. The creep of polycrystalline ice. Proc. Roy. Sci.
London, Vol. 228A, pp. 519-538.

Goughnour, R.R., and Andersland, 0.B. 1968. Mechanical properties of
a sand-ice system. Proc. ASCE, 94(SM4), pp. 923-950.

Guther, H. 1972. Some problems in non-homogenous seepage. Unpubl.
M.Sc. Thesis, Univ. of Alberta, Edmonton, Alberta.

Heiner, A. 1972. Strength and compaction properties of frozen soil.
National Swedish Building Research Document D11.1972. 116 p.

Henkel, D.J., and Sowa, V.A. 1963. The influence of stress history
on stress paths in undrained triaxial tests on clay. In Laboratory
Shear Testing of Soils, ASTM Spec. Tech. Publ. No. 361, pp. 280-291.
Hobbs, P.V. 1974, lce Physics, Clarendon Press, Oxford. 837 p.

Hoekstra, P. 1969. The physics and chemistry of frozen soils. Highway
Res. Board Spec. Rept. No. 103, pp. 78-90.



i

335

Hooke, R.L., Dahlin, B.B., and Kauper, M.T. 1972. Creep of ice con-
taining fine sand. J. Glaciol., 11(63), pp. 327-336.

Hughes, 0.L. 1974. Geology and pngéfrost in relation to hydrology -
and geophysics. In Permafrost Hydrology, Proceedings of a Work-

shop Seminar, Can. Nat. Comm. Int. Hydrological Decade, Environment
Canada, pp. 21-28.

Hughes, O.L., Veillette, J.J., Pilion, J., and Hanley, P.T. 1973.
Terrain evaluation with respect to pipeline construction, Mackenzie
Transportation Corridor, Central Part, Lat. 64° to 68° N. Environ-
mental-Social Committee, Northern Pipelines, Task Force on Northern
0il Development, Report No. 73-37. 74 p.

Hult, J.A.H. 1966. Creep in éngineering structures. Blaisdell Publ.
Co., Waltham, Massachusets. 115 p.

Hunter, J.A., and Veillette, J. 1976. Borehole density logging in
permafrost, Tuktoyaktuk, District of Mackenzie. GSC Paper 76-1A,
Report of Activities, p. 417.

Hwang, C.T., Murray, D.W., and Brooker, E.W. 1972, A thermal analysis
for structures on permafrost, Can. Geotech. J., 9(1), pp. 33-46.

lverson, K, and Moum, J. 1974. The paraffin method - triaxial testing
without a rubber membrane. Géotechnique, 24(4), pp. 665-670.

Janbu, N., and Senneset, K. 1973. Field compressometer - principles
and applications. Proc. 8th Int. Conf. Soil Mech. Found. Eng.,
Moscow, Vol. 1-1, pp. 191-198.

Jellinek, H.H.G. 1967. Liquid-like (transition) layer on ice. J. Colloid
Interface Sci., Vol. 25, pp. 192-205.

Johnston, G.H. 1969. Dykes on permafrost, Kelsey Generating Station,
Manitoba, Can. Geotech. J., 6(2), pp. 139-157.

Kaplar, C.W. 1965, Discussibn of 'Shear strength of a soil after
freezing and thawing' by B.B. Broms and Y.C. Yao. Proc. ASCE,
91(sM2), pp. 91-97.

Kazi, A., and Knill, J.L. 1969. The sedimentation and geotechnical
properties of the Cromer Till between Happisburgh and Cromer,
Norfolk. Quart. J. Eng. Geol., Vol. 2, pp. 63-86.

Keil, L.D., Neilsen, N.M., and Gupta, R.C. 1973. Thaw-consolidation of
permafrost dyke foundations at the Long Spruce Generating Station.
Preprints, 26th Can. Geotech. Conf., Toronto, pp. 134-1L41.



_ . 336

Kent, D.D. 1974._ State variables for partly frozen soil. Unpubl. M.Sc.
Thesis, Univ. of Sask., Saskatoon, Sask.. 161 p.

Kent, D.D., Fredlund, D.G., and Watt, W.G. 1975,  Variables controlling
behaV|our of a partly frozen saturated soil. In Proc. Conf. on
Soil Water Problems in Cold Regions, Calgary, Alberta. Special Task
Fnrce, Div. Hydrology, Am. Geophys. Union, pp. 70-88.

Kersten, M.S. 1949. Thermal properties of soils. Univ. of Minnesota, Eng.
Exp. Station Bull. No. 28. 227 p.

Keys, W.S. 1968. Geophysical logging of permafrost, Faifbanks, Alaska -
a feasibility study. USGS Tech. Mem. No. 24. 5p. .

Keys, W.S., and MacCary, L.M. 1971. Application of borehole geophysics
to water-resources investigations. Chapter El, Book 2, Collection
of Environmental Data, Techniques of Water-Resources lInvestigations
of the USGS. 126 p.

Koch, R.D. 1971. The design of Alaskan North Slope production wells.
Proc. Inst. Mech. Eng. (London), Vol. 185, pp. 989-1001.

Lachenbruch, A.H. 1970. Some estimates of the thermal effects of a heated
pipeline in permafrost. U.S.G.S. Circular 632. 23 p.

Ladanyi, B. 1970. The mechanics of landslides in Leda clay Discussion.
Can. Geotech. J., 7(4), pp. 506-507.

Ladanyi, B. 1972. An engineering theory of creep of frozen soils. Can.
Geotech. J., 9(1), pp. 63-80.

Ladanyi, B. 1974. Bearing capacity of frozen soils. Preprints, 27th
Can. Geotech. Conf., Edmonton, pp. 97-107.

Ladanyi, B. 1975. Bearing capacity of strip footings in frozen Souls
Can. Geotech. J., 12(3), pp. 393-407. :

Ladanyi, B. and Archambeault, G. 1969. Simulation of shear behaviour of
a jointed rock mass. 11th Symp. Rock Mech. at Berkley, Ca., Soc.
Mining Eng., AIME, New York, pp. 105-125.

Ladanyi, B. and Johnston, G.H. 1973. Evaluation of in situ creep properties

of frozen soils with the pressuremeter. |In Permafrost: The North
American Contribution to the 2nd Internatinonal Conference, Yakutsk,
pp. 310-319.

Ladanyi, B. and Johnston, G.H. 1974. Behaviour of circular footings
and plate anchors in permafrost Can. Geotech. J., 11(4), pp.
531-553. '



337

Lambe, T.W., and Whitman, R.V. 1969. Soil Mechanics. John Wiley and Sons,
New York. 553 p. -

Langdon, T.G. 1973. Creep mechanisms in ice. _Q_P roc. Symp. Phys, -and
Chem. of lce, E. Whalley, S.J. Jones, and L.W. Gold (Editors), Roy.
Soc. Can., Ottawa. pp. 356-361. '

Lau, J.S.0., and Lawrence, D.W. 1976. Winter ground-ice distribution
for selected map areas, Mackenzie Valley. In Report of Activities,
Geological Survey of Canada, Paper 76-1B, pp. 161-168.

Lee, K.L., Morrison, R.A., and Haley, S.C. 1969. A note on the pore
pressure parameter B. 7th Int. Conf. Soil Mech., Found. Eng.,
Mexico City, Vol. 1, pp. 231-238.

Linell, K.A., and Johnston, G.H. 1973. Engineering design and construc-
tion in permafrost regions: a review. In Permafrost: The North
.~ American Contribution to the 2nd International Conference, Yakutsk,

pp. 553-576.

Litvinov, A. Ya. 1966. Field determination of the overall moisture
content of frozen ground with thick streaks of ice. Soil Mech.
Found. Eng., No. 3 (May-June), pp. 184-185.

Lo, K.Y. 1970. The operational strength of fissured c]ays Géotechnique,
20(1), pp. 57-74.

MacDonald, D.H. 1963. Design of Kelsey dikes. In Permafrost: Proceedings
of an International Conference, National Academy of Sciences,
Washington, D.C., pp. 492-496,

MacKay, J.R. 1963. The Mackenzie Delta area, N.W.T. Can. Dept. Mines
Tech. Surv., Geog. Br., Mem. 8. 202 p. (republished as Geological
Survey of Canada Misc. Report 23, 1974)

MacKay, J.R. 1971. The origin of massive icy beds in permafrost, Western
Arctic Coast, Canada. Can. J. Earth Sci., 8(4), pp. 397-422.

MacKay, J.R. 1972a. The world of underground ice. Ann. Assoc. Am. Geogr.,
62(1), pp. 1-22.

Mackay, J.R. 1972b. Cffshore permafrost and ground ice, Southern
Beaufort Sea, Canada. Can. J. Earth Sci., 9(11), pp. 1550-1561.

MacKay, J.R. 1974. Reticulate ice veins in permafrost Northern Canada.
Can. Geotech. J., 11(2), pp. 230-237. :

MacKay, J.R. 1975. Reticulate ice veins in permafrost, Northern Canada:
Reply. Can. Geotech. J., 12(1), pp. 163-165.



338

MacKay, J.R., and Matthews, W.H. 1973. Geomorphology and Quaternary
history of the Mackenzie valley near Fort Good Hope, N.W.T., Canada.
Can. J. Earth Sci., 10(1), pp. 26=41. L

MacPherson, J.G., Watson, G.H. and Koropatnick, A. 1970. Dykes on
permafrost foundations in northern Manitoba. Can. Geotech. J., 7(4),

pp. 356-364.

Marsland, A. 1972. The shear strength of stiff fissured clays. In Stress
Strain Behaviour of Soils, R. Parry (Editor), G.T. Foulis Ltd.,
Henley-on-Thames, pp. 56-68.

Marsland, A., and Butler, M.E. 1967. Strength measurements on stiff Barton
clay from Fawley, Hampshire. Proc. Geot. Conf., Oslo, Vol. 1,

pp. 139-146.

Martin, R.T. 1959. Rhythmic ice banding in soils. Highway Res. Board
Bull., 218, pp. 11-23.

Martin, R.T. 1962. Adsorbed water on clay: a review. Proc. 9th Conf. Clays
and Clay Minerals, Pergamon Press, New York, pp. 28-70.

McGown, A., and Radwan, A.M. 1975. The presence and influence of fissures
in the boulder clays of West Central Scotland. Can. Geotech. J.,
12(1), pp. 84-97.

McKay, A.S., and 0'Connel, L.P. 1976. The permafrost density logger.
J. Can. Petrol. Tech., 15(1), pp. 69-74. '

McRoberts, E.C. 1973. Stability of slopes in permafrost. Unpubl. Ph.D.
Thesis, Univ. Alberta, Edmonton. 370 p.

McRoberts, E.C. 1975. Some aspects of a simple secondary creep model
for deformations in permafrost slopes. Can. Geotech. J., 12(1),
pp. 98-105.

McRoberts, E.C. 1975. Field observations of thawing in soils. Can. Geotech.
J., 12(1), pp. 126-130. :

McRoberts, E.C., and Morgenstern, N.R. 1973. A study of landslides in
‘the vicinity of the Mackenzie River, Mile 205 to 660. Environmental-
Social Committee, Northern Pipelines, Task Force on Northern 0ijl
Development, Report No. 73-35. 96 p. '

McRoberts, E.C., and Morgenstern, N.R. 197ha. The stabflfty of thawing
slopes. Can. Geotech. J., 11(4), pp. 447-469.

McRoberts, E.C., and Morgenstern, N.R. 1974b. Stability of slopes in
frozen soil, Mackenzie Valley, N.W.T. Can. Geotech. J., 11(4),
pp. 554-573.



339

Meier, M.F. 1960. Mode of flow of theVSaskatqhewan glacier, Alberta, Canada.
U.5.G.S. Paper 351. 70 p.

Mellor, M. 1969. The stress dependeﬁEé of the secondary creep rate at low
stresses: reply to Prof. J. Weertman's letter. J. Glaciol., 8(54),
p. 495 (Letter).

Mellor, M., and Smith, J.B. 1967. Creep of snow and ice. In Physics of
Snow and Ice, H. Oura (Editor), Institute of Low Temp. Sci.,
Hokkaido Univ., Sapporo, Japan, Vol. 1, Part 2, pp. 843-855.

Mellor, M., and Testa, R. 1969a. Effect of temperature on the creep of
ice. J. Glaciol., 8(52), pp. 131-145,

Mellor, M., and Testa, R. 1969b. Creep of ice under low stress. J. Glaciol.,
8(52), pp. 147-152.

Mitchell, J.K. 1976. Fundamentals of Soil Behaviour. John Wiley and Sons,
New York. 422 p.

Mitchell, J.K., Campanella, R.G., and Singh, A. 1968. Soil creep as a
rate process. Proc. ASCE, 94(SM1), pp. 231-253.

Mitchell, R.J. 1975. Strength parameters for permafrost slopes in
Champlain Sea clays. Can. Geotech. J., 12(4), pp. 447-455.

Morgenstern, N.R. 1967. Shcar strength of stiff clay. Prec. Geot. Conf.,

Oslo, Vol. 2, pp. 59-72.

Morgenstern, N.R. 1969. Specialty session on 'Structural and Physico-
chemical Effects on the Properties of Clays'. 7th Int. Conf. Soil
Mech. Found. Eng., Mexico City, Vol. 3, pp. 445-471.

Morgenstern, N.R., and Guther, H. 1972. Seepage into an excavation
possessing stress-dependent permeability. Proc. Symp. on Percolation
Through Fissured Rocks, Karlsruhe, T2~C, 15 p.

Morgenstern, N.R., and Nixon, J.F. 1971. One-dimensional consolidation
of thawing soils. Can. Geotech. J., 8(4), pp. 558-565.

Morgenstern, N.R., and Nixon, J.F. 1975. An analysis of the performance
of a warm-oil pipeline in permafrost, Inuvik, N.W.T. Can. Geotech.
J., 12(2), pp. 199-208.

Morgenstern, N.R., ‘and Smith, L.B. 1973. Thaw-consolidation tests on
‘remoulded clays. Can. Geotech. J., 10(1), pp. 25-40.

Morgenstern, N.R., and Tchalenko, J.S. 1967a. Microscopic structures in
kaolin subjected to direct shear. Géotechnique, 17(4), pp. 309-328.

Morgenstern, N.R., and Tchalenko, J.S. 1967b. Micro-structural observa-
tions in shear zones from slips in natural clays. Proc. Geot. Conf.,
Oslo, Vol. 1, pp. 147-152.



340

Nersesova,Z.A., and Tsytovich, N.A. 1963. Unfrozen water in frozen soils.
In Permafrost: Proceedings of an International Conference, National
Academy of Sciences, Washington, D.C., pp. 230-234.

Neuber, H., and Wolters, R. 1970. Mechanical behaviour of frozen soils
under triaxial compression. (In German). Fortsch. Geol. Rheinld
u. Westf., Krefeld, Germany, No. 17, pp. 499-536.

Nixon, J.F. 1973. The consolidation of thawing soils. Unpubl. Ph.D.
Thesis, Univ. Alberta, Edmonton, Alberta. 300 p.

Nixon, J.F., and McRoberts, E.C. 1973. A study of some factors affecting
the thawing of frozen soils. Can. Geotech. J., 10(3), pp. 439-452.

Nixon, J.F., and McRoberts, E.C. 1976. A design approach for pile founda-
tions in permafrost. Can. Geotech. J., 13(1), pp. 40-57.

Nixon, J.F., and Morgenstern, N.R. 1973a. Pfactical extensions to a
theory of consolidation for thawing soils. In Permafrost: The North
American Contribution to the 2nd International Conference, Yakutsk,

pp. 367-377.

Nixon, J.F., and Morgenstern, N.R. 1974, Thaw-consolidation tests on
undisturbed fine- gratned permafrost. Can. Geotech. J., 11(1), pp.
202-214,

Nye, J.F. 1353. The Tiow law of ice from measurements in giacier
tunnels, laboratory experiments and the Junfraufirn borehole
experiments. Proc. Roy. Soc. London, Vol. 219A, pp. 477-489.

Nye, J.F. 1957. The distribution of stress and velocity in glaciers and
ice sheets. Proc. Roy. Soc. London, Vol. 239A, pp. 113-133.

Nye, J.F. 1965. The flow of a glacier in a channel of rectangular,
elliptic or parabolic cross section. J. Glaciol., 5(41), pp

661-690.

Odquist, F.K.G. 1966. Mathematical theory of creep and creep rupture.
Oxford Mathematical Monograph, Clarendon Press, Oxford. 168 p.

Osterkamp, T.E. 1975. Structure and properties of ice lenses in frozen
ground. In Proc. Conf. on Soil Water Problems in Cold Regions,
Calgary, Alberta, Canada. Special Task Force, Div. Hydrology, Am.
Geophys. Union, pp. 89-111.

Palmer, A.C. 1972. Settlement of a pipeline on thawing permafrost.
Proc. ASCE, 98(TE3), pp. 477-491.

Palmer, A.C. 1973. Thawing and differential settlement close to oil
wells through permafrost. In Principles of the control of
cryogenic processes during the development of permafrost regions,
Yakutsk Book Press, Yakutsk, Russia, pp. 161-170.



Paterson, W.S.B., and Savage, J.C. 1963. Measurements of the Athabasca
Glacier relating to the flow law of ice. J. Geophys. Res., 68(15),

pp. 4537-4543,

Penner, E. 1961. lce-grain structure and crystal orientation in an ice
lens from Leda clay. Bull. Geol. Soc. Am., Vol. 72, pp. 1575-1578.

Penner, E., Johnston, G.H., and Goodrich. L.E. 1975. Thermal conductivity
laboratory studies of some Mackenzie Highway soils. Can. Geotech. J.,
12(3), pp. 271-288.

Pemcan Services. 1972. Norman Wells Natural Gas Pipeline Research Facility -
Subsurface Conditions. Report to Gas Arctic Systems Study Group.

Perkins, T.K., and Ruedrich, R.A. 1973. The mechanical behaviour of

synthetic permafrost. Soc. Petroleum Engineers Journal (AIME),
13(8), pp. 211-220.

Pihlainen, J.A., and Johnston, G.H. 1963. Guide to a field description
of permafrost for engineering purposes. Tech. Mem. 79, NRC 7576,
Assoc. Com. on Soil and Snow Mechanics, Nat. Res. Council Canada.

Pufahl, D.E. 1976. The behaviour of thawing slopes in permafrost. Unpubl.
Ph.D. Thesis, University of Alberta, Edmonton, Alberta. 323 p.

Pufahl, D.E., Morgenstern, N.R., and Roagensack, W.D. 1974. Observations
on recent highway cuts in permafrost. Environmental-Social Committee,
Northern Pipelines, Task Force on Northern 0il Development, Report

No. 74-32. 53 p.

Rampton, V.N. 1972. Surficial geology and landforms of Aklavik (107B-E1/2).
G.S.C. Open File Map 119.

Rampton, V.N. 1974. Terrain evaluation with respect to pipeline construc-
tion, Mackenzie Transportation Corridor, Northern Part, Lat. 68°N
to Coast. Environmental-Social Committee, Northern Pipelines, Task
Force on Northern 0il Development, Report No. 73-47. 44 p,

Rampton, V.N. 1974. The influence of ground ice and thermokarst upon the
geomorphology of the Macknezie-Beaufort Region. In Third Guelph
Symposium on Geocmorphology, Arctic and Alpine Processes, pp. L43-59.

Raymond, C.F. 1973. Inversion of flow measurements for stress and
rheological parameters in a valley glacier. J. Glaciol., 12(64),

pp. 19-44,

Roggensack, W.D. 1975. Large scale laboratory direct shear tests on ice.
Can. Geotech. J., 12(2), pp. 169-178. :

Rosenquist, 1.Th. 1959, Mechanlcal propertles of soil-water systems. Proc.
ASCE, 85(SM2), pp. 41-53.



342

Rowe, P.W. 1970. Representative sampling in'iocation, quality and -
size. Sampling Soil and Rock, ASTM Spec. Tech. Publ. No. 483,
pp. 77-106. :

Rowe, P.W, 1972. The relevance of soil fabric to site investigation
practice. Géotechnique, 22(2), pp. 195-300.

Rowe, P.W., and Barden, L. 1964. Importance of free ends in triaxial
testing. Proc. ASCE, 90(SM4), pp. 1-27.

Rowley, R.K., Watson, G.H., Wilson, T.M., and Auld, R.G. 1973. Performance
of a 48-in. warm-oil plpellne supported on permafrost Can. Geotech.
J., 10(2), pp. 282-303.

Ruedrich, R.A., and Perkins, T.K. 1973. A study of factors which
influence the mechanical properties of deep permafrost. Paper No.
SPE-4587, Presented at 48th Ann. Fall Meetlng Soc. Pet. Eng. of
AIME, Las Vegas, Nevada. 15 p.

Rutter, N.W., Boydell, A.N., Savigny, K.W., and Everdingen, R.0. 1973.
Terrain evaluation with respect to pipeline construction, Mackenzie
Transportation Corridor, Southern Part, Lat. 60° to 64°N. Environ-
mental-Social Committee, Northern Pipelines, Task Force on Northern
0il Development, Report No. 73-36. 135 p.

Sanger, F.J. 1969. Foundations of structures in cold regions. Cold
Regions Science and Engineering Monograph ili-Cé, U.S. Army CRREL.
" 91 p. (Presently under revision)

Sanger, F.J., and Kaplar, C.W. 1963. Plastic deformation of frozen soils.
In Permafrost: Proceedings of an International Conference, National
Academy of Sciences, Washington, D.C., pp. 305-314,

Sayles, F.H. 1968. Creep of frozen sands. U.S, Army CRREL Tech. Rept.
190. 54 p. ,

Sayles, F.H. 1973. Triaxial and creep tests on frozen Ottawa sand.
In Permafrost: The North American Contribution to the 2nd Interna-
tional Conference, Yakutsk, pp. 384-391. :

Sayles, F.H., and Haines, D. 1974. Creep of frozen silt and clay, u.S.
Army CRREL Tech. Rept. 252. 50 p.

Scott. R.F. 1969. The freezing process and mechanics of frozen ground.
Cold Regions Science and Engineering Monograph 11-D1, U.S. Army
CRREL. 65 p.

Schreve, R.L., and Sharp, R.P. 1970. Internal deformation and thermal
anomalies in lower Blue Glacier, Mount Olympus, Washington, D.C.,
J. GlaCiO]-, 9(55)’ pp- 65—86.

*



343

Simons, N.E. 1960. The effect of overconsolidation on the shear strength
characterust:cs of an undisturbed Oslo clay. Proc. ASCE Research
Conf. on Shear Strength of Cohesive Soils, Boulder, Colorado, pp.

747-763.

Skempton, A.W. 1953. The colloidal lactivity' of clays. Proc. 3rd Int.
Conf. Soil Mech. Found. Eng., Zurich, Vol. 1, pp. 57-61.

Skempton, A.W. 1954. The pore-pressure coefficients A and B. Géotechnique,
L(4), pp. 143-147. _

Skempton, A.W. 1970. The consolidation of clays by gravitational com-
pactiom. Q. J1. Geol. Soc. London, Vol. 125, pp. 373-411.

Skempton, A.W., and Bishop, A.W. 1954, Soils. In Building Materials,
Their Elasticity and Inelasticity. Ed. by M. Reiner with the
assistance of A.G. Ward, Amsterdam, North-Holland Publishing Co.,
Chapter X, pp. 417-482.

Skempton, A.W., and Bjerrum, L. 1957. A contribution to settlement
analysns of foundations on clay. Géotechnique, 7(4), pp. 168-178.

Skempton, A.W., and Pettey, D.J. 1967. The strength along structural
discontinuities in stiff clays. Proc. Geot. Conf., Oslo, Vol. 2,
pp. 29-46.

Skempton, A.W., and Pettey, D.J. 1970. 'ignition ioss and other properties
of peats and clays from Avonmouth, King's Lynn, and Cranberry Moss.
Géotechnique, 20(4), pp. 343-356..

Skempton, A.W. and Sowa, V.A. 1963. The behaviour of saturated clays
during sampling and testing. Géotechnique, 13(4), pp. 269-290.

Slusarchuk, W.A., and Watson, G.H. 1975. Therhal conductivity of some
ice-rich permafrost soils. Can. Geotech. J., 12(3), pp. 413-424.

Slusarchuk, W.A., Watson, G.H., and Speer, T.L. 1973. Instrumentation
around a warm oil pipeline buried in permafrost. Can. Geotech. J.,
10(2), po. 227-245,

Smith, N., and Berg, R. 1973. Encountering massive ground ice during.
road construction in Central Alaska. In Permafrost: The North
American Contribution to the 2nd International Conference, Yakutsk,

pp. 730-~736.

Snow, D.T. 1967. Anisotropic permeability of fractured rocks. In

Hydrology and Flow through Porous Media (Muskat Volume). R.J.M.
DeWiest (Editor), Academic Press, New York.

Speer, T.L., Watson, G.H., and Rowley, R.K. 1973. Effects of ground-ice
variability and resulting thaw settlements on buried oil pipelines.
In Permafrost: The North American Contribution to the 2nd Inter-
national Conference, Yakutsk, pp. 746-752.



34L

Smith, L.B. 1972. Thaw consolidation tests on remoulded clays. Unpubl.
M.Sc. Thesis, Univ. of Alberta, Edmonton, Alberta. 157 p.

Steinemann, S. 1958. Experimentelle Untersuchunger zur Plastizitat von
Eis. Beitrage zur. Geologie de Schweiz, Geotechnische Serie
Hydrologie, Nr. 10,

Susherina, Ye P., and Tsytovich, N.A. 1967. Experiments on the effects
of freezing and subsequent thawing on clay strength. U.S. Army
CRREL Draft Translation 285. 14 p. (Translated from original
Russian in 1971) , -

Swinzow, G K. 1962. Investigation of shear zones in the ice sheet margin,
Thule area, Greenland. J. Glaciol., 4(32), pp. 215-229.

Sykes, J.F., Lennox, W.C., and Charlwood, R.G. 1974. Finite element
permafrost thaw settlement model. Proc. ASCE, 100 (GT11), pp.
1185-1201.

Sykes, J.F., Lennox, W.C., and Unny, T.E. 1974. Two-dimensional heated
pipeline in permafrost. Proc. ASCE, 100(GT11), pp. 1203-1214.

Taber, S. 1929. Frost heaving. J. Geol., Vol. 37, pp. 428-461.

Tabor, D., and Walker, J.C.F. 1970. Creep and friction of ice. Nature,
Vol. 228, pp. 137-139.

Tchalenko, J.S. 1968. The evolution of kink-bands and the development
of compression textures in sheared clays. Tectonophysics, Vol. 16,

pp. 159-174,

‘Terzaghi, K. 1936. The shearing resistance of saturated soil and the
angle between planes of shear. Proc. Ist Int. Conf. Soil Mech.
Found. Eng., Harvard, Vol. 1, pp. 54-56.

Terzaghi, K. 1960. Discussion of 'Rockfill dams, Wishon and Courtright
concrete face dams' by J.B. Cooke. Proc. ASCE, 86(P01), pp. 89-92.

Thomas, R.H. 1971. Flow law for Antarctic ice shelves. Nature (Phys.
Sci.), Vol. 232, pp. 85-87.

Thomas, R.H. 1973a. The creep of ice shelves: theory. J. Glaciol., 12(6h)
pp. b5-53.

Thomas, R.H. 1973b. The creep of ice shelves: interpretation of observed
behaviour. J. Glaciol., 12(64), pp. 55-70.

Thompson, E.G., and Sayles, F.H. 1972, In'situ creep analysis of room in
frozen soil. Proc. ASCE, 98(SM9), pp. 899-915.

-Thomson, S., and Lobacz, E.F. 1973. Shear %trength at a thaw interface.
In Permafrost: The North American Contribution to the 2nd International
Conference, Yakutsk, pp. 419-426.



345

Tice, A.R., Anderson, D.M., and Banin, A. 1973. The prediction of
unfrozen water contents in frozen soils from liquid limit determina-
tions. Symposium on Frost Action in Roads, Oslo, Organization for
Economic Cooperation and Development, Vol. 1, pp. 329-344, and
VO]- 3’ ppP. 63'65.

Tsytovich, N.A. 1973. Mechanics of frozen soil. Vysshaya Shkda Press,
Moscow. 427 p. (Russian translated and published under the title
'The Mechanics of Frozen Ground' (1975), McGraw-Hill, New York)

Tsytovich, N.A., Vyalov, S.S., Martynov, G.A., and Susherina, Ye.P. 1957.
Changes in soil properties on freezing and thawing. U.S. Army
CRREL Draft Translation No. 329. 31 p. (Translated from the
original Russian in 1971).

Tsytovich, N.A., Zaretsky, Yu.K., Grigoryeva, U.G., and Ter-Martirosyan,
Z.G. 1965. Consolidation of thawing soils. Proc. 6th Int. Conf.
Soil Mech. and Found. Eng., Toronto, Vol. 1, pp. 390-394.

Ueda, H., Sellman, P., and Gunars, A. 1975. USA CRREL snow and ice
testing equipment. CRREL Spec. Rept. 146. 1llp.

Vialov, S.S. (Ed.) 1959. Rheological properties and bearing capacity
" of frozen soils. U.S. Army CRREL Tran. No. 74. 219 p. (Translated
from the original Russian in 1965)

Vialov, S.S. (Ed.) 1962. The strength and creep of frozen soils and
calculations for ice-soil retaining structures. U.S. Army CRREL
Tran. No. 76. 301 p. (Translated from the original Russian in

1965) .

Vialov, S.S., and Susherina, Ye. P. 1964. Resistance of frozen soils to
triaxial compression. Merzlotnye Issledovaniya, No. 4, pp. 340-375.
(Translated from the original Russian in 1970 by the U.S. Army
Foreign Science and Technology Center, NTIS No. AD 713981)

VodoIaZkii, U.M. 1962. Strength characteristics of thawed clayey ground
at various stages of consolidation. U.S. Army CRREL Draft
Translation No. 267. 10 p. (Translated from the original Russian

in 1971)

Voitkovski, K.F. 1960; The mechanical properties of ice. Moscow lzd.
Akademii Navk, S.S.R. 100 p. (Translated from the original Russian
by the Am. Meteor. Soc., Boston)

Watson, G.H., Rowley, R.K., and Slusarchuk, W.A. 1973a. Performance
of a warm oil pipeline buried in permafrost. In Permafrost: The
North American Contribution to the 2nd !nternational Conference,
Yakutsk, pp. 759-766.



346

Watson, G.H., Slusarchuk, W.A., and Rowley, R.K. 1973b. Determination
of some frozen and thawed properties of permafrost soils. Can,
Geotech. J., 10(4), pp. 592-606.

Weertman, J. 1969. The stress dependence of the éecondary creep rate
at low stresses. - J. Glaciol., 8(54), pp. 494-495 (Letter).

Weertma., J. 1973. Creep of ice. In Proc. Symp. Phys. and Chem. of
lce. E. Whalley, S.J. Jones, and L.W. Gold (Editors). Roy. Soc.
Can. Ottawa, pp. 320-337.

Williams, P.J. 1963. Specific heats -and unfrozen water content of
frozen soils. Proc. Ist Can. Conf. on Permafrost, NRC Tech. Mem.
76, pp. 109-126. :

Williams, P.J. 1964. Experimental determination of apparent specific
heats of frozen soils. Géotechnique, 14(2), pp. 133-142.

Williams, P.J., and Burt, T.P. 1974. Measurement of hydraulic conduc-
tivity of frozen soils. Can. Geotech. J., 11(4), pp. 647-650.

Wilson, S.D. 1959. Report on the 1958 Tufo ramp slope indicator measure-
ments. Report prepared by Shannon and Wilson for U.S. Army Corps of
Engineers.

£

Wissa, A.E.Z. 1969. Pore pressure measurement in saturated soils. Proc.
ASCE, 90(SML), pp. 1063-1073. -

Woodward-Clyde and Associates. 1970. Thaw plug stability in the Copper
River Basin, Report prepared for Aleyeska Pipeline Service Co.
Ltd., Houston, Texas.

Wu, T.H. 1966. Soil mechanics. ‘Allyn and Bacon, Inc., Boston. 431 p.

Yong, R.N., and Warkentin, 1966. Introduction to Soil Behaviour. The
MacMillan Company, New York. 451 p.

Zaretskii, Yu.K. 1968. Calculations of the settlement of thawing soil.
Soil Mechanics and Foundation Engineering, No. 3 (May-June),
pp. 151-155,



APPENDICES

347



APPENDIX A
FIELD WORK

A.1 SAMPLING EQUIPMENT AND PROCEDURES

Each of the permafrost cores tested in this study was obtained
with a shell auger core barrel. Sampling deviceé used in the field
work were manufactured in the Department of Civil Engineering Machine
"Shop, University of Alberta, and were patterned after the USA-CRREL
ice auger. Over the past 15 years, the CRREL ice auger has been used
throughout the cold regions of the world for sampling in snow, ice,
and frozen organic and fine-grained mineral soils (Ueda, 1975).
Figure A.1 presents a sketch of the double helical auger core barrel
and summarizes its basic features (also see Plate A.24). The core
barrels used to obtain samples for the laboratory program described
in the body of this thesis were all constrﬁcted to provide a 10 cm (4
inch) inside diameter. Modifications to models which had been used
previously inciuded: , | |

| 1) Eliminating the outside drive collar at the top of the
barrel, thus promoting the movement of the cuttings up the
flites to where they could be reservoired.

2) Redesigning the cutting teeth and using case-hardened steel

"instead of attaching tdngétén,cafbide inserts to the
leading edge. ' .

3) Providing a convenient bayonet drive connection on barrels

used in hand sampling operations.

L) Constructing the core barrels from stainless steel tubing.

5) Thickening,.and thereby strengthening the core barrel at

its top by providing an inside collar where the drive head
is attached.

To promote rapid core barrel penetration in fine-grained permafrost

soils, the angle between the front surface of the cutting edge and

surface being cut was set at 55°. A positive back clearance angle
. &
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of between 30° and 35° was adopted. With this configuration, cutting
was most effective when a back clea(ance of approximately 0.5 ecm (0.2
inches) was maintained. A small iﬁéide clearance of up to 0.03 cm
(0.01 inches) was provided by setting the cutting teeth to overlap
the inside surface of the core barrel. These teeth were made from
case-hardened Keewatin tool steel and exhibited good wear characteris-
tics when cutting fine-grained frozen soils. In sandier materials,
it remained necessary to use tungsten carbide inserts’soldered onto
the cutting.face, but a great deal of breakage was experienced when
stones were encountered. More recent experience with seismic grade
inserts has indicated that their greater durability rrenders them
satisfactory for this particular application. Some of the hardened
teeth were field-sharpened with a grinder when the Cutting edge v
became dull. They proved to be quite durable in cutting through soil
which contained a few pebbles, and suffered less breakage than the
earlier carbide inserts had. A core catcher was not provided since
cuttings normally jammed into the gap between the core and the inside
of the barrel. Inside friction built ug until the core broke off,
and also held it in the barrel during extraction from the borehole.
Whenever a mechanical break did not occur during the coring run, the‘
cores were separated at the cutting face by jarring the core barrel
or pushing a wedge into the annulus to snap the core with a canti-
livering action. The core barrel was then run down the borehole to
extract the loose piece of core.

At the Fort Simpson landslide headscarp sampling site, core
barrels were turned with a gasoline-driven post-augering unit that
could be handled by two men (see Plate A.22). The auger f}ame was
1.2 m (4 feet) wide, so the maximum torque produced by the engine
could be resisted without causing excessive strain to the operators.
This technique provei to be quite successful since it was possible to
maintain a good feel for conditions at the cutting face. Force '
applied to the cutting surface could be vafied accordingly, and
several unbroken cores as long as 0.8 metres (2.5 feet) were obtained.

Both horizontal and vertical holes were drilled to depths of more
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than 2.0 metres (6.2 feet) into the headscarp. Scaffolding was used
to provide footing and access to various Ievels of the near-vertical
slope (see Plates A.2 and A.3). Some difficulty was encountered with
cuttings which packed tightly near the cutting shoe and prevented
materia’ from travelling the full lenjyth of the flites to be cleared
at the top of the core barrel. This problem was remedied by spreading
a thin film of oil along the outside of the barrel before each coring
run. Binding occasionally occurred which necessitated freeing the
core barrel with a jack. |In one extreme case, the core barrel became
frozen in, so commercial antifreeze was poured into the borehole
where it was allowed to stand for several hours. This eventually
eroded and softened the frozen soil to the extent that the core
barrel could be extracted with ease. Cuttings reservoired above the
top of the core barrel occasionally froze to the wall of the borehole
and impeded extracting the sampler from the ground. Chipping, jacking,
and antifreeze were used to remedy this condition.

Nofmally, core length was limited by the storage capacity for
cuttings which collected along the {litings and in the. reservoir
space above the barrel. |In hand drilling operations, the coring
process seemed most effective if the barrel was retrieved after each
0.3 to 0.5 m (1 to 1.6 feet) of penetration so the flites could be
cleared. This procedure also seemed to reduce the amount of mechanical
breakage experienced by the core. Obtaining long sections of intact
core with the hand augering equipment was possible since the operators
were able to 'hear' or 'feel' whether ice or soil was being cut.
When thick ice lenses were being penetrated, the relatively steep
leading angle on the cutting face resulted in fracturing and spalling
unless downhole pressures were reduced. A reduction gearbox placed
between the engine and the core barrel resulted in maximum rates of
rotation of approximately 120 rpm. Slower rates in the range of 30
to 50 rpm resulted in coring penetration rates of 0.3 to 0.4 m (1 to
1.2 feet) per minute. It was noted that breakage was usually restricted
to through-going ice lenses, and probably resulted froh cracking

brought about by the action of the cutting teeth.
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A heliportable 'Ranger' drill rig was used to advance the boreholes
at both the Norman Wells (MVPL) and Noell Lake samplting sites. This
drill rig employed a 40 horsepower gasoline engine and hydraulic
pump, turning the augefs and the core barrel with a variable-speed,
reversible, hydrostatic drive. This permitted backing the core
barrel up whenever it became jammed or frozen in. Substantiql pullout
force was also available since the drive head was attached to a
hydraulic ram with a 1.5 m (5 foot) stroke. Considerably more core
‘breakage occurred with the 'Ranger' rig since the driller was less
able to match torque and downhole pressure to the characteristics of
the material being cut by the core barrel. At Norman Wells, the
drill rig was mounted on a flatbed truck, but the remoteness of the
Noell Lake site necessitated using lighter skid gear that would be
moved with a helicopter. This second configuration reduced the
downhole weight available and made it more difficult to drill to a
depth of 12 m (40 feet) there. '

Core logging in the field consisted of detailed observations of
sedimentaiy siruciure, ice content and sfructure, soil texture, and
plaéticity. Depth intervals for each coring run were established by
measuring the borehole depth once the core barrel had been retrieved.
Material packed between the core and inside of the barrel usually
bnecessitated mechanical assistance to extrude the core. A propane
toréh was also employed to heat the core barrel slightly and decrease
internal adhesion. Each core was caught in a tray where visual
logging was performed before it was placed in a plastic sleeve and
sealed. Details noted on each core sleeve included borehole number,
depth interval, top end, and sampling date.

The following summarizes sampling equipment and logistics details

pertaining to each of the sampling sites.

Fort Simpson Landslide Headscarp

Sampled: May, 1973; October, 1973; October 1974

&
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Ambient Air Temperature: 15° to 18°C; -8° to -1°C;

-4°C; respectively

...Equipment: - 10 cm CRREL core barrel driven by a gasoline-

_Apowered post-auger unit
Access: .- Equupment and cores transported to and from Fort
o Simpson with an Alouette 1l helicopter. Personnel
were either flown in or walked approximately 2.5
km (1.6 miles) from the Mackenzie Highway along a

cutline.

Norman Wells (MVPL) Sampling Site

Sampled: Late February, 1974
Ambient Air Temperature: =-35° to -45°C
Equipment: 10 cm CRREL core barrel driven a 'Ranger' drill
. (truck mounted)
Access: A four-wheel-drive truck driven from Norman Wells
along seismic lines which had been cleared by a

bulldozer

Noell Lake Sampling Site

Sampled: Early March, 1974

Ambient Air Temperature: -40° to -45°C

Equipment: 10 cm CRREL core barrel driven by a 'Ranger' drill

on helicopter-portable skid gear
Access: Equipment, personnel, and core transported from
Inuvik with Bell 205A-1 and Bell 206B helicopters

Several insulated core boxes were constructed to store core on
site and ensure its safe transport back to laboratory facilities in
Edmontan. The main features of these core boxes are summarized in
Figure A:Z. The sampling operations described in connection with this
study we;e’generally conducted when ambient air temperatures were

below 0°C in the field, so very few problems were encountered with
&
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handling or storing core there. The only potential difficulty arose
when samples were consigned for shipment on commercial air freight
carriers. The boxes were painted bright yellow with outside markings
clearly indicating thedperishable nature of their contents. The key
to successful core transport using insulated boxes lay in ensuring
that an airtight seal was provided for the sample compartment. This
was accomplished by using an RTV silicone rubber caulking compound
along the insulation joints and around the perimeter of the lid. The
cores were jacketed and sealed in 10 mil thickness bolyethyene tubing.
Snow was packed in the boxes prior to sealing them for shipment so
that sublimation would be kept to a minimum, This also permitted
storing the core in a cold room for extended periods before opening

the boxes to commence laboratory work.
A.2 DESCRIPTION OF THE SAMPLING SITES

General geographic locations for the three sampling'sites used
in this study have been presented in Figure 1.1. Detailed location
plans for the Fort Simpson, Norman Wells, and Noell Lake sampling
siteé are shown in Figures A.3, A.4 and A.5 respectively. The following
presents detailed stratigraphy and a summary of soil properties for

materials encountered at these three sampling sites.

Fort Simpson Landslide Headscarp Sampling Site (Mile 226)

A section exposed at the headscarp of a large landslide located
on the left bank of the Mackenzie River approximately 32 kilometres
(18 miles) downstream from Fort Simpson, N.W.T. was measured and
sampled intensively. The landslide and features of the headscarp are
illustrated on Plates A.1, A.2, and A.3. McRoberts (1973) and Pufahl
(1976) have described this landslide and summarized pertinent regional
geological features. Lacustrine sediments. have filled this portion

of the Mackenzie Valley and essentially form a wedge, thinning away
&



35h

from the river to discontinuous patches. The texture of these lacust-
rine sediments invariably consists of clay, silt, and sand sizes with

a general tendency for decreasing mean grain size with depth. At the
time the site was sampled, the headscar§ had exposed a surficial

layer of sand that generally increased in thickness with distance

from the river. A silty clay or clayey silt layer with sand pockets
containing finer-grained rip-off clasts was péesént beneath the sand.
The lacustrine silty clay became finer-grained with depth, and bedding
features were difficult to distinguish, A stratigraphic section for
the headscarp exposed in October, 1973, is shown in Figure A.6. The
zones indicated have been described in Chapter V and were differentiated
on the basis of distinctly different amounts and types of ground ice
exposed, Plasticity characteristics for these soils are summarized

in Figure A.7. The data points parallel the A~line and it can be

seen that these soils exhibit low to intermediate plasticity. Data
points determined for material from Zone 2 lie closer to the A-line

as a result of their slightly coarser texture. Moisture contents and
frozen buik density data determined from core obtained at this site

are blotted in Figure A.8. Solid lines shown on these graphs have

been calculated from theoretical relationships presented as Equations
6.1 and 6.2. It can be seen that for reasonable ranges of G, many
data points plot below the Jine which indicates that most of these
soifs were not saturated. This characteristic is especially noticeable
with material from Zone 2. Textural characteristics of the headscarp
soils are summarized in Figure A.9. Samples from Zone 2 contained

some sand and coarse silt, while samples from Zones 3 and 4 consisted
predominantly of clay with lesser quantities of silt. Properties for
the material from ZoneAZ indicate that this relict active layer has
been subjected to numerous freeze-thaw cycles which probably desaturated
the soil and mixed in some of the coarser, near-surface sand as a
result of extensive cryoturbation. Typical ground ice structures
encountered in each of the different zones are shown on Plates A.4
through A.7.

&
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Norman Wells (MVPL) Sampling Site

During or subsequent to glaciéf{én of the Mackenzie River Valley,
ice dams situated somewhere to the north of Sans Sault Rapids caused
a large proglacial lake to be impoundéd along the valley. At its
maximum, this lake may have extended as far south as the vicinity of
Fort Norman. Differential crustal rebound makes establishing maximum
lake levels somewhat difficult, but it is probable that at its max}mum,
this body of water reached an elevation of at least 150 m (500 feet)
above sea level. Major sources of detrital material were tributatires
which roughly correspond to channels occupied by the present-day
Mountain, Carcajou, Great Bear, and Keel Rivers. Mackay and Matthews
(1973) have suggested that with the retreat of the ice lobe that
occupied the Mackenzie plain in late Wisconsin time, the Mackenzie
began to flow along the lowlands to the west of the Franklin Mountains.
The lake developed along these lowlands, and its early stages, was
dammed to an altitude of approximately 240 m (800 feet) above sea
level by ice still present on the north and northwest. The basin
gradually filled, and with the disappearance of the ice dam, ponded
at an elevation of approximately 95 m (310 feet) above sea level
behind-a bedrock ridge situated southwest of Fort Good Hope. This
stage has been dated at approximately 11,000 to 11,500 Cl,_I years
before present. A series of spillways developed across the ridge and
led to the eventual downcutting of the Ramparts and complete drainage
of the lake impounded above that point by approximately 6100 Clh
years before present. |In the intervening time, Turther downcutting
has resulted in the Mackenzie River becoming incised in former lake
and river sediments.. | '

The MVPL ice variability study site at Norman Wells is located
approximately 3 km (1.5 miles) back from the right bank of the
Mackenzie River. Surface e]evatibns at the site indicate that this
portion of the valley would have been submerged by water impounded
during both the ice and bedrock dammed glacial lake stages. The

sequence of sedimehts encountered in the boreholes drilled as part of



this study are summarized in the stratigraphic profile presented as
Figure A.10. C”+ dates‘ determined from peat layers indicate reasonable
agreement with the regional sequence of events outlined by Mackay and
Matthews (1973). Sediments in the first 2 m probably consist of
alluvia® material deposited by the active Mackenzie River during
downcutting. Stratified silts and clays beneath this were probably
deposited in the glacial lake impounded behind the Ramparts bedrock
high. The deepest occurrence of discrete organic material at a depth
of 7.5 m gave an age of 9300 Clh years before present. Below that, a
pebble lag was encountered at a depth of approximately 9.5 metres,
and this was underlain by highly plastic, thinly bedded clay. The
liquidity index profile suggests that three distinct sedimentation
sequences have occurred in this depth interval. The absence of
organic material, and the fine-grained, highly plastic nature of soil
samples recovered from below a depth of 10 metres suggest that this
portion of the profile was probably deposited in a deep water, distal
environment. These sediments probably date back to the ice dammed
glacial lake phase. Examination of organic inciusions in the soils
between the depths of 3 and 9 m suggest a gradual transition from a
shallow, nearshore environment to shoreline or backwater sedimentation.
Again, this sequence of events corresponds to the post-Wisconsin
geomorpHic development that Mackay and Matthews (1973) have described.
Textural properties of the soils encountered in this profile
have been summarized in Figure A.11. Once aQain, the data points
tend to parallel the A-line. These soils exhibited low to high
plasticity, and several samples had a plasticity index which had been
reduced the presence of organic material. Figure A.12 summarizes
moisture content and frozen bulk density data that was determined
from samples obtained with a CRREL core barrel (this study). As was
noted for the Fort Simpson Site, the results plotted here indicate
that many of the samples were probably not fully saturated. However,
interpretation of this data is complicated by the fact that organic
material present in many samples made it difficult to establish

meaningful values for Gs' In Figure A.13, data extracted from the

] Personal Communication. Dr. W. Blake Jr., 1975.
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MVPL studies demonstrate the mechanical disturbance which resulted
from sampling with a vibratory core barrel. There is considerably
more scatter in this data, and points generally plot at lower frozen -
bulk densities for a given water content. Grain size curves and a
summary of textural data for soils from the Norman Wells sampling
site are presented in Figure A.l4. ‘

Photographs of typical cores taken from this profile are included
as Plates A.8 through A.15. These illustrate typical ice structures
‘which were encountered as well as some of the organic inclusions and
sedimentary structures. Of particular note are the stratified ice
lenses on Plate A.8 which are characteristic of soils from the active
layer. Plate A.9 shows a core which includes numerous charred sticks
and roots that were probably a shoreline deposit of charred wood
washed in from burned areas on the slopes surrounding the lake.
Plates A.13 and A.15 both illustrate a well-developed reticulate ice
structure.

Tin
L]

Noell Lake Sampling Sitc

Rampton (1973) has indicated that surficial materials in the
Avicinity.of Noell Lake consist of till and till-derived deposits
which have usually been described as stony clay. The till is a
black, sticky clay containing stones up to boulder sizes, and the
matrix material has presumably been derived from Cretaceous shale to
the south. The area is dotted with thermokarst lakes which are
common within the terrain unit and probably result from the melting
of large bodies of massive ice and icy sediments at depth. The topo-
graphy is gently rolling, but glacial landforms which might provide
a key to the depositional environment for these sediments are indistinct
and difficult to identify or delineate. The ground surface at this
sampling site was covered with bare-centred hummocks which had diameters
ranging from 2 to 4 m (6 to 12 feet). Micro-relief was in the order
of 0.4 m (1.5 feet). The stratigraphic profile determined from

drilling and sampling at this site is summafized in Figure A.15.
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Soils at the site consisted of 1 m (3 feet) of sandy silt which
exhibited well-developed cryoturbation features. The layer of gravel
encountered in a depth of 1.5 m probably corresponds approximately to
the maximum active layer penetration which has occurred since deglaci-
ation. Between the depths of 1.5 and 8 m, a dark grey silty clay
containing some gravel sizes was encountered. This material included
several thick ice layers, and very high ice contents were logged in
the 6 and 8 m depth interval. Between 8 and 10.5 m, sampling revealed
an ice-rich stratified sand which contained sedimentary structures
indicative of slumping. Below 10.5 m, a stony clay similar to that
logged between 1.5 and 8 m was encountered. The borehole was terminated
at a depth of 12.5 m when the core barrel met refusal on a cobble.
Pertinent geotechnical and classification index properties have been
summarized on the borehole log. Figure A.16 presents plasticity
characteristics for the soils encountered at this site. Once again,
the data points parallel the A-line, with the exception of those
which contained organic material. Moisture content and frozen bulk
density daota presented in Figure A.17 ' follow the same trends exhibited
by core taken from the Fort Simpson and Norman Wells sampling sites.
Once again, there is strong indication that many fine-grained permafrost
soils exist in situ in an unsaturated state. Textural characteristics
for these soils are summarized with several grain size curves that
are presented in Figure A.18. Photographs of typical sections of
core from this profile are included as Plates A.16 through A.21. The
highly disturbed structure observed on these cores and generally high
liquidity indices suggest that much of this profile may consist of
soils which have been reworked by thermokarst processes.. Permafrost
aggrédation into sediments which have slumped at the perimeter of a
migratofy thermokarst lake may explain the unusually high liquidity
indices encounterea in this borehole. '

X-ray diffraction analyses were performed on representative’
samples from all of the sampling sites described in this thesis and
the results are summarized in Table A.l1. These data document an
essentially uniform mineralogy for glaciolacdustrine sediments sampled

along the valiey.
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A.3 IMPROVING SITE INVESTIGATION TECHNIQUES

In summary, the sampling techniques whichzwefe employed to
obtain core used in these laboratory studies consistently involved
use of the CRREL core barrel. Plate A.22 shows a hand-operated,
motorized coring arrangement. Although two men were required to use
the unit, it was capable of obtaining a large quantity of undisturbed
core characterized by only slight mechanical breakage. This was
accomplishea at a relatively low cost. By way of comparison, core
obtained with the heliportable 'Ranger' drill shown in Plate A.23
suffered considerably greater mechanical breakage, and resulted in
costs which ranged from 5 to 7 times those incurred with the post-
augering unit. A more detailed view of the modified CRREL core
barrel, cutting teeth, and helical fliting is shown on Plate A.24,
Upon completing the sampling, it was recognized that coring with
equipment of this sort resdlted in significant but.unavoidable
amounts of mechanical breakage of core. This had the effect of
biasing moisture content and frozen bulk density data by destroying
some of the thicker ice lenses. Deficiencies in this regard have
been discussed in Chapters VI and VII.

Of the various techniques available to determine the distribution
of ice in frozen ground, soil sampling with the subsequent laboratory
analysis of core has been the most common method used for engineering
purposes. This process is time consuming, costly, and often yields
data which are not representative. |f experience gained in other
geosciences can be applied to overcome some of the deficiencies
encountered in logging permafrost, it seems reasonable to speculate
that correctly interpreted geophysical logs might find beneficial
application in many field programs. They could be used to reduce
future drilling costs by guiding the location of boreholes and
enabling vertical and horizontal extrapolation of data derived from
undisturbed samples.

Geophysiéal logs can be interpreted to determine lithology, bulk

density, and moisture content. Keys and MacCary (1971) have
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presented a detailed summary and objective apprajsal of the applicé—
tion of borehole geophysics to the applied earth sciences. Specific-
ally, a feasibility study described by Keys (1968) demonstrated that -
valid geophysical logs can be made in boreholes drilled in permafrost.
He has suggested that properly made 'ogs can be interpreted in terms
of bulk density, organic content, moisture coﬁtent,.and the location
of ice segregations. Numerous recommendations were made, including
one that logging should be done with enclosed research equipment to
-permit wider climatic latitude for operation, thus reducing the drift
caused by environmental temperature fluctuations and their effects on
both the instrumentation and subsurface probes. A stable power
generator is required for quantitative work. McKay and 0'Connell
(1976) have described field techniques and results obtained using
logging instruments specifically designed to measure density in situ,
in lieu of determining core densities in the laboratory. They conclude
that the response characteristics of a scattered gamma ray logging
tool are well suited to the measurement of relatively low permafrost
densities and ice contents in situ. Their resuits demonstirate that
nucléar density logging is an accurate and economical method of
obtaining continuous density profiles in permafrost soils. Records
from boreholes drilled on the MVPL test site near Inuvik in 1971
indicate that geophysical logs of density and ice volume were in
reasonable agreement with data obtained from the analysis of core in
a laboratory. Another study of borehole density logging and permafrost
has been reported by Hunter and Viellette (1976). They performed
shallow, dry-hole drilling on the GSC geophysical control site near
Tuktoyaktuk. Six holes were logged to a depth of 9.5 metres and
gamma-gamma measurements conducted at intervals of 0.15 metres (0.5
feet) up hole resulted in good correlations between the count rate
and ice content. A stratigraphic resolution of better than 0.5
metres (1.5 feet) was obtained.
Some boreholes on the Norman Wells (MVPL) ice variability site

were logged with nuclear equipment. Figure A.19 shows a comparison

between density profiles obtained from direct measurements on
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permafrost core, and a continuous density profile obtained using
geophysical borehole logging techniques. It‘cangbe seen that reason-
able agreement was obtained. In Figure A.20, a comparison is shown
between density profifes obtained with the MVPL nuclear logger and
undisturbed core obtained from a borehole drilled nearby (this
study). Although there is considerably more scatter in this data,
trends for density change indicated by the nuclear log follow the
same trends exhibited by laboratory core densities. These particular
nuclear logs were»obtainéd with small and portable equipment, and ére
therefore affected by deficiencies normally associated therewith.
Figure A.21 shows a more complete suite of logs obtained from a
borehole drilled near Fairbanks, Alaska. Here the gamma-gamma log
clearly shows interstratification between silt and thick layers of
segregated ice. The resistivity log shows similar characteristics.
it could be argued that even if the borehole logging results could
not be used quantitatively, they do provide an extremely valuable
means of assessing the relative amounts of soil and ice encountered
in profile. There is little doubt that this technique could be _
advantageously used to extrapolate data across a site where numerous
boreholes were being drilled. Having some core densities to check
the downhole logging results provides an opportuniiy to use the
geophysical logs in a quantitative sense, The results of the studies
cited above indicate that a single point resistance log could probably
be run to check stratigraphy and give a preliminary indication of the
locations of excessively ice-rich zones. Supplementing this qualitative
information with water content and density Iogé determined us}ng
neutron-neutron and gamma-gamma probes respectively, in situ profiles
of bulk density and water content could then be obtained to complement
the preliminary stratigraphy. High degrees of accuracy are obtainable
if certain conditions can be met, a particular one beingAthat hole
diameters should not vary. Dry auger holes produced by a CRREL core
barrel are thus ideally suited for borehole geophysical tools. One
drawback to this sort of system is that to thain large sampling

volumes requires the use of high energy radiation sources.



3627

In obtaining representative moisture contents in the laboratory,
very few difficulties are usually encountered with soils which contain
thin stratified cryogenic structure. However, if.the soil contains
thick irregular ice lenses or reticulate structure, it becomes
necessary to take numerous specimens or large volumes to obtain
accurate and representative water contents. Litvinov (1966) has
given several recommendations for the overall moisture content of
frozen ground containing thick ice lenses or reticulate cryogenic
structure. Relationships derived by him make.it possible to'relate
volumetric {ce contents logged in the field to moisture contents
determined in the laboratory. Thus, when field ice content logs are
in question, laboratory moisture content data can be used to check
them. The opposite is also true if there is some uncertainty whether
the samples selected for moisture content determination in the laboratory

were truly representative of the bulk material encountered in situ.

Comparative checks of this sort are recommended so that some confidence
can be developed in the accuracy of volumetric ice content logs
obtained under field conditions. There is little question that more
detailed core logging procedures and geophysical tools developed
specifically for site investigations in permafrost are both required.
However, a detailed treatment of the entire topic is beyond the scope
of this thesis. ‘
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TABLE A.1 SUMMARY OF X-RAY DIFFRACTION ANALYSES]

CONDUCTED ON CLAY FRACTION (< 2u)

DEPTH ] MINERAL [DENTIFIED>
SOURCE OR ILLITE KAOLINITE CHLORITE MONTMOR- QUARTZ CALCITE

LOCATION  ZONE ~ILLONITE

MOUNTAIN  RIVER S M A T A A

RIVER BANK (s) (W) (1) (M)

. FORT .72 S W T T P A

SIMPSON

LAND- z2 S W T T P A

SLIDE 23 S W A A P A

SITE 73 5 W T T p A

Zh S W T T p P
zh S W-M T T P p

NORMAN 1.8m S M W A P A

WELLS SITE 5 om S W-M T A P A
6.1m S M T T P A
§.7m S S T A p A
9.9m S M T T P A
12.3m S S W A p A

NOELL 1.8m S M A T p A

LAKE

SITE 5.0m S M T T p A
7.1m S M T W p A
10.7m S M T T p A

Analyses performed by Alberta Research Council

Amount of mineral present indicated by the relative intensity of
peaks on the trace, includes both width and height of peak

- Absent, background only

- Present

Trace, mineral distinguished .

- Weak, peak small in width or height but clearly distinguished
-~ Medium, well-defined peak

- Strong, dominant peak

NITEAUTVD
1

Other analyses performed on the same material by Dr. S. Pawluk indi-

cated a larger quantity expandable mineral present as interstratified
hydrous mica - montmorillonite. Alternate results are shown in brackets.
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Figure A.6

Figure A.7

PLASTICITY INDEX

40

30

20

DEPTH SOIL LOG DESCRIPTION GROUND
{approx. 40 m above ICE LOG
Tiver ltvlll)Y

[}
] & 1~ Medium brown sandy |- Thawed at time
- ;“S £ silt to sandy clay of sampling
2 g 3 = ‘% [TH1] - Organics in top 20 cm |~ Quite dry a §~
o g AR ~ Rootlsts throughout . £ap
1 N a ﬁ o — Active layer depth T g =
. ¥ S Qct, 23, 1973 F
T = — Brown to grey-brown |- Fine, predominantly
B ig § silty clay with sand horizontal ice - .
6 N 5 > mixed in - Lenses average
2 w e ] § — No bedding apparent 2 to 3 mm thick at Vg
% § | — Containe few sticks 1 em spacing
N o % © A and sanc. lenses — 15 to 20% ice
& sEl . — Appears to be highly | segregated by volume
5| = disturbed -~ lcey at contact
3 — Grey brown to dark |~ Uniformly distributed 470
10 grey, uniform silty ica in reticulate Ot
_ clay structure ,‘L\z' l:
H — Thick bedding -~ Principal veins are ,\,"\'-\'
72w & |5 occasionally discern- quite clear v b7l
w g © able ~ Sub-vertical and L
4 Z o o — Becomes more plastic | Sub-horizontal at 23s]
" g = h with depth 6 to 7 cm spacing, Y7
3 up to 1 em thick o
g - Minor setat 1t0 1.5
16 - ©m spacing
5 — 20to 30% ice
segregated by volume
18 — G_rey to dark grey — Sub-horizontal ice
silty clay tenses, 5 + cm thick
< 7 7R Very few bedding at 18 10 30 cm
6 20 "z" 2 T features discerned regular intervals
S = | O - ing plasticity |~ Fine reti
N g e with depth structura in soil
S between layers
22 — 1510 20% ice
segregated by
7 Slump debris volume
covers exposure
METERSM FEET
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Log of typical headscarp section exposed at the Fort
Simpson landslide (October, 1973)

PLASTICITY CHART FOR FORT SIMPSON

LANDSLIDE HEADSCARP, MILE 226

2
5
@ CH
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© Zone2 Fo)
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A AL / v
cL g/
T
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[o)
s
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10 20 30 40 50 60

LIQUID LIMIT

Plasticity chart for soils from the Fort Simpson land-
slide headscarp sampling site
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Plate A.2 Headscarp sampling site, Fort Simpson landslide
(October, 1973)

Plate A.3 Headscarp sampling site showing contact between Zones
2 and 3 (October, 1973)
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Plate A.L4 Zone 3 structure exposed in vertical section, lens cap
for scale (October, 1973)

Plate A.5 Zone 2, horizontal core (10 cm diameter)
&
Plate A.6 Zone 3, horizontal core (10 cm diameter)

Plate A.7 Zone 4, horizontal core (10 cm diameter)



Plate A.8
Plate A.9
Plate A.10

Plate A.11

ittt b

Borehole NW2, 1.03 to
Borehole NW2, 1.83 to
Borehole NW2, 3.66 to

Borehole NW4, 5.82 to

1.34
2.97
3.90
6.00

cm

cm

cm

cm

diameter)
diameter)
diameter)

diameter)
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Plate A.12
Plate A.13
Plate A. 14

Plate A.15

Borehole NW2,
Borehole NW2,
Borehole NW3,

Borehole NW3,

7.92 to 8.12 m (10 cm diameter)
8.17 to 8.38 m (10 cm diameter)
10.45 to 10.67 m (10 cm diameter)

11.89 to 12.13 m (10 cm diameter)
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Plate A.16 Borehole NL2, 0.64 to 0.92 m (10 cm diameter)
Plate A.17 Borehole NL2, 4.26 to 4.39 m (10 cm diameter)
Plate A.18 Borehole NL2, 6.55 to 6.71 m (10 cm diameter)
Plate A.19 Borehole NL2, 7.50 to 7.62 m (10 cm diameter)
Plate A.20 Borehole NL2, 9.45 to 9.6; m (10 cm diameter)

Plate A.21 Borehole NL2, 10.97 to 1.2l m (10 cm diameter)
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Plate A.22 Modified CRREL core barrel driven by gasoline-powered
post-augering unit

Plate A.23  Heliportable '"Ranger'' drill equipped with hydrostatic
drive (Mobile Augers and Research Ltd., Edmonton, Alberta)

Plate A.24 Closeup view of modified CRREL core barrel and cutting
teeth



APPENDIX B
LABORATORY EQUIPMENT AND  PROCEDURES

B.1 SAMPLE STORAGE AND PREPARATION

Sealed core boxes which contained samples réturned from the
field were stored for extended periods of time in cold room facilities
without noticeable sample deterioration occurring. The successful
storage over long periods was probably due in part to the fact that
these samples had been packed with snow prior to sealing the lid.
Some cores were stored for periods as long as six months before
testing was commenced, and when opened, showed no discernable signs
of desiccation. Untrimmed core stored in domestic deep freezes was
packed in a similar manner with ice chips and snow. By making sure
that the plastic sleeves fitted tightly and that each sample was
packed in snow or crushed ice, it appeared that sublimation could be
totally prevented.

When preparing samples for tesfing; it was essential to handle
them with gloves to prevent damage that would otherwise be caused by
localized thawing. It was found that room temperatures ranging
from -5 to -8°C were best suited for maintaining workabi]ity and
personal comfort while machining the specimens. The cores were
rough-cut with a band saw, and a rotary diamond saw with a table
guide was usually used to trim the ends. Cutting plastic soils with
this device was difficult since cuttings built up on the saw blade ‘
and sometimes generated enough friction to stall the motof. The
diamond saw was extremely effective in coarse-grained or pebbly
soils, and also cut through highly ice-rich material quite well, rln
these soils, cutting proceeded rapidly, and it appeared that friction
actually caused the 4iamond blade to melt, rather than cut its wéy
through the core.

After being rough-cut to the required'dimensions, cores were
usually prepared for testing by turning them down on a small soil

lathe which was designed specifically for that purpose. Plate B.1

387
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illustrates the equipment used to trim permafrost core in this

study.” The lathe was fitted with a tungsten carbide cutter that was
shaped to have a minimum 45° back clearance. A rounded cutting face
appeared to give the best results. Rotational speed on the lathe

was adjusted by trial and error to accommodate the specific character-
istics of the material being worked. Ice-rich samples would only
tolerate thin cuts being taken on each pass, since deeper cuts

caused the ice to shatter or spall. 1In dense, plastic soils, cuts

of up to 0.25 centimetfes (0.1 inch) could be made without adverse
effects. Once the designated diameter had been obtained, the sample
was rotated slowly by hand and sprayed with a fine mist of water to
build up a thin, even coating of ice. This film of ice retarded
sublimation during storage and could easily be removed prior to
testing. Between preparation and testing, the samples were stored

in sealed, evacuated, double plastic bags. The bagged samples were
then immersed in snow or ice crystals and placed in a commercial

deep freezer operating at a témperature of approximately -10°C.
Observations on samples siored for periods exceeding one year indicate
that the methods describzsd above held sublimation within tolerable
limits. Several passes with an overhead milling machine were taken
to face the ends off square. A four-point cutter with tungsten
carbide inserts was turned at approxiﬁate]y LOO rpm, and successfully
cut through all of the specimens, even including those which contained
pebbles. This same machine was used to prepare samples for the
direct shear tests and is shown on Plate B.2. Baker (1976) has
described other methods for transporting, storing, and preparing
permafrost samples for laboratory testing. He has also presented a

more detailed discussion of the process of sublimation.
B.2 LABORATORY EQUIPMENT, PLANT AND INSTRUMENTATON

Several plates have been included here to illustrate the pieces
of laboratory apparatus employed in the research work described in
the body of this thesis. Plate B.3 shows tHe direct shear apparatus

that was used to study shear strength in the frozen soils. The
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hanger assembly applying normal load, an LVOT measuring vertical
deformation, and coolant lines running to and from the shear box are
all clearly visible. The isothermal confined creep apparatus is
shown on Plate B.4. The load frame and Bellofram air cylinders are
seen applying axial load to the samp.e through a steel ball and load
ram. Cooling coils and coolant lines can also be seen. At the
extreme right of the photograph are segments of insulation which
were normally fitted around the creep cells. The insulated cabinet
‘which surrounded the cells throughout each test is viewed in this
photograph with its front removed. Plate B.5 illustrates the permode
with a residual stress test in progress. This photograph shows the
lines circulating warm water through the load cap and base, a hanger
applying vertical load, an LDVT measuring vertical deformation, and
a pressure transducer measuring pore water pressures at the sample |
base. Drainage lines are connected to a burette, and wires from the
LDVT and pressure transducer lead away to the data acquisition
system. Plate B.6 shows a triaxial test in progress on a thawed
permafrost core. Instrumentation consisfing of an LDVT, load cell,
and pore pressure transducer are all visible. The control board
with its air pressure regulators, volume change indicators, and
valving for the various cell pressure and drainage lines can be seen
on the left side of the photograph.

Throughout the course of each testing program, frequent calibra~
tions were performed on each piece of instrumentation that was used.
Pressure transducers were checked by measuring precisely determined
water heads which were maintained in the laboratory. LVDT's and
load cells were calibrated at temperatures corresponding to those
which would prevail aé ambients during the testing. Whenever instru-
ments were moved from cold to warm environments, they were sealed
inside a plastic bag which then protected them from adverse effects
which might have otherwise resulted from condensation. Power supply
voltages in the data acquisition system were also checked at regular
intervals. Moving pressure transducers in and out of a cold environ-

ment was avoided in all cases since it was’recognized that this sort
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of abuse would accelerate the deterioration of strain gauge bonding
on the transducer diaphragm. Therefore, a small plug was inserted
in the transducer block during test set ups in the cold room. This
plug was later removed and replaced with a pressure transducer once
the apparatus had been warmed up to room temperature.

Figure B.1 presents a 7 day record of temperatures measured at
L different points in the isothermal creep apparatus. A thermistor
placed in the temperature-controlled refrigerated bath indicated a
maximum fluctuation of 0.05 C°. Room air temperatures fluctuated by
nearly 2 C° and were significantly affected by the brief cold room
defrost cycles which occurred twice daily. A third thermistor was
placed inside the insulated test chamber, but outside the creep
cell. It indicated a damped temperature record that followed room
temperature fluctuations quite closely. The cbmbined effects of
fluid circulated from the bath and additional insulation placed
around the creep cell were able to keep temberature fluctuations
measured adjacent to the test sample within approximately £0.1C°.
Although the voom was lighted with Tiorescent lamps, it can be seen
that leaving the lights on for an extended period of time had a
noticeable effect on the room temperature. This temperature record
provides some indication of the problems associated with achieving
acceptable temperature control in long term tests. Results obtéined
‘in this study suggest that the technique of placing thermally sensitive
tests within an insulated test chamber, and using forced circulation
of temperature-controlled fluids is capable of maintaining nearly
isothermal conditions over extended time periods. Providing for
high capacity flow from the refrigerated baths and including large
heat'exchanger coils are important elements of this procedure. It
is also essential to include maximum amounts of insulation and
ensure that metallic components in the apparatus are thermally
isolated from parts of the testing frame which extend outside the
isolation chamber. 1t may also be avantageous to operate the refriger-

ated bath within a cold room where better overall temperature control

k



can be obtained. . The fact that several occasions of mechanical
failure of the refrigeration plant were encountered during the
course of this research stresses the importance of'providing a
temperature alarm system for each cold room. An investment of this
sort is 2asily justified when the costs associated with obtaining
undisturbed permafrost core are determined, especially when the
difficulty associated with replacing it is taken into consideration.
Similar steps are probably élso warranted with individual long term
tests. Baker et al. (1976) have discussed various aspects of
geotechnical cold room operation and design in considerably more
detail.

Since thermistors have the property of.being ultrasensitive
resistors, their resistance-temperature characteristics are extremely
nonlinear. This nonlinearity necessitated the use of a buffering
circuit (shown in Figure B.2) to linearize the output obtained from
Atkins type 3 thermistors wh{ch were excited with a constant voltage
power supply. The thermistors used in this study were linearized
over a narrow temperature range that was of particular interest In
the laboratory programs. The Atkins type 3 thermistor has a resistance
of approximately 5870 ohms at +20°C and 51800 ohms at -20°C. Res istors
used in the circuit shown in Figure B.2 are summarized as follows:

R1 = 6000 ohms |

R2 = 9760 ohms

R3 = 9760 ohms

R4 = 50000 ohms

R5 = adjustable, 2000 ohms maximum

R6 = 3000 ohms

R7 = 48000 ohms

R8 = adjustable, 5000 ohms maximum

A power supply was used to provide a constant six volt excita-
tion to the bridge. Output was measured with a digital voltmeter.
It can be seen that resistances 5 and 6 must be adjusted to equal
the resistance of the thermistor at +20°C. Resistances 7 and 8 are
then adjusted to equal the resistance of the thermistor at -20°C.

A1l of the thermistors used in the study were combined with a linear-
. \ .

)‘,
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izing circuit that was adjusted in this manner, and each was
caiibrated against a digital quartz thermometer. Closely matched
results were obtained which permitted using a spline function
interpolation routine to generate a universal thermistor calibration
curve. This curve was then tabled with the computer and could be
called upon during data reduction to convert recorded voltages to
temperatures. The linearization circuit also had a built in cali-
bration test so that small changes in electronic conditioning could
‘be compensated by adjusting the 1000 ohm variable resistance located

at the extreme left of the circuit.
B.3 SCANNING ELECTRON MICROSCOPE STUDY OF MICROSTRUCTURE

A Cambridge scanning electron microscope (SEM) was used to
conduct a brief microfabric study of some of the different soil
types encountered in the laboratory program reported in the body of
this thesis. Several plates have been included which illustrate
some of the typical features observed in'the course of the SEM
study. Specimens were prepared for viewing by first freeze-drying
them. Fractured surfaces were conditioned by coating them with
epoxy and peeling the face once the specimen had been mounted on a
stud. Specimens containing shear planes were handled carefully to
‘minimize disturbance to any oriented fabric which might be present
along structures which had been induced during testing.

Plate B.7 is a vertical view of a shear plane that was removed
from one of the direct shear specimens described in Chapter {I1I.
The scale on this and all of the other scanniné electron micrographs
has been indicated inAthe upper left hand corner of each plate. A
high degree of orientation is apparent, and the clay mineral species
of illite and kaolinite can be identified. Photographs taken in
vertical sections through this and other shear planes revealed that
the zone of highly oriented and compressed fabric was restricted to
a thickness of 10 to 20 microns below the surface viewed here.
Photographs with a lower magnification revéaled well-defined striations

and slickensides on the shear plane.
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Plate B.8 shows fabric exposed on a typical vertical section in
glaciolacustrine silty clay from the Fort Simpson landslide headscarp.
This particular sample was taken frdh Zone L. Vertical runs from
the upper right to the lower left hand corner of the photograph.

This plate shows a strongly dispersed structure ;haracterized by a
particularly high degree of plate parallelism which approaches
completely preferred orientation. Some textural stratification can
be discerned on a larger scale. Fabric in this material ranged from
being strongly dispersed as shown here, to turbostratic with particle
orientation generally paralleling the bedding planes. Most of the
mineral particles on this plate are viewed edge-on.

On plate B.9, several silt-sized units can be seen, and it is
apparent that these consist of compact aggregates of discrete and
identifiable clay mineral particles. This condition is consistent
with the fact that these sediments were glacially eroded from Cretaceous
shaies-in the Fort Simpson vicinity, and were subsequently deposited
in a glaciolacustrine environment after being transported over a
relatively short distance, Distinct silt-sized particles were
discerned only in material that was sampled from Zone 2. All other
silt sizes consisted of aggregates of clay particles. |

Plate B.10 shows typical fabric from the stratified silty clay
sampled at the Norman Wells site. Structure visible here is quite
similar to that observed with the Fort Simpson material and tends to
be mainly turbostratic. Once again, very few discrete silt grains
were identified. On this sample, vertical runs from the upper right
to the lower left corner of the photograph. _Plate B.11 shows similar
material, but includes a piece of organic material. The diagonal
linear feature is probably part of a piece of grass or a root filament.

Plate B.12, shows very compact fabric which was observed in a
dense piece of till extracted from the Noell Lake profile. The
photograph orientation is approximately correct, and it can be seen
that the particles exhibit a strong preferred orientation. The
dominant factor in producing this structure has probably been the
extreme degree of compression produced by overburden stresses during

glaciation. Sma]l'pebbles included in the till were also examined
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and exhibited mineralogy that was similar to the matrix soil. As in

all of the previous plates, distinct silt sizes were seldom observed.

£
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Plate B.1 Soil lathe used to trim permafrost core

Plate B.2 Overhead milling machine with carbide cutter, used to
trim permafrost core
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Plate B.3 Direct shear apparatus

Plate B.4 Isothermal confined creep apparatus
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Plate B.5 Residual stress test in progress showing permode and
associated apparatus

Plate B.6 Triaxial test in progress showing cell and associated
apparatus
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Plate

Piate

Plate

Plate

Plate

Plate

Vertical view of shear plane in frozen soil

Stratification and typical fabric, Zone 4, Fort Simpson
sampling site

Aggregates of recognizable clay minerals making up silt~
sized grains

Typical fabric in laminated silty clay, Norman Wells
(MVPL) sampling site

Organic inclusion in silty clay, Norman Wells (MVPL)
sampling site

Compact fabric in dense silty clay, Noell Lake sampling
site



APPENDIX C

SUMMARY OF LABORATORY TEST DATA

C.1 DIRECT SHEAR TESTS

4o1
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TABLE C.1 SUMMARY OF DATA FROM DIRECT SHEAR TESTS, FORT SIMPSON
LANDSL IDE HEADSCARP SAMPLING SITE (ZONE 4)

TEST FROZEN WATER NORMAL PEAK DILATANLY SHEAR DiISPLACEHENT AVERAGE REMARKS
BULK COFTENT STRESS SHEAR AT PEAK ZONE . RATE TEMPERATURE
DENS IIV 2 STRES, . THI CKNESS .
(Mg/m”) @) (/) am®) (%) {em) . (en/day) e
fs-0} 1.95 26.7 252 296 1.10 1.8 B.3 x 1072 -1.40 Single vertical lens, 0.2 cm
3087 thick )
FS-02 1.98 25.9 13 220 0.20 1.2 9.2 x 10-2 -1.40 No segregated ice
165 .
FS-03 1.81 v 24.9 -1 361 .20 1.0 9.9 x 1072 -1.40 Very thin, randomly oriented
30 . lenses
P04 177 50.2 367 374 0.0 1.3 9.6 x 1072 -1.4s Ob1ique diagonal lens, 1.5
. 313 to 2 cm thick, soii inclusions
FS-05 i.83 - 26.8 667 471 0.30 1.7 10.4 x ‘0—2 -1.40 0.9 cm vertical lens intersect—
. 370 ing comer; otherwise, thin
- random lensing
FS-D6 1.86 31.0 98 3 274 0.20 1.6 9.8 x 1072 . ~1.40 Very thin, randomly oriented
i ’ (221) %5 lenses
s-07 1.95 25.1 456 396 -0.10 1.1 2.9 x ID.] -1.60 Hairline lenses, oblique;
319 1.0 0.6 om lens intercepting
245 : . corner
¥s-08 1.50 32.4 218 261 6.30 1.0 2.9 x IO_‘ ~1.45 Continwous 0.3 cm vertical
246 1.8 lens running diagonally, soil
261 inclusions
219
F5-09 1.93 30.0 370 376 0.0 1.1 1.8 -1.60 Thin, randomly oriented
268 jenses, veticulate structure
232 .
FS-10 1.88 31.2 31 394 0.55 0.8 e -1.45 Adjacent to F5-09, ve-tical
233 : ’ 0.2 cm lens and other thinner
200 -ones vandomly oriented
163
184 M
4B
fs-11 1.93 25.0 370 495 0.15 0.9 2.0 -1.60 . Very thin, subvertical
324 lenses concentrated on one
- side
r
¥5-12 1.9% 26.8 128 359 1.10 1.0 1.8 -1.45 Single eblique lens, 0.1
195 em thick
ey :
= 104
Fs-13 1.76 37.4 609 408 -0.05 0.9 3.0 x ID-‘ ~1.50 Sub—-vertical lense running
319 from corner to commer,
229 thickens to 0.8 cm near
the top, soil inclusions
FS-14 1.88 35.8 133 286 -0.05 11 3.3 x 107" ~1.45 Oblique diagonal lens,
. 240 0.3 om thick
fs-15 1.97 26.2 667 517 0.35 1.0 1.9 -1.4D #Hassive, no segregated ice
(903) 505 visible
. 386 :
368
334 _
Fs-16 1.95 26.8 192 333 2.0 1.0 1.8 ) ~1.30 As above
291
267
289
277
289
2N
290

Shear zone thickness estimated from shear structures visible on longitudinal, vertical 'section of specimen examined after the test had
been completed,

Indicates peak shear stress mobilized in second and subsequent cycles of shear.
b3
Normal stress increased at the midpoint on the second cycle of shear (after first shear box reversal).
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TABLE C.hL SUMMARY OF RESIDUAL STRESS DATA OBTAINEP IN THE
’ PERMODE, NOELL LAKE SAMPLING SITE
BOREHOLE DEPTH FROZEN WATER UNDRAINED  -VERTICAL RESIDUAL B  EFFECTIVE voID DIRECT COEFFICIENT  MUNSELL FABRIC
INTERVAL BULK CONTENT VERTICAL THAW STRESS STRESS RATI0 PERMEABILITY COLOR DESCRIPTION AND
DENSITY {2::;;/ STRAIN STRAIN {THAWED) CONSOLIDATION  (FROZEN) COMMENTS
m (e @ ) ) (i/n?) (/o) {en/s) (en?/s)
NL2 0.64-0.82 1.53 54.9 5.7 9.8 3{(7) 1.00 1.46 . 10YR 4/2  Stratified ice,
(42.8) 1 1.36° -3 to 303 excess;
-6 5.2 x 10 10YR 3/1  cryoturbation
23 1.28 4h2x10 5.1 x 10°3 feazuvl'esi fine
5 .20 o x 1077 . gravel sizes
. . -3
- 5.7 x 10
-96 a3 2.2x 107 :
“NL2 152-1.71  1.55 47.3 6.3 15.4 2 0.98 1.26 . 10YR 4/} Predominantiy
(30.6) 8 _2 reticulate
2 . 8.2 x 1075 7.6 x 10 structure with
.00 .2 x - lenses to 0.4 cm;
50 o9l 2.0 x 1675 3.7 x 10 2 some undecomposed
.9 0 x - sticks, twigs
\ 4 -5 3.0 x 10 2
10 0.82 2.6 x 10
NL2 3.44-3.57  1.70 39.8 4.7 n.7 12 0.96 1.07 _g 1.0 x 107" 10YR 3/1  Single vertical
(34.6) 27 0.88 6.2 x 10 ice lense; one
side hard clay,
the other sitty
sand
NL2 4.27-4.39 1.74 30.4 5.1 25 0.68 0.82 g Swelling 10YR 3/1 Silt with pebbles
(24.6) ta BO7 55 3.5x 10 B to in abrupt contact
* .5 4,8 x 10 ° 5Y 2.5/1 with dense plastic
109 0.79 5.0 x 10 . clay; minor
8.9 x 10 5 reticulate ice
219 0.66 3.0 x 1077
NL2 4.69-4.82 1.56 46.6 6.5 17.8 5 0.99 - 1.3 -9 10YR 3/1  Blocky; reticulate
{33.3) 23 1.03 5.6 x 10 -5 to structure with
a \ -8 7.2 x 10 5Y 2,.5/) ice lenses to
150 0.90 2.4 x 10 . 0.6 cm thick
NL2 5.76-5.91  1.92  27.9 2.7 4.3 23 0.h6 0.75 " 2.7 x 107% 10YR 3/t Reticulate stru-
(24,6} 81 0,72 1Lk v l0 - cture with some
’ _8 f.2x10 ice lenses | to
161 0.68 1.2 x t0 . 1.5 cm thick;
-9 5.1 x 10 5 dense clay with
273 0.66 9.4 x 10 occasional pebbles
N2 5.94-6.04  1.68 42,6 4.7 15.4 5 0.75 : 1 x 107 10YR 3/1  Wighly disturbed,
(32.3) to 23 R reticulate ice
0.85 5.0 % 1070 to 0.5 cm in
49 thickness dom-
inattng) (top seatl
leaking
NL2 7.01-7.13 1.82 29.3 3.2 4.2 23 0.66 0.84 . 3.3 x 10-" 10YR 3/1 Dense silty clay
8
(A) (26.9) 66 0.78 2.8 x 10 -y in oblique contact
-8 1.5 x 10 with silt con-
134 0.73 1.5 x 10 taining gravel;
reticulate stru-
cture; lenses to
. 0.8 em chick
NL2 7.01-7.13 1.98 24,6 3.4 3.5 3L} 0.31 0.66 -9 8.9 x \0-‘. 10YR 3/1 As above
(8) (23.4) 187 0.65 9.7 x 10 -y
- 5.9 x 10
297 0.63 8.6 x 1070
NL2 7.48-7.62  1.66 46.0 4.6 n.y 6 0.90 1.24 -6 3.6 x 1073 10VR 3/1  Very fine silty
(28.1) 23 1.09 4.8 x 10 . to sand with reticu-
. - 1.0 x 1072 5Y 2.5/t late structure;
50 0.89 3.0 x 10 . some horizontal
" 8 .7 8.2 x 10 4 lenses to 3 cm
10 0.81 2.0x 10 thick .
-4
213 0.76 13 x 107 76 x10
NL2 8.87-8.96 1.79 31.5 3.5 5.5 24 0.74 0.85 .8 3.4 x )0-" JOYR 3/1 Thin sandy lam-
(26.0) to 109 0.7} 3.5 4 10 inations in silty
. 0.93 clay; reticulate
structure; some
gravel
NL2 8.96-9.05 1.63 49.8 5.0 25.6 [} 1.00 1.36 3 2.5 x 10.2 10YR 3/1 Fine silty sand
(28.5) n 0.90 3.8 x 10 . with clay lump
. s -6 8.9 x 1073 tnclusions, strat-
26 0.87 2.9 x 10 . N ified; reticulate
e _6 8.5 x 10 3 structure with .
50 0.83 2,7 x 10 - ice lenses to O.
8 3 9.1 x 10 3 cm thick
77 . 081  2.5x10 .
. . 4.1 x 1073
158 0.78 2.0 x 10 6
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BOREHOLE  DEPTH FROZEN  WATER UNDRAINED  VERTICAL RESIDUAL B EFFECTIVE VvOID DIRECT COEFFICIENT MUNSELL FABRIC
INTERVAL BULK CONTENT VERTICAL " THAW STRESS STRESS RATI0 PERMEABILITY oF . CGLOR DESCRIPTION AND
DENSITY inltial/ STRAIN STRAIN (THAWED) CONSOLIDATION  (FROZEN) COMMENTS
3 (final) 2 2 2
{m} (Mg/m”) (%) (%) (%) {kN/m“} (kK /m“) {cm/s) (em®/s)
uL2 9.05-9.11  1.56 57.4 5.1 30.9 0 1.00 1.56 ' - 6.9 x 1073 10YR 3/1  As Above
(29.0) 27 0.92 3.2x10 .
2.2 x 10
54 0.87 3:0x 1077 ¢ -3
- 5.6 x 10
108 0.83 2.9 x 1077 -
6.0 x 10
217 0.79 2.1 x 1077
NL2 9.69-9.75 1.77 36.7 4.8 16.2 [ 0.99 1.05 -5 9.0 x 1072 10YR 4/1 Fine silty sand,
(28.2) 1" 1.00 2.4 x 10 o1 to stratified; bed-
_5 1.6 x 10 IOYR 2.5/1 ding features
23 0.88 .1 x 10 N contorted; retic-
_ 6.6 x 1072 ulate structure
50 0.83 8.7 x 10 . with ice lenses
1.5 x 107! from 0.3 to 0.6
104 0.80 6.4 x 107 -2 em thick
-6 7.0x 10 .
213 0.77 5.1 x 10
NL2 10.2-10.21 1.72 35.8 16.3 10 0.79 0.97 -5 6.0 x 10_3 10YR 4/1 Stratified silty
(32.5) 34 0.92 4.7 x 10 -2 to sand with clay
-5 3.1 x10 TOYR 2.5/1 lump inclusions,
88 0.9% 4,0 x 10 - contorted; retic-
-5 2.3 x 10 2 ulate structure
155 0.88 3.1 x 10 with ice lenses
to 0.3 cm thick
N2 10.67-10.76 1.74 37.2 b6 16.9 7(2)  1.00 1.00 . 1.7x 107" 10¥vR 3/1  Blocky, stiff
(26.5) 27 0.81 1.0 x 10 -4 clay with some
. -9 1.2 x 10 shale fragments;
81 0.72 3.0 x 10 subhorizontat
ice lenses to
1.2 cm thick
NL2 11.40-11.52 2.06. 20.4 2.5 3.7 135 0.4 0.55 -10 5.8 x 10-5 Massive silty
(19.9) 218 .0.54 8.7 x 10 _clay with some
gtones; no
visible segre-
gated ice (prob-
ably not satur-
ated)
NL2 11.70-11.89 2.08 21.7 3.5 3.9 45 0.75 0.66 g 1.6 x IO-“ 10YR 3/1 Silty c!ay v.lith
(19.4) to 136 0.5 2.4 x10 -5 stratification
57 6.8 x 10 features and
217 0.57 1.5 x 1072 pebbles; reticu~

late structure
with 10 to 15%
segregated ice

Void ratios have been computed assuming a) an appropriate G
b) full saturation

Due to the second assumption, some void ratios indicated may be
lower than actual values
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TABLE C.5 SUMMARY OF RESIDUAL STRESS AND CONSOLIDATION DATA
OBTAINED IN THE TRIAXIAL CELL, FORT SIMPSON LANDSLIDE
HEADSCARP SAMPLING SITE

TEST ZONE~ FROZEN WATER UNDRAINED VERTICAL RES | DUAL EFFECTIVE COEFFICIENT GROUND 1CE SOIL FABRIC
ATTITUOE BULK CONTENT VOLUMETRIC THAW STRESS STRESS OF DESCRIPTION DESCRIPTION
DENSITY inttial/ STRAIN STRAIN CONSOL ) DATION
3, (final) 2 2 2
(Mg/m”) [£3] (%) %) (kN/m”)  (xN/m®) (em®/s)
£5-01 4oy 1.66 49.8 0 0 " Three subhorizontal Massive, taken from
(3t.2) 7.5 x 0 lenses 0.5 to 0.7 cm between thick icy
48 -3 thick layers
1.3x 10
103
Fs-02 b-v 1.83 34.7 4.0 4.0 L} 4 -3 .
(28.5) 3 5.0 x 10 As above, same core As above
. 103 R
6.5 x 1073
207
Fs-03 b-v 1.86 38.1 3.6 7.9 3 3 -y lcy section near one Masslve, from immedi~
(32.8) 7.6 x 10 end ately below a 10 cm
17 oy thick layer of ice
8.0x 10
9.2 34
FS-0k 4=y .97 26.9 =0.t 159(1) Thin reticulate ice From below a thick
(26.9) lenses ice lense, some

desiccation

Fs-05 4-v 2.04 23.1 0.4 54 Sh .3 Sparse reticulate ice, Massive, from below
(22.0) 6.4 x 10 lenses thin a 6.5 cm ice lense
138
Fs-06 3-H 1.61 53.1 10.6 4.9 ] 7 _3 Predominantly reticulate Indistinct strati-
{32.8) 7.2x 10 ice, 20% excess in veins ficatlion
; 21 4 .3 0.5 cm + thick
.2 x 10
16.9 u
Fs-07 4-v 1.92 0.0 1.0 63 Fine reticulate ice From between 2 thick
- (30.0) ice lenses, massive
FS-08 bev 1.82 36.5 2 2 = Fine reticulate ice, As above
(29.8) 5.5 x 1073 subvertical lenses as
¥4 3 thick as 1 to 1.5 em
5.3 x 10
34 .
5.0 x 1073
9.6 83
P
Fs-09 3-H 1.90 28.6 - 6.1 [} 0 _2 Several discrete sub- Gradatlonal strati-
(26.5) 1.2 x i0 horizontal ice lenses fication, sandy silt
% _2 averaging 0.5 cm in to silty clay
s 1.2.x 10 0.5 cm in thickness
7.3 2 )
F$-10 3-H 1.89 31.0 8.2 -— 5 H .3 Reticulate ice with Silty, vague strati-
(25.7) 3.4 x 10 several thicker hori- fication
4 -3 zontal layers
7.9 x 10
83 '
FS-11 3-H 1.90 (23‘2) 6.9 8.7 10 10 -3 Fine reticulate structure Silty
27. . 9.5 x 10
. 66
F5-12 ] 1,88 30.8 - -_— 2 2 " Coarse reticulate High plastic clay,
(26.2) 8.3x 10 structure, lenses 0.5 sample collapsed
45 ‘ -y cm thick during thaw
5.6 x 10
90
Fs-13 3-H 1.70 47.6 — -_— [} 0 -3 Fine reticulate structure From base of zone
(28.8) 8.6 x 10 3, just above thick
4 . -3 ice layer !
.3 x 10
90 .3
7.0 x 10 .
186
FS-14 3-v 1.95 28.8 —- 0.7 72(7) Fine reticulate structure, S$ilty clay with thin
(28.8) thick horizontal lens sandy seams @ 4 to 6
near top cm spacings
Fs-15 3=H 1.75 (‘1;.5) 3.3 - 0 ] . 5 Fine reticulate structure From base of Zone 3
28.7. 2.7x10
3 -3
8.6 x 10
62 .2
1.2x10
5.5 21
FS~16 3-v 1.88 . 3.2 10 Reticulate, several thick- Silty clay, some
- (2%.2) er lenses sandy seams
Fs=17 v .84 (3;.0) 4.9 8.2 3 As above As above
32.0
Fs-18 4-v .79 40.2 - - 2 2 2 feticulate ice, some Between thick ice
(36.0) 1.3 x 00 lenses as thick as 0.6 layers
16.1 (Al to 0.8 cm
FS-19 4-v T4 38.2 4.8 2 2 2 Fine reticulate structure, HMassive silty clay
(32.2) 3.7 % 10 more closely spaced
181 H ‘ )
Fs-20 4-v v (33.:) - b7 0 a9 . .2 As above As above
(29. .2 x 10




TABLE C.6
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SUMMARY OF RESIDUAL STRESS AND CONSOLIDATION DATA OBTAINED
IN THE TRIAXIAL CELL, NORMAN WELLS (MVPL) SAMPLING SITE

COEFFICIENT OF

BOREHOLE DEPTH FROZEN WATER UNDRAINED VERTICAL RESI0UAL EFFECTIVE FABRIC
INTERVAL BULK CONTENT VOLUMETRIC THAW STRESS STRESS CONSOLIDATION DESCRIPTION AND COMMENTS
DENSITY inltial/ STRAIN STRAIN
(Final)
. 3 2, 2 2
(n (Mg/m”) (%) %) (%) (kN/m"} (kN/m®) {em”/s)
NW2 0.4-0.7 1.85 28.4 - 3.2 6.1 0 10 Fine vertical and sub-
-3 vertical lenses; peaty
(25.4) 7.5x10 layers i
. 48 0.85
NW2 . 0.7-1.0 1.86 24.8 2.9 3.8 2.1 10 0.96 Fine ice lenses, roughly
(19.9) 5.0x|o'3 reticulate; sand partings
- 33 .
1.4x1072
80
1.ax1072
138
1.3x0072
206 ° 0.7
W2 1.0-1.3 1.89 24.4 7.2 7.9 3.8 1.00 Predominantly horizontal
21.9) lenses; 20% at one end;
thicker layers of peat
and sticks
Nw2 1.5-1.7 1.85 34.4 3.5 4.8 2.8 n Some ice along organic
. -1 layers; otherwise - Nbn
(30.2) h.2x10 stracl!"led; peat layers;
33 some shale chips
1.4x1072
72
110
= -2’
2.5x10
. 174 '
24 0.99
W2 1.8-2.1 1.53 55.4 10.3 2.1 2 1.00 No segregated ice; Nbe
8 mm'! bedded sandy silt;
" : numerous charred sticks
7.3x1072
. 36 1.00
W2 4.3-4.6 1.72 38.8 18.0 2.5 3 Recticulate ice lenses to
-2 1 cm thick; blocky; thinly
(34.0) 1.6x10 . bedded; organic specks
10 0.93
NW2 3.2-8.4 1.82 39.4 3.8 6.2 2.1 2. Recticulate ice lenses to
9.7 |0-3 1 cm thick, vertical and
- 1% horizontal; thinly bedded;
34 1.00 peat layers
NW3 0.6-0.8 1.93 23.7 7.3 10 0.92 Fine ice lenses, predomin-
antly horizontal; mottled;
organic specks; some stick
and roots
N3 1.0-1.2 1.9 26.1 1.1 12 0.9t As above
W3 7.9-8.1 1.81 38.0 6.3 .7 0.98  Fine ice lenses,-usually
along peat layers; con-
torted bedding
Nw3 10.4-10.6 1.92 26.2 . 7.1 13 0.93 Fine ice lenses; icey
layers with sol) in-
clusions; dark and light
grey-brown mottling; con =
torted bedding; some stone
NW3 11.3-11.5 1.92 27.5 1.0 17 0.62 As above
NW3 11,9-12.1 1.85 32.0 2.8 15 0.84 Retlculate structure,
lenses 0.5 to 0.7 cm
thick; very thinly
laminated
Ny 5.5-5.8 .n 5.0 3.7 3 . 0.74 Few horizontal lenses;
stratified with numerous
peaty layers; sticks and
roots
ADDITIONAL TESTS ON SMALLER SPECIMENS ‘
Nw2 1.0-1.2 1.85 34.0 ’ 0 0.98
W2 3.7-3.9 1.91 28.7 0 Peaty layers; sticks

1.3x1072
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TABLE C.6 CONTINUED
BOREHOLE DEPTH FROZEN WATER UNDRA |NED VERTICAL RES1DUAL EFFECTIVE COEFFICIENT OF B FABRIC
INTERVAL BULK CONTENT VOLUMETRIC THAW STRESS STRESS CONSOLIDAT 10N DESCRIPTION AND COMMENTS
) DENSITY initial/ STRAIN STRAIN .
(Final)
3 2 2 2
{m) {ng/m’) 2} (%) ) (=N/m") (kN/m®) (em“/3)
Nw2 7.2-7.3 1.67 50.1 26 26 : 0.95
(38.2) 3.7x1072
7] . .
8.8x107>
354
Nw2 93.-9.4 1.93 28.0 51 0.86
N3 1.5-1.7 170 39.0 1.5 0.9
L%} 2.5-2.6 [ 70.5 7.5 [ 0.97
NW3 5.2-5.3 1.84 33.8 3.t 1.00
Nw3 8.1-8.3 1.98 28.4 3.h L3 ) 55 0.42
3.2x1072
no
N3 8.3-8.4 1.95 28.3 3.6 1”7 17 . 0.51
(26.5) 8.7x10 3
27
4.8x1073
17
N3 9.1-9.2 1.97 26.5 3.0 " 0.70
(%] 10.1-10.2 1.97 22.4 1.6 7.00073
76
N3 10.8-10.9 2.02 33 3.6 : 0.98(?)
N3 11.7-11.8 1.83 29.7 3.1 28 . 0.98
2.0x107
55
Wk 5.8-5.7 .55 €3 X 1.00




C.4 THAW-CONSOLIDATION TESTS
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TABLE C.9 SUMMARY OF RESULTS FROM CONSOLIDATED UNDRAINED TRIAXIAL
TESTS, NORMAN WELLS (MVPL) SAMPLING SITE

O

TFEST BOREW"LE DEPTH FROZEN a 6y o e o/ 1 A' ] w REMARKS
INTERVAL BULK (INITSAL)  (PEAKT
DEHSITY .
m g/’ tomdy () (3) ®
Nw-0) Nw2 0.4-0.7 1.85 10 17 5.6 5.0 0.01 0.85 25 Stratified silty sand,
relict actlve laver, tested
without consolidating
specimen
Nw-02 NW2 0.4-0.7 1.85 48 [13 3.2 3.3 .21 0.92 23 Stratifled sitty sand
NwW-03 NW2 0.7-1.0 1.86 © 206 n 10.4 3.2 0.43 0.7 20 Silty, organic layers,
- reticulate ice
Hw-0l N2 1.0-1.3 1.89 4 27 6.4 6.2(7) -0.33 1.00 24 Thinly bedded silty clay,
. N tested without consolidat~
ing specimen
Nw-05 NW2 1.0-1.3 1.89 48 93 6.5 ho 0.33 1.00 from same core as above
Kw-06 a2 1.5-1.7 1.85 . 2 189 6.6 3.8 0.48 0.70 30 Contact between sand, silt
with shale chips and silty
clay with peat layers
Nuw-07 HW2 1.8-2.4 1.53 n b 6.9 -— -_— 1.00 53 Thinly bedded silty ctay,
peat layers, sticks and
roots, p.w.p. erratic
-08 Nw2 1.8-2.1 V.54 36 G 7.0 (X 0.44(7) 0.95 48 From same core as sbove
NwW-09 NW2 4.3-4.6 1.72 10 37 6.2 5.7 =0.01 0.98 34 Reticulate ice, blocky
structure, peat layers
Nw-10 Nw2 8.2-8.4 1.82 2 15 8.0 - 0.10 1.00 39 Reticulate ice, organic
° specks, sandy partings,
tested without consolidat~
ing specimen
-1t W2 8.2-8.4 1.82 34 59 6.2 3.2 ~0.11 1.00 28 From same core as above
NW-12 W3 0.6-0.8 1.93 10 20 6.0 - ~0.21 0.92 24 Tested without consolidat-
ing specimen, problems with
pore pressure measurement
W-13 W3 1.0-1.2 1.9 12 a4 3.6 3.6 -0.09 0.9l 26 Massive, fine reticulate
ice structure
R-14 NW3 7-9-8.1 1.81 2 20 5.8 - -0.03 0.93 38 Reticulate ice, tested
without consolidating
NW-15 NW3 10.4-10.6 1.92 n 23 7.3 3.8 0.10 0.93 26 Reticulate ice, soil
appeared quite dry,tested
without consolidating
specimen
Nw-16 W3 10.4-10.6 1.92 24 78 5.4 .4 0.36 0.92 28 Reticulate ice, sandy
partings, tested without
conasolidating specimen
Nw-17 RW3 11.9-12.1 1.85 19 62 4.9 b1 0.09 0.84 32 Reticulate ice, tested
wlthout consolidating
specimen
NW-18 Nwh §.5-5.8 Ln n 93 RR: 5.5 0.28 0.78 45 Contact plastic clay and
highly organic silt, failed
along boundary
NW-19 Nl 5.5-5.8 .7 97 145 b0 LR 0.43 0.86 40 From same core as above,

mostly silty clay inter-
bedded with peat






