GEOLOGICAL SURVEY OF CANADA
OPEN FILE 2122

Mechanical Properties of
Ice and Frozen Soil

Thurber Consultants Ltd.
for
Geological Survey of Canada

September 1989

This document was produced
by scanning the original publication. tes

; 3 E o 7 .
[ L | EQ:L%’;cys"g:n:g: Rgg;%lgrcbeﬁs:ng:n?da Ce document est le produit d'une Cana.da
numeérisation par balayage
de la publication originale.



eburgoyn
black block


FOREWORD

This Open File reports on a literature review on the mechanical properties of frozen soil
and ground ice relevant to the design of energy transportation developments in
permafrost regions. The study was conducted by T.E. Hoeve, P.Eng., and L.B. Smith,
P.Eng., of Thurber Consultants Ltd., Calgary, as a research contract for the Geological
Survey of Canada, Department of Energy, Mines and Resources, and Supply and Services
Canada.

The report has not been edited in any way by the Geological Survey of Canada, and
statements contained herein do not necessarily reflect the views or policies of the
Government of Canada.

Funds to support this contract were provided by the Panel on Energy Research and
Development, under Task 6, Oil, Gas and Electricity; Program 6.1.2, Permafrost and Gas
Hydrates Geoscientific Research and Development.  This support is gratefully
acknowledged.
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EXECUTIVE SUMMARY

Introduction

This report presents the results of a literature review
with respect to the mechanical properties of ice and frozen
soil which are relevant to the design of energy transporta-
tion projects in permafrost regions.

The mechanical behaviour of ice and frozen soil is dis-
cussed within the framework of the following theories:

& Nonlinear elasticity,
. Primary creep,

. Secondary creep,

. Strength,

s Adfreeze strength,

. Thaw consolidation,

. Frost heave,

. Dynamic response, and
. Electrical response.

Each of the foregoing aspects is discussed in a section
of the report. The most widely accepted behavioural theory
is briefly outlined together with a brief discussion of the
range of design applications and the more significant limi-
tations. The behaviour of the soil in response to vari-
ables such as stress, time, temperature, soil type, ice con-
tent, and unfrozen water content are discussed within the
context of the relevant theory. Each section provides sum-
maries of relevant data pertinent to the theoretical rela-
tionships, in a form which should be a convenient reference
source for practising geotechnical engineers. Key refer-
ences are cited and a list of references is presented at
the end of each section for the convenience of those
readers requiring further detail.

Research Priorities

The review has identified a number of areas in which
further research should be considered, as described in the
respective sections of the report. The more noteworthy
areas in which research should be considered are briefly
outlined below. No attempt has been made here to establish
priorities for research. Research priorities can change
very rapidly, either as a result of developments arising
out of ongoing research (and often in disciplines other
than civil engineering) or because new design problems
arise or new construction techniques are developed. In
order to ensure that the efforts of the geotechnical
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engineering research community are directed in the most pro-
ductive areas, it is essential that a close relationship be
maintained between researchers and practising engineers.
Collaboration between the two parties has been undertaken
in the past and often with spectacular success. It is rec-
ommended that an effort be made to establish more positive
means by which closer communication and dialogue between
researchers and practising engineers can be promoted and
developed.

Saline Soils

Recent information has shown that saline soils are far
more widespread in Northern Canada than had been expected
in the past. Further research into the geologic origin and
distribution of saline soils appears worthwhile. The rela-
tionships between pore fluid salinity, soil type, tempera-
ture and unfrozen water content have been established for
some soils and this work should be extended to other soil
types. Quantitative data concerning the effect which pore
fluid salinity has on the mechanical properties of frozen
soils is currently very limited. Further laboratory inves-
tigations should be considered.

Creep and Strength

One of the major difficulties in interpreting the
strength data available in the literature is that
researchers have not always clearly differentiated between
brittle failure (which occurs at high strain rates and for
which discrete fracture planes appear in the material) and
ductile failure (which occurs at low strain rates and for
which the material behaves as a continium). A consistent
relationship between brittle strength and ductile strength
has never been established and may not exist. This is an
area in which further research may be of value.

Brittle strength is generally relatively high in ice
and frozen soil whereas, ductile strength is lower than
brittle strength in the short term and very much lower than
brittle strength in the long term. Ductile strength there-
fore governs in most design situations and is therefore of
most concern to designers.

Recent research into creep processes in pure ice have
provided considerable new insight into the relationship
between creep and ductile strength of this material. For
example, it has been established that accelerating strain
rates (failure) will occur once total strain reaches 1 or
2 percent, irrespective of stress level. This finding has
significant implications for designers, particularly if
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similar behaviour occurs in frozen soils. In the past, the
objective of defining the creep properties of a material
was to ensure that total strains would not exceed sone
tolerable level for the proposed structure. In light of
recent research, the primary reason for establishing the
creep properties 1is to establish the time at which the
failure strain will be reached.

There are a number of areas in which further research
into the process of creep in ice and soils should be worth-
while. Consideration should be given to undertaking syste-
matic studies to establish whether a limiting (failure)
strain exists for ice poor soils. This work should be car-
ried out over a broad range of soil types and temperatures.

At very low stress levels, the small changes in strain
rate make it difficult to establish the point at which
failure occurs. In addition, the increase in strain rate
at failure may be so small that it can be safely ignored,
in which case total allowable deformations may govern the
design. Furthermore, under very slow strain rates, recrys-
tallization or other healing processes may occur such that
strain rates continue to decelerate, so that failure never
occurs. These are all areas in which further research
appears worthwhile.

The factors which control the creep behaviour of non-
homogeneous frozen soils and frozen soils which contain
segregated ice are poorly understood. Recent research has
demonstrated that the measurement of creep properties of
such so0il 1is difficult and may not result in values for
creep parameters which are representative of field condi-~-
tions. This is an area in which further research may be
warranted.

Adfreeze Strength

Adfreeze strength appears, in many cases, to govern the
capacity of adfreeze piles installed in ice and frozen
soils, and is therefore of significant concern in design
practice. The available data with respect to short term ad-
freeze strengths of ice and non-saline frozen soils is con-
sidered adequate. The data available with respect to the
short term adfreeze strength of saline soils is almost non-
existent and further laboratory and field investigations
should be considered.

The gquantitative data available with respect to long
term adfreeze strengths of ice, or saline and non-saline
frozen soils is very limited. A number of theoretical rela-
tionships between short term adfreeze strength and long
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term adfreeze strength have been suggested, however, none
of these relationships have been adequately substantiated.
As might be imagined, there are great difficulties in estab-
lishing long term adfreeze strength because of the long
period of time over which observations must be made.
Despite this, further research into the time dependent be-
haviour of adfreeze strength should be considered.

Recent research has demonstrated that a number of
methods for increasing the capacity of adfreeze piles may
have merit, including the use of lugs, flanges, pile sur-
face treatments, and special backfill materials such as
cement grout. There is, unfortunately, virtually no design
data available on which the cost benefits of these tech-
niques can be established. This is an area in which fur-
ther laboratory and field testing should be productive.

Thaw Consolidation

Total settlements which will occur as frozen soils thaw
can be estimated to a satisfactory degree of accuracy if
the total water content (prior to thawing) and the water
content after thaw consolidation are known. Useful corre-
lations between total water content and thaw strain for the
most common soil types are currently available. While
these correlations exhibit considerable scatter the informa-
tion is considered adequate for most applications in view
of the unpredictable and random distribution of ground ice
in natural deposits. The correlation between total water
content and thaw strain should be extended as opportunities
arise. Field observation should be made in order to estab-
lish empirical correction factors which will account for
non-homogeneous field conditions.

An excellent theoretical framework within which the
physical process of thaw consolidation can be interpreted
has been developed by Nixon and Morgenstern. Their model
can be used to predict water pressures at the thaw front,
and therefore the stability of the thawing soils can be
established. The theory also provides a framework within
which remedial measures can be evaluated. This latter
aspect is of particular concern where warm oil pipelines
are to be placed in ice rich permafrost.

The essential validity of the thaw consolidation theory
has been established for both reconstituted and natural
soils in the laboratory. Field observations of the thaw
consolidation process have found behaviour which is consis-
tent with the theory. No further fundamental research into
the process of thaw consolidation appears to be warranted
at this time, however field studies related to thaw consoli-
dation would be of great value, if opportunities arise.

iv
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Frost Heave

The effect of frost heave on structures is a serious
concern in both permafrost and non-permafrost areas. Frost
heave represents one of the most critical geotechnical prob-
lems related to the construction of chilled gas pipelines
in Northern Canada. The process of frost heave 1is rela-
tively complex and has been the subject of intense research
over the past 50 years.

Konrad and Morgenstern have proposed a behavioural
model for frost heave which is currently the only model
suitable for use by designers. The model appears to incor-
porate all of the significant variables affecting frost
heave and can be used to provide a reasonable estimate of
frost heave under design conditions. The model also shows
great promise as a means of identifying frost susceptible
gsoils and for evaluating the relative merits of alternative
schemes for reducing heave.

The Konrad and Morgenstern model has been used to suc-
cessfully match observed heave in laboratory tests and
heave of chilled pipelines at the Calgary and Caen test
facilities. However, many researchers are not convinced
that the model will predict frost heave under all condi-
tions, or that it will predict heave to a level of accuracy
adequate for design purposes. Research into the process of
frost heave is continuing and it can be expected that the
validity and limitations of the current model will be fur-
ther refined based on the results.

The process of frost heave below a chilled pipeline was
monitored for a period of over 7 years at the Calgary test
facility and the behaviour during that period conformed to
that predicted by the Konrad-Morgenstern theory. A number
of researchers have expressed concern that other processes
(such as secondary heave) may begin to dominate heave over
the long term. Consideration should be given to interpret-
ing the behaviour of naturally occurring palsas, pingos and
hydrolaccoliths with the framework of the Konrad and Morgen-
stern theory. Some of these landforms have existed for
many decades.

Some researchers are concerned that the segregation
potential (a key variable in the frost heave model) is so
sensitive to 80il density, structure and grain size, that
it is not possible to obtain consistent results, nor to
reliably predict field performance due to the inhomogeneity
of natural deposits. These are valid concerns, and diffi-
cult to completely resolve. Additional field observations
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of frost heave may be of value in this regard. This could
include observations of frost heave under natural freezing
conditions as well as small scale insitu frost heave tests
using artificial freezing.

A number of other areas with respect to the process of
frost heave have been identified for which research may be
of wvalue and these are outlined in the appropriate section
of the report.

Subsurface Exploration Techniques

Subsurface investigations in Northern Canada are expen-
sive, primarily because of the large distances and the fact
that most locations are accessible only by air.

A review of current exploration techniques was beyond
the scope of this study. It is clear, however, that there
is a requirement to develop more portable drilling and sam-
pling equipment and more reliable geophysical techniques
which can be used for subsurface explorations particularly
as they relate to geotechnical engineering practice.
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SECTION 1

INTRODUCTION

1.1 General

This report presents the results of a literature review
with respect to the mechanical properties of ice and frozen
soil which are relevant to the design of energy transporta-
tion projects in permafrost regions. The review was car-
ried out at the request of Mr. J.A. Heginbottom of the Ter-
rain Sciences Division of the Geological Survey of Canada,
Department of Energy Mines and Resources.

The scope of the review was outlined in a proposal from
Thurber Consultants Ltd. dated October, 1987. Authoriza-
tion to proceed with the work was received on November 23,
1987. The work was conmpleted under DSS File Number:
638S.23233-7-1126.

1.2 Project Background

The Geological Survey of Canada, as part of its contri-
bution to the Energy Research and Development Program, has
a mandate to carry out and promote research into various
environmental constraints which affect energy transporta-
tion in Northern Canada. A component of this research in-
cludes an interest in the mechanical properties of ice and
frozen soil.

A significant research effort has been made in recent
years by a number of government and private organizations
in order to establish the mechanical properties of frozen,
thawing and freezing soils. These properties are required
for use in the design of a wide variety of projects being
undertaken or planned in permafrost regions. The Terrain
Sciences Division identified a requirement to critically
review the available data in order to establish those areas
where future research should be concentrated.

1.3 Objectives

The work carried out under the terms of reference of
this study had the following objectives:

1) To briefly outline the most relevant and widely

accepted theories concerning the mechanical be-
haviour of ice and frozen soil.

1.1



2)

3)

4)

5)

To compile and summarize relevant data concerning
the mechanical properties of ice and frozen soil
in a form which would be a convenient reference
source for practising design engineers.

To identify those areas where the mechanical be-
haviour of ice and frozen soils is not adequately
defined within the context of available theory.

To identify those areas where existing information
concerning the mechanical properties of ice and
frozen soil is scarce or non-existent.

To identify and priorize key areas where further
research should be considered in order develop or
refine theoretical behaviour models and to provide
the data necessary for design.

1.4 Scope of Work

For purposes of this report, the mechanical properties
of ice and frozen soil have been reviewed and discussed
within the framework of the following behavioural theories:

1)
2)
3)
4)
5)
6)
7
8)

Non-linear Elasticity,
Creep,

Strength,

Adfreeze Strength,
Thaw Consolidation,
Frost Heave,

Dynamic Response, and
Electric Response.

The behavioural response of ice and frozen soil to the
following variables is reviewed and discussed in the re-
port, as appropriate:

1)
2)
3)
4)
5)
6)

An
thermal

Stress State,

Rate and Duration of Loading,
Tenmperature,

Soil Type,

Ice Content, and

Unfrozen Water Content.

additional very important aspect concerns the

responge and properties of ice and frozen soil.

This aspect was not included in this review because it is
the subject of a review currently being prepared by others.
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The only two geophysical properties discussed in this
report are dynamic (seismic) properties and electrical
properties. Other geophysical properties (such as nuclear
and gravimetric response) have not been generally used in
civil engineering applications in permafrost regions and
have therefore not been discussed.

Variables such as density, degree of saturation and
void ratio are controlled primarily by soil type and ice
content, and are discussed under those headings. In some
cases, additional variables which are pertinent to specific
mechanical properties have been identified and discussed
where appropriate. A more comprehensive discussion of the
variables included in the study is presgented in Section 2.

1.5 Limitations

The scope of this review was limited to the mechanical
properties of ice and frozen soil which are relevant to the
design of energy transportation facilities in permafrost
regions of Northern Canada. These facilities include pipe-
lines, and related ancillary structures such as compressor
stations and control buildings, as well as related infra-
structure, including access roads, airstrips and temporary
and permanent accommodations.

The scope of work did not include offshore production
and gathering systems, although some of the data may be
applicable to these facilities.

The subject matter covered in this review is extremely
broad, however the work had to be accomplished within a
fixed budget and a relatively fixed schedule. In order to
achieve the primary objectives, it has not been possible to
review all of the literature available with respect to each
aspect of permafrost behaviour. The approach has therefore
been to review and discuss what are believed to be key
papers related to the various topics. The emphasis has
been to outline, in simple terms, the most applicable cur-
rent theory, and to present and discuss the most represen-
tative data found within the context of that theory. The
result is intended for use by geotechnical designers with a
reasonable background of experience in permafrost engi-
neering. A list of references has been presented at the
end of each section, as well as at the end of the report,
in order to assist the reader who wishes to investigate
specific subjects in further detail.
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1.6 Methodology

The study involved the following major tasks:

1) Literature Search,

2) Review of Current Theory,

3) Review and Summary of Relevant Data, and the
4) Identification of Research Requirements.

1.6.1 Literature Search

This task involved a search of the literature to
identify the key sources of information concerning cur-
rent theories and available data.

The literature search included a review of the
available data sources as listed in the CRREL (Cold
Regions Research and Engineering Laboratory, New
Hampshire) Bibliography which were current to about
1985, at the time of the search. Additional sources of
information published since 1985 were reviewed where
key papers could be identified. A comprehensive search
of all sources of information published since 1985 has
not been undertaken.

The Arctic Institute of North America at the Uni-
versity of Calgary carries the CRREL Bibliographies as
well as all other CRREL publications. Publications
from all sources, including external sources such as
the Canadian Geotechnical Journal, are indexed and
abstracted in the CRREL Bibliographies. The subject
index was used to identify relevant literature. In
addition the University of Alberta reference lists (as
prepared by the Department of Civil Engineering) and
the reference lists of some key review articles were
used to identify important papers.

An attempt was made to conduct a comprehensive and
thorough search of the literature through the use of a
number of electronic data bases, including Compendex,
NTIS, NRCPUBS, GEOREF and others. Unfortunately, this
search could not be successfully completed because it
was not possible to restrict the computer search to the
point where a manageable volume of citations was
achieved, and at the same time ensure that key publica-
tions were not overlooked. No key publications were
identified in the initial computer generated reference
lists which had not been identified in earlier litera-
ture searches. The computer based literature search
was therefore abandoned since it did not appear to be a
feasible approach within the limitations of this study.
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1.7

Literature was acquired from the following sources:

1) Arctic Institute of North America, Calgary

2) University of Calgary Library

3) Corporate and personal libraries at Thurber Con-
sultants Ltd.

4) Personal libraries of Drs. Ladanyi, Sego and
Morgenstern. :

There 1is substantial literature, much of it 1in
German, dealing with the behaviour of frozen soil adja-
cent to deep shafts. This literature has not been re-
viewed, because of the difficulty in translation.

1.6.2 Review of Current Theory

This task involved a review of current theories
with respect to the various aspects of the mechanical
behaviour of ice and frozen soil. A brief description
of the most widely accepted theories was then prepared
for inclusion in the report.

1.6.3 Review and Summary of Relevant Data

The data found in the literature search with re-
spect to the mechanical properties of ice and frozen
soil was compiled and reviewed concurrently with the
review of the available theories. The data was evalu-
ated within the framework of the applicable theory and
relevant data was summarized in a form which would be a
convenient reference by design engineers.

1.6.4 Identification of Research Priorities

An evaluation of the available data was under-
taken. This evaluation was carried out with the assis-
tance of the external reviewers. Those areas where the
mechanical response of ice and frozen soils is not ade-
quately defined by current theory, or where the avail-
able data was felt to be insufficient for design, were
identified.

Definition of Terms

The conventional definition of permafrost in geotech-

nical engineering practice is that it is any ice, soil or
rock which remains at a temperature of less than 0°C for
a period of more than 1 year. This definition applies
throughout this report.
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In addition, the term "frozen soil", as used in this re-
port, refers to any soil which has a temperature which is
less than 0°C. In addition to soils which are frozen in
the conventional sense, the term "frozen soil" as used
here, also includes soils which have a high unfrozen water
content (due to high pore water salinity or high clay con-
tent) and which would not normally be regarded in conven-
tional terms as frozen. The definition used in this report
18 simply a matter of convenience.

1.8 Non-Homogeneity

A fundamental assumption of all of the behavioural
theories is that permafrost is essentially a homogeneous,
material. In addition, laboratory testing is often carried
out on reconstituted, homogeneous samples, particularly
where the validity of a particular theory is being tested.

The unfortunate fact is that most natural earth mate-
rials are not homogeneous. The geotechnical engineer must
evaluate the degree of non-homogeneity expected to occur in
the field and establish the degree to which it will affect
theoretical predictions. This process, which requires con-
siderable judgement and experience, represents one of the
greatest challenges in design.

In many instances, the use of sophisticated and precise
methods of analysis cannot be 3justified because of the
highly variable nature of permafrost. On the other hand,
such theoretical analyses, if carried out in the form of
parametric studies, can be extremely enlightening and of
great assistance to engineering judgement.

Provided the limitations of the various theories are
understood and provided the effects of non-homogeneity are
recognized and accounted for, it is possible to predict the
behaviour of natural permafrost to an accuracy which 1is
acceptable for the majority of design problemns.

1.6
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SECTION 2

DISCUSSION OF VARIABLES

2.1 General

As indicated in Figure 2.1, the distribution of perma-
frost in Canada 1is widespread. The composition of the
permafrost in this area covers the entire range of earth
materials encountered in geotechnical engineering practice
and includes most igneous, metamorphic and sedimentary
rocks, as well as most soils including boulders, cobbles,
gravels, sands, silts and clays. Ground ice is widespread
throughout the area.

The behaviour of frozen and thawed rock and of boulders
and cobbles has generally been of less concern to geotech-
nical engineers since these materials are relatively strong
and stable when thawed. The majority of geotechnical engi-
neering problems in permafrost regions are concerned with
the behaviour of gravels, sands, silts and clays. of
these, the behaviour of sands, silts and clays is of most
concern and consequently much of the available research has
been carried out on these materials, as well as on the be-
haviour of pure ice.

This report is therefore concerned with the response of
ice and frozen soils to the effects of the following vari-
ables:

1) Stress State,

2) Rate and Duration of Loading,
3) Temperature,

4) Soil Type,

5) Ice Content, and

6) Unfrozen Water Content.

A brief description of each of these variables, to-
gether with an assessment of the range of values which are
commonly encountered in Northern Canada, is presented in
the following sections.

2.2 Stress State

Some aspects of the mechanical behaviour of ice and fro-
zen 80il are a function of stress path (the sequence in
which the material is loaded or unloaded) as well as the
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final stress state. Stress state must therefore be evalu-
ated by the designer in assigning material properties used
in predicting the response of the material to the design
conditions.

In conventional soil mechanics testing, it is conven-
ient to separate the stresses which act on a material into
two components:

1) Confining stress, and
2) Deviator stress.

The confining stress is an all-around, uniform stress
which results in volumetric compression (or expansion) of
the soil, but which results in no shear strains. The devia-
tor stress (that is the stress which deviates from the uni-
form stress) is that stress which induces shear strains and
volume changes (dilation) associated with shear.

In the laboratory, both stress components can be con-
trolled, in homogeneous materials, through the geometry of
the test set up and the loading arrangement. In the field,
loading conditions can be complex and the distribution of
stress and the separation of stress into its two components
can be difficult. These difficulties are usually overcome
by making simplifying assumptions concerning the geometry,
sequence of loading and homogeneity which will occur in the
field.

Where mechanical properties are established from labora-
tory test data, it is important that the loading conditions
used in the laboratory simulate the expected field condi-
tions as closely as possible, both in terms of stress path
and stress magnitude. Most engineering problems which will
be encountered in energy transportation projects will in-
volve excavation, fill placement or foundation construction
at relatively shallow depths. For the vast majority of
problems, the confining stresses will range from 0 to
500 kPa. Deviator stresses can be expected to range from 0
to about 15,000 kPa depending on the design problemn.

2.3 Rate and Duration of Loading

The deformation response of ice and frozen soil is time
dependent and is therefore a function of the rate and dura-
tion of loading.

The rate of loading imposed by dynamic loads, or seis-
mic events is much more rapid than that generally encount-
ered in open excavations or in the application of struc-
tural loads on foundations. The short term deformation and
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strength properties of ice and frozen soil are often deter-
nined in laboratory tests in which the strain rate imposed
on the sample is held constant. A rate of strain for such
tests must be selected which will be consistent with the
rate of loading expected to occur in the field.

Load durations which occur in the field may range from
fractions of a second (for example due to dynamic loading,
blasting effects and seismic events) to several days or
weeks (in the case of short term live loads, temporary ex-
cavations etc.). The duration of loading can range from
several decades (in the case of dead loads on building foun-
dations), to several hundred years (in the case of highway
fills and deep excavations). It is important, that the
duration of loading used in laboratory tests to determine
the deformation and strength parameters be reconciled with
the duration of loading expected to occur in the field.

2.4 Temperature

As might be expected, the behaviour of ice and frozen
soil is8 a function of temperature.

Ground temperatures vary with depth, as well as with lo-
cation. An idealized ground temperature profile in a con-
tinuous permafrost area is shown in Figure 2.2. As indi-
cated on the figure, large variations in ground temperature
occur in the near surface 1 or 2 metres, due primarily to
changes in air temperature. Other factors which affect the
near surface ground temperatures include near surface water
content, the presence or absence of vegetation, albedo
(reflectivity), ground surface aspect, the reflection of
long wave radiation from the ground surface to the atmos-
phere and back to the ground surface (the greenhouse
effect) and the presence of snow, its depth and properties.

Fluctuations in near surface ground temperatures attenu-
ate with depth. Ground temperatures at depths of 6 to 8 me-
tres commonly fluctuate within 1 or 2 degrees above and
below the mean temperature at that depth.

Ground temperature measurements as a function of depth
and time are not normally available to the designer, how-
ever, an approximate indication of ground temperatures can
be derived from air temperature data. The mean annual
ground temperature can be calculated from the following
equation:
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where
T.. denotes the mean annual ground temperature,

TI denotes the absolute value of the ground sur-
face thawing index, and

FI denotes the absolute value of the ground
surface freezing index.

The freezing and thawing indices for air can be estab-
lished from the information presented on Figures 2.3 and
2.4 respectively. It is preferable, however, to use actual
meterological data where it is available. The air freezing
and thawing indices must be converted to ground surface
freezing and thawing indices by multiplying by an appropri-
ate factor to account for surface effects such as albedo,
snow depth, etc. A list of the factors used to convert air
freezing and thawing indices to ground surface freezing and
thawing indices is presented in Figure 2.5.

The seasonal variation in ground surface temperature
can be approximated for many problems by a sine curve as
shown in Figure 2.6. A graph is presented in Figure 2.6
which provides a convenient method for determining the mean
and amplitude of a sinusoidal variation when the freezing
and thawing indices are given (Harlan and Nixon, 1978). A
more accurate approach is to use a computer program that
will fit a sine curve to air temperature data.

The foregoing method for estimating ground surface tem-
peratures in permafrost regions has limited accuracy. When-
ever possible, the designer should compare the ground tem-
perature data estimated from air temperature data with
field temperature measurements where they are available.
Active layer depths are often known for many locations and
the ground surface temperature variation should be checked
to ensure that it is consistent with observed active layer
depths.

Ground temperatures at various depths have been com-
piled for a number of communities in the Northwest Terri-
tories and the results are summarized on Figure 2.7 (Hoeve,
1988). The data indicate that permafrost temperatures at
depths of 6 to 8 m range from 0 to -12°=C. Temperatures
in the near surface 1 or 2 m normally range from -20=C to
+ 10=cC.

Ground temperatures at depth can vary significantly
within short distances in some instances. For example the
ground temperature at a depth of 6 m was found to be
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-9.2°C at a s8chool site in the community of Pond Inlet,
N.W.T. in late August. Ground temperatures at a location
about 5 km from the community were found to range from -2
to -4°C at a depth of 6 m in early September. These ob-
servations indicate that in critical design situations, it
may be essential to obtain actual field temperature data
rather than rely on estimates made from air temperature
observations.

2.5 Soil Type

The behaviour of frozen soils will be affected by the
composition of the soil which includes the grain size dis-
tribution and the mineralogical composition of the soil par-
ticles.

Permafrost soils are normally classified using the Uni-
fied Soils Classification system. A modified version of
this system is presented in Figure 2.8. The grain size dis-
tribution of frozen soils ranges from gravels, sands, silts
and clays, to organic silts, organic clays and peat. In
general, thick peat deposits, fine grained alluvial and
lacustrine deposits, and silty clay till deposits are com-
mon in the vicinity of the Mackenzie River in the Western
Arctic. These fine grained soils occur in an area where
ground temperatures are relatively warm or where permafrost
is sporadic, and can be particularly troublesome.

In the Arctic Archipelago, the Keewatin and Baffin
Regions, fine grained soils such as clay and organic de-
posits are not as common. In these areas the near surface
soils often consist of sands and gravels underlain by silty
sand till, which contains cobbles and boulders derived from
the underlying bedrock. The bedrock in these areas gener-
ally consists of various igneous and metamorphic rocks, as
well as some of the harder sedimentary rocks such as lime-
stones and dolomites.

Most behavioural theories assume that the soil has a
homogeneous texture and density throughout. In addition,
artificially prepared samples, which are often tested in
the laboratory to determine the mechanical properties of
frozen soils, are of necessity homogeneous, in order to
obtain a consistent set of test data. Natural soils (par-
ticularly glacial tills) are highly non-homogeneous. This
non-homogeneity can have a significant effect on the be-
haviour of the material in the field. For this reason, it
is important that, wherever practical, laboratory test data
be supplemented with actual field observations.
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2.6 Ice Content

Ice occurs in frozen soils either as pore (intersti-
tial) ice or as segregated ice which is present as virtu-
ally pure ice in the form of irregularly shaped lenses or
bands. The segregated ice varies greatly in width and
orientation and is derived from a variety of geological pro-
cesses, some of which are not completely understood. In
most locations, the excess ice content, which is present as
segregated ice, decreases with depth. Segregated ice 1is
common at depths down to about 3 m and much less common
below depths of 5 to 10 m.

Most behavioural theories assume that the ice in frozen
soils is uniformly distributed throughout the material.
Where excess ice is present in natural ice rich permafrost,
it most often exists as segregated ice, which has different
mechanical properties than the surrounding soil matrix.
The random and often unpredictable presence and orientation
of segregated ice constitutes one of the most significant
challenges in predicting the behaviour of permafrost.

A number of systems for describing ground ice have been
suggested by various authors. The most widely used is the
NRC ice <classification system, which 1is reproduced in
Figure 2.9.

The ice content of frozen soil is one of the most im-
portant variables which influences the behaviour of the
soil. The ice content controls the strength and deformation
behaviour, the rate and amount of thaw settlement as well
as the rate of thaw (since the latent heat of ice has a
major influence on the rate of thaw).

The ice content, combined with a knowledge of grain
size distribution and mineralogical composition can be used
to calculate soil density and void ratio, provided the de-
gree of ice saturation is known or can be estimated. The
vast majority of frozen soils and in particular those soils
which pose the most significant problems to the geotechni-
cal engineer, are ice saturated. It is fortunate that the
ice content of frozen soils can be established simply and
inexpensively from tests on disturbed or undisturbed sam-
ples.

The relationships between water content, void ratio,
porosity, degree of saturation and density are summarized
on Figures 2.10 and 2.11. Typical ranges in water con-
tents, void ratios, porosities, and densities of frozen
soils are presented on Figure 2.12.
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2.7 Unfrozen Water Content

Unfrozen water is usually present even though the soil
temperature is lower than the freezing point of water
(0=C). The presence of unfrozen water can have a very
significant effect on the mechanical response of frozen
soils.

A number of methods for determining the relationship
between unfrozen water content and the temperature of fro-
zen soils have been used in the past. These methods are
described by Anderson and Morgenstern (1973). Recently,
the technigque of time domain reflectometry (TDR) has been
developed as a means of measuring unfrozen water content.
The use of this convenient technique is becoming more com-
mon. The method is described by Patterson and Smith,
(1981).

Typical unfrozen water contents as a function of tem-
perature for a variety of soils are presented in Fig-
ures 2.14 and 2.15. Based on these results, Anderson and
Morgenstern (1973) suggested that unfrozen water content
can be conveniently represented by a simple power rela-
tionship as:

W = m 6= (2.1)
where

W denotes the unfrozen water content (gms of
water/gms of soil).

6 denotes the absolute temperature below
freezing (=C), and

m, n are characteristic soil parameters.
Anderson, Tice and McKim (1973) have reported the

following values for the parameters m and n from experi-
mental data.

Soil m n
Manchester fine sand 0.0346 -0.048
Fairbanks silt 0.0481 -0.326
Kaolinite 0.2380 -0.360
Suffield silty clay 0.1392 -0.315
Hawaiian clay 0.3242 -0.243
Umiat bentonite 0.6755 -0.343
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As indicated on Figures 2.13 and 2.14, the unfrozen
water content is a function of the grain size distribution
of the soil. Fine grained soils (such as silts and clays)
have significantly higher unfrozen water contents, at a
given temperature, than coarse grained soils such as sands
and gravels.

Another important factor which affects the unfrozen
water content-temperature relationship, is the concentra-
tion of soluble salts in the pore water (salinity), which
tends to depress the freezing point of water, increasing
the unfrozen water content in the frozen soil.

Patterson and Smith (1983, 1985) have used the TDR tech-
nique to establish the relationship between unfrozen water
content and temperature for a number of soil types. Their
results are presented on Figures 2.15 and 2.16.

The freezing process in saline soils is poorly under-
stood and may be relatively complex because water soluble
salts are pushed ahead of the freezing front as pore ice
forms. The distribution of saline pore water (and conse-
quently the distribution of unfrozen water) will therefore
depend on the rate and direction of freezing. This phenome-
non can have a significant effect on the properties of
saline soils as measured in the laboratory. It is essen-
tial that the freezing process for reconstituted saline
soils prepared in the laboratory be carefully controlled in
order to achieve a uniform and representative distribution
of pore water salinity throughout the sample.

The presence of saline soils in permafrost, and the pos-
sible effects which pore fluid salinity have on unfrozen
water contents and the mechanical properties of frozen
soils, has only recently been identified as a significant
problen. Researchers and practising engineers began rou-
tinely measuring the salinity of the pore water in frozen
soils in the early 1980's. Some of the available data has
been compiled by Hoeve (1988). This data indicates that
saline soils are far more widespread in permafrost regions
than had been expected. Values for pore fluid salinity as
measured in soil samples taken from various communities in
the Northwest Territories are summarized on Figure 2.17.

The distribution of saline soils, its effect on unfro-
zen water content and its effect on the mechanical proper-
ties of frozen soils are all areas which have been identi-
fied as worthy of further investigation by a number of
researchers.
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Distribution of mean air thawing index in
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Values of n-factors for Different Surfaces
(After Lunardini 1978)

Surface Type Freezing-n, Thawing-n,
Spruce trees, brush, moss over
peat—soil surface 0.29 (under snow) 0.37
As above with trees cleared—
soil surface 0.25 (under snow) 0.73
Turf 0.5 (under snow) 1.0
Snow 1.0 —
Gravel 0.6 — 1.0 1.3 -2
(probable range for northern
conditions) 0.9 - 0.95)
Asphalt pavement 0.29 — 1.0 or greater 14 - 23
(probable range for northern
conditions) 0.9 - 0.95)
Concrete pavement 0.25 — 0.95 1.3 - 2.1
(probable range for northern
conditions) 0.7 — 0.9

Empirical factors to convert air temperatures to
ground surface temperatures (Goodrich and Gold,
1981).
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YMMUNITY PROJECT MEASURED DEPTH DATE MEAN
TIMPERATURE {m) ANNUAL AIR
(=C) TEMPERATURE
(=Cy

ARCTIC HAY SCHOOL -9.7 6.0 { OCT 83 ~13.8
ARCTIC BAY SCHOOL -9.8 5.0 12 OCT 83 -13.8
ARCTIC BAY SCHOOL -9.5 6.0 28 OCT 83 -13.8
ARCTIC BAY SCHOOL -9.5 6.0 24 NOV 83 -13.8
ARCTIC RED RIVER GYMNASIUM ~-4.1 6.0 16 OCT 86 - 8.2
ARCTIC RED RIVER FIREMALL -3.9 6.0 16 OCT 86 - 8.2
BROUGHTON ISLAND POWER HOUSE -8.7 5.5 5 JUN 88 ~-11.1
CAPE DORSET RECREATION COMPLEX =-3.7 5.8 8 DEC 86 - 9.1
CAPE DORSET SCHOOL 5.6 6.1 4 AUG B7 - 9.1
CLYDE RIVER SCHOOL -8.7 6.0 3 ocT 82 ~12.2
CLYDE RIVER SCHOOL -8.8 6.0 17 ocr 82 -12.2
CLYDE RIVER SCHOOL -9.2 6.0 26 OCT 82 -12.2
ESKIMO POINT SCHOOL -5.3 5.6 29 OCT 85 - 9.4
FORT MCPHERSON RECREATION CCMPLEX -3.8 6.0 15 OCT 86 - 8.5
FORT SIMPSON NAKEHKO KOE

DENEPLEX -0.2 6.1 12 MAR 87 - 3.3
HOLMAN HAMLET OFFICES -9.3 5.8 15 NOV 85 -12.2
IQALUIT ARCTIC COLLEGE -0.9 6.1 13 OCT 86 - 9.1
IQALUIT ARCTIC COLLEGE -1.4 6.1 20 OCT 86 - 9.1
IQALUIT ARCTIC COLLEGE -2.5 6.1 28 OCT 86 - 9.1
TQALUIT YOUNG OFFENDERS

SBCURE FACILITY -3.0 6.1 24 NOv 87 - 9.1
IQALUIT DISOOVERY LOOGE

EXPANSION -6.4 6.0 19 L 87 - 9.1
PANGNIRTUNG PRIMARY -ELEMENTARY

SCHOOL 6.4 6.0 2 DBC 86 -10.3
PANGNTRTUNG RECREATION OOMPLEX -6.8 6.0 4 DEC 86 -10.3
FOND INLET PRIMARY SCHOOL -9.2 6.0 26 AUG 86 -14.3
POND INLET SUBDIVISION -13.8 6.0 13 JUN 86 -14.3
POND INLET WATER SUPPLY -6.0 6.0 15 JUN 87 -14.3
RANKIN INLET KEBWATIN REGIONAL

EDUCATION CENTRE -9.2 5.7 31 Juu 87 -10.8
RANKIN INLET KEBWATER REGIONAL

EDUCATION CENTRE 7.4 5.8 1 AUG 86 ~10.8
RANKIN INLET FISH PROCESSING

PLANT -5.7 6.1 9 MAY 87 -10.8
TUKTOYAKTUK STORAGE FACILITY -4.6 6.0 11 FEB 87 -10.7

NOTE:

Measured ground temperatures in selected communi-

1) The mean anmual air temperature (MAAT) was
calculated by subtracting the Thawing Index
from the Freezing Index and dividing by 365.

ties in the Northwest Territories

(Hoeve, 1988).
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TABLE 5.33
UNIFIED SOIL CLASSIFICATION SYSTEM (ASTM D-2487) [After USAWES (1967)*)
Group
Major Divisions Symobols Typical Names Laboratory Classilication Criteria
—_——
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R e 5 3
- = c o
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o 2 - Tebphe . C
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" = 2 of clayey siits with 3hght plasticity
z s Plasticity Chart
2 S 3 inorganic clays of low to medium 60
§ ’é’ = cL olasticity, gravelly clays, sandv clays,
gt silty clavy, tean clays
o == A
2 L ° oL Organic sits and organic silty clays of 50 /
e 4 low plasticity CH
«< = /
= o 4
] - - 4
BE 2 2
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For ensmple:

The Unified Soil Classification system,
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iCE NOT VISIBLE

(— SUBGROUP
SYMBOL | symgoLs DESCRIPTION
Nf Poorly bonded or friable )ﬂv/
=]
N Nbn No excess ice, well bonded E:'-'-
5]
]
Nbe Excess ice, well bonded g\
VISIBLE ICE LESS THAN S0% BY VOLUME
—
Vx individual ice crystals or nclusions 75 =1
Ve lce coatings on particles 0 -
_—
v

Random or irreqularly oriented ,LQ(

¥r ice formations N
Stratified or distinctly oriented ‘.
Vs ice formations ==

VISIBLE iICE GREATER THAN S0% BY VOLUME
“,:E * ice with soil inclusions
soil type
ICE

cE ice without soil inclusions f})in
( greater than 25mm (1 in.) thick) ity

LEGEND - [ son [ icE

The NRC system for describing permafrost
(Pihlainen and Johnston, 1963).
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VOID RATIO e

POROSITY n

DEGREE OF SATURATION S

WATER CONTENT w

W.. Se

volume of voids
volume of soil solids
volume of water

weight of water
weight of dry soil
degree of saturation
void ratio

specific gravity of
soil solids

]

Qn nEE

Definitions of void ratio, porosity, degree of
saturation and water content of soils.
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BULK DENSITY Se

(Ga * Se)..

W
Ec.__———:
\Y 1 + e

DRY DENSITY Sa

EFFECTIVE (SUBMERGED OR BUOYANT)

5. = e — Bw

weight of soil and water

volume of soil and water
specific gravity of soil solids
degree of saturation

void ratio

water content

H (b(n.6')<2

Definitions of Density (by weight) for soils.
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Soil Void Ratio Porosity Water Content
e n w (%)

Peat >5 >85 >500

Mud 3-6 75-85 150-300

Clay, soft 1-3 50-75 40-100
Stiff 0.3-0.8 25-45 10-40

Silt 0.3-1.4 25-60 10-50

Sand, poorly graded 0.5-0.9 35-45 10-35
Well graded 0.15-0.4 15-30

Till 0.1-0.3 10-25 5-10

Characteristic void ratios, porosities and water

contents for various soils

1978).

(after Anderson et al,

FIGURE 2.12



Soil Type Total Dry Submerged

Density Density Density

kN/m> kN/m3 kN/m3
Sands and Gravels 18-24 15-23 19-13
Silts and Clays 14-21 6-18 4-11
Glacial Tills 21-24 17-23 11-14
Crushed Rock 18-22 15-20 9-12
Peats 10-11 1-3 0-1
Organic Silts and Clays 12-18 5-15 3-8

Typical values for different densities of some
common soils (after Holtz and Kovacs, 1981).

C
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pore fluid salinities (Patterson and Smith, 1983).

FIGURE 2.16



#a0C 05231002 cmdien 3

04s
7

040

0354

o, tem3.cm 3
o
8
Jl L

025+

0.20

015

Oy VY gem 4

Diatometer o
TOR e

35 g NaClI/L

20 g NaCi/L
10 g NaCe L

8 0gNaCHL

-4

Y L
3 4 -5

TEMPERATURE (C)

Unfrozen water content data for a silty clay at

various salinities (Patterson and Smith,

=

[0

THURBEA

1985).

F IGURE

217



COMMUNITY NUMBER RANGE IN AVERAGE SOIL

OF SALINITY SALINITY TYPE

TESTS (ppt) (ppt)
ARCTIC BAY 26 1.0 - 32.0 12.5 SHALE-LIMESTONE
ARCTIC RED RIVER 20 1.2 - 41.3 1123 CI-SHALE
BAKER LAKE 3 0.1 - 16.3 7.9 SP-sM
CAPE DORSET 13 0.5 - 25.2 8.6 GP-ML
CLYDE RIVER 101 0.5 - 45.1 13.0 SM
CORAL HARBOUR 3 1:3 - 2.9 1.9 fs
ESKIMO POINT 11 1.4 - 38.3 8.5 SM
FORT GOOD HOPE 2 0.7 - 2.4 1.6 SM~CI
FORT MCPHERSON 9 0.4 - 22.7 8.5 SM-CI-SHALE
FORT SIMPSON 6 0.5 - 0.9 0.7 M
GJOA HAVEN 1 0.2 - 0.2 0.2 sM
HOLMAN 4 3.0 - 5.7 4.3 M
IQALUIT 71 0.1 - 14.8 2.0 SM~GP~-GRANITE
PANGNIRTUNG 24 0.1 - 31.3 14.8 SM-ML
PELLY BAY 4 12,0 - 33.7 22.5 4
POND INLET 30 0.2 - 23.4 6.4 SM
RANKIN INLET 32 3.0 - 28.9 14.9 ML~SM-M
REPULSE BAY 8 0.5 - 10.4 2.4 SP-GRANITE
TUKTOYAKTUK 1 0.0 - 2.7 0.3 ICE-SM
WHALE COVE 6 0.3 - 0.9 0.5 SM-SW

Pore fluid salinity data for selected communities
in the Northwest Territories (Hoeve, 1988)

-
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SECTION 3

DEFORMATION BEHAVIOUR OF FROZEN SOILS

3.1 General

The deformation response of ice and frozen soils to
applied loads is time dependent. This time dependent
behaviour 1is often established in uniaxial or triaxial
tests on frozen cylinders, as illustrated in Figure 3.1.
If the sample 1is subjected to a constant deviator
stress (0,-05) it will deform with time. As indicated in
Figure 3.1, the time~dependent deformation curve can be con-
sidered to consist of four components.

The 1initial response to load application is some
elastic, instantaneous deformation, €4, as indicated on the
figure.

Strain continues after the initial elastic deformation,
as shown, except at a decreasing rate. This phase is
termed primary creep, €Eg.

The rate of strain will continue to decrease until an
inflection point is reached at point B, after which the
rate of strain will begin to increase. The minimum strain
rate will occur at B. For soils under low stress levels
({relative to their long term strength) the change in strain
rate between points A and C will be small and this portion
of the deformation curve can be approximated by a straight
line. This straight line portion of the curve is referred
to as secondary (or steady state) creep, €a. For ice or
frozen soil which is subjected to a high deviator stress,
the secondary creep portion of the curve may be short or
non-existent.

At some point in time, the rate of strain will begin to
increase dramatically (Point C on the curve) and the sample
will enter the tertiary creep phase.

If deformations after the onset of tertiary creep are
ignored, the total strain at any time will be:

Et._ &= eg_ + GP + E- (3c.1.)

where

3-1
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€. denotes the total strain,

€; denotes the strain due to elastic,
(instantaneous) deformations,

€, denotes the strain due to primary creep,
and

€. denotes the strain due to secondary
creep.

3.2 Elastic Deformations

In situations where the applied stress is very low,
relative to the strength of the frozen soil or where the
duration of the applied load 1is short (say 1less than
1 day), creep may not be significant. Deformations may be
dominated by the elastic response of the frozen soil, as
indicated by Curve 1 on Figure 3.2. The elastic response
of ice and frozen soil to applied stress is discussed in
Section 4 of the report.

3.3 Primary Creep

If the applied deviator stress is significant, but less
than the thawed strength of the frozen soil, then deforma-
tions may be dominated by primary creep. Deformations in
ice poor soils (which have no excess ice but have some
thawed strength) will, in most cases be governed by primary

creep. That is, the rate of creep will tend to decrease
with time, at least during reasonable durations of load ap-
plication. This behaviour is represented by Curve 2 on

Figure 3.2, and is discussed in more detail in Section 5.

3.4 Secondary Creep

If the applied stress is greater than the long term
strength of the frozen soil but less than the short term
strength, then total deformations may be dominated by sec-
ondary creep. This situation occurs in ice and ice rich
soils for which the long term (thawed strength) is zero.
Curve 3 on Figure 3.2 illustrates a deformation curve where
secondary creep is dominant. Secondary creep is discussed
in Section 6.

3.5 Strength

Curve 4 on Figure 3.2 illustrates typical deformation
behaviour of ice or frozen soil in which the long term

3.2
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strength is exceeded and tertiary creep occurs, The fac-
tors which control the strength of ice and frozen soils are
discussed in Section 7 of the report.

3.6 Interpretation of Deformation Response

While it is convenient to discuss the deformation be-
haviour of ice and frozen soil within the context of elas-
tic deformations, primary creep and secondary creep, it
should be understood that the deformation behaviour of
these materials actually involves a gradual transition from

one stage to the next. In addition, there is no fixed
definition for "short term", "long term"™ or "very long
term", nor for "very dense", "ice poor" and "ice rich"

soils. These vaguely defined terms can lead to misunder-
standing and disagreement between researchers as to the
most appropriate method of interpreting test data or pre-
dicting the response of ice and frozen soils. It is import-
ant, therefore, that the designer understand the time de-
pendent behaviour of ice and frozen soil and apply a con-
sistent deformation model and data set to his particular
problen.

Creep testing of frozen soils is difficult and time con-
suming. Long periods of time may elapse before primary
creep ends and secondary creep begins. This was recognized
by Roggensack (1977) and supported by Sego and Morgenstern
(1983) who found that when low stresses were applied to
pure ice, primary creep continued over a period of more
than 1.5 years. Both temperature and stresses must be care-
fully controlled throughout primary and secondary creep in
order to obtain meaningful results.

Deformations due to processes not strictly associated
with creep can complicate the interpretation of laboratory
test data. Deformations may be due to consclidation (par-
ticularly in soils with significant unfrozen water content)
or due to shear strains along discontinuities within the
material.

The deformation theories outlined in the following sec-
tions assume that the ice or frozen soil is homogeneous and
isotopic. They also assume that excess ice is uniformly
distributed throughout the frozen soil. Most natural perma-
frost does not, of course meet these assumptions. Soil com-
position, temperature, ice content and density can all vary
significantly over short distances. Excess ice is usually
presented in the form of segregated ice lenses which are
randomly oriented. All of these factors must be accounted
for by the designer in assessing the deformation response
of the soils.

3.3
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LIST OF FIGURES

<L Idealized time dependent deformation behaviour of
ice and frozen soils.

3.2 Effect of stress level on the time dependent
deformation behaviour of ice and frozen soils.
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SECTION ¢4

ELASTIC DEFORMATIONS

4.1 General

As mentioned in Section 3, elastic deformations will
often dominate total deformations in situations where the
applied stress is low, relative to the strength of the ice
or frozen soil, or where the duration of the applied load
is not more than several days.

For some design applications, therefore, it is reason-
able to assume that the frozen soil behaves as a nonlinear
elastic material, and hence its deformation behaviour can
be interpreted within the framework of conventional non-
linear elastic theory.

The elastic properties of frozen soils are usually es-
tablished in the laboratory through uniaxial or triaxial
tests on frozen cylinders. A sketch of a typical triaxial
test configuration is shown in Figure 4.1. The sample is
loaded, at a constant rate of displacement, and the load
response is measured. The rate of displacement is selected
such that the sample fails in a period of several minutes
or hours. The deviator stress is plotted as a function of
strain as shown on the figure.

Young's Modulus is defined as the slope of the stress-
strain curve as follows:

01 - 03 (4.1)
E = —
Eu
where
E denotes Young's Modulus
03-0a denotes the deviator stress, and
€. denotes the strain in the direction of

the applied stress.

It should be noted that for wunfrozen soils, the
stresses would normally be expressed as effective stresses
(total stress minus the pore pressure). In frozen soils
and ice the stresses would normally be expressed in terms
of total stresses since there is no pore fluid. However,
where significant unfrozen water 1is present within the

4.1



THURBER

frozen soil (such as for soils with saline pore water or
nonsaline soils at temperatures between about 0 and -2<C)
it might be appropriate to consider the effect of pore
water pressures and interpret the test results in terms of
effective stress.

The volume change response of a material to the applied
stresses can be determined from a uniaxial or triaxial com-
pression test, through Poisson's Ratic, which is defined as
follows:

(4.2)

€
u_—_——
B
where
4 denotes Poisson's Ratio, and
€., denotes radial strain.

For materials which are perfectly incompressible (no
volume change when deviator stress is applied) Poisson's
Ratio will have a value of 0.5. For materials which are
perfectly compressible, Poisson's Ratio will be 0. Most
golids have values which lie within this range.

Uniaxial or triaxial compression induces both shear and
volumetric strains in an elastic material. The shear
strain is due to the shear stress while the volumetric
strain is due to the mean normal stress. For some types of
analyses it is more convenient to express the elastic prop-
erties of the material in terms of the shear modulus, G
(which 1is the ratio of the shear stress to the shear
strain) and the bulk modulus, B (which is the ratio of the
mean normal stress to the volumetric strain). The theoret-
ical relationship between G, B, E and y for elastic mate-
rials is given by the following equations:

E (4.3)
- —
2(1+w)
E (4.4)
B = ————
3(1-2u)

For most soils, the elastic properties are determined
by carrying out compression tests. However, for materials

4.2
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which exhibit significant tensile strength (such as frozen
soils or ice) the elastic properties can also be determined
from uniaxial tension tests.

The range in Young's Modulus and Poisson's Ratio for
selected materials are indicated on Figure 4.2. Young's
Modulus for frozen soil is seen to be in the same order of
magnitude as sandstone or shale.

The elastic properties of frozen soils are known to be
a function of the following variables:

v Strain magnitude,

i Strain rate,

é Confining stress,

‘ Temperature,

‘ Soil type,

= Ice content, and

. Unfrozen water content.

The effect which these variables have on Young's
Modulus are discussed in the following sections. Only
limited data with respect to Poisson's Ratio was found in
the literature. Data reported by Tsytovich (1975) is pre-
sented in Figure 4.3. The effect which the variables
listed above have on Poisson's Ratio are discussed only
where data is available with respect to the effect of the
variable on Poisson's Ratio.

4.2 Strain Magnitude

As shown in Figure 4.4, the stress-strain curve for
most materials 1is nonlinear. That is, the modulus of
elasticity (the slope of the stress-strain curve) tends to
decrease as the magnitude of the strain increases and the
peak deviator stress is approached.

As indicated on Figure 4.4, Young's Modulus can be de-
fined in a number of ways. The initial tangent modulus,
E; is the slope of the 1initial portion of the stress
strain curve. The secant modulus, E. is the slope to any
ingide point on the curve, and the tangent modulus, E. 1is
the slope of the stress strain curve at any level of stress
(or strain).

Two other types of modulus are occasionally encountered
in the literature. The 50% strength modulus, E;, is de-
fined as the tangent modulus at 50% of the maximum deviator
stress. This modulus is useful because it can be estab-
lished more reliably from stress-strain data than the
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initial tangent modulus and it can be empirically corre-
lated to the initial tangent modulus (Yuanlin and Carbee,
1983). The unloading modulus, E,,, can be calculated from
the slope of an unloading curve. It tends to be higher
than the initial tangent modulus and eliminates inaccura-
cies due to seating.

The elastic moduli as measured on laboratory specimens
is often lower than that observed in the field, as a result
of sample disturbance. A common method of overcoming this
problem and obtaining representative field values for
Young's Modulus for use in design is to apply a cyclic load
to the sample until a constant value of the modulus is ob-
tained over the stress range expected to be encountered in
the field. As 1illustrated on Figure 4.5, the modulus
values obtained from cyclic load tests will be higher than
values obtained from the primary stress-strain curve.

Very high values of Young's Modulus will be obtained
from acoustic response tests of ice and frozen soil, be-
cause the strains applied in acoustic tests are very much
smaller than those encountered in conventional uniaxial or
triaxial compression testing.

All of the various elastic moduli provide an indication
of the stiffness of the material, the higher the modulus,
the stiffer the material. The different types of moduli
are often referred to collectively as the stiffness or
deformation moduli.

As indicated in the foregoing discussion, it is impor-
tant that the modulus values selected for design be consis-
tent with the sequence of loading and the range in stress
changes which are expected to occur in the field.

4.3 Strain Rate

It has been found that for ice and frozen soils, if the
rate of strain applied to the sample is increased, Young's
Modulug will also increase. This effect is illustrated on
Figure 4.6.

- The effect of strain rate on the initial tangent
modulus is summarized in Figure 4.7. The figure summarizes
values for the initial tangent modulus over a range of
strain rates, temperatures and soil types, as reported by a
number of researchers as noted. The data indicates that
the initial tangent modulus generally increases with in-
creasing strain rate, however, the influence of strain rate
is not sgignificant in comparison with other variables such
as sgoil type and temperature.
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Tests on frozen Fairbanks Silt by Yuanlin and Carbee
(1983) provide some additional information regarding the
effect of strain rate on elastic response. They report
that while the 1initial tangent modulus is practically in-
sensitive to strain rate, the 50% strength modulus was
found to generally increase with increasing strain rate.
Their test data are summarized on Figure 4.8, and while the
trends discussed by these researchers are apparent, there
is considerable scatter to the data.

4.4 Confining Stress

The influence of confining stress on the initial
Young's Modulus can be evaluated from data on tests carried
out by a number of researchers.

Sayles (1973) reported the results of a number of
triaxial tests on samples of frozen Ottawa Sand at various
confining stresses and at a constant temperature of
-3.85-=cC, The results of tests carried out at a strain
rate of 0.5/min are shown in the upper half of Figure 4.9.
A second series of tests carried out at a much slower
strain rate of 0.03/min are shown in the lower half of
Figure 4.9. The initial tangent moduli have been calcu-
lated from the tests carried out at a strain rate of
0.5/min and are as follows:

Confining

Pressure Es
(kPa) (GN/m?=2)
689 5.5
1380 5.3
2760 1
5510 13
8270 18

These results indicate that the initial tangent modulus
generally increases as confining stress is increased. A
similar trend is apparent in the second series of tests re-
ported by Sayles, at the slower strain rate (0.03/min), as
shown on Figure 4.9, It was not possible to calculate
Young's Modulus accurately from most of these latter
curves, however, because the strain scale is too small.

The confining stresses used in the tests carried out by

Sayles are significantly higher (689 to 8270 kPa) than
those normally encountered in geotechnical engineering
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practice (0 to 500 kPa). It is of interest, therefore to
examine the effect of confining stress on Young's Modulus
at lower levels of confining stress.

Tsytovich (1975) has reported the initial tangent
modulus values from tests on sand (w = 16 to 20%) at two
different confining pressures, 100 and 300 kPa, as follows:

Temperature E;, at Confining Stress Change
e 100 kPa 300 kPa %
=-0.5 1.3 GN/m?2 0.8 GN/m=2 -40
—201 700 GN/mz 4.4 qu/“l2 -37
-10.0 19.6 GN/m#® 18.6 GN/m?Z =5

The modulus values from Tsytovich are of the same order
as those from Sayles but Tsytovich's data indicates that
Young's Modulus for sand apparently decreases with in-
creasing confining pressure. This trend does not appear
reasonable and it is speculated that the apparent differ-
ences measured in these tests reflect small variations in
sample density, which may override the effects of confining
stress.

Parmeswaran and Jones (198l) reported the results of a
series of triaxial compression tests on frozen Ottawa Sand
at a temperature of about -10<C. The initial tangent
modulus has been plotted as a function of confining stress
as shown on Figure 4.10. It is clear from this data that
for sand at this temperature, the initial tangent modulus
is unaffected by confining stress.

The limited data reviewed here indicates that within
the range of stresses normally encountered in civil engi-
neering projects, and provided the soil does not contain a
significant unfrozen water content, confining stress will
not have a significant effect on Young's modulus.

4.5 Temperature

The effect of temperature on Young's Modulus for a

variety of soil types is summarized on Figure 4.11. As
indicated on the figure, Young's Modulus is influenced by
both the soil type and strain rate. Values for Young's

Modulus are highest for the confined cyclic tests, and
generally decrease with decreasing strain rate as discussed
earlier.

For all soil types, however, there is a clear trend of
increasing Young's Modulus as temperature decreases.
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4.6 Soil Type

The results presented in Figure 4.7 and 4.11 indicate
that the deformation modulus will be a function of soil
type. For the same temperature or strain rate, Young's
Modulus will be higher for coarse grained soils such as
sands, as compared to fine grained soils such as clays.

The difference in the stress-strain response of sands
and «clays is dramatically illustrated in Figure 4.12
(Andersland et al, 1978). It will be noted, however, that
in these tests, the initial tangent modulus, E;, could be
interpreted to be almost the same for both the sand and the
clay.

Tsytovich (1975) summarizes the moduli for various
soils as measured in confined cyclic tests as follows:

Soil Ei T 03 w
(GN/m?) (=C) (kPa) (%)
Sand 3.7 -1.5 200 19
Silt 2.8 -1.5 200 30
Clay 0.7 -1.5 200 55
Ice 2.4 -1.5 200 100

The modulus for frozen clay is less than that of ice
whereas the moduli for frozen sand and silt are greater
than that for ice. The reduced stiffness of clays is
primarily due to the high unfrozen water content in this
soil type as compared to silts and sands. In addition, how-
ever, the soil skeleton in clays is generally less stiff
than for s=ilts and sands.

4.7 Ice Content

Alkire and Andersland (1973) carried out a series of
tests on Ottawa Sand at different void ratios and at a tem-
perature of -12.0<C. The stress-strain curves from these
tests are shown in the lower half of Figure 4.13. The ini-
tial tangent moduli are seen to decrease as void ratio (ice
content) increases. It would be of interest to compare the
stress-strain curve of pure ice at the same temperature and
strain rate as was used for these tests on sand, however
such data is not reported.

Alkire, (1972) investigated the effect which the degree

of ice saturation has on the stress-~strain behaviour of fro-
zen sand. These test results are presented in the upper
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half of Figure 4.13. In the two unconfined tests, the
stress-strain curve 1is seen to be sensitive to the degree
of ice saturation. In the two confined tests, the differ-
ence between the stress-strain curves is much less signifi-
cant.

Yuanlin and Carbee (1983), carried out a series of un-
confined compression tests on samples of Fairbanks Silt pre-
pared at different dry densities. The 50% strength modulus
is plotted as a function of strain rate and dry density on

Figure 4.14. The results are of interest because the 50
percent strength modulus decreases as dry density in-
creases, a result which does not seem reasonable. The

authors do not discuss this unexpected trend in their
paper. It is speculated that as the dry density increases,
the proportion of unfrozen pore water in the frozen soil
increasee, resulting in decreased stiffness of the mate-
rial. This hypothesis cannot be confirmed because the un-
frozen water content - dry density relationship was not
reported.

4.8 Unfrozen Water Content

It can be expected that as unfrozen water content in-
creases, Young's Modulus will decrease in frozen soils.
The unfrozen water content will increase as pore fluid
salinity increases or as clay content increases.

As indicated on Figures 4.7, 4.11, and 4.12, the stiff-
ness moduli of clay soils are generally much lower than the
corresponding moduli for silts and sands. As mentioned
earlier, the reduced stiffness of clay soils is primarily
due to the presence of unfrozen water within the frozen
soil. No gquantitative data correlating unfrozen water con-
tent to the deformation modulus was found in the litera-
ture.

Baker and Kurfurst (1985) carried out a series of tests
to establish the relationship between pore fluid salinity
and the elastic behaviour of reconstituted samples of fro-
zen sand. Young's Modulus and Poisson's Ratio were calcu-
lated from acoustic velocities measured on samples over a
range of temperatures and pore fluid salinities. These re-
sults are presented in the lower half of Figure 4.15.

Young's Modulus is seen to decrease dramatically as
pore fluid salinities increase from 0 to 5.0 parts per
thousand (ppt). The decrease continues as salinity in-
creases to 40 ppt, however the change in Young's Modulus
with increasing salinity is not as significant. It should
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be noted that the relatively high values of Young's Modulus
measured in these tests are due to the very low strain
magnitudes achieved in acoustic tests.

The insensitivity of Poisson's Ratio to changes in pore
fluid salinity is also indicated by the data shown on the
upper half of Figure 4.15.

Sego et al (1982) reported the results of a series of
unconfined compression tests (at various applied displace-
ment rates) on reconstituted samples of sand in which pore
fluid salinities were varied from 0 to 100 ppt. The secant
Young's Modulus at failure was calculated from the data.
The variation in secant Young's Modulus at failure with
pore fluid salinity is shown on Figure 4.16. Pore fluid
salinity (and by inference unfrozen water content) is seen
to have a very significant effect on the secant Young's
Modulus.

4.9 Summary

The significant factors which affect the short term
deformation behaviour of frozen soils have been identified
by researchers and a reasonable body of data is available
in the literature concerning the elastic properties of ice
and frozen soil.

The available information indicates that the elastic
moduli of ice and frozen soils is affected significantly by
strain magnitude, temperature, soil type and unfrozen water
content. Strain rate, confining stress and ice content do
not have a major influence on the elastic response of the
materials.

The data currently available with respect to the elas-
tic behaviour of ice and frozen soil is probably adequate
for most design problems for a number of reasons. First of
all, most frozen soils are considerably stiffer than unfro-
zen soils and hence the elastic response of frozen soils is
of less concern for the range of loads commonly encountered
in geotechnical engineering practice.

Secondly, for many geotechnical design problems, loads
are imposed for periods of more than several days. It is
therefore essential to incorporate the time dependent defor-
mation behaviour of ice and frozen soils into the deforma-
tion analysis. Consequently, past research has, gquite cor-
rectly, been concentrated on investigations into the time
dependent deformations of ice and frozen soil, which are
typically much greater than the short term (elastic) defor-
mations.
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Material Young's Modulus, E Coisson's Ratio, sSource
(GN/m#) Y

Steel 210 0.28 - 0.29 ‘Table 3.33, Hunt (1984)
Comcrete 20-30 0.15 - 0.23 Table 3.33, Hunt (1984)
Granite 27-48 0.25 - 0.33 Table 3.26, Hunt (1984)
Sandstone 7-20 0.25 - 0.33 Table 3.26, Hunt (1984)
Dense sand 0.05-0.08 0.3 - 0.4 Table 3.33, Hunt (1984)
Loose sand 0.01-0.03 0.2 - 0.35 Table 3.33, Hunt (1984)
Shale 3-14 0.25 - 0.30 Table 3.26, Hunt (1984)
Hard Clay 0.008-0.02 0.4 - 0.5 Table 3.33, Hunt (1984)
Soft Clay 0.002-0.004 0.4 - 0.5 Table 3.33, Hunt (1984)
Frozen Peat# 0.08-0.4 - Figure 5, MacFarlane (1968)
Frozen Sand* 3 0.1 - 0.4 Figure Y6, Tsytovich (1975)
Frozen Silt?* 2 0.1 - 0.4 Figure 96, Tsytovich (1975)
frozen Clay? 1 0.3 - 0.5 figure 96, Tsytovich (1975)
Ice* 2.4 - Page 187, Tsytovich (1975)
Notes: 1) Temperatwe = -1.5°C, o3 = 200 kPa

Temperature

L}

-10°C, w = 700% - 1200%, o,

0

Range in Young's Modulus and Poisson's Ratio for
selected materials.

FIGURE 4.2



Designation Poisson's

of soil w,% 6,<C 0a,kPa| coefficient,u

i Frozen sand 19.0 -0.2 200 | 0.41
| 19.0 -0.8 600 0.13
Frozen silty loam 28.0 -0.3 150 0.35
28.0 -0.8 200 0.18

25.3 -1.5 200 0.14

28.7 -4.0 600 0.13

Frozen clay 50.1 -0.5 200 0.45
53.4 -1.7 400 0.35

54.8 -5.0 1200 0.26

Poisson's Ratio for various frozen soils (after
Tgytovich, 1975).

o
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The effect of strain magnitude on Young's Modulus.
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The effect of cyclic loading on Young's Modulus.
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The effect of strain rate on Young's Modulus.
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The effect of strain rate on the initial tangent
modulus and the 50% strength modulus of Fairbanks
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The effect of soil type on stress-strain behaviour
(after Andersland et al, 1978).
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Stress-strain curves for two levels of ice saturation. (Data from Alkire. 1972.)
201 nitial void ratio = 0.572
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E
2
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4 8.2
s
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True axial strain, mm/mm

Influence of void ratio on the stress-strain behavior for Ottawa sand; ice saturation
=97 percent, gy = 483 MN/m?, T = — 120°C. (After Alkire and Andersiand, 1973, reproduced from
the Journal of Glaciology by permission of the Imermational Glaciological Society.)

The effect of ice content and ice saturation on
the stress-strain behaviour of Ottawa sand
| . (Andersland et al, 1978).
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SALINE WATER SAMPLES
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The effect of pore water salinity on Young's
Modulus and Poisson's Ratio (Baker and Kurfurst,
1985).
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SECTION 5

PRIMARY CREEP

5.1 General

If the applied deviator stress is significant, but less
than the thawed strength of the ice or frozen soil, or if
the duration of loading is such that secondary creep is not
reached, then deformations will often be dominated by pri-
mary creep. Many researchers believe that deformations in
ice poor soils (which have no excess ice but have a rela-
tively low thawed strength) will, in most cases be governed
by primary creep.

Primary creep behaviour of ice and frozen soil is norm-
ally established in constant stress tests as shown on
Figure 5.1. As indicated on the figure, primary creep is
characterized by a decrease in the rate of strain with
time.

Ladanyi (1972, 1983) has proposed the following equa-
tion for the calculation of deformations in soils where pri-
mary creep is dominant:

o n

t {5.1)
b oou.
where

€ denotes the strain due to primary
creep,

0oue denotes a nominal unconfined proof
stress at a particular temperature 8,

Es denotes the strain rate at the proof

stress,
o denotes the applied stress,
t denotes time, and

b and n denote creep parameters.

5.1
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For convenience, Equation 5.1 can be simplified to:

€, = Ct® (5.2)

where C = | —= = (5.3)

Two methods for deriving the primary creep parame-
ters €, , dcue , n and b from test data are described by
Andersland et al (1978). The procedure will not be
described here.

Weaver and Morgenstern (1981) first summarized the pri-
mary creep constants. Ladanyi (1988) revised the creep con-
tents to conform with Equation 5.1. Ladanyi's summary is
presented in Figure 5.2. A summary of pertinent properties
for the soils on which the primary creep properties were
established is presented in Figure 5.3.

The following variables can be expected to affect the
primary creep behaviour of ice and frozen soil.

1) Confining stress,

2) Temperature,

3) Soil type,

4) Ice content, and

5) Unfrozen water content.

Unfortunately, only a limited amount of primary creep
data was found in the literature, and as a result it was
generally only possible to provide a qualitative assessment
of the effects of the foregoing variables on primary creep.

5.2 Confining Stress

The effect which confining stress will have on creep
will depend on the unfrozen water content of the frozen
soil.

5.2.1 No Unfrozen Water

The effect which confining stress has on primary
creep of soils which contain no unfrozen water content
is illustrated in Figure 5.4. Where unfrozen water
contents are low, Ladanyi (1972, 1983) has suggested
the following modification to Equation 5.1:

5.2
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B n

€ 03-045 i
€.y = = t
= B 0o (5.4)
where
0o = Ooue *+ 03 (f£. -1) (5.5)

and Oguwe denotes the proof stress (at éc)
from unconfined tests at a particular
temperature, 6,

03 denotes the confining stress, and
1 + sin @,

fo = (5.6)
1l - sin 9@,

where

' is the apparent total angle of internal
friction of the material. It will be a
function of strain rate, as indicated on
Figure 5.4.

In addition to being a function of temperature and
the basic properties of the frozen soil, @6, will
also be a function of strain rate. It must be deter-
mined at the same value as €5 (the arbitrary proof
strain rate) used in Equation 5.4. In general, 8. can
be expected to decrease as strain rate is decreased.
In ice and ice rich soils, the limit for ¢, at very low
strain rates will be zero, in which case, the creep, as
found from Equation 5.4, will not be affected by con-
fining stress. At higher strain rates, however, 9. will
have some finite value, in which case total strain will
be reduced as confining stress is increased.

In ice poor =soils, @, will also decrease as
strain rate is decreased, except a limiting finite
value will be reached, which is speculated to be close
to the thawed effective angle of friction of the soil.
Thus, for ice poor soils, even under low applied devia-
tor stresses, confining stress is expected to reduce
the rate of primary creep.

5.3
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5.2.2 High Unfrozen Water Content

In soils which have a significant unfrozen water
content (due to high pore water salinity or high clay
content) increases in confining stress may cause con-
solidation and a consequent decrease in the rate of
creep. As indicated in Figure 5.5, for such soilg, it
is reasonable to assume that the angle of internal fric-
tion ® will be independent of strain rate. There
fore, the primary creep equation may be written in the
following form:

b \

S °1_‘_.f°=.\ ™ (5.7)

b oo\aO
where
l + sin @

f = (5.8)
l - sin ¢

and

] denotes the angle of internal friction of
the soil which will be approximately equal to
the thawed angle of friction of the soil.

Equation 5.8 predicts that primary creep will be
reduced significantly in soils which have a major
proportion of unfrozen water, a result which appears
reasonable.

5.2.3 Data Review

While the theoretical relationship suggested by
Ladanyi to account for the effects of confining stress
on primary creep appear reasonable, they have never
been confirmed by systematic laboratory tests.

Weaver and Morgenstern (198l) used an equation
similar in form to Equation 5.8, to calculate a value
for f which would fit the primary creep deformation
curves for Ottawa Sand, as reported by Sayles (1973).
The confining pressures in the triaxial tests carried
out by Sayles ranged from 345 kPa to 2760 kPa.

Weaver and Morgenstern found that a reasonable fit

of the data could be obtained for values of f between
1.0 and 1.3. These results indicate that primary creep

5.4
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rates will decrease as confining stress is increased,
however, the effect does not appear to be significant
within the range of stresses normally encountered in
geotechnical engineering practice.

It may be desirable to carry out further research
into the effect which confining stress has on primary
creep deformations, particularly in ice poor soils with
significant unfrozen water contents. The length of
time for which confining stress is applied prior to
applying the deviator stress must be accounted for in
such tests.

5.3 Temperature

The information available with respect to the effect of
temperature on the primary creep parameters is limited. In
general, it is known that as the temperature decreases, the
rate of primary creep also decreases for a given stress.

Ladanyi (1972) has suggested that the effect of tempera-
ture on primary and secondary creep can be accounted for,
with a reasonable degree of accuracy through the following
relationship:

Ooue = Ocuo ‘1 % e/ea)k (5-8)
where

[ denotes the proof stress as deter-
mined in an unconfined creep test at any
reasonable temperature and extrapolated
back to 0<cC,

e denotes the absolute value of tempera-
ture below 0°C in degrees C.

0. is an arbitrary temperature assigned
an absolute value of 1°C, and

k denotegs a temperature exponent which is
determined from experimental data.

Ladanyi has calculated values for o0.. and k from
the available test data, and the results are presented in
Figure 5.2. These results indicate that k has a value of
slightly less than 1 for most soils, while the value for
pure ice 1is about 0.4. The value for 0,uo Vvaries sig-
nificantly and is apparently a function of soil type as

5.5



et

L0

THURBER

well as other unidentified factors. Additional creep test-
ing may be worthwhile to confirm the validity of Equa-
tion 5.4 for a wider variety of soil types.

5.4 Soil Type.

The effect which soil composition (clay, silt or sand)
has on the primary creep parameters is indicated 1in
Figure 5.2. There is considerable variation in the values
for b and n and it is therefore not possible to draw gen-
eral conclusions with respect to the effect which soil com-
position has on primary creep behaviour. In general, how-
ever, it can be expected that the rate of primary creep
will decrease as clay content decreases.

5.5 Ice Content

Primary creep parameters for 'ice poor' soils and ice
are shown on Figure 5.2. No studies have been carried out
to establish the primary creep behaviour of 'ice poor'
soils over a range of ice contents. It can be expected
that where the void ratio (ice content) is very low, the
time over which primary creep will dominate will be very
long, and total deformations will be small. On the other
hand, at high void ratios (ice contents) the primary creep
will be completed fairly quickly and the material will pro-
gress into secondary creep.

5.6 Unfrozen Water Content

Nixon and Lem (1984) carried out an important series of
constant load tests to establish the relationship between
the secondary creep parameters, temperature and salinity.
There is not sufficient data presented in their paper to
derive the primary creep parameters, however the required
data should be available on file. Consideration should be
given to having the data interpreted in order to establish
the primary creep parameters.

No other information concerning the effect which unfro-
zen water content has on the primary creep parameters was
found in the literature.

5.7 Comparison with Field Data

Weaver and Morgenstern (1981) derived an equation gov-
erning pile deformations in ice poor soils, for which pri-
mary creep can be expected to dominate. The solution in-
corporates a constitutive relationship for primary creep in
a form which is similar to that given in Eguation 5.1.
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They obtained reasonably good agreement between predicted
deformations and the limited number of field observations
available in the literature. These results appear to con-
firm the validity of Equation 5.1 and the creep parameters
presented in Figure 5.2. However, all of the available
field observations were for ground temperatures which
ranged between -0.15 to -0.9°C, a temperature range 1in
which it is very difficult to assign reliable values for
the creep parameters.

It would be desirable to confirm the validity of the
constitutive equation and data for primary creep over a
much broader temperature range. This is an aspect for
which further field observations would be of great value.

5.8 Summary

The data available concerning creep deformations of ice
poor soils (which at low stresses and temperatures is domi-
nated by primary creep) is limited.

Additional laboratory tests into the effect of con-
fining stress, ice content and unfrozen water content
should be considered. The primary creep behaviour of sand
(often used as backfill for piles) and saline soils (which
appear to be widespread in Northern Canada) are areas in
which the initial stages of research could be focused. 1In
particular, there is very little data concerning the creep
behaviour of ice poor soils at low temperatures (-5 to
-10=C) and stresses (50 to 300 kPa).

There is a need for documentation and interpretation of
field creep behaviour in ice poor soils in order to confirm
primary creep deformation behaviour as observed in the
laboratory, and as interpreted by present theory.
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