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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. 
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Development, under Task 6, Oil, Gas and Electricity; Program 6.1.2, Permafrost and Gas 
Hydrates Geoscientific Research and Development. This support is gratefully 
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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, 
Adf reeze 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 contini um). 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 some 
tolerable level for the proposed structure. In light of 
recent research, the primary reason for establishing the 
creep properties is 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 soil is 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. 

Adf reeze Strength 

Adf reeze 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 quantitative 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 adf reeze 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 adf reeze 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 adf reeze strength should be considered. 

Recent research has demonstrated that a number of 
methods for increasing the capacity of adf reeze 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 f rant, 
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 is 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 
soils 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 soil 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 value 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. 

Vl. 
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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 completed under DSS File Number: 
63SS.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 
accepted theories concerning 
haviour of ice and frozen soil. 

1.1 
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2) 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 e ngineers. 

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

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

5) 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) Non-linear Elasticity, 
2) Creep, 
3) Strength, 
4) Adfreeze Strength, 
5) Thaw Consolidation, 
6) Frost Heave, 
7) Dynamic Response, and 
8) 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) Stress State, 
2) Rate and Duration of Loading, 
3) Temperature, 
4) Soil Type, 
5) Ice Content, and 
6) Unfrozen Water Content. 

An additional very important aspect concerns the 
thermal response 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. 

1.2 
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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 presented 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. 

1.3 
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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 c ur
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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Literature was acquired from the following sources: 

1) Arctic Institute of North America, Calgary 
2) University of Calgary Library 
3) Corporate and personal libraries a t Thurber Con

sultants Ltd. 
4) Personal libraries of Ors. Ladanyi, Sego and 

Morgenstern. 

There is substantial literature, much of it in 
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 
with respect to the various 
behaviour of ice and frozen 
of the most widely accepted 
for inclusion in the report. 

review of current theories 
aspects of the mechanical 
soil. A brief description 

theories was then prepared 

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. 

1. 7 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 
leas 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 
is 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 justified 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 is 
acceptable for the majority of design problems. 
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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 is widespread. The composition of the 
permafrost in this area covers the entire range of earth 
materials encountered in geotechnical engineering practice 
and includes most iqneous, 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 soil are a function of stress path (the sequence in 
which the material is loaded or unloaded) as well as the 

2.1 



c=J 
OD 
THU ...... 

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 
ient to separate the 
two components: 

soil mechanics testing, it is conven
stresses which act on a material into 

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 problem. 

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
mined 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 is 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: 

T.., = (TI-FI)/365 (2.1) 

2.3 



c=:i 
DO 

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 -l2°C. Temperatures 
iri the near surface 1 or 2 m normally range from -20°C to 
+ l0°c. 

Ground temperatures 
within short distances in 
ground temperature at a 

at depth can vary significantly 
some instances. For example the 
depth of 6 m was found to he 
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-9.2°C at a school site in the community of Pond Inlet, 
N. W.T. in late August. Ground temperatures at a l o cation 
about 5 km from the community were found to range from - 2 
to -4°C at a depth of 6 m in early Sept.ember. These o b
servations indicate that in critical design situations, i t 
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 is 
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 is 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, 
porosity, degree of saturation and density are 
on Figures 2.10 and 2.11. Typical ranges in 
tents, void ratios, porosities, and densities 
soils are presented on Figure 2.12. 
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2. 7 Unfrozen Water Content 

Unfrozen 
temperature 
( 0°C). The 
significant 
soils. 

water is 
is lower 
presence 

effect on 

usually present even though the soil 
than the freezing point of water 

of unfrozen water can have a very 
the mechanical response of frozen 

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 technique 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 I gms of soil). 

e denotes the absolute temperature below 
freezing (°C), and 

m, n are characteristic soil parameters. 

Anderson, Tice and 
following values for the 
mental data. 

Soil 

Manchester fine sand 
Fairbanks silt 
Kaolinite 
Suffield silty clay 
Hawaiian clay 
Umiat bentonite 

Mc Kim (1973) have reported the 
n from experi-parameters m and 
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m 

0.0346 
0.0481 
0.2380 
0.1392 
0.3242 
0.6755 

n 

-0.048 
-0.326 
-0. 360 
-0.315 
-0.243 
-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 a s sands 
and gravels. 

Another important factor which affects the unfroz e n 
water content-temperature relationship, is the c oncentra
tion of soluble salts in the pore water (salinity), which 
tends to depress the freezing point of water, i ncreasing 
the unfrozen water content in the frozen soil. 

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

tech
water 
Their 

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 
problem. 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 Boeve ( 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 unf ro
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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Values of n-factors for Diffc:~nt Surfaces 
(After Lunardini 1978) 

Surface Type 

Spruce trees, brush, moss over 
peat-soil surface 

As above with trees clearcd-
soil surface 

Turf 

Snow 

Gravel 
(probable range for northern 
conditions) 

Asphalt pavement 
(probable range for northern 
conditions) 

Concrete pavement 
(probable range for northern 
conditions) 

Freczing-n1 

0.29 (under snow) 

0.25 (under snow) 

0.5 (under snow) 

1.0 

0.6 - 1.0 

(0.9 - 0.95) 

0 .29 - 1.0 or greater 

(0.9 - 0 .95) 

0.25 - 0 .95 

(0.7 - 0.9) 

Thawing-n, 

0 .37 

0.73 

1.0 

1.3 - 2 

1.4 - 2.3 

1.3 - 2.l 

Empirical factors to convert 
ground surface temperatures 
1981) . 

air temperatures to 
(Goodrich and Gold, 
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TTI1PfJV\1UU: I m) ,J,NN\JAL A I K 

("'('.) TEMPFJlA TURF: 
(~ ) 

ARCTIC PAY SCHXJL -9 .7 l> .O I CCl" 83 - 13.8 
ARCTIC BAY SCHXlL -9. 6 b .O 12 OCT 83 -13.0 
ARCTIC BAY SQO'.)L -9 .5 6.0 28 OCT 83 -13 . 8 
ARCTIC MY SOl'.DL -9.5 6.0 24 IUJ 83 -13.6 

,\RCTIC Rill RIVER GYtt-11\.S [ ll1 - 4 . l 6 .0 lb OCT 86 - 6.2 
ARCTIC Rill R!Vrn fIRIBALL -J .9 6 .0 t6 OCT 66 - 6.2 

ER:Jl.Gfitl'I I SI.AND FOolE1l OOUSE - 6. 7 5.5 5 JUN 88 -11 . l 

CAPE OCRSET REXJU:ATI 00 cx:MPU:X -3 .7 5.8 6 DEX: 86 - 9.1 
CAPE !XllSET SCHJOL -5.6 6.1 4 Au:; 87 - 9 .1 

CLYDE R!Vrn SCHXlL -6.7 6.0 3 OCT 62 -12 .2 
CLYDE RI"Vrn SCHJOL -6.8 6.0 17 OCT 62 -12.2 
CLYDE RIVm SCHJOL -9. 2 6.0 26 OCT 62 -12.2 

ESXIK> EQ[)lfl" SCKXlL - 5.3 5.6 29 OCT 65 - 9 .4 

=~ RECRFATia-l CXHP!LX -3.6 6.0 15 OCT 66 - 6.5 

EUlT SD1PS:N WJ(EMIO K0€ 

DtMPLEX -0.2 6.1 12 l1M 67 - J.3 

!l'.JUWj fwtlEI" OfTICES -9. 3 5. 6 15 IOI 65 - 12.2 

I()!WJIT ARCTIC <DU.a;E - 0.9 6.1 13 OCT 66 - 9.1 
IQM.UIT ARCTIC <Xll.UG: -1. 4 6.1 20 OCT 66 - 9.1 
I()!WJIT ARCTIC <Xll.UG: -2.5 6.1 26 OCT 66 - 9.1 
I()!WJIT -rax;~ 

sa:lEE f7\CILIT'i -3 .0 6.1 24 'IOJ 67 - 9.1 
I()lWJIT orscv.rmy r.a:GE 

EXP1'NSI<:fi -6.4 6.0 19 JUL 87 - 9.1 

~ PRilW!Y-ElDE'n"ARY 
SODJI., -6.4 6.0 2 c:l!C 86 -10.3 

~ ~TICl'i~ -6.8 6.0 4 18: 86 -10.3 

PCM> INLET PRIMiliRY 90:t'.XlL -9.2 6.0 26 AU; 86 -14.3 
PCM> INLET SUBDIVI SI CPI -13.6 6.0 13 ~ 86 - 14.3 
PCN> INLET 1"11\nll SUPPLY -6.0 6.0 15 ~ 87 -1 4 .3 

RANKIN INJ.Er ~TIN REX;!~ 

EDOC-'TICl'i cnnRE -9 .2 5.7 31 JUL 67 -10. 6 
RANKIN INLET KEIW\nll REX:;I~ 

EDOC-'TICl'i ClllmE -7 .4 5.8 l ALG 86 -10.8 
RAMON INLET F!SH PK.CESS IN:; 

PUWI" -5.7 6.1 9 KW 87 -10.6 

S'I\'.:RAGE f71CILITI -4.6 6.0 ll FEB 67 -10.7 

!'Ure : 
ll "nW! _,, annual Air ~rat.ure IMAAT> """" 

c.a lculat.ed by aibt.r act i..ng tll<!! n.iw 1 ng Index 
trao tll<!! Preezi..ng Index and divl.d1ng by 365. 

Measured ground temperatures in selected communi
ties in the Northwest Territories (Hoeve, 1988). 
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TABLE 5.33 
UNIFIED SOIL CLASSIFICATION SYSTEM (ASTM 0-2487) [After USA WES (1967r°"J 

Grovo 
SrmbOIJ 

-; ~ GW 
~ 0 
- c 
"' -~ o GP 
U M 

u 
...J 

u 

" ~ 
'O -c 0 

= c 
~ 0 
u ~ 

u~ 
...J 

SW 

SP 

ML 

CL 

OL 

MH 

CH 

OH 

Typiul N~mes 

Well-g r aOf'ld gravel1 . 9 r avel -sand mnt · 
ture1, little or no fines 

Poor Iv g<~ed gravels , gravel -sand mi• · 
1uru, l11t1e or no fines 

Silty gravels , 9ravel -i.and .11lt m11(tur!1 

Clayey graveh , graveH.and -clav mnc
turet 

Well-9raded sands , gravelly \ands , l1ttle 
or no tines 

Poorly graded sands , gravelly 1ands, 

ht1l e or no lines 

Inorganic sil ts and verv fine unds, 

rock flour . silty or clavev fine unds , 
or clayey silts with \light plast1c1ty 

Inorganic cl.Jys of tow 10 medium 

olast1c11y, gravellv clays, sandv clays, 

silty clavs . lean ctavs 

Organic sdu and organic silty clays of 

low plas11c11v 

Inorganic silts . m1caceous or U1a1oma. 

ceous line sandv or s1t1v soi ls. e l .Ju1c 

silts 

lnor9Jn1c clavs of high DIJs11c11y , tat 
clays 

019an1c Cl"'VS al mr111um 10 high 

VIJ\llC1tv. or9,1n1c sdu 

Peat enc1 other hu]hly org..1n1c ' 01 11 

. 
0 
v 

" 
g 060 10.,0 11 

E ~ • - 9r ea1er tnan 4 ; C,,;. • ---- between 1 ano J 
;:- 0 10 0 1o X 0 60 .. 
~ 

'O 
~ Not mee1 1n9 111 gradation requiremenu for GW 

~ 

l:r---------,..---------~ 
e; ~ z 
~- ~ ~ Atterberg llm1u below "A" 
VJ. V>_ ~ line or P .I . Jen than 4 
0... u '..:: 
c..Jl.J ~ t-----------~ 
~- ~- ~ Atterberg l1mit1 bel<Wf' " A " 

I..:> (.:> ~ ltne wllh P .I . 9re1ter th•n 7 

Atterber9 l1m1u above " A' ' 
line or P I . less than 4 

Atterberg limits above .. A .. 

line ~11h P . I . greater 1han 7 

Pla.ticity Chart 

Above " A " line with PI . 
betweeri 4 and 7 are bordu. 
/in• cases requiring use o f 
dual svmbols 

L1m1U plott1n9 1n ha1ched 

zone with P .1. bt1ween 4 

and 7 are bord~rl1n~ casu 

requiring use of dual sym. 

bol• . 

LH~uuJ l111ut 

•oh,dalon of CM end SM groupa into 1uhd1vu1ona of d enU u ere tor fOeda end e1d leldt only . Subd1v .. 1on 11 be1•d on A.tterb•fQ l1mlta ; autll• d uaed when 
bl . L. It 28 Of l•H end the P . 1. 11 6 Of 1-.1 ; the tufft• u u19d wt,en L . l . 11 O' ••l•f th•n 28 . 

Borderline <l•tt1f1ce11on1. ""'.O for •O•l• pouen1ng charM:t•f ltt1c1 of 1-0 groupa , •'• chn 1ona1~ bv comt. .. na11ona of group avmhoh. for • • • mPI • . 
OW.QC , w•O·o•edltd grav•l · Mnd m1aty1e -•th c••v binder . 

The Unified Soil Classification system. 
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iCE NOT VISIBLE 

GROUP SUBGROUP 

SYMBOL SYMBOLS DESCRIPTION 

Nf Poorly bonded or fnab le 

I 
N I Nbn No t> xc ess 1ct> , "'1t>ll bond t>d 

Nbt> Excess ict>, "'e 11 bondt>d 

VISIBLE ICE LESS THAN 50% BY VOLUME 

Vx Individual ict' crystals or inclusions 

Ve let' coatings on par tic It's 

v 

Vr 
Random or irrt'gularly orit'ntt'd 
ict' formations 

Vs 
Stratifit'd or distinctly orit'ntt'd 
ict' formations 

VIS IBLE 1CE GREATER TH AN 50% BY VOLUME 

ICE+ 

soil typt> 
let> with soil inclusions 

ICE 

ICE 
Ice without soil inclusions 
( grt'att'r than 25 mm ( 1 in ) thick) 

LEGE:ND . D SOIL • ICE 

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

g 
CJ : . . . 
I • • • • 

'·. ·,. 

~ 

D 
~ 
~ 
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I 
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VOID RATIO e 

v., 
e = 

v. 

POROSITY n 

e 
n = 

1 + e 

DEGREE OF SATURATION S 

s = 
v., 

WATER CONTENT w 

w_ Se 
w = = 

W. G. 

volume of voids w..,. weight of water 
volume of soil solids w. weight of dry soil 
volume of water s degree of saturation 

e void ratio 
G. specific gravity o f 

soil solids 

Definitions of void ratio, porosity, degree o f 
saturation and water content of soils. 

Figure 2.10 
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BULK DENSITY 'ISt 

w (G. + Se> .... 
'ISt = 

v 1 + e 

DRY DENSITY lSci 

lSt 
<:Sd = 

( 1 + ..... ) 

EFFECTIVE (SUBMERGED OR BUOYANT) DENSITY 

lS . = 

W weight of soil and water 
V volume of soil and water 
G. specific gravity of soil solids 
S degree of saturation 
e void ratio 

water content 

Definitions of Density (by weight) f o r soils. 

Figure 2.11 
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Soil Void Ratio Porosity Water Co ntent 
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 
Sand, 

Well 
Till 

0.3-1.4 25-60 10-50 
poorly graded 0.5-0.9 35-45 10-35 

graded 0.15-0.4 15-30 
0.1-0.3 10-25 5-10 

Characteristic void ratios, porosities and water 
contents for various soils (after Anderson et al, 
1978). 

FIGURE 2 .12 
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Soil Type Total Dry Submerged 
Density Density Density 
kN/m 3 kN/m 3 kN / m3 

Sands and Gravels 18-24 15-23 10-13 
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). 

FIGURE 2 .13 
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Variation of unfrozen wat e r content data 
different soils (after Williams, 1967 i n 
et al. 1981). 

'4P'\ G All.A ') ILi 

·l 

" ( 

for four 
Johnson 

FIGURE 2 .14 

• 



c=J 
DO 
TMUA••R 

0 90 

0 60 \ 

I 
~ 

0 \ 0 70 

r~ 0 .60 

! o~ \ A 

~ 0 .40 \ 

::; I ... ·, .B •• 

A Um.et S.nton1t e 
8 . Howohon Cl oy 
C. Swtfleld Silly C10., 
D. Dow fi••d Silty Cloy 
E 8otolt 

•••• ·..f;-.. .... 

0 30 ~ ··~.:· ---.":'>..:__. 
0 20 <-;--------------=: 

i 
~ 
c . 
0 

c 
::> 

£ ...... 
\ o··---·-~ 

0 . 10 ~~-:-:,._-_-_~_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-~ 
0 

0 .6 

A 

: 

0 2 

-2 - 4 -6 -e 

A .~ 8enton1te, noh.1ro1 

e. Kooh"it• 
C RvstlFo,O, I 
0 U"'°"'4t• 
E W. Let>onon Gro¥el < 10~ 

F" FcWbOf*'\ Slit 

- 10 

.. ~··-·· 
· ··~ . .. . -------------

-2 -· Te1"0..-ok.J'• .-C 

Unfrozen water 
(Anderson and 

content data for various 
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<XM1UNITY NUMBER 
OF 

TESTS 

ARCTIC BAY 26 

~E IN 
SALINITY 

(fP't) 

1.0 - 32.0 

AVERAGE 
SALINITY 

(H:Jt) 

12.5 

SOIL 
TYPE 

SHALE-LIMEST01'-'E 

ARCTIC RED RIVER 20 1.2 - 41.3 11.3 CI-SHALE 

BAKER IAKE 

CAPE OORSIT 

CLYDE RIVER 

CORAL HAROOUR 

ESKIMJ POINT 

FORT croD HOPE 

FORT MCPHERSON 

FCRI' SIMPSON 

GJOA HAVEN 

OOI.MAN 

IQALUIT 

P~IRTUNG 

PEILY B..Z\Y 

POND INLET 

RANKIN INLET 

REPULSE B..Z\Y 

TUKTOYAKTUK 

WHALE COVE 

3 0.1 - 16.3 7.9 SP-SM 

13 0.5 - 25.2 8.6 GP-ML 

101 0.5 - 45.1 13.0 SM 

3 1.3 - 2.9 1.9 ? -

11 1.4 - 38. 3 8.5 SM 

2 0.7 - 2.4 1.6 SM-Cl 

9 0.4 - 22.7 8.5 SM-Cl-SHALE 

6 0.5 - 0.9 0.7 SM 

1 0.2 - 0.2 0.2 SM 

4 3.0 - 5.7 4.3 G1 

71 0.1 - 14.8 2.0 SM-GP-GRANITE 

24 0.1 - 31.3 14.8 SM-ML 

4 12.0 - 33.7 22.5 ? 

30 0.2 - 23.4 6.4 SM 

32 3.0 - 28.9 14.9 ML-SM-G1 

8 0.5 - 10.4 2.4 SP-GRANITE 

19 o.o - 2.7 0.3 ICE-SM 

6 0.3 - 0.9 0.5 SM-SW 

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

Figure 2.18 
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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 is often established in uniaxial or triaxial 
tests on frozen cylinders, as illustrated in Figure 3.1. 
If the sample is subjected to a constant deviator 
stress ( o .i. -o 3) 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 
elastic, 
figure. 

initial response to load 
instantaneous deformation, E.s.., 

application is some 
as indicated on the 

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

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, E. . 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: 

(3.1) 

where 

3.1 
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Et denotes the total strain, 

Ei denotes the strain due to elastic, 
(instantaneous) deformations, 

EP denotes the strain due to primary c reep, 
and 

E. 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 is short (say less 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 
behaviour 

4 
of 

on Figure 3.2 illustrates typical deformation 
ice or frozen soil in which the long term 

3.2 
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strength is exceeded and t e rtiary creep occurs. The f ac 
tors which control the strength o f ice a nd fro z en soils are 
discussed in Section 7 o f the report. 

3.6 Interpretation of Deformation Respons e 

While it is convenient t o discuss the de f o rmation be
haviour of ice and frozen soil within the context of e las
tic deformations, primary creep and secondary c reep, i t 
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" o r "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 
problem. 

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 consolidation (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 a re 
randomly oriented. All of these factors must be accounted 
for by the designer in assessing the deformation response 
of the soils. 

3.3 



c=J 
DO 

DEFORMATION BEHAVIOUR OF FROZEN SOILS 

LIST OF FIGURES 

3.1 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: 

E = 

where 

E 

E .. 

(4.1) 

denotes Young's Modulus 

denotes the deviator stress, and 

denotes the strain in the direction of 
the applied stress. 

It should be noted that for unfrozen 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 is present within the 
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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 Ratio, which is defined as 
follows: 

E .... (4.2) 
µ = 

E. 
where 

µ denotes Poisson's Ratio, and 

E .... 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 O. Most 
solids 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 is 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 µ for elastic mate
rials is given by the following equations: 

E (4.3) 
G = 

2(1+µ) 

E (4.4) 
B = 

3(1-2µ) 

For most soils, the elastic properties are determined 
by carrying out compression tests. However, for materials 
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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 o rder of 
magnitude as sandstone or shale. 

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

Strain magnitude, 
Strain rate, 
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 is 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, 
Ei is the slope of the initial portion of the stress 
strain curve. The secant modulus, E. is the slope to any 
inside point on the curve, and the tangent modulus, Et is 
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, Ei, 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 c orre
lated to the initial tangent modulus (Yuanlin and Carbee, 
1983). The unloading modulus, Eu, can be calculated f ram 
the slope of an unloading curve. It tends to be higher 
than the initial tangent modulus and eliminates i naccura
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 illustrated 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 
f ram 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 
Modulus 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 significant in comparison with other variables such 
as soil 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 initial tangent modulus is practically in
sensitive to strain rate, the 50% strength modulus was 
found to generally increase with increasing s train 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 o n 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 o f 
triaxial tests on samples of frozen Ottawa Sand at various 
confining stresses and at a constant temperature o f 
-3.85°c. 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 

( kPa) 

689 
1380 
2760 
5510 
8270 

E1 
(GN/m 2 ) 

5.5 
5.3 
18 
13 
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, t herefore t o 
examine the e ffect of confining stress on Young' s Modulus 
at lower levels of confining stress. 

Tsytovich ( 1975) has reported the i nitial t ang e nt 
modulus values from tests on sand ( w = 16 to 2 0%) a t t wo 
different c onfining pressures, 100 and 300 kPa, a s foll o ws: 

Temperature E;;.. at Confining Stress Chang e 
cc 100 kPa 300 kPa % 

-o.5 1.3 GN/m 2 0.8 GN/m 2 -40 
-2.1 7.0 GN/m 2 4.4 GN/m 2 -37 

-10. 0 19.6 GN/m 2 18.6 GN/m 2 -5 

The modulus values from Tsytovich are of the same order 
as those from Sayles but Tsytovich' s data indicates t hat 
Young's Modulus for sand apparently decreases with i n
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 (1981) 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 
i s 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 c yclic 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. 

4.6 



~ 

DO 
THU•••lll 

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 o r 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 
(Anders land 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 2

) (oC) (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 silts 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 is 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 
increases, 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 quantitative 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 unf ro
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, quite 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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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: 

where 

(5.1) 

EP denotes the strain due to primary 
creep, 

Oa~e denotes a nominal unconfined proof 
stress at a particular temperature e, 

. 
E0 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: 

(5.3) 

Two methods 
ters E0 , Ocs..,.e 

for deriving the primary creep parame
n and b from test data are described by 

Andersland et 
described here. 

al (1978). The procedure will not be 

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 
will depend on 
soil. 

which 
the 

confining stress will 
unfrozen water content 

5.2.1 No Unfrozen Water 

have on 
of the 

creep 
frozen 

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 

t 
( 5.4) 

where 

Oc:> = 0 0 u.e + 0 3 ( fc -1) (5.5) 

. 
and oc:>u.e denotes the proof stress (at Ee) 

where 

from unconfined tests at a particular 
temperature, e, 

03 denotes the confining stress, and 

1 + sin 00 
(5.6) 

1 - sin 00 

0C> 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, 00 will 
also be a function of strain rate. It must be deter
mined at the same value as Ea (the arbitrary proof 
strain rate) used in Equation 5 .4. In general, "C> can 
be expected to decrease as strain rate is decreased. 
In ice and ice rich soils, the limit for " 0 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, ila will 
have some finite value, in which case total strain will 
be reduced as confining stress is increased. 

In ice poor soils, 0a 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 soils, it 
is reasonable to assume that the angle of internal fric-
tion 0 will be independent of strain rate. There-
fore, the primary creep equation may be written in the 
following form: 

E = ( L.)b ( o i - f o 3 \'"' 

b 0 0~e } 

b 

t ( 5. 7) 

where 

1 + sin 0 
f = (5.8) 

1 - sin 0 

and 

0 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 
reduced significantly in soils 
proportion of unfrozen water, a 
reasonable. 

5.2.3 Data Review 

primary 
which 
result 

creep 
have 
which 

will be 
a major 
appears 

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 (1981) 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 
however, the effect does not appear to 
within the range of stresses normally 
geotechnical engineering practice. 

is increased, 
be significant 

encountered in 

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: 

where 

0 O'-&C> 

e 

k 

(5. 8) 

denotes the proof stress as deter-
mined in an unconfined creep test at any 
reasonable temperature and extrapolated 
back to Qc:>C, 

denotes the absolute value of tempera
ture below Qc:>C in degrees C. 

is an arbitrary temperature assigned 
an absolute value of l°C, and 

denotes a temperature exponent which is 
determined from experimental data. 

Ladanyi has calculated values for oC>C> 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 is about 0.4. The value for Oo~C> varies sig-
nificantly and is apparently a function of soil type as 

5.5 
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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 in 
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 unf ro
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 Equation 5.1. 

5.6 
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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 in 
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. In 
particular, there is very little data concerning the creep 
behaviour of ice poor soils at low temperatures ( -5 to 
-l0°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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SECTION 6 

SECONDARY CREEP 

6.1 General 

If the applied stress is greater than the long term 
strength of the frozen soil but less than the short term 
strength, or where loads are applied for an extended period 
of time, then total strain will be dominated by secondary 
creep. This situation occurs in ice and ice rich soils for 
which the long term (thawed) strength is zero. Ladanyi 
( 1972) has suggested that strains due to secondary creep 
can be calculated from the following equation: 

where 

( )

n 

. a b 

E.= Ea -- t 
Oau• 

(6.1) 

E. denotes the strain under secondary 
creep, 

E0 denotes an arbitrary small secondary 
strain rate introduced to make the term 
dimensionless, 

Oau• denotes the unconfined compressive stress 
at the arbitrary secondary strain rate at 
a temperature e, 

a denotes the deviator stress, 

n denotes the secondary creep exponent, and 

t denotes time. 

For convenience, Equation 6.1 can be simplified to: 

E. = Bant (6.2) 
. 
Ea 

where B = (6.3) 
n 

Oa-• 

It should be noted that the values of E
0 

and Oau• for 
secondary creep will not have the same numerical value 
as E0 and Oau• for primary creep (Equation 5.1) even for the 
same soil tested under identical conditions. 
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Under some conditions, both primary and secondary creep 
may be significant, in which case both must be calculated. 
It is often difficult to determine where primary creep ends 
and secondary creep begins, particularly at lower stress 
levels, where it is difficult to obtain reliable data be
cause of the length of time required to reach secondary 
creep. 

The secondary creep constants can be derived from a 
series of constant stress tests which are carried out under 
a specified temperature and confining stress. The tests 
must be carried out under stress conditions in which second
ary creep occurs. The applied stresses are varied over a 
suitable range, as illustrated in Figure 6.1, and the rate 
of secondary strain under each stress level is established 
from the strain versus time plot. (In practise, it is usu
ally more convenient to plot the log of the strain rate ver
sus the log of time.) The log of the applied stresses are 
then plotted versus the log of the corresponding secondary 
strain rates. The creep parameters Ea ,oa..,.eand n can then 
be derived from the plot as shown on Figure 6.1. 

For convenience, the strains obtained in the test can 
be normalized by dividing by the value of which is arbi
trarily chosen. The log of the normalized strain rate is 
then plotted against the applied deviator stress. The 
creep parameters are then established using essentially the 
same procedure shown on Figure 6.1. 

. 
Once the secondary creep parameters E.,, ,oa..,..and n have 

been established for a given material under a specified con
fining stress they are inserted into Equation 6.1. The re
sulting equation is termed the 'flow law' for that material 
under the specified conditions. 

Sego and Morgenstern (1983) have dem9nstrated that for 
pure ice, the secondary creep parameters e.,,,oou•and n can be 
derived from uniaxial or triaxial compression tests in 
which the sample is loaded at a constant rate of displace
ment, as shown on Figure 6.2. In the case of constant rate 
of displacement tests, the log of the rate of strain ap
plied in the test is plotted against the log of the meas
ured peak stress ( o 1 -o3 ) • The secondary creep para
meters e.,, ,oo..,..and n can then be derived from the plot in the 
same fashion as for data from constant load tests. 

The flow law derived from Sego and Morgenstern's tests 
on pure ice are shown on Figure 6.3 and demonstrate that 
the same result will be obtained from constant rate of dis
placement tests as from constant stress test. 
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The significance of Sego and Morgenstern 1 s result is 
that it is generally more convenient to carry out constant 
rate of displacement tests as compared to constant stress 
tests. It should be noted that it is not possible to de
rive the primary creep parameters from constant displace
ment rate tests. 

In addition to time dependent effects, as 
above, the following variables can be expected 
secondary creep behaviour in ice and frozen soil: 

1) Confining stress, 
2) Temperature, 
3) Soil type, 
4) Ice content, and 
5) Unfrozen water content. 

6. 2 Confining Stress 

discussed 
to affect 

As was the case for primary creep, the effect which con
fining stress will have on secondary creep will depend on 
the unfrozen water content of the frozen soil. 

6.2.1 No Unfrozen Water 

Ladanyi (1972, 1983) has suggested that the influ
ence of confining stress on secondary creep can be ac
counted for be modifying Equation 6.1 as follows: 

(6.4) 

where (6.5) 

and oC2,.... denotes the proof stress (at E0 ) from 
unconfined tests at a particular temperature 
6, 

03 denotes the confining stress, and 

1 + sin "a 
(6.6) 

1 - sin 0a 

As discussed under primary creep, "a is the appar
ent angle of friction which decreases as strain rate 
decreases. In ice or ice rich soils the limiting value 
is 0a = 0, while in ice poor soils, the limiting 
value is speculated to be equal to the thawed angle of 
friction • 
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Equation 6. 4 predicts that for i ce and ice rich 
soils, c onfining stress will have no effect o n 
secondary creep, e xcept at high rates of strain. In 
ice poor soils, confining stress may influence 
secondary c reep, depending on the magnitude o f the 
deviator stress and the thawed strength of the soil. 

6.2.2 High Unfrozen Water Content 

For soils which 
content, Ladanyi (1972) 
equation will apply: 

1 + sin ~ 

where f = 
1 - sin ~ 

have 
has 

a high 
suggested 

unfrozen water 
that following 

(6.7) 

(6.8) 

where ~ is the angle of internal friction of the 
frozen soil, which, if unfrozen water 
contents are high, will be independent of 
strain rate and approximately equal to the 
thawed angle of internal friction. 

Equation 6. 7 predicts that where unfrozen water 
contents are high, secondary creep rates will decrease 
as confining stress increases. 

6.2. 3 Data Review 

Unfortunately, as was the case for primary creep, 
no systematic laboratory investigations were found in 
the literature to confirm the relationships proposed by 
Ladanyi. 

McRoberts et al ( 1977) carried out creep tests on 
undisturbed ice-rich silt from Norman Wells, N .W.T. at 
temperatures ranging from -1 to -3°C. Of the 39 
tests, 31 were carried out in unconfined compression 
and 8 were carried out at a confining pressure of 28 
kPa. The confining pressure had no discernible effect 
on secondary creep rates. 

Roggensack (1977) reported the results of a series 
of creep tests carried out on undisturbed clay samples 
from Mountain River and Fort Simpson, N.W.T. The tests 
were carried out at temperatures ranging from -0. 75 to 
-1. 40°C and the samples would be expected to contain 
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a significant proportion of unfrozen water. In gen
eral, Roggensack found that for the same deviator 
stress, higher confining pressures appeared to result 
in a slight reduction in secondary c reep rate, however 
the results were not entirely consistent or conclusive. 

Caution must be exercised in assessing the effect 
which confining stress has on creep rates, where tests 
are carried out on natural samples which contain segre
gated ice. Savigny and Morgenstern ( 1986c) have re
ported the results of creep tests carried out on undis
turbed samples of glaciolacustrine clay taken from near 
Fort Norman, N.W.T., and tested at temperatures ranging 
from -1.0 to -l.45°C. Confining pressures of 0 and 
400 kPa were used. These samples contained significant 
quantities of segregated ice in various orientations 
and thicknessea. The creep tests carried out at the 
high confining pressures did not yield satisfactory 
creep data and most of the samples failed in much 
shorter times than had been expected on the basis of 
data from unconfined creep tests. The confined samples 
failed along the interfaces between he segregated ice 
and the soil. The times to failure were longer and 
more consistent data was obtained when unconfined creep 
tests were carried out on similar material. Savigny 
and Morgenstern have speculated that the application of 
high confining pressures caused stress-concentration at 
the interfaces between the soil and the segregated ice 
as a result of strain incompatability due to a signifi
cant difference between the stiffness of the segregated 
ice and the soil. The results illustrate that difficul
ties of obtaining representative creep parameters from 
tests carried out on natural materials. 

In summary, the available laboratory data indi
cates that for ice and frozen soils which do not con
tain significant unfrozen water, confining stress will 
not have a significant effect on secondary creep rates, 
for the range of stresses commonly encountered in geo
technical engineering. However, confining stress can 
be expected to have a significant effect on creep rates 
in frozen soils which contain a high proportion of un
frozen water. 

A systematic program of research to establish the 
effect of confining stress on primary and secondary 
creep, particularly in ice poor soils which have a high 
unfrozen water content, may be worthwhile. 
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6. 3 Temperature 

As temperature decreases, the rate of s econdary c reep 
can be expected to decrease. Ladanyi (1972, 1983) has s ug
gested the use of Equation 5.4 to account for the effec t of 
temperature on primary and secondary creep. 

Morgenstern et al (1980) carried out a review of avail
able laboratory data with respect to the secondary creep be
haviour of ice. The creep data was interpreted using the 
form of the secondary creep equation given in Equation 
6.2. The authors found that a good fit of the available 
data could be achieved for a constant value of the creep ex
ponent, n equal to 3.0. The creep parameter B was found to 
vary with temperature, as shown in Figure 6.4. 

The use of the relationship shown in Figure 6.4 is not 
recommended for temperatures warmer than -l°C. The creep 
behaviour of ice and ice rich soils at temperatures warmer 
than -l°C are not normally of concern in geotechnical 
engineering practice, because, where such ground tempera
tures exist, there is a risk that permafrost degradation 
will occur. Therefore, measures are taken to either reduce 
ground temperatures, thaw the permafrost, or found the 
structure on a deeper, thaw stable stratum. 

It appears from this literature review that no system
atic studies have been carried out to determine the effects 
of temperature on the secondary creep parameters of ice 
poor soils for the range of temperatures and stresses com
monly encountered in conventional geotechnical engineering 
practise. This is an area in which further research should 
be considered. 

6.4 Soil Type 

The secondary creep rates of frozen soil are controlled 
to a significant extent by the grain size distribution of 
the soil. In general, secondary creep rates in frozen fine 
grained soils such as clays can be expected to be signifi
cantly higher than creep rates in frozen sands and gravels. 
There are two reasons for this behaviour: 

and 

1) Unfrozen water content 
2) Effective angle of friction 

As mentioned earlier, fine grained soils 
clays contain a significant proportion 

6.6 

such 
of 

as silts 
unfrozen 

-· 



I 

c=:i 
DO 
THUR••R 

water, particularly in the temperature range between 0 and 
-5°C. The higher the proportion of unfrozen water, the 
weaker the strength of the interstitial ice with the result 
that creep rates increase. 

An additional, but probably less important factor is 
that the resistance to deformations provided by the soil 
skeleton will be lower for clays, which have a lower angle 
of internal friction as compared to sands and gravels. 

Savigny and Morgenstern (1986c) compiled secondary 
creep data from a variety of sources in order to establish 
the secondary creep parameters of an ice rich glaciolacus
trine clay from the Mackenzie Valley N.W.T. The results 
are presented in Figure 6.5. It is apparent that there is 
considerable scatter to the data. The scatter is due to 
natural variability in the properties of the samples 
tested, differences in test procedures, differences in the 
interpretation of the test data and other factors. These 
results do indicate, however, that the flow law for pure 
ice provides a reasonable upper bound for secondary creep 
behaviour of ice rich clays, at temperatures colder than 
-l°C. 

No systematic study has been undertaken to establish 
values for the secondary creep parameter B as a function of 
soil type and temperature. Consideration should be given 
to carrying out this work in the future. 

6. 5 Ice Content 

As ice content is decreased, a point is reached where 
grain to grain contact of the soil particles occurs such 
that intergranular friction will contribute to the strength 
of the frozen material. Since intergranular friction is 
not time dependent, it can be expected that secondary creep 
rates will decrease as the ice content of the frozen soil 
decreases. As discussed earlier, in ice poor soils at low 
stresses, strain rates can be expected to continue to de
crease with time for a very long period of time before the 
deformation behaviour can be approximated by a secondary 
creep model. 

Hooke et al ( 1972) carried out a series of creep tests 
on reconstituted samples of ice and sand. The volume frac
tion of sand was varied and the secondary creep rate was 
established from the tests. The results of these tests are 
presented on Figure 6.6. The results demonstrate that a 
significant decrease in the secondary creep rate occurred 
as the volume fraction of sand increased. On the basis of 
these results, it would be expected that at water contents 
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of about 10 percent, creep rates in sands would be negligi
ble. It might be desirable to carry out a series of creep 
tests on dense frozen sands, silts and clays in order to 
confirm the behaviour of these materials at low ice con
tents. 

It is of interest to note that ice which contains a 
very low proportion of soil may creep faster than pure ice, 
as indicated by the data shown in Figure 6.6. This some
what surprising behaviour may occur because the soil par
ticles provide areas of stress concentration which facili
tates the initiation of cracks and failure of the ice. 
This is an area which deserves further research, because it 
has significant practical implications in that ground ice 
is not normally pure. 

As mentioned earlier, Savigny and Morgenstern ( 1986c) 
carried out a series of triaxial tests on undisturbed sam
ples of glaciolacustrine clay which contained significant 
quantities of segregated ice. The test results indicated 
that the creep behaviour of this material was dominated by 
the shear stresses which developed at the interfaces be
tween the segregated ice and the soil. These test results 
demonstrate that the assumption that frozen soil behaves as 
a plastic continuum may not be adequate, at least where 
large quantities of segregated ice are present. The test 
results indicate that research into the fundamental physi
cal processes by which creep occurs in ice rich soils may 
be of value. 

No systematic studies have been undertaken in homogene
ous soils to establish values for the creep parameters B 
and n as functions of ice content and temperature. This is 
an area in which a more comprehensive review of the litera
ture, together with supplementary laboratory testing should 
be considered. 

6.6 Unfrozen Water Content 

As unfrozen water content increases, either due to in
creasing pore fluid salinity, or increasing clay content, 
the rate of secondary creep can be expected to increase. 

Sego (1982) carried out a series of unconfined compres
sion tests on sand samples which were tested at a constant 
rate of displacement. The tests were carried out over a 
range of pore fluid salinities at -7°C. The log of the 
peak deviator stress has been plotted against the log of 
axial strain rate on Figure 6. 7. The creep parameters n 
and 0 00 (at a strain rate of 0.001% per hour) as deter
mined from these tests are as follows: 
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Proof 
Pore Water Stress 
Salinity a CIC> Creep Exponent 
(ppt) ( kPa) n 

0 1709.20 5. 52 
10 119.80 3.58 
35 22.10 2. 75 

100 0.27 1.36 

As indicated above, Sego found that the creep exponent 
n decreased as pore fluid salinity increased. As Sego 
points out, at very high salinities, unfrozen water con
tents approach 100% and the creep exponent will decrease to 
0. That is, the strength of the (now unfrozen) sand will 
become independent of strain rate over a reasonable range 
of strain rates. (At very high rates of strain, pore fluid 
pressures will affect measured strength values.) 

Nixon and Lem ( 1984) carried out a series of constant 
stress, unconfined compression tests on a sandy silt in 
which pore fluid salinity was varied from 0 to 35 parts per 
thousand (ppt). The secondary creep parameters as defined 
by Equation 6.2 were calculated from the data. The applied 
axial stresses were plotted against strain rate as shown on 
Figure 6.8. It was found that a value for the creep para
meter n, of 3.0 provided a reasonably good fit to the data, 
irrespective of pore fluid salinity and temperatures. The 
variation of the creep parameter B (assuming a value for 
the creep exponent of 3.0) as a function of temperature and 
salinity is presented on Figure 6.9. 

Because of the variation in the creep exponent n in 
Sego' s tests, it is not possible to plot values for the 
creep parameter B as a function of pore water salinity from 
his data, in order to make a direct comparison with the 
data provided by Nixon and Lem in Figure 6.9. 

Further investigation into the reasons for the differ
ence in n values, in the range from 0 to 35 ppt, should be 
undertaken through a detailed review of data from both 
sources. The different trends found by these researchers 
may be due to testing inaccuracy, differences in data inter
pretation, or differences in test procedure. (Nixon and 
Lem' s teats being stress controlled, whereas Sego' s tests 
being displacement rate controlled.) 
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Consideration should be given to carrying out addi
tional creep tests in saline soils to establish creep para
meters over a broader range of temperatures and soil types, 
particularly for ice poor saline soils. This additional 
data would also assist in evaluating the causes of the dif
ferences between these two sets of data. 

6. 7 Comparisons with Field Data 

Savigny (1986b) measured creep of an ice rich slope in 
glaciolacustrine clay near Fort Norman, N. W.T. The equiva
lent creep properties were calculated using a computer 
based finite element analysis in order to determine the 
flow law for secondary creep which best represented the 
field observations. A value for the creep exponent of 3.0 
was assumed, from which a value for B of 0.33 x io-a 
kPa- 3 year- 1 was found to result in a good match be
tween calculated and observed creep. However, in these ice 
rich soils, it would be reasonable to expect a value for 
the creep parameter B of about 2 x io-a kPa- 3 year- 1

• 

That is, the observed rate of creep in the field was much 
slower than expected. 

The reasons for the much slower rate of creep observed 
in the field as compared to those which would be expected 
for ice rich soils are not known with certainty. The 
slower rate of creep observed in the field may be due to 
three dimensional effects which operate in the field. In 
addition, inhomogeneous field conditions may not have been 
adequately incorporated into the analysis. The laboratory 
tests were carried out under triaxial loading conditions, 
whereas in the field, plane strain conditions dominate. 
This may account for some of the discrepancy between the 
observed and predicted creep rates. 

Thompson and Sayles (1972) reported the results of 
deformation monitoring of a room excavated in permafrost. 
Their observations are presented in Figure 6.10 and have 
been reviewed by Roggensack (1977). As discussed by 
Roggensack, a flow law for secondary creep was determined 
from a finite element analysis of the observed deforma
tions, which indicated a strain rate in the field which was 
3.3 times faster than the flow law for secondary creep meas
ured on laboratory samples. Roggensack has suggested that 
the discrepancy between these results may be due to the 
dominance of primary creep deformations, (which would re
sult in much faster rates of creep) during the period of 
monitoring. A definitive explanation for the difference be
tween the field and laboratory results in this case has not 
been developed. 
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Nixon and McRoberts (1976) derived a solution for pile 
deformations which incorporates the flow law for ice and 
ice rich soils as given in Equation 6.2. Morgenstern et al 
(1980) used the secondary creep parameters as given in 
Figure 6.2 in the Nixon and McRoberts equation and found 
good agreement between the predicted creep deformations and 
field observations of adf reeze piles in ice rich soils. 

As indicated from the foregoing, these comparisons be
tween field creep rates and laboratory creep rates have pro
duced mixed results. The reasons for the discrepancies be
tween laboratory test data and field observations are not 
clear. It is speculated that the differences may be due to 
a combination of sample disturbance (including stress un
loading and thermal disturbance) and sample size effects. 
No investigations aimed at evaluating the effects of sample 
disturbance and sample size on the creep behaviour of fro
zen soils were found in this review. This is an area in 
which further research should be considered. It may be 
worthwhile to develop in situ techniques for measuring 
creep properties of natural soils. 

6.8 Summary 

This literature review indicates that a considerable 
amount of laboratory data is available concerning the sec
ondary creep behaviour of ice. This information can be 
used to provide a good indication of the maximum creep 
rates which will occur in the field. 

The creep behaviour of ice and frozen soils has not 
been investigated at low stress levels and temperatures, 
primarily because such testing is time consuming and con
sequently difficult. It is assumed by most researchers 
that secondary (and tertiary) creep will commence at the 
same strain levels at which they commence in tests at 
higher stress levels. This concept, although reasonable, 
has never been confirmed by appropriate laboratory tests. 
It is possible that under low stress levels and low rates 
of strain, other time dependent physical processes (such as 
strain hardening or healing) may operate, in which case 
strain may remain constant or decrease. This is an area in 
which further research should be considered. 

The effect which the presence of segregated ice has on 
the creep behaviour of frozen soils is not completely under
stood. Research into the fundamental physical processes by 
which creep occurs in frozen soils may be of value • 
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There is a requirement to establish the creep para
meters of saline soils over a broader range of soil types, 
temperatures and ice contents. There is, in particular, a 
need to investigate the creep behaviour of ice poor saline 
soils. 

Significant and as yet unexplained differences between 
creep rates observed in the field and those measured on 
natural samples of frozen soils in the laboratory have been 
noted. There are a number of possible reasons for these 
differences which should be investigated further. In par
ticular, research into the effects which sample disturbance 
and sample size may have on creep behaviour observed in 
laboratory tests should be considered. It may be worth
while to develop in situ methods for the measurement of 
creep parameters. Full scale field observations of creep / 
behaviour in ice and frozen soils should be carried out 
whenever opportunities arise. 
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SECTION 7 

STRENGTH PROPERTIES 

7.1 General 

For many engineering design problems, it is necessary 
to consider possible failure of the frozen soil. The 
strength of ice and frozen soil is, however, time depend
ent, therefore the rate of load application and the dura
tion of loading become important to the assessment of the 
strength of these materials. 

The traditional method of establishing the time depend
ent strength of ice and frozen soil is to apply a constant 
stress to a cylindrical sample and determine time to fail
ure (the onset of tertiary creep) as shown on Figure 7.1. 

7.2 Vialov's Long Term Strength 

Based on 
Vialov (1959) 
ice or frozen 
stant stress 
form: 

a~ = 

where 

a series of constant stress creep tests, 
has suggested that the long term strength of 
soil could be established from short term con
tests, using an equation of the following 

(7.1) 
log (t/B) 

a and B are parameters which depend on soil 
type and temperature, and 

t denotes the time to reach tertiary creep. 

The parameters a and B are determined by plotting 
the reciprocal of the applied stress against the log of the 
time to failure. The parameters a and B can then be cal
culated from this plot as shown on Figure 7.1. 

Sayles ( 1968) and Sayles and Haines ( 1974) carried out 
a series of tests to determine the creep strength of four 
different soils: Ottawa sand, Manchester fine sand, Han
over silt and Suffield clay. The duration of loading 
ranged up to 5000 hours (208 days). 
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Their test results, together with the strength pre
dicted using Equation 7 .1 are shown in Figures 7 .2, 7. 3 and 
7 .4. The prediction of long term strength is seen to be 
reasonably good for Hanover silt and Suffield clay, but 
relatively poor for Ottawa sand and Manchester fine sand, 
particularly at the colder temperatures. 

The instantaneous strength of each type of frozen soil 
was measured in unconfined compression tests at a constant 
displacement rate of 15% per minute. A summary of the 
measured instantaneous strength and the strength predicted 
at 100 years using Equation 7.1 for each soil type is pre
sented in Figure 7 .5. 

The long term (100 year) strength is seen to range from 
6 to 32 percent of the instantaneous strength, depending on 
soil type and temperature. 

7. 3 Failure Strain Concept 

Recent research has indicated that ice and frozen soil 
will fail once the total strain reaches a specified value. 
On this basis, the long term strength can be established by 
rearranging Equation 6.1 to the following form: 

where 

(7.2) 

. 
E0 denotes strain rate under a proof 

stress O°"'"e 

E~ denotes the total strain at failure, 

t~ denotes the time to failure under stress 
o~, and 

n denotes the secondary creep exponent. 

The time to failure, t~ in Equation 7. 2 is normally 
taken as the design life of the structure times an appro
priate factor of safety. 
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. The method of deriving the secondary creep parameters 
Eo ~o~eand n from the results of constant stress tests is 

illustrated in Figure 7.6, and is identical to the proce
dure described in Section 6 for establishing these para
meters. As outlined previously in Section 6, the secondary 
creep also be established f ram constant displacement rate 
tests, as illustrated on Figure 7. 7. 

The accuracy to which the long term strength can be 
established from Equation 7. 2 depends on the accuracy to 
which the secondary creep parameters can be determined. 
Hence the assessment of secondary creep behaviour (as dis
cussed in Section 6) becomes extremely important to the 
assessment of the long term strength of ice and frozen 
soil. 

The total strain at which failure will occur in the 
long term ( E~> must be determined in order to use 
Equation 7 .2. As shown on Figure 7 .8, Sego and Morgenstern 
( 1983) were able to demonstrate that the total strain at 
the onset of tertiary creep in the constant stress tests 
ranged from 0.4 to 1.8% for all levels of applied stress 
for both constant stress and constant displacement rate 
tests. 

Parameswaran and Roy ( 1982) carried out a series of 
tests on frozen Ottawa sand at a temperature of -30°C. 
Their test results are presented in Figure 7.9. The re
sults show that failure occurred at a total strain of be
tween 1 to 1.5%. It is interesting that this result was 
obtained even for the very rapid rates of displacement 
(lower chart on Figure 7.9) where brittle failure occurred, 
rather than plastic failure. 

The results of the foregoing studies indicate that the 
failure strain E ~ will be in the order of 1 to 1. 5 per
cent. In some ice poor soils, however, the peak strength 
is not well defined and may occur at strains much greater 
than 2 percent. Further laboratory testing should be con
sidered in order to confirm the strain at which failure 
takes place in ice poor soils. 

It should be noted . that in the very long term, both 
Equations 7.1 and 7.2 predict that the strength of ice and 
frozen soil will be zero. Most researchers believe that in 
the very long term, the strength of ice will be zero, while 
the strength of frozen soils will be equal to the thawed 
strength of the soil at the same void ratio as the frozen 
soil. This hypothesis, though reasonable, has never been 
proven. 
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It should be noted that validity of Equations 7 .1 and 
7.2 has only been established in laboratory tests which 
were undertaken for periods of up to 2 years. It is possi
ble that under lower applied stresses, the behaviour of ic e 
and frozen soils may be different from that observed i n 
short term tests. For example, where stresses and c reep 
rates are very low, recrystallization or healing processes 
may affect the deformation behaviour. It is possible that 
under such conditions creep rates may c ontinue to decrease, 
such that tertiary creep is never reached. These aspects 
of the time dependent behaviour of ice a nd frozen soils 
appear worthy of further study. 

It must be clearly understood that the use of Equa
tion 7. 2 implies that the ice or frozen soil behaves as a 
ductile continuum. Unfortunately, in the past, researchers 
have not always clearly differentiated between brittle fail
ure (which takes place at relatively rapid strain rates) 
and ductile failure (which only takes place at relativel y 
slow strain rates). No studies have been found in this 
review to indicate that there is a consistent relationship 
between brittle strength and ductile strength. This is an 
area in which a more detailed analysis of published data, 
compiled with laboratory tests, would appear to be o f 
value. 

In addition to time dependence, as discussed above, the 
strength of ice and frozen soil will also depend on the fol
lowing variables: 

Confining stress, 
Temperature, 
Soil type, 
Ice content, and 
Unfrozen water content. 

The effect which each of the foregoing variables has on 
the strength of ice and frozen soils is discussed in the 
following sections. 

7. 4 Confining Stress 

As illustrated on Figure 7.10, a series of compression 
tests can be carried out (at a constant rate of displace
ment) to establish the failure stress under different con
fining stresses for a soil where all other variables (tem
perature, strain rate, soil type, etc) are held constant. 
The confining stress and the peak deviator stress can then 
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be presented on a Mohr-Coulomb failure envelope under the 
specified test conditions. The failure envelope, derived 
from such tests, can be approximated by the following equa
tion: 

where 

(7.4) 

•~ denotes the shear strength at failure. 

c denotes the intercept of the failure envelope 
at zero confining stress. 

Om denotes the mean confining stress acting 
on the sample. 

~ denotes the angle of the failure envelope. 

In unfrozen soils, the stresses on the sample may be 
expressed as effective stresses (total stresses minus the 
pore pressure in the sample) or as total stresses. In fro
zen soils, the stresses are commonly expressed as total 
stresses, unless the soil contains a significant unfrozen 
water content, in which case the stresses can be expressed 
either as total stresses or effective stresses. 

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

7.4.1 No Unfrozen Water 

In frozen soil where no unfrozen water is present, 
the short term, unconfined shear strength will gener
ally range from 1000 to 5000 kPa, depending on tempera-
ture and strain rate. The confining stress Om in 
most civil engineering problems will range from 0 to 
150 kPa, and hence the frictional term ( Om Tan 5' ) in 
Equation 7. 4 is small and can be neglected. In that 
case, Equation 7.4 reduces to: 

= c'\.1 (7.5) 
2 
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where 

a~ denotes the unconfined compressive 
strength, and 

c~ denotes the unconfined shear strength. 

As noted earlier, the long term strength of frozen 
soil is relatively low and hence the frictional compo
nent of strength may become significant. In addition, 
the frictional component becomes significant when con
fining stresses are very high. 

Sayles ( 1973) investigated the effect of confining 
stress on the behaviour of ice and ice saturated soils 
in a series of direct shear tests, at high confining 
stresses. His test results are presented in Fig
ure 7 .11. The results demonstrate that significant in
creases in the shear strength of ice and frozen soils 
can be expected at high confining stresses. It is of 
interest that the strength envelopes for both ice and 
sand are curvilinear, behaviour which is common in un
frozen dense sands and heavily over consolidated clays. 

As shown Figure 7 .11, the confining stress applied 
to the samples in these tests ranged up to 28,000 kPa 
(4000 psi). This is very much higher than the range in 
confining stress normally encountered in geotechnical 
engineering practice. 

7.4.2 High Unfrozen Water Content 

For unsaturated frozen soils or frozen soils in 
which unfrozen water contents are high, the contribu
tion to strength of the ice phase may be low, and hence 
the contribution to strength due to the frictional com
ponent ( Om tan 0 ) may become significant. If the unf ro
zen water content is high enough, continuity throughout 
the pore fluid will occur and therefore drainage will 
result as the external confining stress is increased. 
As a result of this process, the strength of frozen 
soils which have high unfrozen water contents (for 
example saline soils or frozen clays at temperatures 
between 0 and -2°C) will increase as confining stress 
increases. 

Ladanyi (1972) has proposed the following equation 
to account for the effects of confining stress in fro
zen soils which have a significant unfrozen water con
tent and which can therefore consolidate when confining 
stress in applied: 
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where 

= (Oc:,..,.
9

+0
3 

(f-1) l ( E~ ).l./n 

L.t~ 
(7.6) 

( O.i-03)f denotes the deviator stress at 
failure, 

Oc::nae denotes the unconfined compressive 
strength at a strain rate of E0 , 

denotes the confining stress, 

Ef, tf and n are as defined for Equation 7.2, 
and 

where 

1 + sin 0 
f = (7.7) 

1 - sin 0 

0 denotes the angle of friction of the soil 
which is approximately equal to the thawed 
angle of friction of the soil. 

Roggensack ( 1977) carried out a series of tests 
which appear to confirm the relationship given in Equa
tion 7. 6 and shown schematically Section 5, Figure 5.5. 
Direct shear tests were carried out on samples of natu
ral silty clay, at a temperature of -1.5°C, at vari
ous normal pressures and strain rates. The clay con
tent of these samples ranged from 50 to 80% and hence 
the samples would contain significant unfrozen water at 
the test temperature. 

A cohesion intercept and angle of friction was 
derived from the data at each strain rate, as indicated 
Figure 7 .12. The angle of internal friction ranged 
from 16° to 23° depending on the strain rate, and 
generally increased as strain rate decreased. The cohe
sion intercept decreased as strain rate decreased. The 
values for the cohesion intercept are plotted as a func
tion of time on Figure 7 .13 and show a linear relation
ship between the cohesion intercept and the log of the 
time to failure (peak shear stress). Based on these 
results, a cohesion value of 0 would be obtained at 
about 100, OOO hours ( 11 years) which for this material 
and test conditions appears reasonable. 
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Roggensack has also plotted a similar set of data 
from tests carried out on Ottawa Sand by Sayles (1973) 
as shown on Figure 7 .13. Based on Sayles' data, the 
cohesion for frozen sand would be zero at about 2,500 
hours ( 4 months). This does not seem reasonable in 
view of the fact that most adfreeze piles are back
filled with frozen sand and have sustained adf reeze 
shear stresses greatly in excess of the frictional com
ponent alone, for periods of 5 to 10 years. 

The unconfined shear strength of pure ice (from 
Sego and Morgenstern, 1983) has been plotted on Fig
ure 7.13. While there is considerable scatter, the 
data shows a decrease in unconfined shear strength as 
strain rate is reduced. The relationship between uncon
fined shear strength and the logarithm of time for ice 
appears to be curvalinear, as indicated on Figure 7 .13. 
Similarly, the relationship for soils may also be curva
linear. Further analysis of the available data, to
gether with additional laboratory testing would be re
quired before definite conclusions can be drawn with 
respect to the long term strength of frozen soils. 
This is an area in which further research appears to be 
worthwhile. 

It would appear that further research into the 
effect of confining stress on the strength of frozen 
soils with and without unfrozen water content might be 
worthwhile. 

7. 5 Temperature 

As might be expected, the short term strength of ice 
and frozen soils is temperature dependent with strength 
generally increasing as temperature is reduced. 

Sayles ( 1966) summarized test results obtained from a 
variety of sources to demonstrate the variation in uncon
fined compressive strength of ice and a variety of frozen 
soils in the temperature range from 0 to -150°C. These 
results are presented in Figure 7.14. Soil properties for 
the soils shown were not obtained, however, the relative 
strength of the sand, silt, clay and ice can be observed. 
It should be noted that as the temperature approaches the 
thawing point, the strength of silt and clay drop below 
that of ice. This is due to the presence of unfrozen water 
at these higher temperatures. 
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Bourbonnais and Ladanyi ( 1985) carried out a series of 
unconfined compression tests on sand (ASTM C-778 Standard 
Sand) down to temperatures of -160°C. These results, 
together with a summary of results reported by others are 
presented on Figure 7.15. 

Kaplar ( 1971) reported the results of unconfined com
pressive strength tests for a variety of soils over a tem
perature range from 0 to -25°c. The results are pre
sented on Figure 7 .16. Kaplar also carried out a series of 
tests to measure the tensile strength of various types of 
frozen soils as a function of temperature, and these re
sults are also presented on Figure 7.16. This figure shows 
that the tensile strength of a frozen soil is much less 
than the compressive strength, at a given temperature. 

Haynes and Karalius (1977) reported the results of uni
axial compression and tension tests on Fairbanks Silt for 
temperatures down to -60°c. The test results are pre
sented in Figure 7 .17. The test results indicate that the 
tensile strength of frozen soil is more sensitive to tem
perature than the compressive strength at temperatures 
above about -5°C. At temperatures below about -10°c, 
however, the tensile strength becomes relatively 
insensitive to temperature, but the compressive strength 
continues to increase with decreasing temperature. 

Ladanyi (1988) has provided a summary of the relation
ship between compressive strength and temperature for many 
of the soils tested by CRREL. The results are shown on Fig
ure 7.18, together with the gradations of the various 
soils. A summary of the soil properties for these soils is 
tabulated on Figure 7 .19. 

Based largely on the results of the foregoing tests, 
the following empirical relationship between compressive 
strength and temperature has been accepted by many re
searchers: 

where 

(7.8) 

0 09 denotes the short term compressive 
strength at temperature 6. The tempera
ture is the absolute value of temperature 
in °c below freezing, 
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0 00 denotes a reference stress obtained by 
extrapolating the results of unconfined 
compression tests at different temperatures 
back to 0°C, 

eo denotes an arbitrary absolute value of 
temperature commonly taken as l°C, 

k denotes the temperature exponent. 

The temperature reference stress ( Oco) and the tem
perature exponent (k) are readily derived from experimental 
data by plotting the log of unconfined compressive strength 
versus the log of (1 + 6/60 ). The technique is illustrated 
in Figure 7. 20. The calculated value for o.,,. is substituted 
for OC>Uein Equations 7. 2 or 7 .6. 

Figure 7.21 (Sayles and Haines, 1974) demonstrates that 
there is some basis for a normalized power law relationship 
of the form of Equation 7 .8, because actual data does plot 
linearly. Typical values for k and Ooo for ice and various 
soils have been derived by Ladanyi (1988) and are as 
follows: 

Soil 

Suffield Clay 
Bat-Baioss Clay 

Hanover Silt 
Callovian Silt 

Ottawa Sand 
Manchester Fine Sand 

Polycrystalline Ice 
(or ice-rich soil) 

7. 6 Soil Type 

Oc::io 
( kPa) 

170 
180 

2250 
310 

1050 
160 

103 

k 

1.20 
0.97 

0.87 
0.89 

1.00 
1.00 

0.37 

As indicated on Figures 7.14 to 7.18, the short term 
compressive strength of soil depends not only on tempera
ture but on soil type as well. 

In general, the available data indicates that as the 
clay content of the soil increases, the unconfined strength 
decreases. This may be due to two effects. First of all, 
the unfrozen water content of fine grained soils (such as 
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clays) is generally higher at a given temperature as com
pared to coarse grained soils (such as sands and gravels). 
Secondly, the angle of internal friction is generally lower 
for normally consolidated fine grained soils ( 25 to 30°) 
as compared to coarse grained soils (30 to 35°). 

7. 7 Ice Content 

The effect which ice content has on the short term 
strength of frozen soil has been studied by a number of 
researchers. The test results reported by Kaplar ( 1971) 
which are presented in Figure 7.22 can be considered typi
cal. 

Where the ratio of the volume of ice to volume of soil 
is less than about 10 percent, (which corresponds to a 
water content of about 4 percent) the soil is essentially 
dry and the contribution to strength of interstitial ice is 
negligible. 

As the water content exceeds 10%, the compressive 
strength is seen to increase dramatically. The maximum com
pressive strength is obtained at a water content of about 
25%. At this water content, this soil, if thawed, would be 
in a loose saturated state. That is, it contains no excess 
ice. As the water content increases above 25% (and the ex
cess ice content increases) the unconfined strength de
creases dramatically as indicated on Figure 7.22. 

Baker <1979) carried out a series of tests to establish 
the relationship between moisture (ice) content and compres
sive strength of Ottawa fine sand. The results of these 
tests are presented in Figure 7.23. The shape of the curve 
is similar to that reported by Kaplar, as shown on Fig
ure 7.22. 

The effect which the degree of ice saturation has on 
the short term strength of Ottawa sand was investigated by 
Alkire ( 1972), who obtained the interesting results pre
sented on Figure 7. 24. The tests were carried out at two 
different confining pressures ( 0 and 4830 kPa), and at two 
different degrees of ice saturation (59% and 98%). As indi
cated on Figure 7.24, the degree of ice saturation had a 
significant effect on the unconfined strength, but not on 
the confined strength. 

7. 8 Unfrozen Water Content 

As unfrozen water content increases, the compressive 
strength of frozen soil will decrease. The unfrozen water 
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content of frozen soil at a given temperature will be con
trolled by two factors: 

Grain size distribution, and 
Pore . water salinity. 

Haynes and Karalius ( 1977) carried out a series of un
confined compressive strength tests on Fairbanks Silt in 
order to establish the relationship between unconfined com
pressive strength and temperature. The unfrozen water con
tent was calculated at each temperature using data from pre
vious studies. The results are presented on Figure 7. 25. 
In the case of Fairbanks Silt, the unfrozen water content 
is controlled by the grain size distribution of this mate
rial. 

Baker and Kurfurst (1985) carried out a series of uncon
fined compression tests on frozen Ottawa fine sand, in 
which the pore fluid salinity was varied. The test results 
are presented on Figure 7. 26 and illustrate a dramatic re
duction in unconfined strength as salinity increases from 0 
to 2 parts per thousand (ppt). These results may have been 
affected by the procedure used to freeze the saline sam
ples, which may have resulted in a non-uniform distribution 
of pore fluid salinity within the sample. This has not 
been confirmed. 

Stuckert and Mahar ( 1984) reported the results of a 
series of unconfined compression tests on frozen samples of 
Monterey uniform sand ( 0 50 = 0.6 mm). The samples were 
prepared with a range of pore fluid salinities. The re
sults of these tests are presented in the upper half of Fig
ure 7. 27. For each salinity concentration, these authors 
established the freezing point of the brine. They then 
tested each soil sample at a constant temperature below the 
freezing point of the brine. This makes it very difficult 
to apply their results in practice. In any event, the re
sults demonstrate a significant reduction in unconfined com
pressive strength as pore fluid salinity increases. 

Sego and Chernenko ( 1984) carried out a series of tri
axial tests on samples of frozen mortar sand with pore 
fluid salinities ranging from 0 to 50 ppt. Test tempera
tures were maintained relatively constant, but ranged from 
-6.8 to -7.3°c. Tests were carried out at various con
fining stresses, so that the angle of friction and cohesion 
intercept could be determined for each value of pore fluid 
salinity. The results are presented on the lower half of 
Figure 7. 27. As shown, these authors found a significant 
decrease in the cohesion intercept as pore fluid salinity 
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increased from 0 to 10 ppt. The angle of internal friction 
rose to about 38° at a pore fluid salinity of 10 ppt and 
remained constant thereafter. 

The foregoing results indicate the significant effect 
which salinity (and by inference unfrozen water content) 
has on the strength of frozen soil. Unfortunately, it is 
not possible to compile the existing information into a con
sistent format, because the various researches have used 
different testing procedures, strain rates and soil types. 
Consideration should be given to undertaking a comprehen
sive laboratory testing program to establish the strength 
properties of frozen soil over a range of temperatures, 
pore water salinities and clay contents, so that a consis
tent set of data could be made available for use by de
signers. 

7. 9 Summary 

One of the major difficulties is interpreting between 
brittle failure (which occurs at relatively rapid strain 
rates) and ductile failure (which occurs only at relatively 
slow strain rates). The strain rate under which brittle 
failure will occur will depend on soil type and tempera
ture. The strength measured in brittle failure is often 
not overly sensitive to strain rate. The relationship be
tween brittle strength and ductile strength has not been 
investigated in a systematic way. This may be an area in 
which further research would be useful. 

The theoretical relationships currently available 
appear to provide an excellent framework within which the 
strength behaviour of ice and frozen soil can be inter
preted. The theory readily incorporates the major vari
ables which affect strength, including time dependent 
behaviour, temperature, confining stress, soil type, ice 
content and unfrozen water content. 

Unfortunately, no systematic laboratory studies have 
been undertaken to establish the validity of the theory 
over a broad range of temperatures and soil types. Consid
eration should be given to undertaking such a study. 

At the present time, the long term strength of ice and 
frozen soils is established by extrapolating short term 
strength data. Such a procedure may not be valid if pro
cesses such as ice recrystallization or other healing mecha
nisms occur over a long period of time at low stress levels 
and strain rates in a manner which differ from that ob
served in the laboratory. This is an area in which further 
research would appear to be worthwhile. 
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The current definition of long term failure strain 
should be reviewed. The current definition (the onset o f 
tertiary creep) may be overly conservative at low stresses. 
This is an area in which further research should be consid
ered. 

A number of important laboratory investigations i nto 
the strength of frozen saline soils have been completed, 
and have provided considerable insight into the behaviour 
of these materials. These tests have generally been car
ried out on samples with relatively high void ratios. Pre
liminary information indicates that saline soils often 
exist at relatively low void ratios. Research into the 
creep and strength behaviour of saline soils at relatively 
low void ratios (high densities) should be considered. 
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Soil Temperature I nstantaneous Predicted 100 Years 
(c:>C) Strength Strength Strength/ 

(kPal (100 years) Instantaneous 
(kPal (%) 

ottawa Sand -9.5 17400 2900 17. 
ottawa Sand -3.9 10000 1750 17. 
ottawa Sand -1. 7 9100 920 10. 
ottawa Sand -0.6 5100 480 11. 

Manchester Sand -9.5 19200 2300 12. 
Manchester Sand -3.9 13800 1200 9. 
Manchester Sand -1. 7 9200 790 9. 
Manchester Sand -0.6 5500 430 8. 

Hanover Silt -9.5 9900 3140 32. 
Hanover Silt -3.9 5600 1140 20. 
Hanover Silt -1. 7 3600 510 14. 
Hanover Silt -0.6 2000 190 10. 

Suffield Clay -9.5 4900 840 17. 
Suffield Clay -3.9 3090 440 14. 
Suffield Clay -1. 7 2300 230 10. 
Suffield Clay -0.6 1420 83 6. 

Note: Instantaneous strength was measured in unconfined caopression tests at 
a strain rate of 15% per minute. 

Predicted 100 year strength as a percentage of the instantaneous 
strength (after Sayles, 1968 and Sayles and Haines, 1974). 
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SECTION 8 

ADFREEZE STRENGTH 

8.1 General 

When thawed soil is placed against a structural mate
rial such as concrete, timber or steel, and subsequently 
frozen, a bond develops between the frozen soil and the 
structural material. The shear strength due to ice bonding 
is commonly referred to as the adfreeze strength. The ad
freeze strength between the frozen soil and the structure 
is of concern primarily with respect to the design of ad
f reeze piles in permafrost regions, however it is also im
portant in calculating frost uplift forces against founda
tion walls in both permafrost and non-permafrost regions. 
This section of the report is primarily concerned with the 
adf reeze strength of piles installed in ice and frozen 
soil. 

Weaver and Morgenstern (1981) provide an excellent sum
mary of the factors controlling the design of adf reeze 
piles in permafrost. The design of piles in permafrost re
quires a consideration of two aspects: 

1) Creep deformations, and 
2) Adfreeze strength. 

The analysis provided by Weaver and Morgenstern ( 1981) 
indicates that for relatively smooth shafted timber, con
crete or steel piles, creep deformations may govern pile 
capacities in ice and ice rich soils, in some cases, depend
ing on temperature and the factor of safety applied to the 
adfreeze strength. In ice poor silts and sands, the ad
f reeze strength, rather than creep deformations, will gov
ern in most cases. It should be noted that the 'allowable' 
adf reeze strength presented on Figures 8 to 11 of Weaver 
and Morgenstern' s paper are ultimate short term adf reeze 
strengths which should be reduced by an appropriate factor 
of safety in design. 

Creep deformations of piles are controlled by the creep 
parameters of the soil surrounding the pile, as discussed 
in the previous sections, and therefore, this aspect of 
pile behaviour will not be considered further here. 

Adf reeze strengths are usually measured by carrying out 
full scale pile load tests in the field or model pile tests 

8.1 
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in the laboratory. Where uplift forces due to frost heave 
are the primary concern, other test configurations may be 
more appropriate (Penner 1967, 1971 and 1974). 

Field load tests on piles may be in either compression 
(downwards loading l or in tension (upwards loading). Field 
load test are most commonly carried out using hydraulic 
jacks and therefore the tests are load controlled, with the 
loads being applied in increments. A typical set up and 
test results are presented in Figure 8.1. Pile deforma
tions are monitored until they either stabilize or a con
stant rate of deformation is achieved and the next higher 
load increment is then applied. 

The interpretation of field load test data is usually 
based on the assumption that the pile is infinitely rigid 
with respect to the surrounding soil. The validity of this 
assumption has been investigated by Nixon and McRoberts 
( 1976) and by Ladanyi ( 1988). These analyses indicate that 
for steel piles which are about 6 m in length, pile shaft 
stresses do not become relatively uniform with depth until 
after about 10 days at a temperature of -2°C and about 
100 days at a soil temperature of -5°C. These results 
indicate that while it is reasonable to assume an infi
nitely rigid pile over the long term life of the pile, it 
is not always reasonable to make this assumption when inter
preting the results of short term pile load tests. Unfor
tunately, the measurement of pile stress distribution with 
depth is not normally carried out when testing adf reeze 
piles in permafrost. 

In most cases, the assumption is made that the pile is 
infinitely rigid and therefore the adfreeze strength is 
equal to the ultimate load applied to the pile divided by 
the area of the embedded shaft. That is: 

't.f = P/nDL (8.1) 

where 

't.f denotes the average stress at the 
pile/soil interface at failure, 

p denotes the applied load, 

D denotes the outside diameter of the pile, and 

L denotes the embedded length of the pile. 

8.2 
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In theory, time deformation data from the pile loads 
prior to failure can be back-calculated to establish th e 
creep parameters of the soil surrounding the pile. I t i s 
difficult, in practice, however, to deri v e the creep para
meters from field tests for a number o f reasons. First o f 
all, it is necessary to measure deformations very accur
ately in order to obtain meaningful data with respect t o 
creep deformations. This is difficult because c hanges in 
air temperature cause thermal expansion or contraction o f 
the test pile and the measurement support piles. It i s 
also difficult to maintain a constant load on the pile with 
conventional hydraulic jacking systems. Finally, daily e x 
penses related to field testing are high, particularly in 
the north, and therefore load tests can only be run f o r 
periods of several hours or days. There is not usually suf
ficient time to achieve a uniform distribution of adf reeze 
stress along the length of the pile, nor sufficient time t o 
obtain a reliable definition of pile creep rates. 

Model pile tests in the laboratory can be carried o ut 
either at a constant rate of displacement, as shown in Fig
ure 8.2, or in constant load tests, as shown in Figure 8.3. 
The interpretation of laboratory pile test data assumes 
that the pile is infinitely rigid with respect to the sur
rounding ice or frozen soil. This assumption is normall y 
valid because of the relatively high pile diameter t o 
length ratio of most laboratory tests, and provided dis
placement rates are reasonably slow, so that stresses re
main relatively uniform along the outside surface of the 
pile. 

As indicated on Figure 8.2, where constant rate of dis
placement tests are carried out, the load response is meas
ured as a function of pile displacement. The ultimate aver
age adfreeze strength, 't_j! is calculated using Equation 8.1. 
The rate of strain, E is normally taken as being equal to 
the rate of displacement, u used in the test. Some re
searchers (Parameswaran, 1978) have measured pile displace
ments at the top and bottom of the pile and use the average 
rate of displacement in analysing their test data. 

As indicated on Figure 8.2, the peak load response will 
be a function of the rate of displacement. As the rate of 
displacement is increased, the peak strength will increase. 
This behaviour is similar to that observed on constant dis
placement rate tests carried out on cylinders of ice or fro
zen soil as discussed in Section 7. It is not exactly the 
same, however, because a discontinuity is formed at or near 
the pile surface, a situation which does not occur when 
tests are carried out on cylinders. 

8.3 
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pile, the data from a 
rate tests (at different 

all other conditions held 
the same techniques which 

Assuming an infinitely rigid 
series of constant displacement 
rates of displacement but with 
constant) can be analysed using 
were used for tests on cylinders. 

That is, the results of a series of constant displace
ment rate tests can be plotted as the log of the failure 
stress, • ~ versus the log of the average pile displacement 
rate, u, as shown on Figure 8.2. The relationship will be 
approximately linear as shown. The relationship between ad
freeze strength and displacement rate can be expressed 
using an equation which is the same as for similar tests on 
cylinders as discussed earlier. That is, 

where 

( )

:l./n 

·~ = 'C> .u~ 
u.,. t~ 

(8.2) 

't 0 denotes the shaft stress which 
corresponds to a nominal pile deformation 
rate u0 as shown on Figure 8.2 

u~ denotes the pile displacement at failure 

t~ denotes the time to failure under shaft 
stress 't1! 

n denotes the creep exponent which is 
established from the test data as shown on 
Figure 8.2. 

Adfreeze strengths can also be established by carrying 
out constant load tests as shown in Figure 8.3. The magni
tude of the applied stress must be such that the sample 
will reach tertiary creep within a reasonable length of 
time. The onset of tertiary creep (increasing rate of dis
placement) is considered to be the time to failure. A 
series of such tests are carried out (all at the same tem
perature) in order to establish the relationship between 
applied stress and time to failure for the specified condi
tions. As indicated on Figure 8.3 the time to failure will 
increase as the applied stress decreases. 

The log of the applied stress 't. is then plotted against 
the log of the minimum displacement rate u, as shown on 
Figure 8.3. 
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The proof stress 'too at a nominal strain rate Uc can 
be established from this plot, together with the creep 
exponent n, in the same way as was the case for the con
stant displacement rate test data. The values are then 
used in Equation 8.2. 

As outlined in Section 7, Sego and Morgenstern ( 1983 l 
have demonstrated that for tests on cylinders, the same 
results will be obtained from constant displacement rate 
tests as from constant stress tests. While it is reason
able to assume the same situation will occur with adfreeze 
strength, the necessary testing required to confirm this 
speculation has never been carried out. This is an area in 
which further research should be considered. 

Many researches believe that Vyalov' s ( 1959 l relation
ship with respect to the time dependent strength of ice and 
frozen soils may also be adapted to adfreeze strength. 
That is, 

where 

'to 
(8.3) 

·~ = (~) 
ln to 

to denotes the time to failure under some 
applied shaft stress 't 0 , and 

•~ denotes the applied shaft stress which 
will result in failure at time t~. 

The parameters 't 0 and t. 0 in Equation 8. 3 can be estab
lished either from constant displacement rate tests or from 
constant load tests. In the case of constant displacement 
rate tests, To is the measured peak stress and t 0 is the 
time that the peak stress was reached. In constant stress 
tests, 'to is the applied stress and t 0 is the time at 
which tertiary creep begins. 

Equations 8.2 and 8.3 both imply that the adfreeze 
strength will tend to zero at infinite time. Many re
searchers have suggested that the long term strength of 
piles in ice or ice rich soil will tend to zero, while the 
long term adf reeze strength of piles in ice poor soil will 
tend towards the thawed friction between the soil and the 
outside surface of the pile. While these speculations 
appear reasonable and provide a lower bound for adf reeze 
strength, they have never been proven. 
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In addition to time dependence, as discussed above, the 
adfreeze strength of ice or frozen soil and structural mate
rials will also be a function of the following variables: 

1) Confining stress, 

2) Load direction, 

3) Pile surface properties, 

4) Temperature, and 

5) Backfill properties. 

8. 2 Confining Stress 

Morgenstern and Weaver (1981) have discussed the effect 
which confining stress has on creep deformations of piles. 
Ladanyi (1988) has discussed the effect of confining stress 
on adfreeze strength. No quantitative data has been found 
in the literature. 

Current pile installation procedures involve drilling a 
hole in the permafrost and placing sand slurry in the annu
lus between the pile and the pile hole. Under these condi
tions, the radial stress between the backfill and the pile 
surface will be relatively low, at least prior to freezing. 
The radial stress which develops as freezing takes place 
will depend on the direction and rate of freezing. It is 
conceivable that under some circumstances, the radial pres
sure which develops due to freeze back could be very high. 
This pressure can be expected to dissipate over a period of 
time, depending on the creep properties of the surrounding 
soil. Once freezeback pressure dissipates, the radial 
stress acting against the pile surface will be less than or 
equal to the vertical pressure and will therefore range 
from 0 to 150 kPa depending on depth. 

The effect which confining pressure has on adfreeze 
strength can be approximated by: 

where 

t_ = c + Or tan 0 (8.4) 

t_ denotes the adf reeze strength, 

c denotes the adf reeze strength, under zero 
radial stress, 
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Or denotes the radial stress acting on the 
pile surface, and 

~ denotes the angle of friction between the 
frozen material and the pile. 

No information was found in the literature with respect 
to the angle of friction between frozen soil and various 
structural materials. It is generally assumed by most re
searchers that for ice, 0 = 0, and the frictional component 
of adfreeze strength is therefore negligible. This appears 
to be a reasonable assumption, particularly where the long 
term adf reeze strength is of concern. In ice poor backfill 
soils, the angle of friction may have some finite value ( 20 
to 35°) however the average radial stress is low (about 
75 kPal in most cases and so the net contribution to ad
freeze strength due to friction will probably be negligible 
in comparison to unconfined adfreeze shear strength, at 
least in the short term. In view of these factors, most 
designers neglect the effect of confining pressure when 
establishing adfreeze strength for use in design. The 
influence of confining pressure may, however, be signifi
cant with respect to the long term adfreeze strength in ice 
poor soils. This is a subject which is now beginning to 
receive the attention of researchers. 

8.3 Load Direction 

Adf reeze piles may be subjected to net 
loads (as in the case of building foundations) 
loads (for example in the case of tower anchors). 

compressive 
or tensile 

Steel piles subjected to compressive loads can be ex
pected to increase in diameter as they are loaded, whereas 
piles subjected to tension can be expected to decrease in 
diameter. These changes in pile diameter may result in 
higher adf reeze strengths being achieved for compression 
tests as compared to tension tests. 

It is speculated by most researchers that the effects 
of load direction on adf reeze strength of piles will be 
small, however no information to support this was found in 
the literature. It is difficult to establish the relative 
effects of load direction in the laboratory because it is 
difficult to induce the same magnitude of axial stress into 
a short pile in the laboratory, as occurs in a longer pile 
in the field, where the total applied load is much higher. 
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In the absence of quantitative data, most designers 
adopt conservatively low values for adfreeze strength for 
piles subjected to tensile forces. A better alternative is 
to carry out field load tests which simulate design condi
tions, including the direction of loading. 

8. 4 Pile Surf ace Properties 

As might be expected, the surface properties of 
can have a significant effect on the adfreeze strength. 

piles 

Parameswaran (1978, 1979 and 1981) has reported the re
sults of constant displacement rate tests and constant load 
tests on a variety of pile types including timber, con
crete, steel H piles and steel pipe piles. These results, 
some of which are presented on Figure 8.4, provide a good 
indication as to the effect which pile type has on adfreeze 
strength All tests were carried out using Ottawa sand and 
distilled water. 

These test results show that the highest adfreeze 
strengths were obtained with plain untreated timber (Fig
ure 8.4). The results show that the adfreeze bond strength 
between frozen Ottawa sand and concrete, painted steel pipe 
and creosoted timber were roughly comparable. 

The results show that the adfreeze strength between 
Ottawa sand and steel pipe piles and steel H-piles are also 
comparable (Figure 8.4). 

The steel pipe piles were sandblasted prior to testing 
in all cases. In some cases, however, 1 coat of spray 
enamel was applied to the sandblasted pile prior to test
ing. It is of interest to compare the adfreeze strength 
between painted and unpainted piles, because pipe manufac
turers routinely apply a lacquer coat to the pipe piles 
used in Northern Canada in order to reduce corrosion during 
transportation. 

Parameswaran' s, ( 1978) data for painted and unpainted 
pipe piles has been replotted in Figure 8.5. The results 
indicate that there is no significant difference between 
the adf reeze strength as a result of applying paint to the 
pipe. 

Thurber Consultants Ltd. (1988) reported the results of 
a series of laboratory pile load tests carried out by the 
University of Alberta under contract with the Department of 
National Defense. The results of 13 pile load tests com
pleted for this work are presented in Figure 8.8. 
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A detailed description of the apparatus and test proce
dure is outlined by Thurber Consultants ( 1988a and 1988bl. 
Briefly, however, the tests involved preparing frozen ice 
poor samples of silty sand (saline or non-saline), drilling 
a 51 mm diameter pile hole, placing a 33 mm outside diame
ter steel pipe in the hole and backfilling the annulus with 
a variety of selected materials. Once the backfill was com
pletely frozen, the piles were loaded to failure at a con
stant rate of displacement. 

As part of the U of A test program, comparative tests 
were carried out to determine the difference in adfreez e 
strength between an untreated pile (as received from the 
supplier with one coat of black lacquer) which had not been 
sandblasted, with the same pile which was sandblasted prior 
to testing. The test results were as follows: 

Peak 
Adfreeze 

Test Native Strength Temperature Surface 
No. Soil Backfill (kPa) oc Treatment 

1 Silty Sand Sand 357 -4.8 Not sand blasted 
lacquer coated 

12 Silty Sand Sand 733 -5.3 Sand blasted, 
not painted 

These test results are also shown on Figure 8.5. The 
test results with the sand blasted pile is comparable to 
the results obtained by Parameswaran ( 1978), whereas the 
results for the lacquer coated pile are very much lower. 
These results indicate that sand blasting steel piles will 
result in a significant increase in adfreeze strength. As 
demonstrated by Parameswaran' s results, painting the pile 
after sand blasting will not reduce adfreeze strength sig
nificantly. It is not known whether the increase in 
strength due to sand blasting is because all contaminants 
are removed from the pile or because of the increased sur
face roughness due to sand blasting. 

It is clear that further research concerning the effect 
of pile surface treatment (and in particular the surf ace 
treatment of steel pipe piles which are currently in wide
spread use) would be valuable. 
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8.5 Temperature 

Adfreeze strength is known to increase significantly as 
temperature decreases. A summary of data for ultimate ad
freeze strength as a function of temperature was compiled 
by Weaver and Morgenstern ( 1981), and the results are pre
sented on Figure 8.6. 

Johnston ( 1981) has also compiled data regarding ad
f reeze shear strengths as presented in Figure 8. 7. As 
shown on the figure, Johnston has suggested a tentative 
relationship between ultimate short term (up to 2 4 hours) 
adf reeze strength for use in design. The ultimate short 
term strength determined from Figure 8.7 should be reduced 
by an appropriate factor of safety. 

As discussed earlier, there is virtually no data with 
respect to long term adf reeze strengths and in the absence 
of data, Johnston has suggested that long term adfreeze 
strengths be taken as 50 percent of the short term 
strength. An appropriate factor of safety should also be 
applied. 

8. 6 Back£ ill Properties 

Most researchers have recognized the important infl u
ence which backfill properties can have on adf reeze 
strength. For convenience, most laboratory studies in
volved placing a large amount of thawed soil around a pile 
and allowing it to freeze back. This procedure was used be
cause it was convenient, and because it resulted in homogen
eous soil properties from the outside surface of the pile 
shaft, which simplified interpretation of the test results 
The recent tests at the University of Alberta (Thurber 
Consultants Ltd., 1988), and as summarized in Figure 8.8, 
have demonstrated that the type of backfill, its method of 
placement and other factors can have a significant effect 
on the adf reeze strength and the capacity of the piles. 

The test program indicated that the following backfill 
properties could influence the adfreeze strength: 

1) Ice content, 
2) Grain size distribution, 
3) Salinity, and 
4) Annulus size. 
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8.6.1 Backfill Ice Content 

The U of A test data indicates, a s expected, that 
where the ice content of the backfill is high, the 
short term adf reeze strength will be reduced signif i 
cantly: 

NATIVE NATIVE PEAK 
TEST SOIL SOIL BACKFILL AD FREEZE TEMPERATURE 
NO. TYPE SALINITY BACKFILL SALINITY STRENGTH (~ci 

l Silty Sand 0 Sand 0 357 -4. 8 
5 Silty Sand 0 Ice 0 217 - 5.3 

8.6.2 Backfill Grain Size Distribution 

Two types of sand backfill were tested. In one 
case, uniform silty sand was used which had about 30 % 
passing the No. 200 sieve. In the second test, a uni
form sand which had 0% passing the No. 200 sieve was 
used. The following test results were obtained. 

NATIVE PEAK 
SOIL BACKFILL ADFREEZE 

TEST NATIVE SALINITY SALINITY STRENGTH TEMPERATURE 
NO. 

l 
7 

SOIL (pptl BACKFILL <ppt) <kPal <~ci 

Silty Sand 0 Uniform Sand 0 357 -4.8 
Silty Sand 0 Silty Sand 0 360 <300) -6.4 

As indicated the test with the silty sand was car
ried out at a somewhat colder temperature than the 
tests with the uniform sand, and the adf reeze strength 
has been adjusted accordingly. The adf reeze strength 
with the uniform sand is seen to be somewhat higher 
(357 vs 300 kPa). Additional corroborative testing 
would be required to confirm this result. 

8.6. 3 Backfill Salinity 

The effect which backfill salinity has on the ad-
freeze strength is indicated in the following results: 

NATIVE PEAK 
SOIL BACKFILL AOFREEZE 

( 4 .8) 

TEST NATIVE SALINITY SALINITY STRENGTH TEMPERATURE 
NO. SOIL (pptl BACKFILL <pptl (kPal <~ci 

4 Silty Sand 10 Sand 0 351 -4.5 
6 Silty Sand 10 Silty Sand 10 190 -4.8 
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These tests indicate that if the backfill is 
saline, the adfreeze strength will be reduced by about 
50 percent. The results demonstrated that great care 
must be taken to ensure that the sand and water used 
for the sand slurry backfill must be non-saline. While 
this seems straightforward, local contractors prefer to 
use drill cuttings (which are often saline) or local 
sand deposits which are generally not tested and which 
may be saline. An alternative is to use imported sand 
for the backfill. 

8 .6. 4 Annul us Size 

It may be deduced from the foregoing results that 
the size of the annulus between the pile and the pile 
hole will influence pile capacity. For example if a 
pile is installed in an ice rich or saline soil, the 
annulus could be increased and filled with non-saline 
sand such that the pile capacity will be controlled by 
the creep parameters and adf reeze strength of the sand 
backfill, rather than the properties of the native 
soil. 

This is an area in which additional field and 
laboratory testing should prove useful. 

8. 7 Native Soil Properties 

The properties of the native soil which surround the 
backfill can influence the pile capacity depending on the 
circumstances. The following backfill properties were in
vestigated in the U of A tests 

TEST 
NO. 

1 
9 

1) Ice content, and 

2) Salinity. 

8. 7 .1 Native Soil Ice Content 

Comparative tests demonstrated 
tent of the native soil (beyond the 
influence adf reeze strength: 

NATIVE 
NATIVE SOIL 

SOIL SALINITY 
TYPE (pptl BACKFILL 

Silty Sand 0 Imported Sand 
Ice 0 Imported Sand 

8.12 

that the 
backfill> 

PEAK 
ADFREEZE 
STRENGTH 

<kPal 

356 
353 

ice can
did not 

TEMPERATURE 
< 0 c I 

-4.8 
-5.3 
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It should be noted, however, that the ice content 
of the native soil will affect the creep parameters and 
hence the pile may experience significant deformations. 

8.7.2 Native Soil Salinity 

The data indicates that the salinity of the native 
soil may influence the adfreeze strength, depending on 
the pile surface treatment: 

NATIVE PEAK 
NATIVE SOIL ADFREEZE 

TEST SOIL SALINITY STRENGTH TEMPERATURE SURFACE 
NO. 

4 
12 
13 

TYPE <ppt) BACKFILL (kPa) c-c> TREATMENT 

Silty Sand 0 Sand 357 - 4.8 Untreated 
Silty Sand 10 Sand 351 -4.5 Untreated 
Sllty Sand 0 Sand 733 -5.3 Sand blasted , unpainted 
Silty Sand 10 Sand 581 -5.l Sand blasted, unpatnted 

Failure occurred at the pile/backfill interface in 
all of the foregoing tests except for Test 13. Failure 
occurred at the backfill/native soil interface in Test 
13. (The adfreeze strength given for Test 13 is the 
stress at the pile/backfill interface at failure). 

For untreated piles, it is clear that the salinity 
of the native soil does not influence the short term ad
freeze strength (Tests 1 and 4). It may, however af
fect their long term deformations. For sand blasted 
piles, the salinity of the native soil influenced the 
short term pile capacity because, in this case, the ad
freeze strength between the backfill and the native 
soil governed (Test 13). 

8.8 Comparisons with Field Data 

As outlined by Thurber Consultants Ltd. ( 1988), there 
are a number of significant differences between the configu
ration of the pile load test used in the laboratory and 
actual field conditions. It is therefore useful to compare 
the laboratory results with the results of full scale field 
load tests. The available data can be conveniently grouped 
into saline and non-saline soils. 

8.8.1 Non-Saline Soils 

Three pile load tests 
(Thurber Consultants Ltd., 
considered to be non-saline. 
marized in Figure 8. 9 and 
laboratory tests as follows: 

8.13 

were undertaken in Iqaluit 
1983) in soils which are 

The test results are sum
are compared to equivalent 
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AVERAGE 
NATIVE PEAK 

SOIL AOFREEZE 
TEST NATIVE SALINITY IJllCKFILL BACKFILL STRENGTH RANGE TEMPER AT URE 
NO. SOIL <pptl TYPE SALINITY <kPa> ( kPa > <-c1 

l Silty Sand 0 Sand 0 35 7 <JOOl - - 4. B ( -3 . 51 
1. 2 and 3 Sand l. 4 Sa nd 0 290 2J O to 340 - J. 5 

LOCATION 

u of A wb 
U of A Lab 
Clyde River 
Arct1c Bay 

As indicated above, if the laboratory test results 
are corrected for temperature, the measured adf reeze 
strength is in good agreement with the value determined 
in the field test. There is a significant scatter 
between the values determined in the field tests ( 230 
to 340 kPa). It is speculated that the scatter is due 
to variations in density which occurred in placing the 
sand slurry in the annulus. 

8.8.2 Saline Soils 

Four field load tests were carried out by Hoggan 
Engineering and Testing Ltd., ( 1985) in Arctic Bay, 
N.W.T. Nixon <1988) reported the results of 3 pile 
load tests carried out in Clyde River, N.W.T. The test 
results are summarized on Figure 8.9. All 7 pile load 
tests were carried out on lacquer finished pipe piles 
which were not treated in any special way. Nixon 
( 1988) has interpreted the pile deformations as being 
due to creep of the adjacent frozen soil. The deforma
tions are relatively large and the interpretation pre
sented here assumes that the piles exceeded the ad
f reeze strength at the pile/ soil interface. It is dif
ficult to establish which interpretation is correct, 
however, adfreeze failure definitely occurred in the 
tests at Arctic Bay, where deformations ranged from 7 
to 10 mm. The site conditions (soil type, ice con
tents, ground temperatures and pore water salinity) 
were virtually the same at both sites. These field 
tests results can be compared to the equivalent labor
atory test results as follows: 

AVERAGE 
AVERAGE PEAK 

NATIVE ADFREEZE AVERAGE 
TEST NATIVE SOIL BACKFILL STRENGTH TEMPERATURE 
NO. SOIL SALINITY BACKFILL SALINITY <kPa > RANGE <-c> 

4 S lty Sand 10 Sand 0 351 - -4.5 
6 S lty Sand 10 Silty Sand 10 190 - -4.8 

l,2A,3 S lty Sand 10 Sand 0 96 81 to 124 -6. 
2.). 4. 5 S lty Sand 10 Sand 0 103 86 to 124 -6. 
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The short term adf reeze strengths measured in the 
field are significantly lower than might be expected 
for clean, non-saline backfill soils (as was used at 
both Clyde River and Arctic Bay) placed in saline 
native material. Even if the backfill soils were con
taminated by the native pore fluids, adf reeze strengths 
would be expected to be in the order of 190 kPa, (or 
higher if temperature corrected) not 100 kPa. 

A number of possible reasons for the difference be
tween the laboratory and field adfreeze strength have 
been suggested by Thurber Consultants Ltd., ( 1988). 
Unfortunately, there is not sufficient data available 
to confirm the actual reason for the difference. It 
may be possible to establish the reason through a 
series of appropriately planned laboratory and field 
pile test programs. 

8. 9 Summary 

This review indicates that further research into the ad
freeze strength of ice and frozen soil to piles would be 
worthwhile. The following areas appear to be of most con
cern at this time. 

Pile Surface Treatment 

Further laboratory and field testing should be 
undertaken to establish practical techniques for in
creasing adf reeze strengths to steel piles through sur
face treatment. Sandblasting, the use of degreasing 
agents and the addition of flanges and studs appear to 
be methods worth investigating further. 

Backfill Properties 

Further research should be carried out to estab
lish the most suitable type of backfill for use in ice, 
ice rich soil and saline soils. Tests should be car
ried out to establish the effectiveness of increasing 
the size of the annulus as a means of increasing pile 
capacities. Improved methods of installing backfill 
slurries should be developed in order to increase 
slurry densities and reduce variations in slurry den
sity which occur in the field. 

Further research should be undertaken to establish 
whether saline pore fluids will diffuse from the native 
soil to the sand backfill and reduce pile load capacity 
in the long term. 
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Further research should be considered into the 
process of f reezeback around piles i ncluding such 
aspects as the rejection of saline fluids towards the 
pile and the generation and dissipation of freezeback 
pressures around the piles. 

Research should be carried out into the use o f 
cement grouts as pile backfill. Concerns include set 
up times in freezing conditions, factors affecting 
cement bond values to the steel pile, and optimum mix 
design. 

Long Term Loads 

There is no reliable data concerning long term ad
freeze strengths. Current approaches involve the extra
polation of data from relatively short term tests, 
which for ice and ice rich soils indicates that long 
term adfreeze strengths will be extremely low. It is 
possible that at very low rates of strain, other heal
ing or strain hardening processes occur which will 
result in much higher adfreeze strengths than expected, 
baaed on the extrapolation of short term strength data. 
The definition of long term adf reeze strength should be 
reviewed. The current definition (the onset of terti
ary creep) may be overly conservative at low stresses. 
This is an area in which further research should be 
considered. 

Undetermined Field Effects 

Seven pile load tests at two separate sites (both 
in saline soils) in the Northwest Territories resulted 
in adf reeze bond strengths which were significantly 
lower than would have been expected based on comparable 
laboratory test data. Saline soils are widespread in 
the Northwest Territories and therefore these field 
test results are significant. Research should be car
ried out aimed at establishing the reasons for the dif
ference between these two fairly reliable sets of data. 

Frost Heave 

Frost heave of piles due to f reezeback in the 
active layer is a concern. Methods of reducing the ad
freeze strength to the pile shaft in the active layer 
should be investigated. Current techniques include 
greasing the upper portion of the pile and the use of 
plastic heat shrink sleeves. The effectiveness of 
these various techniques should be investigated. 
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Dynamic or Cyclic Loads 

A literature review of the effects of dynamic or 
cyclic loads and possible effects on adf reeze 
strength was not carried out as part of this 
study. This is an area which is of concern with 
respect to the design of compressor foundations. 
A literature review should be carried out and an 
evaluation of existing theory and data should be 
completed. 

Lateral Loads 

A literature review of the behaviour of piles sub
jected to lateral loads was not carried out as 
part of this study. It is recommended that such a 
review be carried out and an evaluation of exist
ing theories and supporting data be made. 

Driven Piles 

Driven piles in permafrost have been used exten
sively in warm permafrost regions of Alaska, and 
should be suitable for similar areas in Northern 
Canada. Research into the use of driven piles 
(including a trial installation and field load 
tests) should be considered. 
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SECTION 9 

THAW CONSOLIDATION 

9.1 General 

When frozen soils thaw, significant settlement may 
occur, depending on the volume of excess ice present within 
the frozen soil. There are two aspects of the thaw consoli
dation process which are of concern to geotechnical engi
neers: 

1) Thaw settlements, and 
2) excess pore pressures. 

The magnitude and distribution of settlements are of 
concern for any structure (pipelines, roads, embankments 
and buildings) which could cause a change in the thermal 
regime such that thaw settlement will occur. The structure 
must be designed to either tolerate the expected settle
ments or measures must be taken to reduce or eliminate 
thaw. 

As frozen soil thaws, excess pore water pressure may be 
generated at the thaw front. The magnitude of the pore 
water pressure controls the strength of the thawing soil 
and hence is of interest in assessing the stability of 
slopes and embankments constructed in permafrost regions. 

These two aspects of the thaw consolidation process are 
discussed in the following sections. 

9. 2 Thaw Settlements 

For many design applications, the rate of consolidation 
and the pore pressures generated during thaw consolidation 
are not a major concern. It is therefore acceptable to 
ignore time dependent effects and thereby simplify the 
analysis of the thaw consolidation process (Watson et al., 
1973). 

If a sample of ice rich frozen soil is thawed uniaxi
ally under a nominal applied pressure o<> , the total thaw 
strain can be measured, as shown in Figure 9.1. Once the 
sample has thawed completely, an additional pressure ( o 1 ) 

can be applied and additional vertical deformation will 
occur as the thawed sample consolidates further. 

9.1 
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For ice rich soils, the thaw strain which occurs under 
the nominal pressure 0 0 is normally much greater than 
the strain which will occur under subsequent increased pres
sures. Therefore, it can be assumed that the strain which 
occurs after thawing is a linear function of appli ed pres
sure, and total strain due to thaw consolidation will be 
given by the following expression: 

where 

Et = Ao + m" o ( 9.1) 

Et denotes the total strain under applied 
stress o, 

Ao denotes the intercept of the thawed applied 
pressure - strain relationship at an applied 
pressure of zero, as shown on Figure 9.1, and 

m" denotes the compressibility of the soil 
after thawing. 

For many practical design applications, the sample can 
be thawed under a single applied load, which is selected to 
be representative of the expected effective stress which 
will exist in the thawed soil after consolidation is com
pleted. For most pipeline design applications an applied 
pressure of 50 to 100 kPa can be used, which will yield a 
reasonable, but conservative estimate of total thaw strain. 
Thus, Equation 9.1 can be simplified further to: 

Et = Ap (9.2) 

Equation 9.2 is particularly useful for estimating thaw 
settlements below linear structures such as roads and warm 
oil pipelines because it permits the use of simplified test 
procedures, so that a large number of samples can be tested 
and analysed statistically to establish a range of expected 
thaw settlements. The procedure, as applied to the design 
of a warm oil pipeline is described in detail by Hanna et 
al (1983). 

The water content of frozen soils is routinely measured 
in most subsurface investigations. It is of interest, 
therefore to relate the water (ice) content of the frozen 
soil to thaw strain. Hanna et al ( 1983), have summarized 
such data from a variety of sources. The data are pre
sented on Figures 9.2 to 9.6, for different soil types. 

9.2 



c==J 
OD 
THUAa•R 

Water contents shown on these figures are expressed in 
terms of volumetric water content rather than the usual 
gravimetric water content, so that the full range of water 
contents will be confined between 0 and 100%. The volu
metric water content is the ratio of the volume of water to 
the total volume of the frozen soil. It can be calculated 
from the gravimetric water content through the use of the 
following equation: 

where 

Wv 

W..,. = (~ + W.v) 
G. S 

( 9. 3) 

w..,. denotes the volumetric water content, 

w9 denotes the gravimetric water content, 

G. denotes the specific gravity of the soil 
particles, and 

S denotes the degree of saturation. 

The specific gravity of most mineral soils falls within 
a range from 2.5 to 2. 7. The specific gravity of peat can 
range from 1.1 to 2.5. 

Crary ( 1973) and others have suggested the use of a 
correlation between thaw strain and frozen bulk density. 
Correlations between these variables are presented on Fig
ures 9. 7 to 9.9. 

Total thaw strains in saturated ice rich soils can also 
be estimated from the void ratio before and after thawing, 
since: 

where 

e1!-et. 
Et. = (9.4) 

1+ e:*! 

e:*! denotes the void ratio of the frozen 
soil, and 

et. denotes the void ratio of the thawed soil. 

9.3 
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The void ratio of the frozen and thawed soil can be 
readily calculated from the water content since: 

w..,G. 
e = (9.5) 

s 

Once the total thaw strain for a particular soil type 
has been established, an estimate of the total thaw settle
ment which will occur in the field can be established from 
the equation: 

~x = A0 x + m~ ~ox (9.6) 
or 

~x = Apx (9.7) 

where 

~x denotes the total thaw settlement, and 

x denotes the depth of thaw. 

In practice, the thaw settlement parameters Ao, m~ 
and Ap can be expected to vary with depth and therefore 
it is usually necessary to calculate the thaw settlement 
within discrete soil layers and add the calculated settle
ment for each layer to obtain an estimate of total settle
ment. 

It will be noted on Figures 9. 3 to 9. 9 that there is 
considerable scatter to the data relating thaw strains to 
soil water content or frozen bulk density. This will, of 
course, reflect the accuracy to which thaw settlements can 
be calculated. In addition, significant variations in thaw 
settlements, due to the random orientation and distribution 
of excess ice within the frozen soil must be expected. 
Despite these limitations, the foregoing relationships have 
been found to be very useful as a means of predicting the 
average total settlement and the probable range in total 
settlement which can be expected in the field. 

It is understood (Morgenstern, 1988) that the magnitude 
of thaw settlements observed in the field are generally 
less than those calculated using the relationships given in 
Figures 9.3 to 9.9. The lower observed settlement is be
lieved to be due to arching and other 3 dimensional ef
fects. This is an area in which further research should be 
considered. 

9.4 
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9.3 Excess Pore Pressures 

As mentioned earlier, when frozen soil thaws, water is 
liberated at the thaw front. In many ice rich soils the 
water pressure at the thaw front may exceed the hydrostatic 
water pressure at that depth. The water pressure above 
hydrostatic is termed the excess pore pressure. The excess 
pore pressure at the thaw front will be controlled by the 
rate at which water is liberated by thaw and the rate at 
which the water can drain from the thaw front. A sketch 
which shows the physical process of thaw consolidation is 
presented on Figure 9.10. 

For many field problems (particularly one dimensional 
problems) the rate of advance of the thaw front can be 
approximated by an equation of the form: 

x = a /"t (9.8) 

where 

x denotes the depth below the surf ace at which 
a step temperature has been applied, 

a denotes a thermal coefficient, and 

t denotes time. 

The thermal coefficient, is a function of the thermal 
properties of the soil and the temperature boundary condi
tions. It can be readily established using a thermal analy
sis appropriate to the problem at hand. Values for which 
are commonly encountered in practice range from 0.1 to 
1.0 mm per second 0 -~ and can normally be calculated to 
an accuracy of : 10 percent. 

The dissipation of pore pressure within the thawed 
portion of the soil is controlled by the coefficient of 
consolidation, c~, which is defined as follows: 

where 

k 
C..,,. = (9.9) 

m~ 

k denotes the hydraulic permeability of the 
thawed soil, 

9.5 
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~- denotes the unit weight of water, and 

m..,. denotes the coefficient of compressibility. 

The coefficient 
defined as follows: 

of volume compressibility, m..,. 

where 

6 E 
m..,. = (9.10) 

ila 

6E denotes the thaw strain which occurs under 
an increase in effective stress 60~ 

lS 

Typical 
range from 
sandy silts. 

values 
0.01 

for the coefficient of compressibility 
mm 2 /sec for clays to 10 mm 2 /sec for 

Morgenstern and Nixon <1971) developed a one-dimen
sional theory for the thaw consolidation process depicted 
in Figure 9.10, by coupling the constitutive equation gov
erning consolidation with the equation which defines the ad
vance of the thaw front. Initially the theory assumed that 
void ratio was a linear function of effective stress, as 
shown in the upper half of Figure 9.10. The theory was 
later extended to incorporate a non-linear relationship be
tween void ratio and effective stress which is more appro
priate to ice rich, thawed soils (Morgenstern and Nixon, 
1973a). 

A key parameter which governs the process is the thaw 
consolidation ratio,. R, which is defined as follows: 

~ 

R = (9.11) 
2 ./C.., 

The thaw consolidation ratio, R, represents a coupling 
of the thermal and consolidation processes within the thaw
ing soil. It is a measure of the relative rate at which 
excess water is generated (by thawing) at the thaw front, 
and the rate at which it can drain from the thaw front by 
consolidation. Where thaw rates (as embodied in ) are 
rapid, the value of R will be high and high excess pore 
pressures will be generated at the thaw front. Where the 
coefficient of compressibility is high (indicating rapid 
dissipation of pore pressure), R will be low and the excess 
pore pressure at the thaw front will be low. 

9.6 
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The predicted excess pore pressure at the thaw front 
based on an assumed linear relationship between void ratio 
and effective stress is shown in the upper half of Figure 
9.11. An exact solution for both the self weight case and 
a weightless soil with an external applied pressure was pos
sible. The total excess pore pressure can be obtained by 
adding the excess pore pressure for each case. 

The predicted excess pore pressure at the thaw front 
assuming a non-linear relationship between void ratio and 
effective stress is presented in the lower half of Fig
ure 9.11. This solution assumes a linear relationship 
between void ratio and the logarithm of effective stress. 
The solution shown on Figure 9.11 assumes externally ap
plied loads are large relative to the self weight of the 
soil. An exact solution for the non-linear self weight 
case was not possible and hence numerical methods must be 
used to solve the equation for that case. 

As indicated by the results presented 
the pore pressure at the thaw f rant will 
function of the following variables: 

on Figure 9.11, 
be primarily a 

1) The rate of thaw as embodied in the thermal coeffi
cient a, 

2) The rate of consolidation as defined by the coeffi
cient of consolidation c~, and 

2) The residual effective stress o~, which is the ef
fective stress of the soil after it has thawed but 
before any drainage has occured. 

As a first approximation, a value of R greater than 
about 0.5 would indicate a probability of significant ex
cess pore pressures being generated at the thaw plane. The 
theory can therefore be used to provide an indication of 
those soils which might be thaw unstable, provided a , c~ 
and o~ are known or can be estimated. 

A summary of pertinent properties of various soils from 
the Mackenzie Valley is presented in Figure 9.12. It is 
apparent that under the rates of thaw normally encountered 
in civil engineering practice, significant pore pressures 
will normally be generated during thawing of ice rich 
silts, silty clays and clays. Excess pore pressures will 
not normally be generated in sands and gravels. This pre
dicted behaviour is consistent with field experience. 

9.7 
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The thaw consolidation theory has been extended in a 
number of ways. For example, the rate of thaw may be ex
pressed as an arbitrary power law (Nixon and Morgenstern, 
1973a). The movement of the heat source may be taken as 
finite (Nixon 1973a) and a solution for layered systems has 
been obtained (Nixon, 197 3b). This latter solution is of 
particular value because it can be used to predict the sta
bility of soils which overlie thick ice layers. Nixon and 
Morgenstern ( 1973b) have also examined the effect which 
high values of the residual effective stress will have on 
the process of thaw consolidation. 

The theory of thaw consolidation has been applied to a 
variety of practical problems. The stability of dam foun
dations on thawing ground has been discussed by Nixon 
( 1973a), the settlement and stability of the thaw bulb 
around a buried pipeline by Nixon ( 1973a) and Morgenstern 
and Nixon ( 1975). The application of thaw consolidation 
theory to slope stability problems has been discussed by 
McRoberts (1973), McRoberts and Morgenstern (1974) and 
McRoberts and Nixon ( 1977). 

9.4 Laboratory Confirmation Tests 

Laboratory tests have been carried out by a number of 
researchers, to test the validity of the thaw consolidation 
theory proposed by Morgenstern and Nixon. Tests on recon
stituted samples were reported by Morgenstern and Smith 
(1973) and on undisturbed samples by Nixon and Morgenstern 
( 1974). The results of these tests are presented on Fig
ures 9.13 and 9.14. The test results confirm, in general, 
the validity of the non-linear theory of consolidation. 

Roggensack (1977) carried out an extensive and detailed 
program of laboratory tests on undisturbed samples of ice 
rich soils from three separate sites in the Mackenzie River 
Valley. 

Roggensack measured the residual effective stress on a 
large number of samples and found a good correlation be
tween the thawed, undrained void ratio (prior to consolida
tion) and the measured values of residual effective stress 
for the various soil types. He also found a good correla
tions between soil type, residual effective stress and 
liquidity index. These correlations are presented on Fig
ures 9.15 and 9.16. 

the 
to 

Roggensack found that both hydraulic permeability k and 
coefficient of compressibility m..,. were very sensitive 

effective stress in the thawed soil. However, in most 
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soils, as effective stress increased, both permeability and 
compressibility decreased, with the result that c...,. was 
not overly sensitive to changes in effective stress for a 
given soil type. Typical tests results which illustrate 
the relationship between c...,. and effective stress are pre
sented in Figures 9.17 and 9.18. The test results s h o w 
that c...,. typically decreases in the stress range from 0 
to 50 kPa and remains relatively constant thereafter. As 
discussed by Roggensack, the use of the lower constant 
value for c...,. over the entire stress range will cause pre
dicted pore pressures to be higher than actual field values 
in the stress range from 0 to 50 kPa, which is conserva
tive. 

A comparison between the pore pressure at the thaw 
front as measured experimentally by Roggensack on labora
tory samples, and the pore pressure predicted by the Morgen
stern and Nixon non-linear thaw consolidation theory is pre
sented in Figure 9.19. The excellent agreement between the 
measured and predicted values confirms the validity of the 
theory. 

9. 5 Comparisons with Field Data 

9.5.1 Inuvik Pipeline 

In order to study the behaviour of a warm oil pipe
line in ice rich permafrost, Mackenzie Valley Pipeline 
Research Limited installed a 27 m test section of 
0.61 m diameter pipe near Inuvik, N.W.T. The surround
ing soils consisted of ice rich silty clay. Oil, at a 
temperature of 71°C was circulated through the pipe. 
The test section was fully instrumented to measure set
tlements, temperatures and pore pressures. A complete 
description of the instrumentation is given by Slusar
chuk (1973) and a summary of the observations is given 
by Watson et al ( 1973). A sketch showing the strati
graphy below the pipeline is shown in Figure 9.20. 

Morgenstern and Nixon (1975) carried out an analy
sis of the data obtained from the test facility. The 
problem is not one-dimensional, however it is reason
able to assume one-dimensional conditions exist di
rectly below pipe centreline. 

The predicted and measured position of the thaw 
front below the centreline of the pipeline, as a func
tion of time, is shown on Figure 9. 21. The results in
dicate excellent agreement between the predicted and ob
served rates of thaw. A value for the thermal coeffi
cient of 0.773 mm/sec 0

•
5 was calculated from this 

data. 
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A value for the coefficient of consolidation of 
1. 0 3 mm 2 I sec was established from laboratory tests on 
undisturbed core samples taken from the site. The 
value for the thaw consolidation ratio, R, was there
fore calculated to be 0.383. 

Using this value for the thaw consolidation ratio, 
the maximum excess pore pressure at the thaw front was 
calculated using the thaw consolidation theory. The 
predicted and measured pore pressures at the thaw front 
are compared in Figure 9. 22. While there 1s some 
scatter, there is reasonable agreement between the ob
served and predicted pore pressures. The scatter is 
most likely due to natural variations in soil water con
tent and grain size distribution. 

The observed and predicted settlement behaviour 
below the pipeline is compared in Figure 9.23. The ob
served settlement, as measured at two locations, is 
seen to vary significantly, reflecting variations in 
ice content over the site. The settlement predicted 
from the thaw consolidation theory is seen to be in 
good agreement with the observed settlements. 

9.5. 2 Sans Sault and Martin River Slopes 

McRoberts et al ( 1978) measured pore water pres
sures in thawing slopes at test sites located near Sans 
Sault Rapids and Martin River in the Mackenzie River 
Valley. In this case, the pore pressures were measured 
periodically as the active layer thawed during the sum
mer months. No attempt was made to monitor the associ
ated surface settlements. The soil properties and pore 
pressure observations are summarized on the upper half 
of Figure 9. 24. 

McRoberts used the Morgenstern and Nixon thaw con
solidation theory to predict the coefficient of consoli
dation which would have been operative in order to 
achieve the observed pore pressures. The back calcu
lated coefficient of consolidation was then compared to 
that established from laboratory test data, and field 
permeability test data. 

The comparison between the laboratory measured 
values and the back calculated values for c~ are pre
sented on the lower half of Figure 9.24. While the two 
sets of data are in reasonable agreement, it is not pos
sible to draw definite conclusions from this study. As 
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discussed by McRoberts, there are a number of compli
cated and inter-related factors which make it difficult 
to reconcile the predicted and measured pore pressures 
at these two sites. 

9. 6 S umrnarv 

A considerable volume of data is available which can be 
used to provide an indication of the range in total settle
ments which will occur in frozen soils, provided soil water 
contents or frozen bulk densities are known. The simpli
fied method of calculating thaw settlements has proven to 
be adequate for many design applications. 

The magnitude of thaw settlements observed in the field 
is often less than predicted values due to three dimen
sional effects. This is an area in which further research 
should be considered. 

The Morgenstern and Nixon thaw consolidation theory pro
vides an excellent framework within which the stability of 
thawing soils can be evaluated. Laboratory tests have 
shown that the theory models the thaw consolidation beha
viour of both reconstituted and undisturbed soils reason
ably well. Reasonable agreement has been obtained between 
predicted and observed thaw consolidation behaviour in the 
field. 

No further research into the process of thaw consolida
tion appears to be warranted at this time, however field 
studies related to thaw consolidation would be of great 
value, if opportunities arise. 
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SECTION 10 

FROST HEAVE 

10.1 General 

As the ground freezes each fall (in permafrost or non 
permafrost regions) ice lenses can develop at the frost 
front, with the result that the ground surface will heave. 
The heaving can cause uplift of building foundations, lat
eral movement of retaining walls and heaving of roads and 
airfields. In the case of roads and airfields, when the 
ground thaws the following spring, the ice lenses melt out, 
resulting in an oversaturated subgrade and potential fail
ure of the pavement structure. Frost heave and its control 
have therefore been the focus of a considerable research 
effort over the last 50 years or so. 

In recent years, a number of projects have been pro
posed which involve the installation of chilled (below 
0°C) gas pipe lines in permafrost areas. The use of 
chilled gas greatly improves the efficiency of the system, 
while at the same time reducing thaw degradation of frozen 
ground. However, in sporadic permafrost areas, the chilled 
line must pass through areas of both frozen and unfrozen 
soil. Where unfrozen ground is present, a frost bulb will 
develop around the pipeline. Frost heaving of the pipeline 
is therefore of concern, since, if heave is excessive, the 
line could be damaged. 

Some examples of frost heave below various structures 
are shown in Figure 10.1. The phenomenon of frost heave 
involves a complex coupling of thermal and hydraulic pro
cesses within the soil. In the past, researchers estab
lished that three conditions were necessary for the forma
tion of segregated ice during freezing. 

1) 

2) 

3) 

Ground temperatures must be sufficiently cold for 
a prolonged period. 
The water table must be close to the freezing 
front. 
The soil must be susceptible to the formation of 
segregated ice. 

Frost heave can be reduced by removing at least one of 
the foregoing conditions. Where ground temperatures or the 
water table cannot be changed, then the approach would 
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often be to replace the frost susceptible soil with non
frost susceptible soil. This is the approach which is com
monly used in order to control frost heave below pavement 
structures. 

Frost susceptible soils have been broadly classified 
based on grain size distribution as shown on Figure 10.2. 
As indicated on the figure, those soils which have a high 
percentage of silt are normally highly frost susceptible, 
whereas clean sands and gravels are normally not frost 
susceptible. Soils which contain a significant percentage 
of clay are not normally regarded as being frost suscepti
ble. It is believed that the low permeability of clayey 
soils supresses the development of ice lenses, at least for 
a limited time. 

One of the most widely used frost susceptibility crite
ria was developed by the U.S. Army Corps of Engineers 
(Johnson, 1981). The results of studies undertaken by the 
Corps indicated that frost susceptible soils include all 
inorganic soils which contain more than 3 percent by weight 
finer than 0. 02 mm. Frost susceptible soils were grouped 
into several categories according to their degree of frost 
susceptibility as shown on Figure 10.3. The Fl soils shown 
on Figure 10.3 are considered to be the least frost suscep
tible and the F4 soils are considered the most frost suscep
tible. 

Unfortunately, while frost susceptibility criteria such 
as those given above have proven to be extremely valuable 
to designers, the approach has a number of serious draw
backs. First of all, as indicated on Figure 10.2, it has 
been found that there is no sharp dividing line between 
frost susceptible and non frost susceptible materials. 
Secondly, the frost susceptibility criteria do not reflect 
other factors (such as the thermal regime) which can affect 
frost heaving. In critical situations, therefore, de
signers have been forced to take a conservative approach in 
evaluating the acceptability of materials where frost 
heaving is a concern. Finally, the foregoing frost suscep
tibility criteria provide no theoretical basis on which to 
evaluate the probable magnitude of frost heave which might 
occur or the measures which might be considered to reduce 
or eliminate frost heave. 

A number of behavioural models for frost heave have 
been proposed by researchers over the years. The majority 
of these models are either overly complex or require a know
ledge of parameters which cannot be reliably determined. 

10.2 
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A relatively simple and practical theory, which appears 
to incorporate the major factors which control the process 
of frost heave in soils has been developed by Konrad and 
Morgenstern. The theory is described in a series of five 
papers (Konrad and Morgenstern, 1980, 1981, 198 2a, 198 2b, 
1984). The following sections review the Kon rad and 
Morgenstern model and its application. 

10.2 Description of the Model 

All researchers accept that as a frost front advances 
into the soil mass, water will be drawn to the freeze front 
as a result of a suction which develops at that point. The 
physical situation is shown in Figure 10.4. 

At some point above the ice lens, a cold side tempera
ture Tc exists, while below the frost front the warm side 
temperature is denoted T...,. The temperature gradient be
tween these two points is assumed to be constant. The tem
perature at which ice first begins to form in the soil will 
be near OC>C and is designated Ti. The temperature at 
the base of the ice lens T., is seen to be somewhat lower 
than OC>C. The surface defined by Ti is termed the 
freezing or frost front. The zone between the ice lens and 
the freezing front is termed the frozen fringe. 

Within the frozen fringe, water exists in equilibrium 
with pore ice at temperatures below OC>C, The water is 
present as adsorbed films on the surface of the soil par
ticles. The thickness of the adsorbed films is a function 
of temperature, soil particle sizes, void ratio and a num
ber of other variables. 

The suction pressure at the base of the ice lens is de
noted P..., while the suction pressure at the frost front is 
denoted P-u. 

If the frost front is not advancing (that is steady 
state temperature conditions exist) water will flow from 
the frost front to the base of the growing ice lens through 
the low permeability frozen fringe. The volumetric heat 
and latent heat, which are released as the water at the 
base of the lens turns to ice, equal the heat removed when 
the ice lens is stationary. If the heat removed exceeds 
the heat released when ice forms at the base of the ice 
lens, then the frost front will advance. 

The rate at which the frost front advances controls the 
thickness of the ice lens which can develop. In the field, 
at shallow depths where temperature gradients are large, 
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and the rate of advance of the freeze front is rapid, segre-
gated ice lenses are thin or non-existent. 
depths, the temperature gradient is small (with 
that the frozen fringe is thicker) and the rate 
of the freeze front is slow, therefore thicker 
can form. 

At greater 
the result 
of advance 
ice lenses 

In formulating their theory, Konrad and Morgenstern 
have made the following assumptions: 

1> The soil voids are saturated and contain either 
water or ice. 

2) The temperature gradient within the frozen fringe 
is constant. 

3) Darcy's law is valid for the flow regime that 
exists in the vicinity of the frost front, and 
within the frozen fringe. 

4) The permeabilities in the frozen fringe and the un
frozen soil are constant (but not necessarily the 
same). 

5) The temperatures at the frost front and at the 
base of the ice lens are constant for given soil 
properties. 

6) The suction pressure at the base of the ice lens 
is constant for given soil properties. 

7) Under steady state conditions, water accumulates 
only at the base of the warmest ice lens. Water 
does not accumulate within the frozen fringe or 
above the base of the ice lens, although redis
tribution of ice and water may occur in both 
areas. 

If the foregoing assumptions are made, Konrad and 
Morgenstern have established that the velocity of water 
flow, v to the growing ice lens will be proportional to the 
thermal gradient G~ in the frozen soil above the ice 
lens. That is: 

where 

v = SP G~ (10.1) 

SP denotes a constant which is termed the 
Segregation Potential. 

The segregation potential constitutes a coupling be
tween the thermal and mass flow phenomenon which occurs in 
frost heave. It can be established from suitable labora
tory tests for a particular soil type, and the temperature 
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gradient at the frost front can be determined as a function 
of time for most field problems from a geothermal analy
sis. Therefore, the rate of heave, h can be calculated 
from the following equation: 

where 

dx 
h = 1.09 SP Gf + 0.09 n ( 10.2) 

dt 

n denotes the porosity (which should be 
reduced to account for that portion of the 
pore water which does not freeze), and 

dx denotes the rate of advance of the frost 
dt front. 

As mentioned, the segregation potential can be estab
lished in laboratory frost heave tests for a specific soil. 
A sample of the soil to be tested is consolidated from a 
slurry to a specified pressure in order to achieve a uni
form void ratio throughout. The sample is then placed in a 
freeze cell, a designated external pressure is applied and 
the sample is allowed to consolidate. Freezing is com
menced either from the top down or from the bottom up. The 
advantage of freezing from the bottom up is that heave of 
the unfrozen soil above the frozen soil occurs, so that 
side friction is reduced. A sketch of a typical set up 
(freezing from the bottom up) is presented in Figure 10.5. 
The samples are typically 100 mm in diameter and 100 mm 
high. 

It is desirable that the frost front be as close to the 
warm plate and the water source as possible in order to 
minimize head losses due to water flow through the unfrozen 
soil. In order to achieve this, a warm plate temperature 
of about +l°C and a cold plate temperature of -5 to 
-8°C are recommended (Konrad and Morgenstern, 1984). 

As freezing progresses, the temperature profile, water 
movement into the soil and total heave are monitored. Typi
cal data are presented on Figure 10.6. During the initial 
stages of the test, when the frost front is advancing, non
steady state heat flow persists. When the frost front be
comes stationary, steady state is reached. This marks the 
beginning of Phase 3 as shown on Figure 10.6, and coincides 
with the growth of the last ice lens, unless the tempera
ture boundary conditions are changed. As indicated on Fig
ure 10.6, the rate of heave decreases with time and will 
ultimately stop. As discussed by Konrad and Morgenstern, 
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this behaviour is believed to be due to warming of the base 
of the last ice lens due to the fixed thermal boundary con
ditions and the increasing height o f the sample due to 
heave. For no applied load, when the temperature of the 
bottom of the ice lens reaches 0°C, the suction will also 
be zero and water flow will stop. 

The rate of heave at the time that the last ice lens 
forms is determined from the data. The temperature gradi
ent at that time is also determined by assuming a linear 
gradient throughout the sample. 

Frost heave tests can 
temperature gradients. It 
ity (at the formation of 
The slope of this line is 
ical results are presented 

then be repeated for different 
is possible to plot water veloc
the last ice lens) versus G.t:. 

the segregation potential. Typ
on Figure 10. 7. 

Research has indicated that the segregation potential 
is a function of the following variables: 

1) Suction at the frost front, 
2 Rate of cooling of the frozen fringe, 
3) Stress state, and 
4) Soil properties, including grain size distribu

tion, particle shape, particle mineralogy, void 
ratio, and soil structure. 

10.3 Suction at the Frost Front 

Konrad and Morgenstern (1981) have investigated and dis
cussed the effect which the suction at the frost front will 
have on the values of segregation potential measured in the 
laboratory. 

It is important to understand how the selection of the 
cold and warm side temperatures can affect the value of the 
suction at the frost front P~, and hence the measured 
value of SP (which is a function of P~). 

Konrad and Morgenstern ( 1981) have demonstrated that, 
under steady state temperature conditions, varying the cold 
side temperature in a laboratory frost heave cell will not 
affect the magnitude of the suction at the frost front. 
This is illustrated on the upper half of Figure 10.8. As 
shown, no matter how the cold side temperature is varied, 
as long as the warm side temperature remains constant, the 
ratio of the length of the frozen fringe to the length of 
the unfrozen soil below the frost front remains constant. 
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Therefore, because the total head loss between the warm 
plate and the bottom of the ice lens is constant, then the 
suction at the frost front must also remain constant. (The 
total head loss between the warm plate and the bottom of 
the ice lens actually increases slightly as the elevation 
of the frost front rises but the c hange is negligible in 
comparison to the magnitude of the total suction head). 

Since the suction at the frost front remains constant 
the segregation potential will also remain constant as the 
cold side temperature is varied. Therefore, the relation
ship between water intake velocity and temperature gradient 
(segregation potential) can be readily established by hold
ing the warm side temperature constant and progressively de
creasing the cold side temperature. A rigorous proof that 
the suction at the frost front and segregation potential 
will remain constant as the cold side temperature is varied 
is presented by Konrad and Morgenstern (1981). 

On the other hand, if the cold side temperature is held 
constant and the warm side temperature is varied, then the 
suction at the frost front will vary as will the measured 
value for the segregation potential. This effect is illus
trated on Figure 10.9. In this case, as the warm side tem
perature is increased, the ratio of the length of the fro
zen fringe to the length of the unfrozen zone decreases dra
matically, as shown. Therefore the proportion of the total 
head loss within the unfrozen zone is increased, with the 
result that the suction at the frost front is increased. 
Therefore, the measured value for segregation potential 
will be reduced as the warm plate temperature (and conse
quently Pu) is increased. 

Konrad and Morgenstern carried out a range of tests on 
Devon silt in which the suction at the frost front was var
ied by varying the warm side temperature. The suction at 
the frost front was calculated at steady state from the fol
lowing equation: 

where 

Vu lu 
Pu - Pb = (10.3) 

P ... 

Pb 

Ku 

denotes the suction at the frost front, 

denotes the pore pressure at the bottom 
of the unfrozen soil, 
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vu denotes the water velocity in the unfrozen 
soil, 

lu denotes the length of the unfrozen soil 
below the steady state ice lens, and 

Ku denotes the hydraulic permeability of the 
unfrozen soil, which is measured prior to 
starting the freeze test. 

These researchers were therefore able to establish the 
relationship between the segregation potential and suction 
at the frost front for Devon silt. The test results are 
presented on Figure 10.10. They also established that, for 
a given suction the segregation potential is unique for a 
particular soil under specified conditions. 

These experimental results are significant for a number 
of reasons. First of all, the results demonstrate that the 
warm side temperature must be carefully controlled in frost 
heave tests, in order to obtain consistent measurements of 
SP. Secondly, the warm side temperature must be kept as 
low as possible ( + 1°c) in order to minimize the suction 
at the frost front and measure a maximum value for SP. 

Konrad and Morgenstern have established values of S P 
for Devon silt at suction values as low as about 5 kPa as 
shown on Figure 10.10. The results have been extrapolated 
back to determine a value for SP of about 175 x 10-!5 
mm 2 s- 1 0 c- 1

, at a suction of zero. It is possible 
that under very low suction values, SP may increase more 
rapidly than indicated by the available test data. This is 
an area in which further research should be considered. 

The selection of a suitable value for the suction at 
the frost front is, of course, necessary in order to ana
lyse field problems. At the present time, there is no reli
able method of predicting the suction which will occur in 
field situations. However, Konrad and Morgenstern have sug
gested that since the average permeability within the fro
zen fringe is lower than the average permeability of the un
frozen soil below the fringe, it is reasonable to expect 
that suction pressures at the frost front will be very low 
in the field. In any event, such an assumption is conserva
tive, because it results in a maximum value for SP and con
sequently a maximum value of predicted heave. The assump
tion may not be valid for soils which have a significant 
clay content, however. The suction at the frost front for 
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clays in the field may be high, which may explain the ob
served fact that frost heaving in c lays is very low under 
most field conditions. This is an a rea in which f ur t h er 
research may be worthwhile. 

10.4 Ra te of Cooling 

Konrad and Morgenstern (1982) have addressed t h e effect 
which the rate of cooling of the frozen fringe has on the 
segregation potential. The effect for a particular soil 
can be established from the results of a frost heave test 
using the following procedure. 

At any particular time during a freezing test, as the 
frost front is advancing, it is possible to establish the 
average temperature and temperature gradient across the 
frozen fringe (or near it) from measured temperatures at 
various depths within the sample. The change in the aver
age temperature across the fringe can therefore be deter
mined as a function of time and represents the rate of 
cooling of the fringe. Typical results are presented on 
Figure 10.11. As these researchers note, a freezing test 
with fixed boundary conditions provides a complete range of 
heat extraction rates. 

The time corresponding to specific rates of cooling can 
then be determined. The corresponding measured water in
take rate, combined with the measured length of unfrozen 
soil allows the suction at the frost front to be calculated 
for each time step, using Equation 10.3. The segregation 
potential at each time interval is calculated from Equation 
10.1. It is therefore possible to plot, at selected times, 
the segregation potential as a function of suction at the 
frost front and rate of cooling. The results of a series 
of tests carried out on Devon silt by Konrad and Morgen
stern are presented on Figure 10.12. The results can be 
presented in the form of a three dimensional plot as shown 
on Figure 10.13. The surface defined in the three dimen
sional plot has been termed the characteristic frost heave 
surface for that material. 

Konrad and Morgenstern demonstrate that having defined 
the characteristic frost heave surface, as shown, they are 
able to mathematically simulate the observed frost heave 
which occurs during transient freezing in the laboratory. 

The test results for Devon silt indicate that for this 
material, at the test void ratio, the suction at the frost 
front does not exceed a limiting value of about 80 kPa. 
This is speculated to be the critical suction beyond which 
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cavitation 
cate that 
2.5°C / h o ur) 

will occur in 
there is a 
above which 

this silt. The results also indi
limiting rate of cooling (about 
water flow to the freezing front 

does not occur. 

The r e lativel y co mplex behaviour of segregatio n pot en -
tial with respect to rate o f cooling and suction at the 
frost front could make the practical application of the 
theory to field situations difficult. However, it must be 
recognized that rates of cooling which occur in the field 
are typically very much lower than the rates o f cooling 
used in laboratory frost heave tests. For most field situ
ations, the rate of cooling at the frost front is in the 
order of 0. 01 C>C per hour or less. Konrad and Morgenstern 
suggest that since this is the case, soil frost heave char
acteristics in the field can be approximated by the charac
teristics corresponding to the formation of the final ice 
lens, as measured in the laboratory with constant tempera
ture boundary conditions. That is, when the rate of cool
ing of the frost front in the laboratory is near zero. 

The assumption that the rate of cooling in the field is 
very low, combined with the conservative assumption that 
the suction at the frost front is near zero, greatly sim
plify the calculations and make the application of the 
theory to design problems practical. 

Many researchers have observed that during the initial 
stages of a laboratory freezing test, when the rate of 
cooling of the frozen fringe is very rapid, water will be 
expelled from the frost front. This phenomenon was inves
tigated by Nixon (1987) and is worthy of further discussion 
here. 

As outlined by Nixon, Gilpin ( 1980) suggested that the 
mass balance of water at an advancing frost front would be 
given by: 

where 

dx 
v~~ v .... + 0.09 n (10.4) 

dt 

v~~ denotes the velocity of water within the 
frozen fringe 

v.... denotes the velocity of water within the 
unfrozen soil below the frost front 
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n denotes the porosity (which should be re
duced to account for that portion of the 
pore water which does not freeze), and 

dx denotes the rate of advance of the frost 
dt front. 

From an examination of Equation 10.4, it can be seen 
that for rapid rates of frost advance, the externally 
measured pore water velocity v~ may be negative, even 
through frost heave and water migration to the active ice 
lens is continually taking place. That is, the equation 
correctly predicts the expulsion of water from the frost 
front during the initial stages of frost heave tests, when 
rates of freezing are very rapid. 

Based on the foregoing considerations, Nixon 
that the segregation potential should be more 
defined as: 

suggested 
precisely 

where 

sp· 

v££ 

v££/G££ 

denotes the water 
frozen fringe, and 

( 10.5) 

velocity within the 

G££ denotes the temperature gradient within 
the frozen fringe. 

Nixon then derived the following expression from which 
segregation potential could be calculated from measurements 
made in conventional frost heave tests. 

sp· = (h/1.09)/(G£ - Lh/1.09 K£) <10.6) 

where 

h denotes the rate of heave, 

G£ denotes the temperature gradient in the 
frozen soil near the frost front, 

K£ denotes the thermal conductivity of the 
frozen soil and fringe (which are assumed 
to be equal), and 

L denotes the latent heat of water. 
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The value for sp- can be readily calculated at any 
time during the frost heave test from the measured heave 
rate and thermal gradient at the frost front. Equa
tion 10.6 will provide a somewhat larger val ue for SP than 
that obtained with the Konrad-Morgenstern definition. 

Equation 10.6 can be rearranged to provide the 
following equation for predicting frost heave in the field: 

h = 1.09 sP-Gf / (l + L sP- / Kf) ( 10. 7) 

It should be noted that at the present time, most of 
the laboratory data for segregation potential has been c al
culated using the definition proposed by Konrad and Morgen
stern (Equation 10.ll. The definition proposed by Nixon 
more accurately reflects observed behaviour and merits 
further consideration. I 

10.5 Stress State 

A number of researchers have demonstrated that if an 
external pressure is applied to a freezing soil, total 
frost heave can be reduced. The effect which external ap
plied pressure has on the segregation potential was inves
tigated by Konrad and Morgenstern ( 1982bl through a series 
of tests on Devon silt, together with a re-evaluation of 
test data reported by others on other soil types. 

Konrad and Morgenstern found that the correlation be
tween the log of SP and applied external pressure was 
linear, as illustrated on Figure 10.14. As the applied 
load is increased, SP is seen to decrease for Devon silt. 
The data shown on Figure 10.14 are for SP as measured dur
ing the formation of the final ice lens in frost heave 
tests. That is, the rate of cooling and the suction at the 
frost front are both relatively low. 

The relationship between applied pressure and segrega
tion potential for Calgary silt is presented in Fig
ure 10.15. There is considerable scatter to the test re
sults obtained for Calgary silt. The scatter is attribut
able to variations in grain size and density of the samples 
tested, as well as variations in the method of testing. 
These factors can have a significant effect on the measured 
values for segregation potential. 

As indicated by the test data, the influence of applied 
pressure at the frost front on segregation potential is sig
nificant and cannot be neglected. Konrad and Morgenstern 
have suggested the following relationship between SP and 
applied pressure: 
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where 

and 

SPo ae-.b"' ( 10.8) 

SP 0 denotes the segregation potential wh e n t h e 
f i na l ice l ens is being f o rmed u nde r 
st e ad y state temperature conditio n s . 

a and b denote soil parameters which a r e deter
mined from laboratory tests. 

e denotes the base o f the exponential 
function (2.718). 

p denotes the total pressure acting o n t h e 
frost front, including the weight of soil 
and any load applied at ground surface. 

Nixon (1988) has pointed out that the value of segrega
tion potential will vary significantly in the pressure 
range from 0 to 15 kPa, as a consequence of the relation
ship given by Equation 10.8. In addition, the proportion 
of the applied pressure at the frost front due to side 
friction in laboratory frost heave cells will be signifi
cant, if the external applied load is small. As a result, 
it will be difficult to obtain consistent test results in 
the laboratory at low values of applied pressure, unless 
measures are taken to reduce side friction. 

Nixon (1987) has suggested that heave rates measured in 
confined frost heave cells in the laboratory may be greater 
than those which occur in the field, because of the lateral 
constraint imposed by the frost heave cell. In the fi e ld, 
where lateral constraint is reduced, frost heave may occur 
in a horizontal direction as well as a vertical direction, 
with the result that vertical heave may be reduced. It is 
understood that Nixon is currently investigating this e f
fect through a series of triaxial frost heave tests. 

10.6 Soil Properties 

The properties of the soil, will of course, have a sig
nificant effect on the segregation potential. Past re
search has indicated that the segregation potential will be 
affected primarily by the following soil properties: 

1) 
2) 

3) 
4) 

Void ratio, 
grain size distribution, 
soil particle mineralogy, and 
soil particle shape. 
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Other soil properties, such as hydraulic p e rmeab ilit y , 
thermal properties, density, degree o f saturatio n, a nd 
water c onte nt will all affect the segregatio n p o tential, 
however these prope rties are embodied in t he paramete r s 
liste d above, and hence these latter v ariables will not be 
c ons i dered separately. 

It is clear that in determining the segregation p o ten
tial in laboratory tests, the foregoing soil properti e s 
must be carefully controlled i n order to obtain a consis 
tent set of test results. In addition the effects which 
factors such as the method of soil placement in the f i e l d, 
freeze thaw cycles (which will affect the void ratio) mus t 
be carefully evaluated in order to ensure that the labo r a
tory test results will be representative of f i eld co nd i 
tions. 

No systematic studies of the effect which void r at i o 
(or density, or initial water content) has on segregation 
potential have been found in this review. Konrad and 
Morgenstern have indicated from the results of a limited 
number of tests, that varying the void ratio will have a 
significant effect on the segregation potential for Devon 
silt. The externally applied pressure will of course, also 
affect the void ratio. The relationship between void 
ratio, external applied pressure and segregation potential 
deserves further investigation. 

Rieke et al ( 1983) and Vinson et al ( 1986) investigated 
the segregation potential of various mixtures of sands and 
gravels which contained up to 20 percent material passing 
the No. 200 sieve. An attempt was made to establish corre
lation between various soil index properties (such as per
cent passing • 02 mm and specific surface area of soil par
ticles) and segregation potential. Their findings c an be 
summarized as follows: 

1) SP increased as fines content increased, 
2) SP increased with decreasing activity of the fines 

fraction, and 
3) SP increased as the liquid limit of the fines frac

tion increased, for a specific fines fraction min
eralogy. 

These researchers found that there was no consistent 
correlation between the more common soil index properties 
and segregation potential. They therefore introduced a new 
index, referred to as the fines factor, Rf, which incorpo
rates the significant variables which appear to have a 
strong influence on the segregation potential. 
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where 

Ft Fe 
Rf = ( 10.9) 

Lf 

Rf denotes the fines factor, 

Ft denotes the percentage, by weight passing 
the No. 200 sieve, 

Fe denotes the percentage by weight of 
sizes to the total passing the No. 
sieve, and 

clay 
200 

Lf denotes the liquid limit of the material 
passing the No. 200 sieve. 

As shown on Figures 10.16 and 10.17, the correlation 
between the fines factor and segregation potential was 
found to be reasonably good for the soils tested, particu
larly for the coarser grained materials. 

It is understood that other attempts to correlate basic 
soil indices (including the fines factor) have not been suc
cessful for finer grained materials (Sego, 1988). Further 
research into the fundamental processes which control 
segregation potential is required in order to establish use
ful correlationship between soil indices and segregation 
potentially particularly for silts and clays. 

Nixon (1987) has compiled data on the segregation poten
tial of a wide variety of soils as a function of applied 
pressure. This data is presented on Figure 10.18. This 
data indicates that the segregation potential of silts and 
clayey silts is much more sensitive to applied pressure as 
compared to clays. 

10.7 Saline Soils 

Chamberlain (1982) investigated the process of frost 
heave in soils which contain saline pore water. The 
salinity of the pore water tends to depress the freezing 
point of the water. However, the freezing process is made 
more complex because of the exclusion of salt from the ice, 
with the result that the concentration of salt in the unfro
zen water increases, depressing the freezing point of the 
unfrozen water still further. 
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An idealized sketch which shows the sequential develop
ment of ice lenses in saline soils is presented in Fig
ure 10.19. The net result of the presence of saline pore 
water is that the thickness of the frozen fringe is greatl y 
increased over that which normall y occurs in non -saline 
soils. In addition, however, ice lenses tend to develop 
within the frozen fringe, a condition which is assumed not 
to occur in the Konrad and Morgenstern theory. 

There may also be zones or pockets of highly concen
trated saline pore fluids which will be present behind the 
frost front and which have virtually no hydraulic connec
tion with the frozen fringe. 

Further research into the process of frost heaving in 
saline soils appears to be worthwhile. It may be possible 
to modify or extend the concept of segregation potential 
such that the same theoretical framework can be used to pre
dict frost heave in saline soils. 

10.8 Other Factors 

A number of other factors have been shown or can be ex
pected to influence segregation potential. These factors 
include stress history (overconsolidation), freeze-thaw his
tory (which imparts a secondary structure and permeability 
to the soil) and natural variations in soil properties due 
to its geological origin. No systematic research into the 
effects which these factors may have on segregation poten
tial was found in this review. 

10.9 Comparisons with Field Data 

The frost heave theory proposed by Konrad and Morgen
stern has been used to match frost heaving observations for 
a number of case histories. 

Nixon (1982) used the theory to match observed heave of 
cold plates installed at the Calgary frost heave test facil
ity (Nixon et al, 1981). A sketch of the test set up and 
test results is presented on Figure 10. 20. The overburden 
pressure during the initial stage of the test (about 200 
days), prior to retreat of the frost bulb was measured to 
be 60 to 120 kPa. 

Nixon selected a value for SP of 90 x 10- 5 mm 2 /s 
~c) which is the midpoint of the available data (Fig
ure 10.15) at an applied pressure of 100 kPa, and calcu
lated frost heave as a function of time using this value of 
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SP. The calculated and observed 
ure 10. 20. There is reasonably 
calculated and measured values, 
of the heave curve with time, as 
tude of heave at specific times. 

values are compared on Fig
good agreement between the 
both in terms of the shap e 
well as the absolute magni-

Konrad and Morgenstern ( 1984> compared measured frost 
heave rates of various chilled pipeline test sections at 
the Calgary test facility, with predicted values obtained 
using the segregation potential concept. Konrad and Morgen
stern accounted for the scatter in the SP test results for 
Calgary silt (Figure 10.15) by calculating heave rates 
using reasonable upper and lower bounds as well as the aver
age values for segregation potential from the available 
data as shown on Figure 10. 21. A comparison between pre
dicted and measured heave for the various test sections is 
presented in Figures 10.22 to 10.23. 

Relative to the level of predictive accuracy commonly 
encountered in many other areas of geotechnical engineer
ing, the agreement between predicted and measured heave is 
considered to be excellent. 

Smith and Dallimore (1985) used the concept of segrega
tion potential to compare predicted frost heave of a 
chilled pipeline at the Caen test facility with observed 
heave. The results of frost heave tests on the Caen silt 
are shown on the upper half of Figure 10.24. Frost heave 
tests were carried out on compacted samples of silt as well 
as on samples which were consolidated from a slurry. In 
the case of the consolidated samples, tests were run on the 
samples, which were then thawed and subjected to a second 
frost heave test. The significant effects which sample 
preparation procedure and freeze-thaw history have on segre
gation potential is apparent from these test results. 

Predicted frost heave is compared to measured heave of 
the pipeline in the lower half of Figure 10.24. When the 
value for segregation potential as measured on consolidated 
samples is used, the predicted and measured heave are in ex
cellent agreement. The heave predicted using values for 
segregation potential as measured on compacted samples is 
significantly lower, however, than the observed heave rate. 
This is surprising, because the silt at the Caen test facil
ity was placed and compacted in layers and subsequently 
saturated from below. The reason for this discrepancy has 
not been established, however, it may be due to variations 
in void ratio which occur throughout the laboratory com
pacted samples. The method of compaction used in the field 
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is not strictly comparable to the method used in the labora
tory and somewhat different soil structures may occur, even 
though the resulting densities are the same. The reasons 
for the di screpancy between the segregation potentials mea
sured on c ompacted laboratory samples and the values which 
are apparently operative at the Caen test facilit y should 
be investigated further. 

Smith and Dallimore found a significant variat , o n i n 
the segregation potential values measured on the consoli
dated silt samples. The reasons for this variability are 
not discussed in the paper, and may be due to variations be
tween sample properties (grain size, void ratio) variatio ns 
between test procedures or side friction in the frost heave 
cell. The authors suggest that it would be preferable to 
undertake a number of frost heave tests so that the consis
tency of laboratory measured values can be assessed and the 
range in segregation potential values which may be encoun
tered in the field can be evaluated. 

The monitoring arrangement at the Caen test facilit y 
was such that it was possible to monitor heave behind the 
frost front. Heave within the frozen soil behind the frost 
front has been termed secondary heave. The secondary heave 
measurements made at the Caen test facility are presented 
in Figure 10.25. During the period of monitoring, second 
ary heave apparently accounted for 14% of the total heave. 
This heave could not be accounted for by the progressive 
freezing of unfrozen pore water behind the frost front. 
These observations deserve further study. 

Konrad and Morgenstern (1984) have used the concept of 
segregation potential to assess the effect which selected 
variables will have on a chilled pipeline in permafrost. 
While these predictions cannot be confirmed, they are pre
sented here in order to indicate the value of the theory to 
designers. 

The effect which initial 
total heave is indicated on 
indicate that total heave is 
initial ground temperature, 
penetration is. 

ground temperature has on 
Figure 10. 26. These results 
not significantly affected by 

although the depth of frost 

The effect which pipeline operating temperature can be 
expected to have on total heave is presented on Fig
ure 10. 27. Total heave after 30 years is in the order of 
0. 5 m for a pipeline operating at -1°c and 1.1 m for a 
pipeline operating at -10°c. 
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The effect which insulating the pipelines has o n total 
heave a nd frost penetration is indicated on Fig ure 10. 28 . 

10.10 Summarv 

The thermodynamic and hydraulic processes which co nt rol 
frost heave are complex. It has taken a considerable re
search effort to isolate the various factors which control 
frost heave and establish those that are most signif icant . 

Konrad and Morgenstern have presented a frost heave 
theory which appears to incorporate those factors which, o n 
the basis of available laboratory and field data, appear to 
have the most significant control over frost heave. Nixon 
(1987) has suggested a useful modification to this theoreti
cal model. Further research and laboratory studies aimed 
at extending the theory and defining the limitations of the 
theory more precisely should be considered. 

Consideration should be given to establishing values 
for segregation potential at very low values of suction at 
the frost front. Such situations commonly arise in the 
field where silt overlies a water-bearing sand, and heave 
rates may be significantly faster under such circumstances. 

Correlations between segregation potential and applied 
pressure for a variety of soils have been established and a 
useful index (the fines factor) has been proposed which may 
be used to provide a preliminary assessment of the frost 
susceptibility of various coarse grained soils. Recent re
search (Sego, 1988) has indicated, however, that the corre
lation between fines factor and segregation potential is 
not consistent over a broad range of soils types. Further 
research into the fundamental factors affecting segregation 
potential is required so that meaningful correlations be
tween segregation potential and soil index properties ca n 
be established. 

On the one hand, clean sands and gravels have a very 
low segregation potential and are therefore not frost sus
ceptible. On the other hand, soils with a high clay con
tent have an apparent high segregation potential and yet do 
not heave significantly in the field due to their low unf ro
zen permeability. The usefulness of the Konrad-Morgenstern 
theory could be greatly enhanced if the effects of low per
meability in the unfrozen zone could be incorporated into 
the theory. 
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In non-permafrost a reas, frost heave below r o ads a nd 
airstrips c an be reduced if the water tabl e is l o wer e d o r 
if t he finished grade i s raised. Presuma b l y t h i s e ff ec t 
occ urs b e cause o f the i n c reased suction a t t h e frost f ro n t 
as f reezing occurs. Research should be conside r e d t o i n ve s
t igate t his effect in order to establish whe t her the theor y 
c an b e extended and used to predict frost heav e as a func
tion of depth to the water table below roads and a irstrips. 

Comparisons between observed frost heave a nd frost 
heave measured in the field have been extremel y encourag
ing. The agreement between predicted and observed behav
iour is well within the level of accuracy commonly accepted 
in other areas of geotechnical engineering practice. In 
the case of the Caen test facility observations, there is 
an unexplained discrepancy which should be i nvestigated 
further. 

Natural frost heave phenomenon such as pingos, hydro
laccoliths and ice wedge polygons are very common through
out Northern Canada. Consideration should be given to 
using the Konrad-Morgenstern frost heave theory to explain 
these natural phenomenon. Such work may greatly increase 
the level of confidence with respect to the validity of the 
theory, particularly with respect to the prediction o f long 
term behaviour. 

There appears to be a requirement to investigate the 
effect which void ratio has on segregation potential. The 
factors which affect void ratio include initial water c on
tent, method of sample preparation, freeze thaw c ycles, 
overconsolidation, applied pressure and other factors. 

Observations from the Caen test facility indicate that 
secondary frost heave occurred in frozen soil behind the 
frost front. Secondary frost heave was not observed at the 
Calgary test facility. The observed secondary frost heave 
at Caen deserves further investigation. 

Extensive deposits of unfrozen, saline, frost suscep
tible soils are unlikely to be found onshore in Northern 
Canada, however chilled pipelines may be placed off shore 
and if this is the case, they will be laid in saline unfro
zen soil. Further research into the factors which control 
frost heave in saline soils should be considered, with the 
objective of extending the Konrad-Morgenstern theory or 
developing a new behavioural theory which can be used by 
design engineers. 
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Heave rates in the field may be less than those ob
served in the laboratory due to reduced horizontal con
straint. It is understood that the effect of horizontal 
restraint on frost heave is currently being investigated 
(Nixon, 1987). 

A number of chemical additives have been used in the 
past to reduce the frost susceptibility of soils below pave
ment structures. It would be useful to study a number of 
these additives in order to interpret the behaviour in 
terms of the segregation potential concept. 

A number of researchers have expressed concern that 
segregation potential is so sensitive to soil density, 
grain size distribution, and structure, as well as to test 
procedure, that it is difficult to obtain consistent re
sults, which will be representative of field conditions. 
These concerns have some validity, particularly in view of 
the inhomogeneity of natural deposits. It is difficult, 
and possibly impossible, to completely resolve these con
cerns. Additional field observations of frost heave may be 
of value in this regard. This could include observation of 
heave under natural freezing conditions, as well as the use 
of small scale insitu frost heave tests, using apparatus 
similar to the cold plate tests reported by Nixon (1982). 
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SECTION 1 1 

DYNAMI C P ROP ERT IE S 

11.1 General 

Vinson ( 1978) presents an excell e nt r e vi e w o f the dy 
namic properties of ice and frozen s oils and the f acto r s 
which affect the dynamic properties. This section s umma
rizes Vinson' s review and provides a ddit io nal relevant d ata 
that has become available since 1978. 

A knowledge of the dynamic properties of frozen s o il is 
required in the analysis of the following situations: 

U vibrating equipment (compressors, pumps, turbines, 
radar towers), 

2) excavation by blasting, 
3) earthquake loadings, and 
4) geophysical exploration (permafrost delineation, 

mineral exploration). 

As indicated in Figure 11.1 (Vinson, 1978), dynamic 
loadings can be characterized by the following variables: 

1) frequency, 
2) amplitude (stress or strain magnitude), and 
3) duration (attenuation, if transient loading). 

The dynamic response of frozen ground to dynami c 
loading is defined by two types of properties: 

1) dynamic stress-strain properties, and 
2) energy-absorbing properties. 

The dynamic stress-strain properties normally include 
dynamic Young's Modulus, Ed, or dynamic shear modulus, 
Gd and Poisson' s Ratio. These properties can be deter
mined from either field or laboratory tests where the velo
city of wave propagation through a frozen soil is measured. 
The velocity of wave propagation is directl y related to the 
dynamic stress-strain properties. There are four types of 
strain waves which are commonly referred to: 

1) Compressional wave ( P-wave): This wave travels 
throughout a soil mass, reflects from interfaces, 
and is the fastest of all body waves. 

11. 1 
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2) Shear wave (S-wavel: This wave c auses particle 
motions transverse to the direction of travel; it 
can be transmitted throughout so lids, b ut not 
liquids. 

3) Longitudinal wave ( L-wave also known as bar-wave): 

4) 

This wave is similar to t he co mpression wav e but 
can only be propagated in thin bars or co lumns of 
material ( ie, laboratory test specimens). 

Rayleigh wave 
which induces 
ellipse. 

( R-wave): 
motions in 

This 
the 

is a 
shape 

surface wave 
of a vertical 

Of the four waves, the R-wave is not particularly use
ful for determining dynamic stress-strain properties, but 
it is mentioned because it can cause interference in de
vices intended to monitor the arrival of other waves. The 
velocities of propagation of the four waves are uniquel y 
related, for a given Poisson' s ratio, as shown in Figure 
11. 2 ( McNeill, 1969). It is apparent that the velocity of 
R-waves are practically the same as S -waves and virtually 
independent of Poisson's ratio. The P-wave and L-wave have 
similar velocities for Poisson's ratios up to about 0.2. 

The energy-absorbing properties are normally determined 
by measuring the decreasing amplitudes of consecutive 
cycles or by relating the work performed to the energy dis
sipated in a given cycle. Mc Neill ( 1969) indicates that 
damping in thawed soil is around 5 percent and is often 
insignificant when compared to the damping in other founda
tion elements. 

11.2 Methods of Measurement 

Vinson ( 1978) describes five test methods from which 
the dynamic properties can be determined; they are: 

1) Field Tests - Seismic Method 
- Cylindrical In Situ Test 

2) Laboratory Tests - Ultrasonic Methods 
- Resonant-Frequency Method 
- Cyclic Triaxial Method 

11.2.1 Seismic Method 

The seismic method evolved out of geophysical ex
ploration work. A compressional wave or shear wave is 
generated near the ground surface and the time required 

11. 2 
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for t he wave to travel through the gro und is mo nitored 
on seismographs placed at va r ying distances from the 
so urce , such that the wav e veloc ities ca n be deter
mined. This method is schematically shown in rig
ure 11.3 (Vinson, 1978) . The waves are transmitted as 
eit her direct, reflect ed or refracted waves. Of these, 
t he refracted waves are the most useful for determining 
ve l oc ities. 

Once the 
are measured, 
be calculated 

compressional and s hear wave velocities 
the dynamic stress-strain properties ca n 

from the following relationships: 

Gd p v: (11.1) 

where 

Gd denotes the dynamic shear modulus, 

p denotes the mass density of the soil, and 

v. denotes the shear wave velocity. 

µ = 0.5 (v;-2v~l / (v:,-v~) ( 11.2) 

where 

µ denotes Poisson's Ratio, and 

VP denotes the shear wave velocity. 

The dynamic Young' s Modulus, Ed can then be 
calculated from the following equation : 

Ed = 2 ( l + µ)G ( 11.3) 

The seismic method does not provide 
data to permit the damping properties to 
determined. 

sufficient 
be readily 

11. 2. 2 Cylindrical In Situ Test 

The cylindrical in situ test is conducted by 
detonating a charge along the full length of a 
borehole, which sends a compression wave radially out 
from the borehole. The times for waves to reach 
geophones located in boreholes at various distances 
from the charged borehole are monitored, so that 
velocities can be determined. The test set-up is 
illustrated in Figure 11. 4 (Vinson, 1978). 
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Only the compressional wav e 
measured with this technique. 
Ratio must be known or estimated 
~oung' s Modulus from the foll o wi n g 

Ed = v 2 p (l+2lJ> <l +u> 
p 

(1-lJ) 

velocity , V P c an b e 
Th e ref o r e , Pois s o n' s 
to ca l c u late dy na mi c 
e quat ion : 

( 11.4 ) 

Damping can be determined from the cy lindric ial in 
situ test by relating the lower amplitudes measured a t 
increasing distances from the borehole. The me tho d is 
described by McNeill ( 1969). The r e sponse i n a 
single seismograph would appear as shown in the upper 
half of Figure 11.5. The damping ratio c an then b e 
determined from the lower half of Figure 11. 5 a s 
follows: 

where 

D =6 / (4n 2 + 6 2 ) 0 -~ ( 11.5) 

D denotes the damping ratio 

6 denotes the change in wave amplitude o ver one 
log decrement (log cycle). 

This technique has not been used extensively in 
frozen ground, because it is expensive. The in situ 
cylinder test does, however, have promise as a field 
technique which allows the stress-strain properties, 
and energy absorbing properties to be evaluated. 

11. 2. 3 Ultrasonic Methods 

There are two ultrasonic methods for determining 
the dynamic properties of frozen ground in the labora
tory. They are the pulse-transmission and critical 
angle methods. Both methods are schematically shown in 
Figure 11.6 (Vinson, 1978). 

The pulse transmission technique is simple and com
monly used. A compression or shear wave is driven into 
a sample at one end and the response is monitored at 
the other end in order to establish the P and S -wave 
velocities. The dynamic moduli and Poisson' s ratio can 
be calculated using the equations given previously. 
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In the critical angle method, a pulse is tran s
mitted to a sample through a liquid bath. The sample 
can be rotated relative to the incident wave so that 
longitudinal waves and shear waves are transmitted 
through the sample. At two critical angles, only shear 
waves or only longitudinal waves are transmitted, these 
angles are characterized by minimum (zero) ampJ itudes 
of the alternate waves. 

The dynamic shear modulus, Gct is then calculated 
from Equation 11.1. The dynamic Young's Modulus, Ed, 
is calculated from the following relationship. 

Ed 

where 

2 
p v i ( 11.6) 

Ed denotes dynamic Young's Modulus, 
P denotes mass density of the frozen soil, and 
Vi denotes longitudinal wave velocity. 

11.2.4 Resonant-Frequency Method 

In the resonant frequency method, also referred to 
as the sonic method, a sample is excited in a longi
tudinal or torsional mode and Vi or v., respec
tively is determined from the frequency of resonance. 
A schematic of the test set up is shown in Figure 11. 7 
(Vinson, 1978). The computations associated with this 
technique are rather complex and are discussed in 
Vinson (1978) and Stevens (1975). The following para
meters are determined: 

Vi - velocity of the L-wave, 

V9 - velocity of the S-wave, 

0 1 - lag angle in the longitudinal mode, 

02 - lag angle in the torsional (shear) mode. 

The lag angles, o i and o 2, are a measure of 
the energy-absorbing behaviour of the test specimen and 
are related to the damping ratio as follows: 

D = sin 0 

2 
( 11. 7) 
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where 

D denotes damping ratio 

o denotes phase lag 

The complex dynamic stress-strain p r o perties c an 
be calculated from the following: 

2 
Vi P 

E* ( 11.8) 
l + tan 2 ( 0 1 / 2) 

2 v,. p 
G* = ( 11.9) 

l + tan 2
( ot / 2) 

where 

E* denotes complex Young's Modulus, 

G* denotes complex shear modulus, 

denotes mass density of the soil specimen. 

Vinson ( 1978) notes that E* is approximately the 
same as Ed and G* is approximately the same as Ga 
if the damping is low (which is generally the case for 
frozen soil). 

11.2.5 Cyclic Triaxial Method 

In cyclic triaxial tests, a cylindrical sample is 
placed in a triaxial cell and a specified confining 
pressure is applied. The deviator stress is then 
cycled so that the principal stress direction is ro
tated through 90<> and the shear stresses are reversed 
over every half cycle of loading. A schematic of the 
test set-up is shown in Figure 11.8 (Vinson, 1978). 
The stress-strain behaviour is shown in Figure 11.9. 

The dynamic Young' s Modulus is readily determined 
from this method as follows: 

o ... 
Ed = ( 11.10) 

E ... 
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where 

Ea denotes dynamic Young's Modulus, 

om denotes the maximum deviator st r ess 
( 01 - 03), and 

Em denotes the maximum axial strain. 

Young's Modulus is the only dynamic stress-strain 
property that can be easily measured in the cyclic tri
axial test. Poisson' s Ratio must be estimated in order 
to determine other dynamic stress-strain properties 
from cyclic triaxial data. 

The damping ratio can be calculated from the test 
results from the following equation: 

Ar., 
D ( 11.11) 

4 1TA-r 

where 

D denotes the damping ratio, 

AL denotes the dissipated energy per cycle 
(hatched area on Figure 11.9), and 

A-r denotes the work done per cycle (hatched 
area on Figure 11. 9). 

11.2.6 Summary of Relationships 

A summary of the relationships between the various 
wave velocities and the dynamic stress-strain 
properties is presented on Figure 11.10. 

11. 2. 7 Effect of Strain Amplitude 

As might be expected the stress-strain properties 
measured using the various test procedures will be 
affected by the strain amplitude imposed by the method 
of measurement. It is therefore important that the 
strain amplitude used in the test correspond to the 
strain amplitude expected under field loading. Fig
ure 11.11 shows the range strain amplitudes commonly 
used in the various test methods, in comparison to the 
range in strain amplitudes which occur due to dynamic 
loads in the field. 
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The frequenc y o f the d y namic test should also co r
respond t o the frequency of t he d yn a mi c loa di n g e x 
pected t o occur i n the field. I n ge n e r a l, lo we r strain 
am p l i t ud e s a r e a ssoc iated with higher frequencies . 

11.3 Dynamic P r o perties o f Ic e 

The d y namic properties of ice are c onsid e red separately 
from frozen soil because there exists both f i eld a nd l a b ora 
tory test data, which can be compared. The f i eld d ata was 
obtained from seismic work on glaciers. 

The dynamic stress-strain properties o f i c e a re kn o wn 
to be a function of the following variables: 

tempertaure, 
strain amplitude, 
frequency, and 
confining pressure. 

11.3.1 Temperature 

The effect of temperature on the dynamic stress
strain and energy absorbing properties of ice for vari
ous test methods is shown in Figure 11.12 (Vinson, 
1978). The effect of temperature is small. Wave velo
cities increase slightly at colder temperatures, while 
damping decreases slightly at colder temperature. 

11.3.2 Strain or Stress Amplitude 

No systematic studies into the effect of stress o r 
strain amplitude on the dynamic properties o f ice have 
been found in this review. Some limited testing has 
been conducted within the scope of their studies 
(Vinson and Chaichanavong, 1976 and Stevens, 1975). 
Most researchers agree that the amplitude and frequenc y 
of the test procedure should be selected so that i t is 
comparable to the dynamic field loading. 

11. 3. 3 Frequency 

The effect of frequency on the dynami c stress
strain and energy-absorbing properties of ice is shown 
in Figure 11.13 (Vinson, 1978). There is a gap in th e 
laboratory test data, however a trend of i ncreasing 
wave velocity with increasing frequency is a pparent. 
The effect appears to be more pronounced at lower fre
quencies ( 0.1 to 10 Hz) than at higher frequencies 
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( 1000 to 10, OOO Hz). There is some indication, from 
cyclic triaxial testing, that damping decreases between 
about 0.1 and 1.0 Hz and increases slightly between 1.0 
Hz and 10 Hz. No indication of the scatter in the data 
is provided, however, so it is not known how distinct 
this trend is. 

11.3. 4 Confining Pressure 

The effect of confining pressure on the longi
tudinal wave velocity in ice is shown in Figure 11.14 
(Vinson, 1978). These are results from cyclic triaxial 
tests. An increase in the longitudinal velocity with 
increasing confining pressure is indicated. The in
crease is most pronounced between 200 and 1000 kPa and 
at warm ice temperatures. 

and 
No 
the 

clear relationship 
energy absorbing 

between confining pressure 
properties has been deter-

mined. 

11.4 Dynamic Properties of Frozen Soil 

Only limited field testing has been carried out to 
determine the dynamic properties of frozen soil. The field 
data that is available was obtained primarily from geo
physical exploration surveys. A summary of compressional 
wave velocities obtained in the field is presented in Fig
ure 11.16. 

The influence of various parameters on the dynamic prop
erties of frozen soil can only be examined on the basis of 
laboratory tests. Vinson (1978) compiled such a review, 
based largely on work carried out by CRREL. A summary of 
the soil characteristics for the soils discussed in the fol
lowing sections is presented in Figures 11.17 and 11.18. 

The dynamic stress-strain properties of frozen soils 
are known to be a function of the following variables: 

Temperature 
Strain Amplitude 
Frequency 
Confining Pressure 
Void Ratio 
Unfrozen Water Content 
Soil Type 
Unconfined Compressive Strength 
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11.4.1 Temperature 

The effect of temperature o n the dynamic stress
strain and e nerg y absorbing properties of fr oz en soil 
is shown in Figure 11.19. The longitudinal wave velo
city for all soils is shown to increase significantly 
with decreasing temperature. The influence is most 
pronounced in the range from 0 to -5°c. 

The influence of temperature on the energy
absorbing properties of frozen soils is shown in th e 
lower half of Figure 11.19. Some soils exhibit a de
crease in damping with decreasing temperature in the 
range of 0°C to -lO<=>C, as might be expected. Other 
soils exhibit negligible sensitivity. The differing 
behaviour cannot be attributed to soil type because 
both coarse and fine-grained soils exhibit each type o f 
behaviour. The test method would seen to be of most 
significance. The samples exhibiting a temperature 
dependence were tested using the cyclic triaxial method 
the other samples were tested using the resonant fre
quency method. Further investigation into these re
sults should be considered. 

Stevens (1975) tabulated values of complex dynamic 
Poisson' s Ratio for different soils under various load
ing conditions, as shown in Figure 11.20. No tempera
ture dependence is evident. Stevens cautions that the 
values may not be reliable because they have been in
directly calculated from the complex moduli, E* and G*, 
which themselves may have small inaccuracies. The 
Poisson' s Ratios are presented here, however, because 
they provide an indication of typical values for 
Poisson' s Ratio for frozen soils. This information can 
be used together with the longitudinal wave velocities 
to estimate other dynamic stress-strain moduli for fro
zen soil. 

11.4. 2 Strain Amplitude 

The effect of strain amplitude on the dynamic prop
erties of frozen soil is shown in Figure 11. 21. Both 
the dynamic stress-strain properties and energy-absorb
ing properties exhibit no strain amplitude dependenc e 
below amplitudes of about 10- 3 percent. Between 
amplitudes of lQ- 3 percent and l0- 1 percent, wave 
velocities decrease and damping increases with in
creasing strain amplitude. The test method appears to 
affect these results. The soils tested with the reson
ant frequency method exhibited no dependence on stra in 
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amplitude. On the other hand, t he dy nami c prope r tie s 
fo r t hose soils tested wi th the cyclic t r i ax i a l met h o d 
a r e seen t o vary with stra in a mplitude . Fur t h e r st ud y 
i n to t his behaviour should be consid e r e d. 

11. 4. 3 F requenc y 

The effect of frequency on the d y namic pro p e rt ie s 
of frozen soil is shown in Figure 11. 2 2. Alth o ugh 
there is a gap in the available data between 10 Hz a nd 
1000 Hz, some trends are evident. The wav e v el o cit ies 
appear to increase gradually with increasing frequen cy . 
The energy absorbing properties appear t o decrease wi th 
increasing frequency. The effect is most pronounced in 
the range of frequencies between 0 .1 and 10. 0 Hz, t he 
range of frequencies corresponding to t he c yclic t ri
axial method. 

11.4. 4 Confining Pressure 

The effect of confining pressure on the dynamic 
properties of frozen soils is shown on Figure 11.23. 
The dynamic Young' s modulus of coarse-grained soils is 
shown to increase with increasing confining pressure 
while the dynamic Young's Modulus of fine-grained soils 
appears to be independent of confining pressure. The 
energy-absorbing properties of all soils appear to have 
no dependence on confining pressure. 

It should be noted that only limited data is avail
able concerning the effect which confining pressure has 
on the dynamic stress-strain properties. The o nly 
laboratory test method that routinely uses confined sam
ples is the cyclic triaxial method. 

11.4.5 Void Ratio 

The effect of void ratio on the dynamic properties 
of frozen soil is shown in Figure 11. 24. The complex 
shear modulus, G*, decreases with increasing void 
ratio, approaching that of ice. The e ffect is most pro
nounced in the range of void ratios between 0. 5 and 
1.0, where soils lose intergranular contact. 

As indicated on the lower half of Figure 11.24, no 
clear trends between void ratio and dampi ng are i ndi
cated. It does appear that as the void ratio is in
creased to the point where the soil is oversaturated 
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with i c e, the damping bec o mes quite insensitive t o vo id 
r a tio . The damping o f frozen s o il t ends to b e g r eater 
than t hat of ice. 

l l.4. 6 Unfroz en Water Content 

Th e degree of i c e saturation 
c ont e nt are directly related by 
tionship: 

and 
the 

unfroze n 
following 

where 

(w - w~) G. 'Y..., 
S ice = <ll.1 3) 

e 'Yice 

Sic.,. denotes degree of ice saturation, 

w denotes total moisture content, 

w~ denotes unfrozen water content, 

'Yw denotes the unit weight of water, 

~o- denotes the unit weight of ice, 

G. denotes the specific gravity of the soil 
particles, and 

e denotes the void ratio. 

wat e r 
re l a -

The effect of degree of ice saturation on the dy
namic stress-strain properties is shown i n Fig
ure 11.25. The shear wave velocity of all soils in
creases with increasing ice saturation. The shear wave 
velocity of sand becomes relatively insensitive at 
degrees of ice saturation above about 40%, whereas the 
shear wave velocity of clay continues to increase at 
all levels of ice saturation. Conversely, it can be 
said that the wave velocities decrease with increasing 
unfrozen water content. It is expected that the depen
dency on degree of ice saturation (or unfrozen water 
content) will be more pronounced with the shear wave 
velocity than with the compressional or longitudinal 
wave velocities, because water does not transmit the 
shear waves. 

King ( 1984) has determined that the 
wave velocity can be directly related 
filled porosity. He tested a variety of 
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sampl es fr o m l o catio ns i n the Ca nadian Ar ct i c is lands, 
t h e Beauf o rt Sea, a nd t h e Mac k e n z i e Ri ve r va ll ey . Th e 
da t a i s s h o wn in Fi g ur e 11. 26. 

I t is kn o wn t ha t i ncreasing s a linity i n c r ease s the 
unfro ze n water co n te n t i n a frozen s oil. A co rr es
pondin g decreas e i n wav e velocit y wo uld be e xpect e d . 
This was investigated a nd confirmed b y Baker a nd 
Kurfurst (1985). The results are s hown i n Fig
ure 11. 27. 

Alth o ugh quantitative relationships have not bee n 
found, Vinson ( 1978) suggests that damping decreases 
with increasing ice content, up to saturation. 

11.4. 7 Soil Type 

The effect of soil type on the dynamic propertie s 
of frozen soils can be inferred from the figures pre 
sented in the previous discussions in this section. 
Coarse-grained soils have higher dynamic stress-strain 
properties than fine-grained soils. This is evident in 
Figure 11. 28 (Vinson, 1978), where a linear relation
ship between the modulus or velocity and the logarithm 
of 050 is shown. 

No clear relationship between soil 
size distribution and energy-absorbing 
been established. 

11.4. 8 Unconfined Compressive Strength 

type or grain 
properties has 

Stevens (1975), presents an interesting c orrela
tion between maximum compressive strength and complex 
Young' s Modulus. The relationship appears to be linear 
for a range of soil types, as shown in Figure 11. 29. 
This data suggests that the maximum compressive 
strength may be used to provide a preliminary estimate 
of dynamic modulus values. 

11.5 Summary 

The variables which influence the dynamic properties of 
frozen soil have been identified. A qualitative summary o f 
the significance of the effect which different variabl e s 
have on the dynamic stress-strain and energy absorbing pro p
erties of ice and frozen soils is present e d on Fig
ure 11.30. 
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SECTION 12 

ELECTRICAL PROPERTIES 

12 .1 General 

McNeill ( 1980) presents a general review o f the elec
trical properties of soils and rocks, including effects of 
permafrost. A doctoral thesis by Olhoeft ( 1975) presents a 
detailed description of the electrical properties of perma
frost and a discussion of the physical processes involved 
as based on natural and synthetically prepared samples of 
permafrost materials. Keller and Frischnecht ( 1970) have 
published an excellent text describing the application of 
electrical methods to geophysical prospecting. This sec
tion of the report summarizes important aspects common to 
the above and other pertinent discussions to illustrate the 
electrical properties of ice and frozen soil. 

A knowledge of the electrical properties of permafrost 
is essential to the successful employment of electrical 
geophysical methods to delineate frozen and unfrozen rock 
and soil. Typical mapping objectives in permafrost terrain 
include: 

1) groundwater supply studies, where the presence of 
large volumes of unfrozen granular subsurface mate
rials may identify aquifers, 

2) transportation corridor selection, where poten
tially thermally unstable or liquefiable materials 
may be located and further investigated by drill
ing, 

3) general site investigations, for which the distri
bution of different soil types, the location of 
selective borrow, and depth to and type of bedrock 
may need be determined in the presence of perma
frost, and 

4) investigations of the active layer. 

In addition, a knowledge of the electrical properties 
of permafrost is required for the design of electrical 
grounding and lightning protection of power and communica
tion facilities, and cathodic protection of buried metallic 
utilities such as pipelines or cable sheaths. 

12.1 
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The most importa nt electrical properties o f interest 
include: 

ll resistivity 
2) dielectric constant 
3) loss ta ng ent 

The resistivity is the resistance to current flow of 
the material under an applied voltage. 

The dielectric constant is the ratio of the capacity of 
a material to store charge when an electric field is ap 
plied, as compared to that of free space. 

The loss tangent is the ratio of the real 
(measured at low frequencies) to the complex 
(which is measured at high frequencies). 

conductivity 
conductivity 

Other electrical properties include magnetic permeabil
ity, and natural electrical potential. These properties 
are of only secondary interest in permafrost soils and will 
not be discussed further in this report. 

12.2 Methods of Measurement 

There are a wide variety of geophysical methods and 
techniques employed to study the resistivity structure of 
the earth. They vary in many respects including frequency 
range of operation, effective exploration depth con
straints, and whether they measure the electric field or 
the magnetic field, or both. Scott et. al. ( 1978) provides 
a review of geophysical methods for permafrost mapping pur
poses. Keller and Frischnecht ( 1970) and Sunde ( 1968) pro
vide details of the operating principles for many of the 
common methods. Figure 12.1 lists some electrical geoph y s
ical methods that have been used to investigate permafrost, 
and their respective frequency ranges of operation. 

The effective depth of exploration of any of the meth
ods shown on Figure 12.1 can be controlled, to some extent, 
depending upon the geophysical method, by the following fac
tors: 

1) 

2) 

resistivity structure (lateral 
the ground, 

and vertical) 

effective frequency range of operation, 

12.2 
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3 ) measurement array geometry, and 

.f ) e nergi z ing p o wer levels. 

Fo r elec tri c al methods o perating at higher fre qu e n c i es, 
t he d e p t h o f e xploration is predominantl y contro ll e d by 
signal s trength attenuation. The attenuati o n is usuall y 
described in terms of the electromagnetic skin depth (depth 
to which t he energizing field falls to about 3 7 p e r c ent of 
its valu e a t source level}. The skin depth ( Z 8 ) i n 
metres can be estimated (Telford et.al., 1976) from: 

z ... = 500 .,rp I f 

where p is the resistivity (ohm-ml, and 

f is the frequency (hertz). 

For radar operating at 
skin depth would then be 
very low frequency (VLF) 
1000 ohm-m ground, the 
metres. 

20 Mhz in 1000 ohm-m ground, the 
about 3. 5 metres. Similarly, for 
systems operating at 16 Khz in 

skin depth would be about 125 

The resistivity in permafrost terrain is generall y high 
enough so that electrical resistivity, Frequency Electro 
Magnetic (FEM) and Horizontal Loop Electro Magnetic ( HLEM) 
techniques are not skin depth limited. For electrical 
resistivity methods (essentially direct current) the depth 
of exploration constraints are generally controlled by 
array geometry, signal power and the depth to the first 
thick high resistivity strata encountered (often the perma
frost table). For frequency electro magnetic and hori
zontal loop electro magnetic methods (at low induction 
number} the depth of exploration constraints are generall y 
controlled by array geometry and depth to the first appre
ciably low resistivity strata encountered (often the base 
of the permafrost). 

Investigations of permafrost to shallow depth (less 
than 30 metres) have often been performed using frequency 
electromagnetic and electrical resistivity methods (e.g. 
Sellman et. al., 1985, Sartorelli and French, 1982>. Elec
trical resistivity methods can be complicated by the inabil
ity to ground current and electrode probes in highly resis
tive ground. FEM and HLEM methods do not require ground
ing, and exhibit a better ratio of array length to depth of 
exploration than do electrical resistivity methods. Each 
is essentially a low frequency method with the measure d 
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appar e nt resistivit y being c onsidered a s a f unct i o n of 
spac ing . I nvestigat io ns o f pe rmafr o s t at mo d e r a t e to la r ge 
d e p th a r e g en e rall y co nduc t e d usin g t r a n s i e n t e l ect r o ma g -
netic, mag neto t el l ur ic o r ot h e r s ui tab l e tee h n iq u es 
(e. g . Ro z e nberg, e t.al., 1985). Inv esti gat i o ns to very shal -
low depth can be accomplished usin g g r o und p r ob in g r ada r. 
Radar appe ars to have the abilit y t o i mag e ice we d ges a nd 
other shallow features (e.g. Pilon e t. a l., 1985, a nd 
Kovacs et. al., 1 985). 

The measured electrical properties o f permafro st will 
be a function of the following variabl e s: 

U applied frequency, 
2) unfrozen water content, 
3 ) soil type, 
4) temperature, 
5) confining pressure, and 
6) applied electric field strength. 

12.3 Frequency 

The electrical properties of permafrost earth materials 
exhibit a complex dependence on the frequency of the ap
plied voltage (or current). The behaviour is discussed by 
Olhoeft ( 1975), and results from polarization and relaxa
tion effects of contained water and ice. Olhoeft ( 1975) 
suggests that conduction effects predominate below energiz
ing frequencies of one kilohertz and that dielectric 
(capacitive) effects predominate above the megahertz level. 
Between the kilohertz and megahertz levels both conduction 
and dielectric effects are important. 

At low frequencies, the electrical resistiv ity will be 
equal to the inverse of the electrical conductivity. At 
higher excitation frequencies the dielectric c onstant and 
loss tangent become more important and real resistivity 
need not necessarily be the inverse of real conductivi ty. 

Olhoeft adopts a silicate-water-ice model to effec
tively describe the physical processes governing the vari
ation in electric properties as functions of temperature, 
water content and resistivity, uniaxial confining load, and 
excitation frequency and field strength. The model assumes 
simplified pore structure and applicable double layer 
theory of electrochemical solid-liquid boundaries. 

Figure 12. 2 
and loss tangent 
quenc y spectrum 

( Olhoeft, 1975) shows the real resistivity 
for natural clay permafrost o ver a fre-

from lQ- 3 to 10° hertz. As i ndi c a ted 

1 2 .4 
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these properties were 
(.0022 and 22 Volts per 
and -27°C). 

measured 
c m) and 

at 
two 

t wo field strengths 
te mperatures -10 .1 °C 

Figure 12.3 shows similar plots for a natural ice 
sample. There is little dependence o f resistivity o n fiel d 
strength but a strong dependence on temperature. The resis
tivity of water is seen to be about 50 o hm-metre. The loss 
tangent in Figure 12.3 shows a definite peak at about 
20 kHz. This is due to relaxation of Bjerrum defects in 
the ice (Alignment of two oxygen and two hydrogen atoms in 
the ice lattice rather than hydrogen-oxygen orientation). 
A variety of models describing relaxation effects o n the 
electrical properties of permafrost at high frequency are 
discussed in Olhoeft (1975). 

Keller and Frischnecht ( 1970) state that the dielectri c 
constant of water is frequency dependent and arises due to 
molecular polarization in the presence of an e lectric 
field. At low frequency the dielectric constant is about 
81. 5 while at frequencies in the order of 30 megahertz it 
is about 4. The difference arises due to the time required 
to complete molecular polarization. Thus at high f re
quencies water is not readily polarizable. 

12.4 (Keller and Frischnecht, 1970) shows the 
constant of ice versus temperature and 
The lattice structure of ice inhibits molecular 

Figure 
dielectric 
frequency. 
polarization 
temperature. 
situation for 

especially at high frequency and low 
Figure 12.5 (Olhoeft, 1975) shows a similar 

a synthetic Kaolinite permafrost sample. 

12.4 Unfrozen Water Content 

Most soil and rock forming minerals are electrical insu
lators of high resistivity as compared to the resistivit y 
of aqueous solutions contained in pores and voids ( McNeill, 
1980). The resistivity of ice is in the order of that of 
the mineral constituents (Keller and Frischnecht, 1970). 
As a result, the electrical properties of earth materials 
are essentially electrolytic and are strongly influenced by 
the unfrozen water content. 

For fully saturated and clay free soils or rocks 
Archies law 1.S an empirical relation for bulk material 
resistivity ( p ) , pore water resistivity ( p ....,) and frac-
tional porosity, ( n) , (Keller and Frischnecht, 1970). 

p = a p ..,n -rn (1) 

12.5 
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where a and m are parameters derived from 
set of measurements. The parameter, m is 
order of 2. 

12. 5 Soil Type 

the fit with a 
usually in the 

The typical ranges of electrical resistivity at low fre
quencies for a variety of unfrozen soil types are shown in 
Figure 12.6. It is apparent that resistivity decreases as 
the fine-grained fraction increases. The over lap in the 
ranges of resistivity values indicates that identification 
of a particular soil type with a particular resistivity 
value requires site specific correlation with other geo
logic information. This is particularly so if the con
tained pore water is strongly electrolytic. 

The difference in resistivity between coarse-grained 
and clayey soil types arises mainly from the differences in 
grain surface area per unit mass (specific surface areal, 
which is very much higher for clays. The higher specific 
surface areaof clays results in a large capacity for ion 
exchange with adsorbed water films ( McNeill, 1980). 

12.6 Temperature 

Figure 12. 7 ( McNeill, 1980) indicates that in 
permafrost terrain frozen and unfrozen materials of the 
same type may have substantially different values of 
electrical resistivity. The increase in resistivity 
accompanying the temperature decrease is due primarily to 
the difference in the frozen and unfrozen resistivity of 
the pore water, and to a varying extent upon constituent 
mineralogy, porosity and unfrozen moisture content. For 
this reason no unique relation exists between electrical 
resistivity and volumetric ice content. 

Hoekstra (1969) states that current flow in response to 
an electrical gradient in frozen soils occurs almost en
tirely through unfrozen water films. Olhoeft ( 1975) gives 
a relation for unfrozen water content (W,_., gm H20/gm 
soil), specific surface area (S, m2 /gm) and temperature 
( " , 

0 c) below zero. 

ln W,_. = 0.2618 + 0.5519 ln S - 1.449 s- 0
•
264 ln 0 

In the range from 0 to -6°C Olhoeft expects that the 
formation of ice crystals in pore volumes is accompanied by 
an increase in concentration of impurities in the unfrozen 
water which depresses the freezing point. Below -6°C a 
somewhat stable layer remains near pore walls. Some unfro
zen water is likely to be present until temperatures go 
below -60°c. 
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At essentially direct current levels the resisti v it y o f 
sy nthetical l y p roduced permafrost sampl e s below 0°C is 
contro ll ed b y unfro zen wat e r content and wa t e r r e sist iv i ty . 

1 2 .7 Co nfinin g P ressure 

The e ffect of confining pressure is to further depre ss 
the pore water freezing point (Hoekstra, 1969). Olhoeft' s 
investigations show that for ice cores and permafrost sam
ples c haracterized by specific surface areas less t han 
25 rn 2 / grn there is little dependence of electric al proper
ties on uniaxial load. For samples characterized b y h i gh 
specific surface area a strong dependence on uniaxial load 
occurs as indicated on Figure 12.8 (Olhoeft, 1975). 

12.8 Field Strength 

The measured electrical properties can vary dependin g 
on the strength of the applied voltage. This is ill us
trated in Figure 12.2. The resistivity of the natural c lay 
is seen to be lower, at frequencies of less than about 
1 kHz, as the applied voltage is increased. As shown on 
Figure 12.3, the resistivity and loss tangent of natural 
ice is not affected significantly by the applied voltage. 

12.9 Other Factors 

Freezing rate can be expected to have an affect on 
resistivity since formation of pore ice over prolonged 
periods will more completely exude ions to unfrozen pore 
water (Olhoeft, 1975). Organic materials contained in 
soils may have enhanced cation exchange capacity and there
by affect measured electrical properties (McNeil!, 1980). 

12.10 Summary 

The electrical p "1perties of permafrost result from a 
number of complex interactions between the pore water, ice, 
and the mineral matrix. In the low frequency limit, for 
which permafrost can be considered a simple conductor, the 
main property of interest is resistivity. Resistivity is 
found to be dependent upon soil type, pore water resis
tivity, water-ice content, temperature, and in the case o f 
high specific surface area (colloidal) soils on confining 
pressure and electric field strength. At higher energizing 
frequencies, dielectric loss mechanisms are predominate and 
the dielectric properties of the water, ice and boundary 
zones become important. The real resistivity generall y 
exhibits a decrease with increasing frequency. 
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A major engineering co nsideration in permafrost regions 
is the determination o f the vo lumetric ice co ntent of fro
ze n soi ls. Due to the complexity of factors affecting 
permafrost e lectrical properties, in situ measurements 
using electrical geophysical techniques have not been sho wn 
to be able to accurately predict ice contents. 

The main application of electrical geophysical methods 
to permafrost studies have been to map the p r esence or ab 
sence of frozen ground, to delineate its vertical a nd lat
eral extent, and to estimate the distribution of different 
soil types in the presence of permafrost. Methods have 
been devised for operation in both on and off shore e nviron
ments. Research regarding the application of electrical 
geophysical methods in support of a host of t errain mapping 
objectives in permafrost regions is in progress on many 
fronts. The objective requiring the most research e ffort 
is expected to be the determination of ice content using 
geophysical methods. 

The presence of permafrost presents some interesting 
challenges to the design of power and communication facil
ities involving earth return grounds, and lightning protec
tion. Henry ( 1987) describes major problems to be the gen -
eral high resistivity of permafrost and the resistivity 
variation with season. Both Henry and Sunde (1968) present 
methods of designing effective grounding resistances in the 
presence of terrain of arbitrary resistivity. The physical 
basis for electrolytic corrosion and methods of protection 
for buried metallic facilities is described in detail by 
Sunde ( 1968). Exhaustive research in support of these 
design considerations in permafrost terrain may be best 
undertaken on a project by project basis. 
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