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ABSTRACT

A constitutive creep model for frozen soil is an important component of cold regions
engineering and science. There are three fundamental problems remaining unsolved by the
existing creep models: (1) most of the existing models were developed from uniaxial creep
tests, and did not take into consideration the effects of hydrostatic stress and volume change
on the mechanical behaviour the soil, (2) most of the existing models utilized a time-
dependent creep rate, and ignored the fact that time is not an intrinsic cause of creep, (3) the
existing models treated frozen soil as a single-phase material, and were unable to represent

the interaction between the soil skeleton and the pore matrix.

This thesis is a development of a three dimensional strain-hardening, strain-softening,
creep model for frozen soil. The stress acting on the frozen soil is separated into a mean
normal stress which is associated with volumetric strain and a deviatoric stress which is
associated with shear strain and shear induced dilation. Both the mean normal stress and the
deviate stress are further separated into components carried by the soil skeleton and
components carried by the pore matrix. The creep rate of frozen soil is directly related to the
stress actually sustained by the ice matrix. As well, the model relates creep rate to the stress-
strain state rather than to time makes it possible to accommodate stress changes during the

creep process more rationally and effectively than do the existing models.

The model was verified by comparing the predicted and measured creep curves from

both constant mean normal stress and constant cell pressure triaxial creep tests, and the



results showed that the model can represent the creep behaviour fairly well.

The concept of using effective mean normal stresses and effective shear stresses in
frozen soils opens a new channel for investigating and modelling the mechanical behaviour

of frozen soil.
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CHAPTER 1
INTRODUCTION

Permafrost extends over a large portion of the Northern Hemisphere. Fig.1.1 shows
the distribution of permafrost in the north. It is seen from the figure that a large part of
Canada, Russia, and China and the whole of Alaska are covered by permafrost. The
population in these cold regions may not be very large, but the natural resources underneath
permafrost have received much attention from all over the world. As the world population
and the need for these natural resources increases, the exploitation of the cold region seems
inevitable. In order to develop the northern area effectively and cause as little damage as
possible to the environment of the area, people need to have a comprehensive ecological
understanding of the behaviour of permafrost. The mechanical properties of frozen soil is an

important aspect of this understanding.

1.1 THE CREEP BEHAVIOUR OF FROZEN SOIL AND THE STATEMENT OF

THE PROBLEM

From a mechanics point of view, frozen soil is a particulate composite material
composed of four different components. They are the solid mineral and organic grains, pore
ice, unfrozen water and air voids. The most significant mechanical characteristic of frozen soil
is its time and temperature dependent stress-strain behaviour, which is usually called "creep".
The understanding of the creep behaviour of frozen soil is vital to the design of any structure

supported by naturally or artificially frozen ground.



EXPLANATION
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Fig.1.1 Distribution of permafrost in the Northern Hemisphere. (After

Pewe, 1983)
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Both pore ice and unfrozen water are viscous media. When frozen soils are subjected
to stress, these viscous media deform constantly because of creep. The actual stress
distribution is extremely complicated and is constantly changing. A proper constitutive model
for the creep behaviour of frozen soil has long been a puzzle, and many researchers have tried
to solve it. From the methodology point of view, there are two basic approaches to modelling
creep behaviour of frozen soil. One is the physical theory which starts with the established
laws of physics by considering the directional migration of the molecules/atoms in a stress
field. The other is the engineering approach, which is usually called the phenomenological
theory, and is based on empirical correlations obtained from creep tests. The former approach
takes the micro-structure of the material into consideration, while the latter considers only the
macro effects. The former approach was found to be a very useful method in modelling the
creep behaviour of metals. For example, there is a well known theory of activation energy and
the creep models developed from this theory. The approach, however, was less successful
when applied to frozen soil due to the complexity of the material, and so instead, the latter
approach was widely adopted. In the development of the creep model in this thesis, the latter
approach will be used with the concept from the former approach employed as qualitative

guidance.

The following are shortcomings of existing creep models developed for frozen soils.

(A)  Most of the existing models were developed from data obtained from uniaxial creep

tests, and did not take into consideration the effects of hydrostatic pressure and volume

change, even though experimental evidence (Chamberlain et. al., 1972; Sayles, 1973;
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Parameswaran, 1980; and Domaschuk et. al., 1991) shows that both of them play a significant
role in the creep process. The models were extended to a general stress strain state using
equivalent stress and strain components under the assumption that the material is isotropic

and there is no volume change during creep.

(B)  Most of the existing models use a tirneidependent creep strain or strain rate. However,
time is not an intrinsic cause of creep, rather, it is the imposed stress state and the creep
properties of frozen soil that dictate the creep rates. The creep properties change with strain
and this change can not be rationally represented by time. Consequently, using time as the
variable makes it very difficult to incorporate any changes in applied stress during the creep

process.

(C)  Most of the existing models treat the frozen soil as a single-phase material and ignore
the interaction between the soil skeleton and the ice matrix. However, the reason that frozen
soil creeps is because the stress acting on the pore ice causes it to flow under stress.
Therefore the creep rate should be related to the stress actually sustained by the ice matrix

rather than to the total stress acting on the frozen soil.

1.2 OBJECTIVES AND SCOPE

(A)  The primary objective of this thesis was to develop a strain-hardening, strain-softening
constitutive creep model for frozen soil. The proposed model differs from existing

constitutive models in two fundamental and unique respects. Firstly, the total stress is
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separated into a component carried by the soil skeleton and a component carried by the pore
ice. Moreover, the stress carried by the pore ice is further separated into an excess component
and a sustainable component. Secondly, whereas existing models relate deformation to time,
in the proposed model deformation is related to the stress history and the existing stress-strain
state. The separation of stress into components carried by the soil particles and the pore ice
is a new concept in the mechanics of frozen soil, and the expression of creep rate as a function
of prevailing strain makes it possible to compute creep strains under changing conditions of

applied stress.

As mentioned previously, the creep characteristics of a frozen soil are dominated by
the ice content. The ice content may vary from that of a dry soil to that of a material that is
predominantly ice with soil inclusions. In the former case, the behaviour of the soil is basically
the same as an unfrozen soil while in the latter case, the behaviour is basically that of ice.
Most frozen soils lie between these two extremes and consist of all four phases: mineral
solids, ice, unfrozen water, and air. Because of ice segregation, air voids may exist in frozen
soil even though the overall degree of ice saturation exceeds 100%. The air voids play an
important role in the creep behaviour of such soils in that they provide space into which pore
ice may flow thereby resulting in volume reduction and dissipation of excess pore ice stress.
The effects of the unfrozen pore water and the pore ice on the creep and strength behaviour
of the frozen soil are combined. That is, creep parameters and creep strengths are determined
experimentally and thus they include the combined effects of both components. The pore
matrix is simply referred to as pore ice since ice constitutes the major portion of the pore

matrix.
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The majority of the study was devoted to developing the theoretical constitutive creep
model. To make the theoretical model applicable to all real soils, the model would have to
be calibrated for a variety of soil types and a variety of soil temperatures. In this study, the
calibration of the model was limited to a single soil type and a single temperature. The soil
was a sand with a high degree of ice saturation and its temperature was -3°C. This was done
because these were the only suitable experimental data that were available for calibrating the
model. The data were taken from the triaxial compression creep tests that had been carried
out previously by Rahman (1988) in a related study. Generating new or additional
experimental creep data was beyond the scope of this thesis because of the inordinate amount

of additional time that would have been required.

(B)  An overview of the contents of the thesis is given below.

Chapter 2 contains an extensive review of the existing literature on ice and frozen soil

mechanics.

Development and calibration of the model required experimental data on the
behaviour of the sand in an unfrozen state. Because such data were not available, a series of
triaxial compression tests on the sand were carried out by the writer. The details of the tests

and the results are presented in Chapter 3.

In developing the constitutive model, the state of stress and strain were separated into

volumetric and deviatoric components as presented by Domaschuk and Wade (1969) in their
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development of a constitutive model for sand. It is referred to as the K-G model. The creep
behaviour of frozen soil under hydrostatic stress was studied by constant mean normal stress
isotropic creep tests, and the creep behaviour under deviatoric stress was explored by
constant mean normal stress triaxial creep tests. The development of the component of the
constitutive equation dealing with a relationship between the mean normal stress and
associated volumetric creep strain is given in Chapter 4. The concept of a generalized
effective mean normal stress is introduced and a relationship between the rate of volumetric

creep and the stress-strain state of the frozen sand is developed in the chapter.
The development of the component of the constitutive equation which relates
deviatoric or shear stresses with shear creep strains is given in Chapter 5. The development

required the following.

(@) Introducing the concept of an effective shear stress and an excess ice shear stress for

frozen soil.

(b) Establishing a relationship between the effective mean normal stress, effective shear

stress and shear strain.

(©) Establishing a relationship between the excess ice shear stress and the rate of shear

creep.

The two components of the constitutive equation were then coupled to provide a
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generalized creep model. The predictive capability of the constitutive model was then
examined by using it to predict some experimental triaxial creep data that had not been used

in calibrating the model. The results are given in Chapter 6.
A concept fundamental to the constitutive model is that when ice is stressed, it can
move through a soil skeleton. To demonstrate this experimentally, two simple tests in which

ice was forced into a dry sand were conducted. These results are given in Chapter 7.

Conclusions and recommendations for further research are presented in Chapter 8.



CHAPTER 2

A REVIEW OF MECHANICAL BEHAVIOUR

OF ICE AND FROZEN SOIL

2.1 INTRODUCTION

The complicated mechanical behaviour of ice and frozen soil has long been a subject
which attracted the interest of many engineers and scientists. The knowledge base of this issue
has been greatly broadened by their work. Research on the engineering behaviour of ice and
frozen soil was mainly promoted by the industrial development in the northern areas. As well,
the requirement for a national defence strategy stimulated research activity. Starting from the
carly seventies, the development and exploitation of the north demanded by such industries
as petroleum and mining greatly accelerated the research on this subject, and a large amount
of research articles were published during the seventies and the eighties. The research
activities gradually decreased towards the beginning of the nineties because the pace of the

industrial development in the north slowed down.

This chapter discusses the current knowledge of the mechanical behaviour of ice and

frozen soil. The discussion focuses on the advances made since the eighties.

2.2 MECHANICAL BEHAVIOUR OF ICE
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Ice is a major component of frozen soil. The mechanical behaviour of frozen soil is
largely dictated by the behaviour of the pore ice, and therefore a summary of the behaviour

of ice is appropriate before reviewing frozen soil.

From a mechanics point of view, ice is a non-linear, anisotropic, temperature and time-
dependent material. It is impractical to model this type of material without méiking
simplifications, but the simplifications should be made upon a good understanding of the
behaviour of the real material. The temperature and time-dependent deformation behaviour,
or creep as it is usually called, is the most significant mechanical characteristic of ice. Under
the temperature and stress levels usually encountered in civil engineering practice, the major
portion of the deformation of ice occurs in the form of creep, therefore the discussion in this

section will focus on the this aspect.

2.2.1 Physical Properties of Ice

Depending on temperature and pressure at phase change, different types of ice having
different arrangements of oxygen and hydrogen atoms may be formed. Fig.2.1 shows a phase
diagram of ice. There are nine different types of ice as shown in the figure. However, the most
common type of ice usually encountered in nature is the Ih type of ice. A detailed description
of the microstructure of the Ih ice was given by Mellor (1979). Since almost all the pore ice
found in frozen soil is of Th type, the discussion on ice hereafter refers to this type of ice. The

following two physical properties have significant effects on the engineering behaviour of ice.
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Fig.2.1 Phase Diagram for Ice. (After Mellor, 1979)
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(1) The density and latent heat of fusion
The density of ice, at 0°C, is about 0.917 Mg/m?® and its latent heat of fusion is about
79.6 cal/g. These two physical characteristics affect the thermodynamic equilibrium, mass
migration and the volume change during the freezing and thawing of ice. Since the density of
ice is different from that of water, the density and the structure of soil may be changed when

pore water turns into pore ice.

(2) The anisotropy of ice

Monocrystal ice is anisotropic. The basal plane is usually the glide plane of the crystal
lattice. According to Mellor (1979), a shear stress applied parallel to a basal plane produces
a shear strain rate of about two orders of magnitude higher than that resulting from shear
normal to the basal plane. This anisotropy increases the difficulty in mathematical modelling.
Fortunately, natural ice usually exists in an polycrystalline form, and the axes of crystals in
polycrystalline ice are randomly oriented. Therefore, when the size of a test specimen or
contro] volume is large compared to the size of ice grains and crystals, polycrystalline ice may
be treated as an isotropic material. It should be noted that treating polycrystalline ice as an
isotropic material is an approximation which is valid only when microstructural stress and
strain are not concerned. Whenever microstructural stress and strain are considered, the
anisotropy of the ice structure should be taken into consideration. For example, Sunder and
Wu (1990a) suggested that the elastic anisotropy of the ice crystal was the direct cause of
crack nucleation in polycrystalline ice. It is generally agreed that pore ice in frozen soil is in

polycrystalline form.



13

2.2.2 Deformation of Ice

(1) Instantaneous Deformation

Like most solid materials, ice, upon application of a stress, shows an instantaneous
deformation. For small stresses, the instantaneous deformation is an elastic response. Sinha
(1989a) studied the elasticity of several natural types of polycrystalline ice, and concluded that
" the elastic properties of various types of ice, in spite of large differences in fabric, are very
similar at a constant temperature.". Fig.2.2 shows the results of the measured Young's

modulus, E, rigidity (shear) modulus, G, and poisson's ratio, y, of ice versus temperature.
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Fig.2.2 Instantaneous Young's modulus, E, rigidity modulus, G, and
Poisson's ratio of ice versus temperature. (After Sinha, 1989a)
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It is seen from the figure that the variation of E, G and y due to temperature is not significant.
The change of E value due to 50 C of temperature change is only about 6%. The change of
E, G, and p, compared with changes in creep properties caused by the same temperature
change, is negligible. Furthermore, the instantaneous deformation constitutes only a very
small part of the total deformation for stress levels and time durations normally encountered
in civil engineering practice (Mellor, 1979; Sayles, 1988). Therefore, ice may be treated as

an isotropic linear material in the analysis of instantaneous deformation.

(2) Creep of Polycrystalline Ice

Experimental evidence from many sources shows that polycrystalline ice under a
constant deviatoric stress and at a given temperature exhibits the classical three stages of
creep; primary, secondary, and tertiary creep as shown in Fig.2.3 (Mellor, 1979). It should

be noted that whether all three creep stages occur depends on the stress level and

temperature.
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Fig.2.3 A typical creep curve for polycrystalline ice. (after Mellor, 1979)
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Ice is a crystalline material which, from a microstructural point of view, is similar to
metals. Therefore the creep mechanism of ice is similar to that of metals. Sinha (1989b)
compared the creep behaviour of ice and steel, and found similarities between the two. Creep
is the global effect of the atoms/molecules' directional migration caused by externally applied
stress. Temperature and stress are the two key factors affecting the creep process. It is well
known that atoms/molecules are randomly vibrating around their equilibrium positions. From
a physics point of view, every atom/molecule has its own free energy. The higher the
temperature, the higher the free energy, and higher the free energy, the greater the amplitude
of the vibration. The majority of the atoms/molecules in a solid body can only vibrate around
their equilibrium positions because they do not have enough energy to leap over the energy
barrier. Increasing the temperature increases their ability to overcome the energy barrier and
move into new equilibrium positions. If the temperature is sufficiently high, the majority of
atoms/molecules start to break away from their equilibrium positions and become free
atoms/molecules, and the material then changes from its solid state into its liquid or gaseous

state.

When ice is subjected to a stress, a stress field is established on the body. The random
vibration of atoms/molecules is subjected to intervention of the stress field, and work done
by the stress in the movements of atoms/molecules increases the amplitude of the vibration
in the direction of the stress. If the stress level is high enough, some atoms/molecules will be
able to leap over their energy barriers and move to new equilibrium positions. The global
effect of this directional migration of atoms/molecules under stress constitutes the creep

deformation. The temperature dictates the overall ability of the atoms/molecules to overcome
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the energy barrier, while the stress helps them to move directionally.

The microstructure of polycrystalline ice also has an effect on the creep behaviour.
Polycrystalline ice is composed of monocrystal ice grains. Each ice grain is composed of a
certain number of ice crystals which are arranged in a uniform lattice and their basal planes
and c-axes have the same orientation. In polycrystalline ice, the axes of ice monocrysfals
(grains) are usually oriented randomly, therefore polycrystalline ice is usually macroscopically
"isotropic". Depending on temperature and stress level, creep takes place in forms of
boundary or volume diffusion, dislocation gliding or climbing, grain boundary sliding, or
micro-crack propagation etc.. Shoji and Higashi (1978) and Evans and Bilshire (1985)
proposed, as shown in Fig.2.4, that volume diffusion occurs at high homologous temperatures
and low stress levels, while dislocation creep occurs at a higher level of stress. When stress
is further increased, microcracking starts, and dislocation creep is accompanied by microcrack
propagation. The definitions and descriptions of such terms as diffusion, dislocation and grain
boundary etc., may be found in Evans and Bilshire (1985) and Cadek (1988). Mclean (1957)
and Chadwich and Smith (1976) studied the structure and properties of grain boundary of
metals, while Sinha (1979) studied the grain-boundary sliding of polycrystalline ice. Sinha
(1984, 1989c) and Sunder and Wu (1990) discussed the effects of microcracks on the creep
process of polycrystalline ice, and presented mathematical models for creep of ice. Their work
will be further discussed in subsequent sections. Cole (1986, 1988, 1989) studied the
nucleation of microcracks in polycrystalline ice, and evaluated the effect of the grain size,

stress and temperature on the cracking process.
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Generally, there is more than one mechanism involved in the creep process of
polycrystalline ice at a given time, However, for a given range of stress and temperature,
usually one mechanism is dominant while the others play less important roles. Since different
mechanism needed to be modelled by different laws, it is difficult to establish a universal creep
model which can accommodate a full stress and temperature regime. That is one of the

reasons why there are so many creep models.

2.2.3 Creep Models for Polycrystalline Ice

Various theories have been presented by researchers in the past to model the creep
behaviour of ice. From a methodology point of view, there are two categories of models. One
is comprised of stochastic models which are developed from established concepts of
thermodynamics, and the other is comprised of phenomenological models which are
developed by summarizing experimental data and using empirical correlations to represent the
data. The models may be one, two or three-dimensional models. Creep models are also
classified sometimes according to the creep stages for which the models are valid. Most of
the creep models presented by researchers in the past provided a solution in the form of a
time-dependent creep strain or creep strain rate for a given range of stresses and
temperatures. They were usually expressed in a 1-D form. It is not the writer's intention to
list all the creep equations presented in the past, but to present some typical models in each

category.

A typical creep model developed on the basis of thermodynamics was presented by
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Gold (1973). The steady-state creep strain rate, ¢ , was related to stress, o, temperature, 7,

and activation energy, E, as

L E (2.1)
E=CO0 exp(——
D RI)

where n and ¢ are constants to be determined experimentally, and R is the universal gas
constant (8.31 J/'K mole). This model was a typical application of the Theory of Rate Process
presented by Eyring (1936). The model incorporated both stress and temperature effects in
a simple equation. It is easy to use and easy to understand. However, the behaviour of ice is
more complicated than that described by (2.1). The equation is only valid for steady state
creep, and it made no attempt to accommodate multi-dimensional stress-strain states. From
an engineering point of view, this model is subject to another inconvenience since the
activation energy is not a quantity which is usually measured in engineering practice.
Weertman (1973) summarized the values of parameter, n, and activation energy, E, reported
by various researchers and found that both of them were subject to large scatter. Actually, it
is difficult to determine the activation energy for frozen soils since they are multi-phase

materials.

The theory of Rate Process was also applied to develop creep models for other
materials such as clay (Pusch, 1979, 1980), frozen soil (Andersland and Akili, 1967), and
bitumen (Herrin and Jones, 1963) etc. It is widely used in the study of the creep behaviour

of metals.

Generally, the stochastic models have a theoretical base, but they lack capability in
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accommodating the complexity of materials and the stress-strain states. Even though these
types of models are not very successful in civil engineering practice, they do, however,
provide a useful guidance for developing other types of models, such as the empirical models,

which will be discussed below.

Assur ( 1979) proposed an semi- empirical creep model which related the rate of creep

strain, ¢, to stress, o, and time, ¢, as:

o |7 ¢ ’ Pt
é=4 sinh| — | | —=| exp| — (2.2)
g, t t

where A, o, and f are constants depending on stress, temperature and the material
properties, while 7, is the time taken to reach the minimum creep rate. This is a simple 1-D,
time-hardening model which takes no consideration of stress and temperature changes during

the creep process into account.

Hult (1966) proposed a power law model for primary creep which related the creep

strain, €, to stress, o, and time, ¢, as

€ =K % t? (2.3)

where K, a, b, are constants to be determined experimentally. Murat et. al. (1986) used this
model to analyze the stress redistribution around a pressuremeter borehole. Azizi (1989)
calibrated this model using data from uniaxial creep tests on ice. The model uses a time-

hardening law and is only valid when materials are in a primary creep stage. By setting b=1,
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the equation is able to model secondary creep provided that parameters K and a are calibrated

using test data from secondary creep.

Le Gac and Duval (1979) proposed a visco-plastic model which started from the

classical theory of non-linear viscosity. The strain rate, ¢ ;0 Was related to deviatoric stress,
J

t';, by a viscosity coefficient, 7, as

<! , 2.4)

. B _,.
€ = i’=—1:”11:ij
2

UZT]

where B and n are constants depending on temperature and 7 is the equivalent shear stress

defined by:

1 2.5
T2=—E(T/q~ )2 ( )
27y

and a stress deviator, ¢';, and a scalar variable

By introducing a tensor state parameter, s i

ij°
o*, a creep equation was given as:

€ =

. —-——(o’ij- S,j)

*

B (x*-ao*)" (2.6a)
2 T

and

E‘l:]=0 l_f T*<0* (2.6b)

where B'is a constant and z* may be expressed as



22

w1 (2.7)
T =— E(G’U—SU.)Z
y

V2

This visco-plastic model may be used in analysis of both creep and relaxation. The model was
further modified by Sunder and Wu (1990b). The effect of elastic isotropy and microcrack
propagation was incorporated into the model. However, the model was further compiicated
by the modification, and more internal variables were introduced into the model. This is a
powerful model provided the material behaves in accordance with the assumptions made in
the model. One of the shortcomings which makes the model difficult to use in engineering
practice, lies in that ice and many other engineering materials are not ideal visco-plastic
materials, and their mechanical behaviour does not always follow a fixed law of viscosity.
Specifically, the parameters, » and B in (2.6a) may depend on stress and strain state. Besides,

the model does not consider volume changes during the creep process.

As discussed in the previous section, the creep mechanism depends not only on
temperature, but also on stress level and the rate of creep. When stress and creep rate are low,
the crack activity in ice is not significant, and creep takes place mainly in forms of diffusion,
dislocation or grain-boundary sliding. As stress level increases, so does the creep rate, and the
microcracking mechanism becomes more and more dominant. Sinha (1988, 1989b) presented
a non-linear viscoelastic creep equation for polycrystalline material. The equation

incorporated the effect of microcracking, and it was expressed as
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where e, ée, €, and ¢, are respectively: the total axial, the elastic, the delayed elastic and the
viscous strains, E is the Young's modulus, o is the axial stress, ¢ is time, and ¢,, d;, 4, s, ar,

b, €, o1t and N are constants to be determined experimentally. The parameter N was

defined as crack density and was expressed as a function of grain-boundary sliding
displacement. This model is still a 1-D time-hardening model. Howeyver, it takes the effect of
crack activity into consideration, therefore it is able to accommodate high stress levels and

high creep rates.

2.2.4 Strength of Polycrystalline Ice

Ice is a material which takes different failure modes under different stress and strain
conditions. When the stress level and strain rate are high, ice fails in a brittle mode and shows
a clear peak stress, while under low stresses and strain rates, it continues to deform without
an explicit failure state. Therefore, the strength of polycrystalline ice is closely interrelated
with its deformation and its rate of deformation. The strength of ice is affected by many
factors which include the rate of deformation, the temperature, the hydrostatic pressure, the
structure or fabric orientation, the grain size, the salinity etc. The effect of some of these

factors will be discussed below.



24

The short-term strength of ice is usually investigated by constant strain rate tests. It

is well known that the strength of ice increases with increasing strain rate and decreasing
temperature (Gold and Krausz 1971; Hawkes and Mellor, 1972; Sinha, 1978; Mellor, 1979;
Gold and Sinha, 1979; Mellor and Cole, 1982 etc.). Strain rate is one of the factors which
dictate the failure mechanisms of ice. Kalifa et. al. (1992) performed uniaxial and triaxial tests
on polycrystalline ice at -10°C, and studied the effect of microcracking on failure. The
influence of confining pressure and strain rate on the shear strength of ice was summarized
as shown in Fig.2.5. It is seen from the figure that under a constant confining pressure, the
peak shear stress increases with increasing strain rate, while under a given strain rate, the
shear strength increases with increasing confining pressure until the confining pressure reaches
about 8 MPa for the fine-grained ice and about 6 MPa for the coarse-grained ice. Further
increases of confining pressure have little effect on the shear strength of ice. These threshold
stress levels depend on the temperature of ice. With a decrease in temperature, there is an
increase in the threshold stress levels. The earlier studies presented by Sinha (1988), Sinha

(1989c), and Sunder and Wu (1990) showed similar results.

Rist and Murrell (1994) presented experimental data from a series of constant strain-
rate triaxial tests on polycrystalline ice. Their research focused on the strength behaviour of
ice under high stress (confining pressure up to 50 MPa), low temperature ( -20°C to -40°C

), and high strain rate ( 102 to 10” 1/s ). The effect of confining pressure on failure mode and
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shear strength is shown in Fig.2.6. It is seen from the figure that cracking activity increases
with increasing strain rate and shows some decrease with increasing confining pressure,
especially for the case of high strain rate. As expected, confining pressure has a significant

effect on the peak shear strength.
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Fig.2.6 Ice-strength and failure mode versus confining pressure at -20°C.
Solid symbols denotes brittle-shear fracture; others are ductile failures.
Strain rate: 0 = 10%s™; O=10"s"; A = 10*5; ¢ = 107 5. (After Rist
and Murrel, 1994)

The other aspect of the strength of ice is its long-term strength. The term "ultimate
state" is referred to as a state at which creep of ice has ceased or the rate of creep is small
enough so that the deformation is negligible. As discussed in 2.2.2(2), the fundamental cause
of creep of polycrystalline material is the directional migration of atoms/molecules of the
material with the help of stress. For a given temperature, there is an associated stress level

that is required to maintain the migration. This gives rise to the concept of a threshold stress
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or ultimate strength. Stresses lower than the threshold level cannot maintain the migration and
therefore creep ceases. This process is synonymous with attenuating creep. Further

experimental investigation of the ultimate strength of ice is needed.

The long-term strength of polycrystalline ice is usually investigated by creep tests.
Failure is usually defined as the onset of tertiary creép which corresponds to the point of the
minimum creep rate in a constant stress, constant temperature creep test. Since creep tests
on ice under low stresses are very time-consuming, the long-term strength of ice has not been
well explored. Mellor (1979) presented data showing a relationship between stress and
minimum strain rate based on the results from uniaxial compression and tension tests on
polycrystalline ice at -7'C as shown in Fig.2.7. The long-term strength of ice may be estimated

from these data.

The term "strength" discussed above is limited to compressive strength or shear
strength. The tensile strength of ice differs somewhat in characteristics. Mellor (1979)
reported that the tensile strength of ice is insensitive to changes in strain rate. Ladanyi (1981)
suggested that the tensile strength is also insensitive to changes in temperature when the strain
rate is high. However, Hawkes and Mellor (1972) proposed that when strain rate is low, both
the strength and the deformation of ice in a tensile stress state are greatly affected by its creep
behaviour. They suggested that the creep of ice in tension is more or less the same as that in
compression. The data given in Fig.2.7 support their suggestion. It is seen from the figure that
the line representing the tension test data merged into the line representing the compressive

test data when strain rate was lower than about 10 1/s.
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2.3 MECHANICAL BEHAVIOUR OF FROZEN SOIL

The mechanical behaviour of frozen soil depends mainly on two aspects of the
properties of the soil. One is the physical aspect of the soil which includes the structural fabric
of soil grain-ice mixtures, and the respective properties of each. The other is the temperature
of the soil. The effect of soil composition on the behaviour of frozen soil has not been
extensively documented. The majority of experimental studies were performed on frozen
sand, such as those of, Goughnour and Andersland (1968), Sayles (1973), Ting et al. (1983),
Zhu et al. (1988), and Domaschuk et al. (1991). Haynes and Karalius (1977), Haynes (1978),
Domaschuk et al. (1983) and Zhu and Carbee (1983) studied the creep behaviour of frozen
silt. Andersland and Akili (1967), Bourbonnais and Ladanyi (1985b), and Wijeweera and
Joshi (1990, 1991) studied frozen clays. Besides soil composition, particle shape and the
physicochemical nature of their surfaces also affects the behaviour of frozen soil. Different
kinds of minerals carry different cations or ions on their surface, and thus have different
electrochemical bonding forces between the soil particles and the water molecules
surrounding them. The electrochemical bond dictates the thickness of the unfrozen water
layer which in turn affects the mechanical behaviour of the frozen soil. Particle shape directly
affects the microscopic stress field around soil particles (Tsytovich, 1975). He proposed that
an external stress of 200 kPa could cause an internal stress of as high as 117 MPa at the
points of contact of ice and particles. This high level of stress exerts an influence on the creep

process of frozen soil.

2.3.1 Soil/Ice Concentration and Classification of Frozen Soil
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Most of the previous studies on the mechanical behaviour of frozen soil were carried
out on uniform soil-ice mixtures or homogeneous frozen soils. Based on soil grain
concentration, Weaver (1979) classified frozen soil into four different types. Type one was
called dirty ice which is ice with a very low soil concentration and a bulk density between 0.9
to 1.0 Mg/m®. Type two called very dirty ice has a bulk density between 1.0 and 1.7 Mg/m>.
The characteristic of this type of frozen soil is that it has a significant soil concentration but
few particle to particle contacts. Type three called ice-poor frozen soil refers to a saturated
dense frozen soil with a bulk density between 1.7 and 2.0 Mg/m®. The particle to particle
contacts of this type of frozen soil are well established. Type four called ice-rich frozen soil
refers to a frozen soil with a high level of ice segregation. The segregated ice is distributed
in the frozen soil quite uniformly and therefore the frozen soil may be treated as a
homogeneous material from a macroscopic point of view. All four types of frozen soil are
essentially saturated. There are also unsaturated frozen soils which in an extreme situation

may be a dry soil at below zero temperatures.

2.3.2 Strength and Deformation of Frozen Soil

The strength and deformation of frozen soil are affected by many factors, such as the
properties of the soil itself, the temperature, the magnitude of strain or stress, the rate of
strain or stress application, and the degree of confinement. Since the strength and deformation

of frozen soil are closely interrelated, they will be discussed together in the following sections.

(1) The Source of Shear Strength of Frozen Soil

Ting et al. (1983) summarized the work by Goughnour and Andersland (1968),
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Andersland and AlNouri (1970), Chamberlain et al. (1972), Hooke et al. (1972), Alkire and
Andersland (1973), Rein et al. (1975), Smith and Cheatham (1975), and Ting (1981), and
proposed a mechanism map for unconfined compressive strength of frozen Ottawa sand as
shown in Fig.2.8. According to Ting et al. (1983), the strength of frozen sand has the
following four sources: (1) ice strength and strengthening due to interaction with soil, (2) soil
strength, (3) dilatancy effects, and (4) structural hinderance between the soil and the ice
matrix. These four sources may be combined into two. One is the strength of ice which
contributes to the strength of frozen soil in a similar way to the cohesion of cohesive unfrozen
soils. The "strengthening due to interaction with soil" may be explained by the different grain

size and different arrangements of ice crystals or ice grains in pore ice from that in bulk ice.
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Fig.2.8 Proposed mechanism map for unconfined compressive strength of
frozen Ottawa sand at -7.6"C and a strain rate of 4.4x10* s™', (After Ting et
al., 1983)
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The hindering effect of soil particles on the formation of slip surfaces in pore ice may also
contribute to the increase in strength in pore ice. Therefore, pore ice is usually stronger than
bulk ice at the same temperature. The other source of strength is the interparticle friction and
particle interlocking provided by the soil skeleton, which depends on soil properties and the
effective confinement of the soil. The dilatancy effect mentioned by Ting et al. (1983) may
be taken as a part of this source. The effective confinement acting on the soil skeleton
includes both the externally applied confining pressure and the internal confinement provided
by the ice matrix (Ladanyi and Morel, 1990). The two sources of strength may be combined

into a Mohr-Coulomb type of strength criteria for unfrozen soil as:

/ /
T, tand - 2.9)

where subscript f stands for frozen soil, ¢, represents the strength provided by pore ice,
tang; represents the contribution from inter-particle friction, 7; is the shear strength, and o/
is the effective normal stress acting on the skeleton of frozen soil, which includes both

external and internal confinements.

(2) Factors Affecting Strength and Deformation

(a) Soil Concentration

According to Goughnour and Andersland, 1968; and Hooke et al. 1972, very low
concentrations of soil grains in ice had a weakening effect on the ice. When the soil particle
concentration was about 1 to 3% by volume, the frozen soil (slightly dirty ice) deformed at

a slightly higher rate than did the clear ice under the same stress and temperature. When soil
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concentration was gradually increased, the soil particles showed a strengthening effect on the

ice. The higher the soil concentration, the higher the strength (Goughnour and Andersland,

1968; Hooke et al., 1972; and Baker, 1979). Soil concentration also affects the deformation

and the failure modes of frozen soil. Sayles and Carbee (1981) showed that as soil

concentration increases, the failure mode gradually changes from brittle failure at small strains

to more ductile failure at lafger strains. Ting et al.(1983) proposed a mechanism map for a

frozen fine sand in uniaxial compressive creep tests as shown in Fig.2.9. The map was

constructed using data from unconfined compressive creep tests at a given stress level and a

given temperature. The figure shows that the creep rate decreases with increasing sand

concentration.
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Fig.2.9 Proposed mechanism map for unconfined compressive creep of
frozen Manchester fine sand at -15.4°C under an axial stress of 5.25 MPa.

(After Ting et al., 1983)
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(b) Temperature
It is well known that decreasing the temperature increases the strength and decreases
the creep rate of frozen soil, and this is irrespective of soil types. This observation is
supported by the experimental data presented by such researchers as Andersland and Akili
(1967), Sayles (1968), Haynes and Karalius (1977), Haynes (1978), Sayles (1988), Wijeweera
and Joshi (1990) etc. However, when the temperature is very low, different types of frozen
soils behaves differently. Bourbonnais and Ladanyi (1985a, 1985b) studied the behaviour of
frozen soil under very low temperatures (down to -160°C). Fig.2.10 shows the dependence
of the uniaxial compressive strength on temperature. The figure shows that the strength of
frozen sand increases with decreasing temperature until about -110°C. A further decrease in
temperature causes the strength to decrease. The authors suggested that thermal
microcracking during cooling, which was caused by the mismatch of thermal expansion
between sand grains and pore ice, was the cause of this phenomenon. It is also interesting to
see from the figure that at higher temperatures, for example higher than about -80°C, the
strength of frozen sand was higher than that of frozen clay. However, when temperatures
dropped further down to about -100°C to -110°C, the strength of frozen clay became much
higher than that of frozen sand. Besides the effect of thermal microcracking suggested by the
authors, lack of plasticity in frozen sand at very low temperature may also be a reason for this

behaviour.

(c) Strain Rate
The effect of strain rate on strength of frozen soil has been investigated by Sayles

(1973), Perkins and Ruedrich (1973, 1974), Parameswaran (1980), Haynes et al. (1975),
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Haynes and Karalius (1977), Bragg and Andersland (1980), Zhu and Carbee (1984), and Zhu
et al. (1988). It was found that the compressive or shear strength of frozen soil increases
significantly with increasing strain rate, while the tensile strength increases with increasing
strain rate only when the strain rate is low. For high strain rates, the specimen under tensile

stress fails at small strains, and the strength is virtually independent of strain rate.

Strain rate also affects the failure mode of frozen soil. By summarizing the test results
from Perkins and Ruedrich (1973, 1974), Parameswaran (1980) and their own data, Bragg
and Andersland (1980) presented a relationship between failure strain and strain rate for
frozen sand as shown in Fig.2.11. This work cleared up the misconception that failure strain
of frozen sand was always close to 1%. It is seen from the figure that the small failure strain
of about 1% is associated with high strain rates and a brittle failure mode. However, when the
strain rate is low, the failure mode is ductile, and the failure strain is between 4 to 7%. It
shquld be noted that the data shown in Fig.2.11 were obtained from uniaxial tests. The failure

strain may be even higher when frozen soil is subjected to confining stresses.
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(d) Confining Pressure
The effect of confining pressure on the deformation and strength of frozen soil has
been studied by Chamberlain et al. (1972), Sayles (1973), Alkire and Andersland (1973),
Jones and Parameswaran (1983), Rahman (1988), and Domaschuk et al. (1991). Confining
pressure has a more significant effect on coarse-grained frozen soil with higher soil
concentrations than on fine-grained soil with lower soil concentrations. Fig.2.12 provides an

overall view of the effect of confining pressure. It is seen from the figure that, firstly, the
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Fig.2.12 Shear stress, [(0, - 0,)/2], versus mean normal stress,
[(o, + 0,)/3], relationship from high stress triaxial compression
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effect of confining pressure has a more significant effect on frozen sand (OWS) than on frozen
glacial till (WLT), and secondly, for a given frozen soil at a given strain rate, the shear
strength increases with increasing confining pressure in Region I, decreases in Region II, and
increases again in Region III. In Region I, the increase in shear strength with increasing
confining pressure was mainly due to interparticle friction and particle interlocking. The
coarse—grained frozen Ottawa sand was able to develop significant interparticle friction and
interlocking, therefore its shear strength increased with increasing confining pressure
significantly, while the fine-grained frozen till could not generate very much friction and
interlocking, and therefore confining pressure had very little effect on it. In Region 11, the
shear strength decreased with increasing confining pressure. This was because the increasing
confining pressure caused pressure melting, therefore weakened the bond between ice and soil
particles and among ice grains. Another possible reason was that the increasing unfrozen
water content increased pore water pressure, and resulted in a decrease in effective mean
normal stress. In Region 111, since the confining pressure was so high that the majority of pore
ice turned into water, and since the system did not allow the water to drain, the shear strength
was reduced to approximately the undrained shear strength of the soil in an unfrozen state.
This research mainly focused on the strength of frozen soil under very high stress levels.
These stress-strain conditions are not usually encountered in engineering practice. The
research, however, provided a global picture of the effect of confining pressure on the

strength of frozen soil.

2.3.3 Constitutive Equations of Frozen Soil

The previous section discussed the factors which influence the mechanical behaviour
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of frozen soils. In order to apply that knowledge to engineering practice, mathematical
expressions which represent the influence of those factors on the strength and deformation
of frozen soil had to be established. Since the behaviour of frozen soil is complicated, at the
present time there is no single constitutive model able to represent all aspects of the
mechanical behaviour of the soil. It is common practice that the strength is represented by one
set of empirical equations, while the deformation is represented by another set of equations,
and the compatibility between the two sets of equations is not well established. Since the
deformation of frozen soil under the stress-strain and temperature conditions usually
encountered in engineering practice takes place mainly in the form of creep, the majority of
constitutive equations for frozen soil focus on the creep deformation and time-dependent

strength. This is the topic that will be discussed in the following sections.

2.3.3.1 Creep Strength of Frozen Soil

Creep strength of frozen soil is usually defined as the maximum stress that the soil can
sustain in a finite period of time without failure. When dealing with experimental data, failure
is usually referred to as the onset of tertiary creep in constant stress creep tests or the
attainment of peak resistance in constant strain rate tests. In constant strain rate tests, the
peak resistance can be easily identified. In constant stress creep tests, the long-term strength
of frozen soil may be determined as shown in Fig.2.13. For a given frozen soil at a given
temperature, creep tests were performed with different stress level, o', ¢, ¢'”, and a time
to failure (the point of minimum strain rate) was obtained for each stress level (Fig.2.13a).
Strength-time plot can then be produced as shown in Fig.2.13b with the instantaneous

strength, o,,,, and the ultimate strength, ult o,,, determined by extrapolation.



Fig.2.13 Plotting of long-term strength graph for frozen soil from
sustained-creep curves. (After Tsytovich, 1975)

Vialov (1959) proposed that the creep strength of frozen soil be expressed as

t (2.11)

In=

B
where 4 and B are parameters depending on soil properties and temperature, 8 having units
of stress and B having units of time. The parameters o;and #,are the creep strength and the
associated time taken to reach failure respectively. Fig.2.14 shows a comparison by Sayles
(1988) between his measured time-dependent uniaﬁial compressive strengths and that
predicted by (2.11). It is seen from the figure that the equation fairly fitted the experimental

data.

Eq.(2.11) was proposed on the basis of uniaxial creep tests. There were attempts to
use it in predicting the shear strength of frozen soil under triaxial stress states. Sayles (1973)

conducted triaxial tests on frozen Ottawa sand and compared the measured creep
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strength of the sand with that predicted by (2.11) as shown in Fig.2.15. The figure shows that
the shear creep strength, (o, - 03),,,, increases with increasing confining pressure. The
equation represented the shear strength quite well for the two cases with the higher o, values

but not as well for the case of the lowest o;.
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Fig.2.15 Creep strength versus time to failure for frozen Ottawa sand.

(After Sayles, 1973)

Sayles (1973) proposed that "the long-term, ultimate creep strengths of frozen sands
can be estimated by drained triaxial tests on sand under the same stress conditions and unit
weights as those of the in situ material". He suggested that Mohr-Coulomb strength criteria

be used for frozen sand.

T=c+o tang (2.12)
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where c is unit cohesion, o, is normal stress, and ¢ is the angle of internal friction for the
sand. Fig.2.16d shows Mohr-Coulomb strength envelopes for different times based on
constant strain rate triaxial tests performed on frozen Ottawa sand by Sayles (1973). No
quantitative conclusion was drawn from the limited data. This work was an attempt to use

Mohr-Coulomb criteria for the long-term strength of frozen soil.

Ladanyi (1972) suggested that the relationship between time to failure, t, and the

applied stress, o, be expressed by a power function as

€r
Lm ———— (2.13)
€ (o/c)"

where &is the failure strain, ¢ , o, and n are parameters depending on the soil properties
c
and temperature. This equation may rewritten as

1
e =
=0, A (2.14)
Py
s

where o represents the creep strength of frozen soil. Eq.(2.14) is similar to (2.11) except that
a power function is used in (2.14) , while a logarithmic function is used in (2.11). Both of
them are empirical equations. Eq.(2.14) is applicable to ice-rich frozen soil in the stress and

temperature range where secondary creep dominates the deformation. It usually produces

poor prediction in other situations.
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Fish (1983, 1987), Ting (1983), and Gardner et al. (1984) studied the shape of

creep curves, and suggested that the strain, strain rate and time to the point of inflection are
the key parameters for characterizing a creep curve. Fish (1983, 1985) proposed a
relationship between the time to the point of minimum strain rate, ,, and the applied stress,

o, as

t = ,0( L] (2.15)

where 7, is the mean duration of the "settled life" of an elementary particle in position of
equilibrium (Frenkel, 1946), and o, is the stress that causes failure at time ¢,, while m is a
parameter depending on soil properties and temperature. Eq.(2.15) is essentially the same as
(2.13) except that the parameters in (2.15) are given physical interpretations while that in
(2.13) are not. Eq.(2.15) can only be used in cases where tertiary creep occurs. Similar form
of equations has been used by Sayles and Haines (1974), Tsytovich (1975), and Zhu and

Carbee (1987).

Wijeweera and Joshi (1990, 1991) studied the strength of frozen clays and proposed
a simple power law relationship between peak uniaxial compressive strength, o,, and

temperature, &, as

o, =A(0/0,)" (2.16)

where A and m are parameters depending on soil properties, and &, is a reference

temperature. The dependency of strength on time was not studied in this research. As
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discussed in 2.3.3.5, when strain rate is higher than a certain level, the strength of frozen fine-
grained soil is almost independent of strain rate ( or time ). Eq.(2.16) focuses on the short-

term strength of frozen clays, which depends mainly on temperature.

2.3.3.2 Creep Models for Frozen Soil

Andersland and Akili (1967) studied the effect of stress, o, on creep rates, ¢ ,of -

frozen clays by uniaxial multi-stage creep tests, and suggested that the effect be expressed by

é=c'sinh(Bo) (2.17)

where ¢’ and B are two constants to be determined experimentally. For creep deformation
involving more influencing factors, they suggested that the following general equation

proposed by Kauzmann (1941) and Conrad (1961) be used.

-AF (0,7,
é=Z‘C,(o,T,s)exp ——'I-g;—s) inh(B (T,s) o) (2.18)

where C; is the frequency factor, AF; is the activation energy, B; is the stress factor, R is the
Universal gas constant, T is the temperature, and s represents the soil properties. This
equation was developed on the basis of rate process theory. It can accommodate varying
stress and temperature. However, it is not a convenient creep equation for engineering
practice since it is in the form of a progression which has many constants to be determined.
Also, the equation is valid only for creep dominated by secondary creep under an uniaxial
stress condition. This equation was developed for creep of metals instead of frozen earth

materials and therefore one cannot expect it to be very successful when applied to frozen



47

soils.

Goughnour and Andersland (1968) and Andersland and AlNouri (1970) studied the

mechanical behaviour of frozen sand using triaxial tests, and proposed a creep equation as

é=Aexp( ;;)expﬂv D)exp(-mo ", 2.19)

where A, L, N, and m are parameters to be determined experimentally, 7 is temperature, while

D and o

m

are deviatoric and mean normal stress respectively. This equation is a simplified

form of (2.18).

Ladanyi (1972) proposed a simple creep equation for steady state creep as

c o . ,0
e=—1e, (—)f ¢ _(—)"t (2.20)
E c, c,

where € and o are strain and stress respectively, £ is Young's modulus, €, o,kand ¢ , o,
(4

n are constants depending on temperature and soil properties, while 7 is time. The first term
of the right hand side of (2.20) represents the instantaneous and delayed elastic strain, while
the second term represents the instantaneous plastic strain, and the third term stands for creep
strain. The limitation of this equation is obvious. It is valid only for steady state creep and
completely ignores the change of strain rate during creep process. The advantage of (2.20)

is its simplicity.
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Odqvist (1966) proposed a constitutive equation for multi-axial stress-strain state,

based on the theory of plasticity, as

dey 3ldl| %] Si||o| Sy 2.21)

dt 2\dt\ | o, o, o o,
where €, and S; are strain and deviatoric stress tensors respectively, o, is the equivalent
stress, o, is a proof stress, n is the exponent of Norton-Bailey power law creep equation
(Norton, 1929), and ¢ is time. This equation gives a complete constitutive relationship for
materials which meet the following hypotheses: (1) the material is incompressible, and the
creep rate is independent of hydrostatic pressure, (2) it is homogeneous and isotropic, (3) it
follows the associated flow rule, and the (4) Norton-Bailey creep law holds in uniaxial stress
condition. Since no frozen earth material completely meets these hypotheses, (2.21) has very

few applications in permafrost engineering practice.

Viylov (1973), based on his study on long-term strength of frozen soil, proposed a

creep equation as

c. = ot
e —=— "™ £ (2.22)
w(l+9)* C.+o tand

where ¢, and o, are equivalent creep strain and stress, o,, is the mean normal stress, C., and
¢., are respectively cohesion and friction angle of frozen soil at # = , which depend on
temperature and soil properties, @is the relative temperature, ¢ is time, and w, k, m and « are

parameters to be determined experimentally. This creep equation focuses on the long-term
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deformation of frozen soil under low stress level. It relates the creep strain to stress, ultimate

strength, unfrozen water content, w, and time.

Based on the Theory of Rate Process (Eyring, 1936; Glasston et al., 1941; and
Frenkel, 1946), Fish (1980, 1982, 1983, 1985) studied the creep behaviour of frozen soil and

ice, and proposed the following creep equation which was similar to (2.19) but more genéral.

é=C kT"x £ exp AS|f o o (2.23)
h RT k o, )

where ¢ is the axial strain rate, o is the stress applied, o, is the ultimate strength depending

on soil properties and temperature, k is Boltzmann's constant, / is Planck's constant, R is
Universal gas constant, £ is the activation energy of frozen soil, 45 is the change in entropy,
and C, n>0 and m=1 are dimensionless constants depending on soil properties but
independent of temperature. This equation is able to make good predictions for ice-rich frozen
soils under a stress level higher than its ultimate long-term strength but not so high as to cause
massive microcracking. The deformation of ice-rich frozen soil under such stress conditions
is dominated by a prolonged apparent steady state creep. On the other hand, (2.23) is not
good for dense frozen sand since several mechanisms of deformation jointly affect the

deformation.

Ting (1983) proposed an empirical equation, (2.24), to fit creep curves for frozen

sand.
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€=At "exp(Bt) (2.29)

where A, m, and 3 are parameters depending on soil properties, temperature and stress acting
on frozen soil. Fish and Assur (1984) suggested that (2.24) was actually a special case of a
family of equations used by Zaretskiy and Vialov (1971), Assur (1979), and Fish (1980, 1982)
as (2.23). This equation describes a creep curve with the creep rate first decreasing with time

to a minimum strain rate point and then increasing with time to failure.

Gardner et al. (1984) proposed a creep equation which, like (2.24), also describes
creep curves from primary creep to the minimum strain rate point and then to tertiary creep

as

€ =[ _‘._J exp (ﬁf)( i—]” (2.25)
—€ t 4

m

where €, is creep strain, ¢, is the creep strain at the point of minimum strain rate, while t,1s

the time taken to reach ¢,, ¢, is the instantaneous strain, 7 is time, and c is a parameter to be

m?

determined experimentally. This equation also belongs to the same family of equations

as that used by Zaretskiy and Vialov (1971), Assur (1979) and Fish (1980, 1982) etc.

Among the seven creep models discussed herein, the Odqvist (1967) model was
developed on the basis of the theory of plasticity, the Ladanyi (1972) and Vyalov (1973)
models are empirical, while all the other models are more or less based on the Theory of Rate

Process and incorporate a time-dependent or constant creep rate. The shortcomings of these
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models are as follows.

(1) Most of them considered uniaxial stress conditions only.

(2) The effect of volumetric deformation was ignored, and most of them also ignored

the effect of confining pressure.

(3) The behaviour of soil particles was not separated from the behaviour of ice matrix, and

a single equation was used to represent the effect of both components.

Rahman (1988) and Domaschuk et al. (1991) proposed a K-G model for frozen sand
based on the K-G model developed by Domaschuk and Wade (1969) for unfrozen
sand. A method of separating the effect of mean normal stress from that of deviatoric stress
was proposed. The model considered the effect of confining pressure and volumetric
strain. A time-hardening law was used, and the interaction between soil particles and ice

matrix was not considered. The details of their work will be discussed in subsequent chapters.
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CHAPTER 3

EXPERIMENTAL DATA

The experimental data required for development of the model were taken from two
sources. Firstly, creep data were taken from the results of triaxial compression tests on a
frozen sand as reported by Rahman (1988). Secondly, because the model required data on the
behaviour of the same sand in an unfrozen state, a series of conventional constant strain rate
triaxial tests were performed by the writer on the sand in an unfrozen state. The details and

results of these two series of tests are presented in the following sections.

3.1 TRIAXIAL CREEP TEST ON FROZEN SAND (Rahman 1988)

The results of 10 triaxial creep tests were taken, which included one multi-stage
isotropic creep test, IC1, five long-term multi-stage constant mean normal stress creep tests,
MST1, MST2, MST3, MST4, and MSTS5, three short-term multi-stage constant mean normal
stress creep tests, MST7, MST8, and MST9, and one long-term multi-stage constant cell
pressure creep test, MST13. The soil tested was a medium to dense sand at a temperature of
-3°C. Reference should be made to Rahman (1988) for details of the test program and the
data. The creep curves for the tests mentioned above are shown in Fig.3.1 through Fig.3.10
as cumulative strain versus cumulative time. These will be discussed in detail in the

subsequent chapters when the data are used.
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Fig.3.7 Creep curve for frozen sand at -3°C in a short-term, multi-step, constant
mean normal stress, triaxial creep test. Step 1 through 6 each lasted for about
24 hours, step 7 lasted for about 720 hours: Test MST7. (After Rahman, 1988)
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Fig.3.9 Creep curve for frozen sand at -3°C in a short-term, multi-step, constant
mean normal stress, triaxial creep test. Step 1 through 10 each lasted for about
24 hours, step 11 lasted for about 630 hours: Test MST9. (After Rahman, 1988)
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3.2 CONVENTIONAL TRIAXJAL TEST ON UNFROZEN SAND

The sand tested was the same as that used by Rahman (1988). It consisted of an
uniform, quartz-carbonate medium-grain sand with an uniformity coefficient (Dy,/D,,) of 2.0
and a specific gravity of 2.70. The grain size distribution of the sand is shown in Fig.3.11. The
test specimens were about 36 millimetres in diameter and 72 millimetres in height, and were
prepared by spooning moist sand into a mould, layer by layer, and lightly compacting each

layer. A schematic of the test set-up is shown in Fig.3.12.

In order to achieve saturation, distilled water was introduced through the bottom
porous stone and was allowed to flow upward through the specimen under a vacuum pressure
of 50 kPa for about five hours. After that, the vacuum pressure was gradually decreased to
15 kPa, and the drainage line connected to the bottom of the specimen was closed. The
dimensions of the specimen were measured at this stage. Prior to testing, the suction was
removed, the drainage line to the top of the sample was closed, and the drainage line to the
bottom of the specimen was connected to either the device for measurement of the volume
change in a drained test or to a gauge for measurement of pore water pressure in an undrained

test.

The axial load was applied and measured by means of a proving ring. The axial

displacement was measured with a dial gauge.

In the drained tests, the specimen was first isotropically consolidated to a preset
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effective mean normal stress, and then sheared under a constant rate of vertical displacement
0f 0.04572 millimetres per minute. It took about four hours to develop an axial strain of about
15%, at which point the tests were terminated. The vertical displacement, the axial load, and
the volume change were recorded for every 0.2 mm of vertical displacement. A total of
twelve drained, constant cell pressure, triaxial tests were performed, and were numbered as
DT1 through DT12. The measured stress-strain-volume change data are givén in Fig.3.13

through Fig.3.16, and will be discussed in a subsequent chapter when the data are used.

In the undrained test, the specimen was first consolidated to a preset effective mean
normal stress, and then the back pressure and the cell pressure were increased simultaneously
until the desired back pressure was reached. The specimen was then sheared at a vertical
displacement rate of 0.04572 mm per minute with the drainage closed. The recorded data
included vertical displacement and the pore water pressure. A total of twelve undrained,
constant cell pressure, triaxial tests were performed, and were numbered as UT1 through
UT12. The measured stress-strain-pore pressure data are shown in Fig.3.17 through Fig.3.28,

and will be discussed when the data are used in a subsequent chapter.
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Fig.3.13 Shear stress and volumetric strain for
unfrozen sand in constant cell pressure, constant
strain rate, drained triaxial tests: DT1, DT2 and DT3.
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Fig.3.14 Shear stress and volumetric strain for
unfrozen sand in constant cell pressure, constant
strain rate, drained triaxial tests: DT4, DTS, and DT6.
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Fig.3.15 Shear stress and volumetric strain for
unfrozen sand in constant cell pressure, constant

strain rate, drained triaxial tests: DT7, DT8 and DTO.
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Fig.3.16 Shear stress and volumetric strain for
unfrozen sand in constant cell pressure, constant
strain rate, drained triaxial tests: DT10, DT11 and DT12.
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Fig.3.17 Shear stress ¢, effective mean normal stress p’, and excess pore water pressure u for the
unfrozen sand, a constant cell pressure, constant strain rate, undrained triaxial test: Test UT1.
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Fig.3.18 Shear stress g, efffective mean normal stress p' and excess pore water pressure u for the
unfrozen sand, a constant cell pressure, constant strain rate, undrained triaxial test: Test UT2.

20

<L



STRESS (kPa)

UT3, e=0.711 .
0,=70 kPa S

600
500
400
300
200

IllIIIIIII!]IIII'IIII'IIIII

100

-100

-200

|llll|l|ll]l||l

-300

o
o
Y
o]
-
4]

AXIAL STRAIN &, (%)

Fig.3.19 Shear stress g, effective mean normal stress p' and excess pore water pressure u for the
unfrozen sand, a constant cell pressure, constant strain rate, undrained triaxial tsets: Test UT3.
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Fig.3.20 Shear stress g, effective mean normal stress p' and excess pore water pressure u for the
unfrozen sand, a constant cell pressure, constant strain rate, undrained triaxial test: Test UT4.
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Fig.3.21 Shear stress g, effective mean normal stress p’ and excess pore water pressure u for the
unfrozen sand, a constant cell pressure, constant strain rate, undrained triaxial test: Test UTS.
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Fig.3.22 Shear stress g, effective mean normal stress p' and excess pore water pressure i for the
unfrozen sand, a constant cell pressure, constant strain rate, undrained triaxial test: Test UT6.
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Fig.3.23 Shear stress g, effective mean normal stress p' and excess pore water pressure u for the

unfrozen sand, a constant cell pressure, constant strain rate, undrained triaxial test: Test UT7.
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Fig.3.24 Shear stress g, effective mean normal stress p' and excess pore water pressure u for the
unfrozen sand, a constant cell pressure, constant strain rate, undrained triaxial test: Test UTS.
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Fig.3.25 Shear stress g, effective mean normal stress p’ and excess pore water pressure u for the
unfrozen sand, a constant cell pressure, constant strain rate, undrained triaxial test: Test UT9.
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Fig.3.26 Shear stress ¢, effective mean normal stress p’ and excess pore water pressure u for the
unfrozen sand, a constant cell pressure, constant strain rate, undrained triaxial test: Test UT10.
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Fig.3.27 Shear stress g, effective mean normal stress p' and excess pore water pressure u for the
unfrozen sand, a constant cell pressure, constant strain rate, undrained triaxial test: Test UT11.

20

18



STRESS (kPa)

1500 ~UT12, e=0.685
0,=420 kPa a

1000 | -

500 - p'y=420 kPa

-500 : ' : ' I n ; ' . . - NS Ty SR T .
AXIAL STRAIN &, (%)

Fig.3.28 Shear stress g, effective mean normal stress p’ and excess pore water pressure u for the
unfrozen sand, a constant cell pressure, constant strain rate, undrained triaxial test: Test UT12.
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CHAPTER 4

MODELLING VOLUMETRIC STRAIN OF FROZEN

SOIL UNDER HYDROSTATIC PRESSURE

4.1 MECHANISM OF VOLUMETRIC CREEP OF FROZEN SOIL UNDER

HYDROSTATIC PRESSURE

Volumetric deformation under hydrostatic pressure comes mainly from the following

three sources.

1. The instantaneous compression of: soil particles, unfrozen water, and the pore ice.

2. Movement of soil particles and pore ice into air voids.

3. Flow of pore ice under pore ice stress gradients from highly stressed zones to zones of

lesser stress.

The latter two sources give rise to volumetric creep strains associated with hydrostatic
pressures. Unfortunately it is impossible to separate and quantify the individual contributions
of these two sources. From an engineering point of view, ice may be likened to a non-
Newtonian fluid having a very high viscosity. Under high shear stresses, flow occurs by virtue

of microscopic sliding along the boundaries of ice crystals. Although the overall state of stress
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may be hydrostatic, high shear stresses are induced in the ice particularly at the points of
contact between ice and the soil particles. In non-saturated soils, ice may flow into void
spaces, which are small zones of zero ice stress, giving rise to large stress gradients in their
vicinities. Expulsion of pore ice may occur at drainage boundaries where the stress gradients
would also be very high. The rate of flow depends on the magnitude of stress gradient in the
pore ice, the void characteristics of the soil skeleton, and the viscosity of the ice. The viscosity
increases with a decrease in temperature which explains why creep rates decrease as soil
temperatures are lowered. Since the viscosity of ice is several orders higher than that of
water, flow of ice is several orders slower than that of water with all other factors being

equal.

It is hypothesized that when frozen sand is stressed, the total stress is carried by the
ice matrix and the soil skeleton. Flow of the pore ice results in a volume reduction and a
transfer of stress from the pore ice to the soil skeleton. The process continues until the stress
in the ice is reduced to a magnitude, ie. a threshold, that will not cause any further flow. This
threshold increases with a decrease in soil temperature. Thus the flow of ice in soil differs
from that of water in that the flow rate of ice is several orders slower due to its higher
viscosity and in that ice is able to sustain a finite value of shear stress with no accompanying
shear strain. It should be noted that the microscopic stress field in a frozen soil is very
complicated. The actual interparticle stresses and the stresses in the ice matrix vary
considerably from point to point. The statistical mean value of these stresses is used in

constitutive modelling for engineering purposes.
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4.2 MODELLING THE VOLUMETRIC STRAIN

The development of the model is based on data from triaxial isotropic compression
tests. However the equations and concepts developed may be modified for the case of
anisotropic compression. When a frozen sand sample is subjected to a hydrostatic pressure

P the volumetric strain e, may be divided into instantaneous strain €,;» and creep strain, ¢,..

ev=evi+€v¢: (4-1)

The instantaneous strain, ¢,, may be related to the pressure, D, by the instantaneous bulk

modulus, K.

p
€ =—7-1 0
v 4.2)

Fig.4.1 shows schematically a representative family of creep curves generated by isotropic
compression creep tests. At any given time, the volumetric creep strain of a given frozen soil
increases with increasing stress, and at any given stress, the rate of volumetric creep decreases
with increasing time. Finally the creep rate approaches zero and the volumetric creep strain
reaches an ultimate value, ¢,,,. The ultimate value, €,, depends only on the magnitude of
isotropic stress for a given frozen soil at a given temperature. It may be empirically related

to stress by a power law as:



VOLUMETRIC STRAIN (e )

P1<P><P,<P,

TIME (t)

Fig.4.1 A schematic of a family of creep curves from isotropic compression
creep tests for a given frozen soil under different hydrostatic pressures p.
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€ou "€ . 4.3)

where p, is a small reference stress and ¢, is the corresponding volumetric strain. The

parameter, m, characterizes the rate of change in the ultimate volumetric strain, ¢, ,, with

pressure. The volumetric creep strain, €, at any time, #, may be expressed by a hyperbola as:

€ ve =€ veu (4'4)

where t_ —t/t* is anormalized time, ¢" is a reference time defined as the time taken to reach

one-half of the ultimate creep strain, and 7 is the real time. The exponent, «, is a constant

which reflects the shape of the creep curve.

Based on the concept that the volumetric strain is made up of an instantaneous and
a creep component, the relationship between total volumetric strain, €,, and the hydrostatic
stress, p, is shown schematically in Fig.4.2. Line [1] represents the instantaneous state and
Line [2] represents the ultimate state for the frozen soil. Line [3] represents the € -p'
relationship for the same soil in an unfrozen state. The "ultimate state" refers to a state in
which the consolidation or volumetric creep process is complete. The difference between
Lines [2] and [3] stems from the fact that in the case of the frozen soil, some of the stress is
still being carried by the ice at the end of consolidation and hence its volumetric strain is less

than that of the unfrozen soil. Lines [1] and [2] provide the initial and the ultimate €, -p
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Fig.4.2 A schematic of the instantaneous and ultimate state relationships
between hydrostatic pressure and volumetric strain of frozen soil.
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relationships, and the space between these two lines is the margin for creep. Thus if a
hydrostatic pressure of magnitude p is applied, the stress-strain path is O-L-M-U as shown
on the figure. The total stress at any time may be considered to be made up of three

components.

1. The stress sustained by the soil skeleton, p’, which is represented by Line [2].

2. The stress ultimately sustained by the ice, p',, which is the difference between the ultimate

stresses of the soil in the frozen and unfrozen states.

3. The excess ice pressure, p,, which is equal to the difference between the total stress and

the sum of the two previous components, ie:

p=p-(p'+p’,) (4.5)

The stress sustained by the soil skeleton and the ultimate stress in the ice may be combined
into a single component p';,=p'+p",. This component represents the source of the effective
shearing resistance of frozen soils at any given time. The stress, D'sios s called the
generalized effective mean normal stress of frozen soil, which is defined as the mean
normal stress sustained by the frozen soil at the end of the consolidation process. During the
process, it is assumed to be given by Line[2]. The stress P's, 18 referred to as simply effective
stress hereafter and the component p'; is called the effective ice pressure. The component

P. is called the excess ice pressure which is the true driving force of the volumetric creep.
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Consolidation continues until p, goes to zero. It should be noted that if a significant amount
of unfrozen water is present in a frozen soil, the corresponding excess pore ice pressure, Do

should include contributions from both the unfrozen water and the pore ice.

Using the above concept of stresses, a strain-hardening model for volumetric creep
of frozen soil was developed. The rate of creep may be directly related to the stress-strain
state instead of to time. Firstly, a general expression for volumetric strain €, may be obtained

by combining (4.1), (4.2), (4.3), and (4.4) to give:

p p|"
EV=E+Evc0 — & (4-6)
i Py) I+t
By differentiating (4.6) , the rate of the volumetric creep may be expressed as
. _ldp di{ p|” "
€ v=-E_+Evco—d— - — (4°7)
, @t N\ Po) I+t

Considering only step-wise changes in stress, p, then dp/dt=0 when p is constant, and for
mcremental changes in p at any time r=z, dp/dt=6( 1), where 4(t)) is a pulse function. It may
be shown that for an incremental stress change, A4p, there will be a corresponding

instantaneous volumetric strain 4 €,=Ap/K; and a new creep rate given by:

m ~w-1
. . ot 1
¢ ot me £l 22— 48)
Py) (1+£°) 1

where p is the new total stress. From Fig.4.3, the volumetric strain €, may also be expressed
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sand in single-stage, constant p, triaxial compression creep tests.
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in terms of effective stress P's»» in accordance with (4.9):

e, P, | Pro 4.9)
K D,

H

Combining (4.6) and (4.9) produces:

( \
t pﬁ'o i
— — (=Y, (4.10)
I+t p _Pj,
V&)

The term —t—a/(l " ) may be represented by U, which is called the generalized degree of

consolidation. Substituting p,=p-p';, into (9) and rewriting it, U, may be expressed as a

function of the excess ice pressure p, as:

™ -Ke
Uc=(1_£‘i] _p._'_‘i_ (4.11)
4 p_pe—Kiev

From (4.10) we have " =U JA-U ) which substituted into (4.8) gives:

m -
J u, “a-u,) *© 4.12)
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which is an equation for creep rate in terms of excess ice pressure rather than time. The
generalized degree of consolidation, U,, may be expressed as a function of time, but it can
also be made to depend only on the stress-strain state as long as the excess ice stress is taken
into consideration. The parameter £, previously defined as the time corresponding to one-half
of the ultimate creep strain, is a characteristic of the creep curve and can only be determined
experimentally. By analyzing the isotropic compression creep data given by Rahman (1988),

¢ may be empirically related to stress by a power function as indicated in (4.13).

t=t,| = 4.13)
Py

where 0 is a constant to be determined experimentally, p, is a reference stress and t, is the

value of 7 when p = p,. Substituting (4.13) into (4.12) and rearranging terms provides:

] 1

A
=&, (0/p)" U, “(1-U) * @14

which relates the creep rate to the stress-strain state rather than to time. In 4.14)

€ ,~CE o/to* is a characteristic strain rate of the frozen soil which depends on the soil,

the temperature and the drainage conditions. This equation makes it more convenient for
incorporating stress changes during the creep process as compared to a model in which time
is a variable. When stress p has an increment Ap at any time, there will be an instantaneous
increase of volumetric strain 4€,=4¢,=Ap/K; and a new creep rate which may be obtained

by substituting the new stress into (4.14). The volumetric strain €, may be obtained by
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integrating the creep rate over time. For continuously changing stress, a step-wise

approximation may be used.

4.3 CALIBRATION OF THE CONSOLIDATION MODEL

The data from isotropic compression creep tests conducted by Rahman (1988) on a
frozen sand were used to calibrate the mathematical model presented. The data used were
taken from the first step of Test IC1 and the isotropic compression part of Tests MST3,
MST4, MSTS and MST6 with hydrostatic pressures ranging from 50 to 420 kPa, and the
void ratios of the sand specimens in the order of 0.72. The temperature of the frozen soil was
-3"C. For details of the test procedure and equipment, reference should be made to Rahman
(1988). The isotropic creep curves from the tests stated above are shown in Fig.4.3. It is
worth mentioning that the initial density plays an important role in the consolidation process
of frozen soil. The samples used in the tests mentioned above did not have an identical initial

density, and therefore there was some scatter of the data.

The instantaneous bulk modulus K; was chosen as 9.0x10° kPa which is the value of
the bulk modulus of "solid" ice according to Meller (1979). To calibrate the model, the first
step was to curve-fit the creep curves shown in Fig.4.3, using (4.6). This provided a set of
#, €, and £ values for each mean normal stress p. Since there was only a limited amount of
data available, parameter & was assumed to be independent of stress, and its values from the
different sets were averaged. The curve-fitting was then repeated using this average value of

@, and a new set of ¢, and £ values were obtained. These parameters were related to the
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hydrostatic stress as shown in Fig.4.4 and Fig.4.5. Taking p,=1.0 kPa as the reference stress,

the corresponding expression for the ultimate volumetric strain €,,, was:

€,..=0.-04xp%”" 4.15)

v

and the time taken to reach one-half of the ultimate volumetric strain, * was:

£*=2.83xp"% 4.16)

where strain is in percent, time in hours and stress in kPa. The parameters K, , m, and 0 are
the four parameters required for the model. They were determined as described above as
K=9.0x10° kPa, #=0.6, m=0.77 as shown in Fig.4.4 and 6=0.82 as shown in Fig.4.5. In
Fig.4.3 the creep curves generated by introducing these parameters into (4.6) are included
with the experimental curves and it is seen that there is a reasonable agreement between the
two.

To test the model, the four parameters were introduced into (4.14) to obtain a general
expression for the rate of volumetric creep. This equation was then used to generate creep
curves for the multi-stage creep test IC1. Five stress levels of 50, 100, 150, 200, and 300 kPa
were used in the test. The total duration of the test was 4466 hours (186 days), and a total
volumetric strain of 2.8% occurred. The predicted volumetric strains were obtained by
integrating the expression for creep rate, step by step, and adding the instantaneous strains.
The experimental and predicted creep curves are shown in Fig.4.6. Generally the agreement
between the predicted and the experimental creep curves was very good considering the
scatter of the test data. The maximum relative variation between predicted and experimental

data was 6%.
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44 SUMMARY

'The behaviour of frozen soil under hydrostatic pressure was discussed in this chapter,
and a strain-hardening creep model for consolidation of frozen soil was presented. The model
presented here is based on the concept of separating the total mean normal stress into an
effective mean normal stress and an excess pore ice pressure with the former depending only
on the properties of the material. It is simple in concept and is easy to use with only four
parameters required, all of which can be determined by isotropic compression creep tests.
The model which was developed from single-stage tests was used to generate creep curves
for an independent multi-stage test, and the comparison between the predicted and the

experimental curves was fairly good.

A good understanding of the consolidation behaviour is an important step towards the
understanding of the creep behaviour of frozen soil under shear since the shearing resistance
of frozen soil is closely related to the confining pressure and the volumetric deformation of
the soil. The consolidation model is a part of a general strain-hardening, strain-softening creep
model which is discussed in the following chapter, and it will also be used to analyze the

consolidation process during shear creep.
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CHAPTER S

CREEP BEHAVIOUR OF FROZEN SOIL UNDER SHEAR

5.1 INTRODUCTION

The previous chapter discussed the relationship between the volumetric deformation
and the hydrostatic stress of frozen soil. The concept of an effective mean normal stress and
excess pore ice pressure was introduced. In this chapter, the behaviour of frozen soil under
shear will be discussed and the total shear stress will be separated into an effective and an

excess component as well.

Shear stress acting on the pore ice causes a frozen soil to creep. Therefore
determining the shear stress that is actually sustained by the ice matrix becomes vitally
important to the modelling of the creep behaviour. In order to obtain a clear picture of the
stress transformation between the sand skeleton and the ice, it is important to separate and
to model the behaviour of the soil in both the unfrozen and the frozen states. Thus the present
work includes an extensive study of the behaviour of the unfrozen sand, and an associated

constitutive model is established for it.

By analyzing the creep mechanism and the data from tests on both frozen and
unfrozen sand, a strain-hardening, strain-softening creep model for frozen soil under shear is

developed in this chapter.
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3.2 STRESS DISTRIBUTION BETWEEN SOIL SKELETON AND ICE MATRIX

This section discusses the distribution of shear stress between the sand skeleton and
the ice matrix, and its effect on the creep process. The discussion is limited to mMacroscopic
stress and strain. The stress and strain quoted here is in compliance with the definition

commonly used in soil mechanics.

5.2.1 Effective Shear Stress and Excess Ice Shear Stress

When unfrozen soil is stressed, the total mean normal stress is shared by the soil
skeleton and the pore water, while the total shear stress is sustained wholly by the soil
skeleton. This statement is the key pillar of the "principle of effective stress" presented by
Terzaghi (1923), which is one of the most important discoveries in modern soil mechanics.
It is based on the fact that the shearing resistance of water is practically negligible. However,
if the pore liquid is not water but a fluid with significant shearing resistance, such as bitumen
or ice, this statement is no longer valid. When a frozen sand is stressed, both the mean normal
and the shear stresses are shared by the soil skeleton and the ice matrix. It is the stress
sustained by the ice that dictates the creep characteristics of the soil, rather than the
magnitude of the total stress. The following section discusses the distribution of shear stress
between the sand skeleton and the ice matrix. The discussion will be limited to the triaxial
stress-strain state as the first step since all the data that will be used to develop the model are
from triaxial tests. The stress and strain components involved are mean normal stress,
p=(0,+20;)/3, volumetric strain, €,=(¢,+2¢;), deviate stress, g=(o, -0,), and deviatoric

strain €,=2(¢;-€;)/3. The components g and e, are called shear stress and shear strain
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respectively hereafter for simplicity.

Fig.5.1 shows a schematic of a typical family of creep curves from triaxial creep tests
on a frozen soil with p held constant and g varied. The creep under low g values attenuates
while under high g values it goes from primary to secondary and then to tertiary stages. The
total shear strain &, may be divided into an instantaneous component, ¢, and a creep

component, €,

Es=€si+€sc (5'1)

The instantaneous shear strain, ¢, may be related to shear stress, g, by an instantaneous shear

St

modulus, G, as

€ =

q
s }a (5.2)

where G; depends on the soil properties and temperature. For attenuating creep, ¢,, may be

expressed by a hyperbola as

esc = esc:u (5.3)

where ¢ is real time, and ¢ =t/tg is a normalized time in which ¢, is the time taken to reach

one-half of the ultimate state creep shear strain, €,,,, and ¢ is a parameter which depends on



SHEAR STRAIN (g,)

M
)
o

TIME (%)

Fig.5.1 A schematic of a family of creep curves for frozen sand
under the same mean normal stress but different shear stresses.
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the shape of the creep curve. The "ultimate state" is referred to as a state in which the rate
of creep approaches zero. For each attenuating creep curve, there is a given value of €,
which depends on the shear stress ¢. Fig.5.2 shows a schematic of the instantaneous and the
ultimate state g-¢, relationships. Line [1] represents the instantaneous g - €, relationship which
is given by (5.2), and Line [2] gives the ultimate state g - e, relationship, of which the first
section, OP, corresponds to attenuating créep, and the second section, PS, corresponds to
non-attenuating creep. Line [3] is the g - ¢, relationship for the same sand in an unfrozen
state. The space between Line [1] and Line [2] is the margin for creep. The difference
between Lines [2] and [3] represents the ultimate state shear resistance of ice. It is the shear
stress that ice can sustain without any further creep, and it depends on the temperature of the
soil. As the temperature increases, the shearing resistance of ice decreases, and Line [2]
approaches Line [3]. When a consolidated frozen sand is stressed by a constant shear stress
q; which is smaller than the peak ultimate shear resistance, q'» its stress-strain path on the ¢ -
€, space is O-L-U as shown on Fig.5.2. The total stress, g,, can be separated into three
components by Lines [2] and [3]. Component g’ represents the shear stress sustained by the
soil skeleton, while g, gives the difference in shearing resistance between unfrozen and frozen
soil at the ultimate state. The combination of ¢’ and ¢, constitutes the ultimate state shear
resistance of the frozen soil. We define q'5~q'+q'; as the generalized effective shear stress
of frozen soil and simply call it as effective shear stress, hereafter. The third component,
g. is called the excess ice shear stress and is equal to the difference between the total and
the effective shear stresses, i.e. g, = g - q's» The component g, is the true driving force of
shear creep of frozen soil. As shown in Fig.5.2, ¢, is large at the start of the creep process,

and therefore the creep rate is also high at that time. The component q. decreases as the shear
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resistance of the soil skeleton is gradually mobilized with increasing shear strain, and
consequently the creep rate decreases as well. At the end of the shear creep (point U), g, goes
to zero and the rate of creep goes to zero also. For the case of high total shear stresses, such
as g; which is greater than the peak shear stress, q',» g, decreases with increasing shear strain
until €=¢,, at which point the effective shear stress q's, reaches its maximum value, q' and
q. reaches its minimum value. After the peak, the effective shear stress decreases with
increasing shear strain as depicted by Line [2] in Fig.5.2, and the material goes into its strain-

softening stage which corresponds to the tertiary creep stage.

The effective shear stress of frozen soil, q's.» depends on the properties of the soil.
Line [2] in Fig.5.2 shows a schematic of q's, for a medium to dense sand which has a peak
shear resistance greater than the large strain shear resistance. As shown in the figure, q';, is
composed of two components which are ¢', the shearing resistance provided by the soil
skeleton, and g'; , the ultimate sustainable or effective shearing resistance of pore ice. Both
of these components depend on the soil composition. For example, for pure ice, ¢' is zero
and g’ is equal to ¢'. Under a constant total shear stress g > q',, after a certain amount of
creep, the excess ice shear stress, g=q - 950 = q - q', Which is the true driving force of shear
creep, remains constant, and therefore the creep rate also remains constant. This helps to
explain why, if the stress level is within a certain range, the creep process of pure ice often
includes a relatively long period of secondary creep. On the other hand, if the total shear
stress, g, is smaller than the effective ice shear stress, q';,, there will still be some creep since
a certain amount of shear strain is needed to mobilize the effective shear resistance of ice.

However, the creep will attenuate when the excess ice shear stress, 4., approaches zero.
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When g is larger than ¢’ but is not so large that the integrity of the ice structure is damaged,
the creep process of ice will include both a primary creep stage and a long period of
secondary creep. This phenomenon can be observed in the movement of some glaciers, which
move at an almost constant rate for many years, even decades. If, however, the level of total
shear stress is so high that a large amount of micro cracks occur, the mechanism of shear
creep is changed, and the macro stress components used here are no longer able to represent
the real stress state of the ice. Therefore a modification to the definition of the effective ice
shear stress ¢'; needs to be made before the model can be applied to this situation. The creep
process of pure ice under very high shear stresses often includes primary and tertiary stages
only, and the creep process is governed mainly by the formation and development of micro

cracks inside the ice (Sinha, 1988a, 1989c; and Zhan, Evgin and Sinha, 1994).

For those frozen soils which are classified as "dirty ice" ( ice with very small quantities
of solid grain impurities) ¢'; may be lower than that of the pure ice because the solid grain
impurities weaken the bond between the ice crystals. Therefore the creep rate of "dirty ice"
may be higher than that of pure ice under the same stress and at the same temperature
(Goughnour and Andersland 1968; Hooke et al., 1972). Other than "dirty ice", the ice - soil
mixture is usually "stronger" than pure ice. At a soil grain concentration of about 11% by
volume, which corresponds to very ice-rich frozen soil, the solid grains inside the ice matrix
start to show their strengthening effect on the creep behaviour of the frozen soil (Baker
1979). From the stress distribution point of view, ¢', which is the shearing resistance provided
by the soil skeleton, is still zero. However, the effective ice shear stress q';is usually larger

than that of the pure ice because the soil grains change the micro stress-strain field of frozen
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soil. Consequently it requires more external energy to develop a weak sliding plane in this
frozen soil than in pure ice. Thus the creep rate of ice with soil is lower than that of pure ice
under the same stress and temperature even though the soil grain concentration is low and
there is no particle to particle contact inside the frozen soil. With increasing soil grain

concentration, the ice-soil mixture becomes stronger and the creep rate becomes lower.

The model developed here is based on test data derived from tests on a medium to
dense frozen sand. However, it is seen from the above explanation that the concept of an
effective shear stress and an effective ice shear stress may also be applied to any ice-rich
frozen soil or pure ice within the framework of the model. However, the relationship between
the effective shear stress g';, and the shear strain €, needs to be determined experimentally

for each individual material.

5.2.2 Effective Shear Resistance Surface in q'1r0"P 5o~ €, Space

The previous section introduced the concept of an effective shear stress and an excess
ice shear stress of frozen soil. It is known that the shearing resistance of unfrozen soil depends
on the soil properties and the effective normal stress acting on the soil. The effective shear
stress of frozen soil, q's.» includes the contribution from both the ice matrix and the soil
skeleton. It therefore also depends on the effective normal stress. The effective mean normal
stress of frozen soil, p';,, was discussed in detail in Chapter 4. We will hereby relate effective
shear stress g';, to the effective mean normal stress P40 Fig.5.3 shows a schematic of 9o
P - € relationship which may be obtained experimentally. This surface is defined as the

Ultimate State Shear Resistance Surface of Frozen Soil, or will be referred to as simply
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the Effective Shear Resistance Surface(ESRS). From an engineering point of view, ESRS

may be determined by establishing the following three relationships.

1. A relationship between the effective mean normal stress, P's» and the peak effective shear
stress, ¢',, given by (5.4). This corresponds to the Mohr-Coulomb peak shear strength

envelope of unfrozen soil, and is identified by the subscript P:

q/p= Cp+ Mp P /fro (5-4)

2. A relationship between the shear strain, €_, corresponding to the peak shear stress and the

sp

effective mean normal stress, P'se» s given in (5.5).

/ £
Pf,,,

r,

esp =esp0 +Eso

5.5

where ¢

w00 €00 P'p» and "are parameters to be determined experimentally. Parameter p’, is

introduced to normalize the equation and to ensure compatibility of units.

3. A relationship between ¢, which is the effective shear stress at the "large strain" state (or
steady state, critical state) and the effective mean normal stress, P's, as given in (5.6). This
relationship corresponds to the large strain Mohr-Coulomb envelope of unfrozen soil, and is

identified by the subscrept L:

q/L= C,+ M, p/ﬁ'o (5.6)

The above three relationships are used to generate a curved surface in q's0 P'so - €, SPace,



111

which is schematically shown in Fig.5.3 for a medium to dense frozen sand. At a given value
of effective mean normal stress p',,,, the q's,- €, relationship takes the shape of Line [2] in

Fig.5.2 while the values of ¢', , ¢';, and €,, are given by (5.4), (5.6) and (5.5) respectively.

5.2.3 Shear Induced Excess Pore Ice Pressure During Creep Process

It is well known that shear deformations can cause excess pore water pressure in
unfrozen soil due to the fact that the soil has a tendency to change its volume during shear
deformation. This property is usually called dilatancy (Rowe, 1962). Similarly, silear strain
of frozen soil causes excess pore ice pressure, except that the process of the development and
dissipation of excess pore ice pressure is more complicated, and pore ice pressure cannot be
measured directly. In a constant stress triaxial creep test, the total mean normal stress and
total shear stress remain constant, while the effective mean normal stress and effective shear
stress change continuously during the creep process. The excess pore ice pressure p,
approaches zero towards the end of the consolidation process as shown in Fig.4.3. It,
however, can be regenerated due to dilatancy upon application of the shear stress. A newly
generated positive excess pore ice pressure triggers a new round of volumetric creep, which
in turn, results in a reduction of the excess pore ice pressure. As the shear creep goes on, the
dilatancy and the consolidation jointly affect the excess pore ice pressure. In order to
determine the shear induced excess ice pressure during a creep process, an assumption is
made that the shear induced excess ice pressure in a frozen sand under a fully undrained
condition is the same as the excess pore water pressure that is generated in the unfrozen
soil under the same state and stress conditions. Based on the above assumption,

Figs.5.4(a) and (b) show schematically the shear induced excess pore ice pressures and the
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Fig.5.4 A schematic of the shear induced excess pore ice pressure and
volumetric strain during the creep process of frozen sand.
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volumetric strains of a medium to dense frozen sand respectively. Line [1] corresponds to the
fully "undrained" condition where excess pore ice pressure is fully developed because volume
change is prevented, while Line [2] corresponds to the fully "instantaneously drained"
condition where there is no restraint on volume change and therefore no excess pore ice
pressure is mobilized. Lines [1] and [2] are the two extreme cases, while the actual shear
induced excess pore ice pressure, A u,p, lies between these two extremes, and depends on the
relative magnitudes of the rates of shear creep and volumetric creep. The ice matrix provides
a resistance to volume change of the sand skeleton, but as creep occurs volume change takes
place. The resistance to volume change provided by the ice matrix was called infernal
confinement by Ladanyi and Morel (1990). Lines [1] and [2] may be obtained from triaxial
tests, while changes in the volumetric creep strain and the excess pore ice pressure may be
calculated using the isotropic creep model developed in Chapter 4. A stepwise iteration is

needed to calculate Au,, and that will be discussed in the following sections.

5.3 DEVELOPMENT AND CALIBRATION OF THE MODEL

This section discusses the results from the creep tests on frozen sand and from the
constant strain rate triaxial tests on unfrozen sand. The discussion will focus on the
determination of excess ice shear stress since it is the true driving force of shear creep. A
good understanding of the behaviour of the sand in an unfrozen state is a necessary step in
modelling the behaviour of frozen sand. The relationship between the rate of shear creep and
the excess ice shear stress is established after the process of stress distribution and

transformation between sand skeleton and ice matrix is clearly understood and mathematically
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expressed.

5.3.1 Triaxial Creep Tests on Frozen Soil
As mentioned earlier, the triaxial creep test data used were taken from the work of

Rahman (1988) who had performed the tests for a related study. A total of 9 triaxial creep

tests had been performed. Five of them, MST1, MST2, MST3, MST4 and MST5 , were long .

term multi-stage, constant p tests, three of them, MST7, MSTS, and MST9, were short term,
multi-stage, constant p tests, and one, MST13, was a long term, constant cell pressure test.
The creep curves from the tests were presented in Fig.3.2 through Fig.3.10. The data from
MST4, MST5, MST7, MST8 and MST9 were used to calibrate the model and, the calibrated

model was then used to predict the creep curves for tests MST1, MST2, MST3 and MST13.

As seen on the creep-curve figures, there was some scatter in the test data. In order
to obtain representative creep rates, the curves were smoothed before differentiation was
made. To smooth the data, the attenuating creep curves for each loading step were fitted by

the following hyperbola.

€ =€ .t€
5 s

i scu ¥ (5.7)

Equation (5.7) is the combination of (5.2) and (5.3), and the parameters used are defined as
before. A comparison of the best-fit curves with the test data is shown in Fig.5.5 through
Fig.5.9 as cumulative shear strain versus incremental time. The constants in equation (5.9)

which represent the curves are given in Table 1 and Table 2 of Appendix A. The creep rates
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Fig.5.6 Experimental and fitted cumulative shear strain versus
time for constant p, multi-stage, triaxial creep test MSTS.
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Fig.5.7 Experimental and fitted cumulative shear strain versus time
for short-term, constant p, multi-stage, triaxial creep test MST?.
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Fig.5.9 Experimental and fitted cumulative shear strain versus time
for short-term, constant p, multi-stage, triaxial creep test MSTO.
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were obtained by differentiating the equations over time.

5.3.2 Instantaneous Shear Modulus

The instantaneous shear modulus, G; was determined from the test data using the
shear strain at ¢ = 0.01 hour, which was the earliest recording of shear strain for each stress
mcrement. Fig.5.10 shows the €, - q relationship from which a value of G, = 205 MPa was

determined by regression analysis.

5.3.3 Establishment of the Effective Shear Resistance Surface

According to its definition, the effective shear stress, 9’5 is the shear stress sustained
by the frozen soil at the end of the shear creep. If a sufficient number of creep tests were
performed systematically with different magnitudes of mean normal stress p and shear stress
g, the ESRS could be obtained by plotting the q's, - €, curve for every given p's, and then
combining those curves into a curved surface in 9’50 - P'so - €, Space. This would take an
inordinate amount of time, thus rendering the approach impractical for engineering purposes.

Consequently, the following alternative method for generating the surface was developed.

The effective shear stress, q'fm, includes the contributions, ¢, from the sand skeleton,

and, q', from the ice matrix
q' = 4"+ ¢/, (5.8)

The shear stress sustained by the sand skeleton may be determined by conventional triaxial

tests on unfrozen sand. The effective ice shear stress depends on the soil properties and the



SHEAR STRESS INCREMENT Aq (kPa)

150
- v v v \ v v v
100
» o col o o o
i Assi=AqlsGi
- A a a a G|=204.728 MPa
50 -
0 ) L U T B R R U S S
0.00 0.10 0.20 0.30 0.40 0.50
(E-1)

INSTANTANEOUS SHEAR STRAIN Ae_, (%)

Fig.5.10 Calibration of the instantaneous shear modulus, G;,, of the frozen sand.

14!



122
temperature, and is assumed to be independent of the shear strain. In order to generate the
ESRS of the frozen sand, the first step was to determine g’ by establishing the ESRS for the
sand in an unfrozen state, and then to determine ¢, from the frozen sand creep test data. The

detailed procedure is explained in the following subsections.

5.3.3.1 The Effective Shear Resistance Surface of the Unfrozen Sand

As mentioned in Chapter 3, a series of conventional constant cell pressure, drained
and undrained triaxial tests on the sand in an unfrozen state were performed. The results of
the drained tests DT1 through DT12 were shown in Fig.3.13 through Fig.3.16 and the results
of the undrained tests UT1 through UT12 in Fig.3.17 through Fig.3.28. The shear resistance
at the peak and at the large strain states were obtained from those data, and the corresponding
modified Mohr-Coulomb strength envelopes are shown in Fig.5.11. They may be expressed

as:

q,=M,p’ (5.9)
q,= M, p’ (5.10)

with M, = 1.42 for the peak state and M, = 1.07 for the large strain state. The shear
resistance at the state of phase transformation is also shown in the figure and it will be
discussed in 5.3.4.2. The strain €,, Which is the shear strain taken to reach the peak shear
stress is shown in Fig.5.12. The relationship between €, and p'may be empirically expressed

as
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esp—espﬂ +€0 — (5.11)

For the stress range and the sand tested here, €,0=2.253%, €,=0.1837%, p,=8.896 kPa

and ¢=0.642 as shown in Fig.5.12.

A relationship between effective shear stress, ¢’, shear strain, &, and effective mean
normal stress, p', may be established on the basis of (5.9), (5.10) and (5.1 1). The test results
shown in Fig.3.13 through Fig.3.16 are in the form of ¢, versus g, and ¢, versus €, under
constant cell pressure, o;. The shear stress, ¢, in those figures is the same as q' defined here.
The relationship required is €, versus q’, and €, versus €, under constant mean normal stress,
p'". The conversions were made and a group of ¢, - ¢’ curves under constant p' are shown in

Fig.5.13. The curves may be empirically expressed by the following equation:

2 B
; . €t CE,
9=49 ——— (5.12)

2
e+ d?

where g,", ¢, d and f are constants. The first three constants may be determined from the

following three known conditions:

(1) The ¢’ - €, curve must pass through the peak shear strength point (&,,, g',)

ie. q’=qp when €= € (5.13)

sp

(2) The g’ - €, curve must pass through the "large strain" shear strength point (¢, q';)
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le. q'=q, when e=¢, (5.14)

(3) The shear stress, ¢', must attain its maximum value at the peak shear strength point (¢,
q')

le. ——=0 when e=c¢ (5.15)

By introducing these three conditions into (5.12), the following expressions were obtained

for the three constants

2-B+Bs2)-2¢4 fP
2= 9,9,(2-B+BSf")-2q,f (5.16)

(2-B)a,+(Bf*-2f%)q,

where f=¢ /e,

o= 2k-1) e

e (5.17)
q?-C-P)ED) 2 (5.18)

Bk

where k = ¢, /g, . The mathematical derivations of (5.16), (5.17) and (5.18) are given in
Appendix B. The parameter 8 was then determined to range from 0.3 to 0.6 by applying

(5.12) to the test data.
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Equation (5.12) together with (5.9), (5.10) and (5.11) generates a curved surface in

g - p'- €, space, which is the Effective Shear Resistance Surface of the unfrozen sand.

5.3.3.2 The Effective Ice Shear Stress, g/,

As discussed in 5.3.3, it is assumed that the contribution of the sand skeleton to the
shear resistance of frozen sand is the same as the shear resistance of the same sand in an
unfrozen state. The effective shear resistance of frozen sand at peak and large strain states
may be expressed by ¢',=M, p';, + C, and q',=M, P';, + C, respectively. The constants M,
and M, which represent the contributions from the sand skeleton were determined in 5.3.3.1
as M, = 1.42 and M, = 1.07. The parameters C, and C; represent the contributions which
stem from the ultimate shear resistance of the ice. It was assumed that the ultimate shear
resistance of ice, ', depends solely on temperature, therefore for a constant temperature, C,

and C; may be replaced by ¢'..
C,=C,= qi = Constant (5.19)
The effective ice shear stress, g;', may be determined from creep tests. From (5.8), we have
q'=q';,-q (5.20)
From the definition of g';, as shown in Fig.5.2, we have
9= 4" 4, (5.21)

Combining (5.21) with (5.20) produces
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/

7' =q9-q9'- ¢q, (5.22)

It is noted that g, approaches zero towards the end of attenuating creep. In a creep test, g
is known, and ¢' may be determined from (5.12), and therefore g;' may be obtained from the
stress and strain at the end of attenuating creep. Table 1 is a compilation of all the data

required to determining the effective ice shear stress, q;.

Table 1 Calculation of effective ice shear stress g,

p q € p. p' p' q' q'
Step | (kPa) | (kPa) (%) (kPa) | (kPa) | (kPa) (kPa) | (kPa)
MST2 1 280 120 | 0.1469 | 0.0 | 205 | 259.5 | 95.48 | 245
MST4 1 70 60 | 0.1638 | 0.0 | 205 49.5 24.65 | 35.3
2 70 120 1.9 15.26 | 20.5 | 3424 | 53.87 | 66.1
MST5 1 420 | 240 | 0.5127 | 5292 | 20.5 | 346.58 | 228.5 | 11.5
2 420 | 480 1.431 | 14.28 | 20.5 | 385.22 | 407.46 | 72.5
The average value of the effective ice shear stress, q',1s 42 kPa

In the table, ¢,, is the ultimate creep strain at the end of attenuating creep. Since none

of the tests were carried out to ceasation of creep, the value of €, used was obtained by

curve-fitting the test creep curves and extrapolating the curves to t=10 years to ensure that
most of the attenuating creep had been accounted for. The ecjuations and the parameters used
to fit the data are given in Appendix A, and the fitted curves are shown in Figs.5.5-59
together with the experimental data. Parameter p, is the pore ice pressure that still existed at

t=10 years, while p'; is the effective ice pressure as defined in Fig.4.2. The values of p, were
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obtained by evaluating volumetric creep using the consolidation model developed in Chapter
4 and assuming that the degree of consolidation, U, at t=10 years is equal to the degree of
shear creep at the same time. The values of p', were obtained from the experimental data by
comparing the ultimate p-¢, relationship for frozen sand to the isotropic compression curve
for the sand in an unfrozen state. The stresses p’ and q' are respectively the effective mean
normal and shear components sustained by the sand skeleton. The values of p’ were obtained
from p'=p-pp'; and the values of ¢’ were obtained from the q'-p'-¢, relationship developed
in 5.3.3.1 for the sand. There was some scatter in the calculated values of effective ice shear
stress, ¢'. This is to be expected for experimental data. An average value of ¢'; = 42 kPa was

taken and used for the frozen sand tested at a temperature of -3°C.

5.3.3.3 ESRS for the Frozen Sand
With all the parameters in (5.4), (5.5) and (5.6) determined, the peak shear strength

envelope of the frozen sand may be expressed as:

g /P=41.9+l.42p ! o (5.23)

and the large strain shear strength envelope of the frozen sand may be expressed as:

q’,=41.9+1.07p ’fm (5.24)

while the shear strain taken to reach the peak shear stress may be expressed as:

p / 0.64
€, =2.25+0.18 [—f'_) (5.25)
i 8.9
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where the stress is in kPa, and the strain is in percent.

A typical €, - ¢';, curve for a given effective mean normal stress, P's,» takes the shape
of Line [2] in Fig.5.2. The curve may be expressed by the set of equations used for the ESRS

of the unfrozen sand.

, . ef+ ces"
95,20, ——— (5.26)

2
e+ d?

Where f is a parameter to be determined experimentally, and g, , cand d are three
intermediate variables which were introduced to ensure that (5.26) satisfied the following

three requirements:

(a) The ¢, - g';, relationship given by (5.26) must pass through the peak shear strength point
(&,9%)

ie. q’ﬁo=q’P when €,~€,, (8.27)

(b) The ¢, - g';, relationship given by (5.26) must pass throu gh the large strain shear strength
point ( ¢, , g, ).
ie. g¢q ’fm =q ’L when € =€, (5.28)

(c) the effective shear stress, q's» reaches its maximum value at the peak shear strength point

(€,,49%).
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ie.

~=0 when e=¢ (5.29)

As in the case of the sand in an unfrozen state, expressions for the parameters q,, c,andd

were obtained by utilizing the above three requirements. The expressions are as follows:

q*=q’L q' (2-B+Bf)-2r*q' )’
Y @-pa 2N

(5.30)

where f=¢,/¢,

.» and & is the shear strain at the "large strain" state, which is assumed to be

about 15%.

o= 2k-1) ¢

B P (8.31)
where k=q'/q";, and
2- -1
d?= (_.Me fp (5.32)

Bk

The mathematical derivations of (5.30), (5.31) and (5.32) are given in Appendix B.

A three dimensional view of ESRS for the frozen sand is shown in Fig.5.3.

5.3.4 Shear Induced Excess Pore Ice Pressure
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5.3.4.1 Introduction
Shear induced excess pore ice pressure is a new concept presented by the writer.
There has been no previous work done on this subject, and currently there is no technology
available to measure it. The assumption that the shear induced excess pore ice pressure in a
frozen sand under a fully undrained condition is the same as the excess pore water pressure
that is generated in unfrozen sand under the same state and stress conditions provides an
indirect method to determine the shear induced excess pore ice pressure. Shear induced
excess pore water pressure in an unfrozen sand was investigated by undrained, constant o,
triaxial tests. A mathematical modelling is presented in this section. The excess pore ice
pressure was then calculated by considering the joint effect of shear deformation and isotropic

consolidation. (The consolidation model for the frozen sand was given in Chapter 4.)

5.3.4.2 Shear Induced Excess Pore Water Pressure In Unfrozen Sand

The shear induced excess pore water pressure in unfrozen sand may be expressed
according to the state parameter of the sand. From triaxial tests performed on the sand
reported in Chapter 3, a steady state line (or critical state line) was obtained by analyzing the
relationship between the specific volume, v, and the effective mean normal stress, p', at the
large strain state. Fig.5.14 shows the Steady State Line of the sand in v - In p' space (Been

and Jefferies, 1985). It may be expressed as:

v=N_-A Inp’ (5.33)

The parameters 4 and N, were determined from the test data as 1=0.0187 and N=1.8464 as

shown in Fig.5.14. By analyzing the stress-strain path of the sand in v -p’ and €, - p' spaces,
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the excess pore water pressures were modeled mathematically. Fig.5.15 shows the steady
state line, SSL, and the stress-strain paths of a sample when it is sheared under an undrained
condition. The initial state of the sample is represented by point O on the figure with v = v,
and p'= p',. As shown in Fig.5.15, the state parameter, y = vy - v,, of the sand is smaller

than zero. The state parameter may be expressed as

¥=v,~(N,~A Inp’, ) (5.34)

As shown in Fig.5.15 when a sample of medium to dense sand is sheared under an undrained
condition, the stress path in v - p’ space is O-T-B-P-L-(S). Fig.5.16 shows the stress-strain
pathin €, - p' space. At the start of shearing, the sand has a tendency to contract. However
the volume change is prevented in an "undrained" test, and therefore positive excess pore
water pressure, Au, is generated and the effective mean normal stress, p', decreases with
increasing shear strain. This excess pore water pressure, Au, reaches its maximum at point
T as shown in Fig.5.16 (compressive pressure is referred to as positive). After this point, the
dilatant medium to dense sand has a tendency to increase its volume, therefore negative
excess pore water is generated. At point B, the generated negative pore pressure offsets the
positive pore pressure, and p’ becomes equal to the total mean normal stress, p. After point
B, p' continues to increase until the sample fails at the point of large strain, L. The shear

induced excess pore water pressure in €, - p' space is also shown in Fig.5.16.

Point T was termed the "point of phase transformation" by Ishihara, Tatsouka &
Yasuda (1975) since the sample is contractive before the point and expansive after it for

medium to dense sand. The state parameter at this point indicates whether the sand will be
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confractive or expansive with further shear deformation (Been and Jefferies, 1985).

Point P corresponds to the point of peak shear resistance. It was noted that there were
no obvious "peak" points on the conventional A 0, - € curves obtained from the tests since
p' continued to increase after the stress path reached the Mohr-Coulomb line. There is,
however, a peak shear resistance envelope, no matter whether the test is drained or undrained.
The peak point may be found by calculating the ratio of g/p', and finding its maximum value.
Point P may occur before or after point B depending on the dilatancy of the sample. The pore
water pressure parameters at T, the phase transformation point, P, the "peak" shear resistance
point, and L, the "large strain" point were analyzed and related to the state parameter ¢ as

shown in Fig.5.17. The relationships may be empirically expressed as follows:

at phase transformation point A,=1.113+12.62y (5.35)
at "peak" point A,=0.339+5.75y (5.36)
and at "large strain" point AL =0.165+10.35¢ (5.37)

It should be noted that the above correlations are valid only for the sand and the stress
range tested. Since only a limited number of tests were performed and the range of the state
parameter is narrow, the pore water pressure parameters were related to ¢ simply by a
straight line. Actually, the pore water pressure parameter at steady state may be obtained from

the steady state line, SSL, directly as:
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-1) (5.38)

However, for the large strain point, the pore water pressure predicted using (5.38) is always
higher than that calculated from (5.37). The explanation for this phenomenon may be found
from Fig.5.15 and Fig.5.16. The stresses from the undrained tests at about 15% of shear strain
did not reach SSL. It reached point L and did not go far enough to reach point S. There is
a gap between the stresses obtained from drained and undrained tests as shown in Fig.5.14,
and the SSL used here is a compromise of the two. Equation (5.37) is adopted for predicting

the excess pore water pressure since it is obtained directly from the tests.

The pore water pressure parameter A changes with shear strain continuously.
Equations (5.35), (5.36) and (5.37) give the A values at three key points which are of
practical interest. Actually, an A - ¢, relationship may be obtained from the experimental data.

Fig.5.18 shows a typical A - €, curve which may be represented by a hyperbola as:

A=a,+—2 (5.39)

Since the A values at points T, P and L are known, a,, a, and a; may be determined by
solving 3 simultaneous equations if the shear strains at these points are also known. The
shear strain at peak shear strength point, €,,, Was given by (5,11), while the shear strain at
large strain state, ,;, was assumed to be about 15% as discussed in 5.3.3.3. The shear strain

at the phase transformation point, €, may be empirically related to the effective mean normal
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stress at the point as shown in Fig.5.19. A mathematical expression for the €, - p';

relationship is given as:

€. =€ . +e€, | —— (5.40)

with €75 = 0.80 %, €, = 0.065 %, p,; = 5.76 kPa and A=0.599139 for the data shown in

Fig.5.19.

At the peak shear strength point, (5.11) is rewritten as:

=€ +e€ | —£ (5.41)

with €,,,=2.25%, €,,, = 0.18%, p,p=8.9kPa and ¢=0.642.

In order to determine €, and €,, from (5.40) and (5.41), the effective mean normal
stresses at the phase transformation point T, p'r, and the peak shear strength point P, p'p, are
needed. The relationship between p', and the shear resistance at point T, g5, is shown in

Fig.5.11, and is expressed as:

q,=M_ p’, (5.42)

with My = 1.25 for the sand tested. For the peak shear strength envelope, (5.9) is rewritten

as:
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qP p p

The excess pore water pressure, Au may be determined from the pore water pressure

parameter, A as:

Au=B(Ac +A(A 0,-40,) (5.44)

For fully saturated sand, B=1.0, and (5.44) becomes

Au=Ac,+A(Aoc,-Ac,) (5.45)

The effective mean normal stress at any point may be expressed as:

p'=p ’,,—(A—g)m 6,-Ac,) (5.46)

where p', is the effective mean normal stress before shearing. Specifically, at point T, we have

1
p/T':p /g_CAT—';)(A OIT_AO_;T) (5.47)

It should be noted that 4 o, -4 o3, =q;. Therefore by substituting (5.42) into (5.47), the

effective mean normal stress at phase transformation point, p',, is expressed as:

/
/ Py

p T 1
5- 8

By Following the same routine, the effective mean normal stress at peak point, p,, is given
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by:

/

P, ot _;_)Mp (5.49)
By substituting (5.48) into (5.40) and (5.49) into (5.41), &y and €, are determined. Since
parameters A, &, A, ,€,, and AL ,€, are all defined, the three parameters in (5.39), a,,a, and
a; may be determined by solving 3 simultaneous equations, and therefore the pore water
pressure parameter A at any stress strain state may be determined by (5.39). Fig.5.18 shows
the A - €, data for Test UT12. Both the measured values and the generated A - ¢, curve are
shown in the figure and it is seen that the two matched very well. The excess pore water

pressure at any stress-strain state may be calculated from (5.45) once the A value is

determined.
5.3.4.3 The Shear Induced Excess Pore Ice Pressure in Frozen Sand

As discussed in 5.2.3, the creep process of frozen soil is neither fully "drained' nor
fully "undrained". It is partially drained. As assumed in 5.2.3, if the frozen sand was sheared
with no volume change, the Shear Induced Excess Pore Ice Pressure, SIEPIP, would be the
same as the excess pore water pressure in the same sand in an unfrozen state as given by
(5.41). If the frozen sand was sheared under a fully "drained" condition, there would be no
SIEPIP. The real value of SIEPIP lies between these two extreme cases. The accurate
calculation of SIEPIP starts with the calculation of the Shear Induced Excess Pore Water

Pressure, SIEPWP, as discussed in the previous section. The creep process was separated into



146

anumber of small strain steps. At the beginning of each step, the SIEPIP was first assumed
to be equal to the SIEPWP, then adjusted by analyzing the volumetric creep (consolidation)
that occurred during the step. Therefore, an iterative calculation was needed. Actually, the

shear induced excess ice pore pressure, may be expressed as

Au f=F Au (5.50)

where F' is a parameter depending on the relative magnitude of the rates of shear and
volumetric creep. For the soil and the stress range tested here, it is about 0.8 to 0.95 at the
beginning of the shear creep and gradually decreases as the volumetric creep continues. It also
changes with changing total stress. Fig.5.20 shows the calculated SIEPIP for Test MSTS. It
is seen from the figure that at small strains the SIEPIP is close to the fully undrained

condition, and at large strains it is close to the fully drained condition.

Once Au,is determined, p';, may be obtained from

P'5,=P oyt AP-Au, (5.51)

where p’; , is the effective mean normal stress at the beginning of the shear creep, and 4dp is

the increase of the total mean normal stress.

5.4 THE SHEAR CREEP RATE - EXCESS ICE SHEAR STRESS RELATIONSHIP

The effective shear stress, g';,, may be determined from ESRS once P's, 18 known.
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Since the total shear stress, g, is known in the creep process, the excess ice shear stress, g,,

which is the driving force of shear creep, may be obtained from
qe=q—qfr0 (5.52)
Fig.5.21 shows the excess ice shear stress versus the shear creep rate, ¢ o’ for MST4 on a

log - log scale. It is seen that all the data fell within a narrow band except for a few points
during the early period of each loading step. This indicates that a power law relationship may

exist between g, and ¢ o Fig.5.22 gives the g, vs. ¢ . data for MSTS. The same pattern of
the g, - ¢ . relationship occurred. By putting all the data on a single figure as shown in

Fig.5.23, it is seen that all the data fell in a narrow band except those points from the starting
periods of each stress increment. By ignoring those points, which will be dealt with later on,

a power law relationship between ¢ o and g, was obtained as:

éE =¢ | — (5.53)

where ¢ o= 4.6623x10™ 1/s, g,=1.0kPa , and n = 2.573 for the frozen sand tested at the

given temperature of -3°C. The test data collected here covered the stress range of g from 0

to 1000 kPa and p from O to 420 kPa, and the shear creep strain rate, ¢& W from 10" to 10°®

1/s. For stress-strain states outside of this range, the correlations should be confirmed

experimentally before they are applied.
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5.4.1 The Transition Factor

As mentioned in the previous section, the & o 4o relationship does not follow (5.48)

at the start of a stress increment. This period lasts about 15 - 20 hours depending on the
magnitude of the stress increment and several other factors. A suggested physical
interpretation of this phenomenon is that the mechanism of creep during this period is
different from that of the later periods. Consider pore ice from a metallurgical point of view.
The frozen sand tested was at -3°C, and the corresponding homologous temperature of the

pore ice was

I'=—="""""=0.989 (5.54)

From a metallurgical point of view, the ice was very "hot" since its temperature was very
close to its melting point. Fig.5.24 shows a "schematic version of a deformation map for a
polycrystalline metal. It illustrates the stress/temperature regimes within which dislocation and
diffusional creep processes are expected to be dominant. The boundaries between adjacent
fields represents the conditions under which two or more processes may contribute equally
towards the overall creep deformation.”" (Evans and Wilshire, 1985). Pore ice is also a
polycrystalline material and has a similar creep mechanism. It is seen from the figure that the
stress/temperature condition (6/E =10%-10"°, and T/T,,=0.99) for the pore ice tested falls
within the lower right portion of the figure, which corresponds to diffusional creep (Nabarro-

Herring creep). When diffusional creep dominates, the rate of molecule migration under stress
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is proportional to the stress level and independent of time, and the relationship between the
creep rate and the stress acting on the medium is usually expressed by a power law such as
(5.53). The stress used here should be the average stress actually sustained by the ice matrix,
which is the excess ice shear stress, g,. It should be noted, howeyver, that at the start of the
creep process, due to the heterogeneity of the polycrystalline structure of the pore ice which
produces localized stress concentration, not only diffusion, but also dislocation and grain-
boundary sliding may contribute significantly to the creep process. The creep caused by
dislocation and grain boundary sliding does not follow the same law as that followed by
diffusional creep, and this may explain to a certain extent why (5.53) does not fit the data
obtained from the starting period of the creep process. As the creep process goes on, the
heterogeneity of the pore ice decreases dramatically and the diffusional creep becomes

dominant quickly, and therefore the €, " 4 relationship approaches (5.53). A new

increment of total stress will increase the ice shear stress and may also cause some
disturbances to the structure of the pore ice and trigger a new round of dislocation and grain
boundary sliding activity. The data from three short-term constant p triaxial creep tests was
used to find a solution to this issue. The creep curves from MST7, MSTS and MST9 are
shown in Fig.5.7, Fig.5.8, and Fig.5.9. Each step of stress increment lasted for about 24

hours. By applying (5.53) to these data, the ¢ b0 e relationship for these tests are shown in

Fig.5.25, Fig.5.26 and Fig.5.27. As shown in the figures, the shear creep rate immediately
after the loading is significantly higher than that predicted by (5.53). A Transition Factor,
F,, which is defined as the ratio of the transient creep rate over the creep rate predicted by

(5.53), was introduced to model this behaviour. The ¢ o " 4 relationship may now be
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rewritten as

€ =F¢ | — (5.55)

The transition factor, F,, depends on the magnitude of the contribution from diffusional creep
relative to the contributions from the dislocation creep and grain boundary sliding, which is
characterized by the level of the ice shear stress and the heterogeneity of the pore ice. There
has been very little study of this phenomena and an empirical method was used here. The

transition factor F, may be expressed as

€
t
F t=e Xp i (5.56)
€ —€
5 “sb
where €, is the shear strain before the new stress increment was applied, and ¢,, is called the
Transient Strain, and 7 is a constant to be determined experimentally. Immediately after the

application of a new stress increment, we have

es— Esb=Aesi (5.57)
and
€ 1
Ft=exp st (5.58)
Ae

si

where Ae, is the instantaneous shear strain caused by the stress increment, and may be

determined by (5.2). The transition factor F, attains its maximum value at this moment, and
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decreases to unity quickly as the shear strain increases. The Transient Strain, €, is a
measure of how quickly F, approaches unity, and may be determined experimentally. The
relationship between the Transition Factor F, and the shear strain is given in Fig.5.28,
Fig.5.29 and Fig.5.30 for tests MST7, MSTS and MSTS respectively. Since the data
available for calibrating F, was very limited, (5.56) was reduced to a simpler form by
assuming 77=1. The Transient Strain, ¢, was related to the increment of the shear stress dq
as shown in Fig.5.31. It was empirically expressed by a straight line as:

Ag
est=estq Aqo

(5.59)

where ¢, =0.015973%, and Agq, =100 kPa as determined from the data shown in Fig.5.31.

stq

The factors which affect F, are more than just the stress increment 4q. Actually, for
a given Aq, F, at the early loading steps is generally greater than that at the later loading
steps. One explanation to this phenomenon may be that the initial heterogeneity of the pore
ice structure has a greater effect on the earlier loading steps than on the later ones because
the initial heterogeneity gradually dissipates as the creep process goes on. The 4gq - F,
relationship given by (5.54) is an empirical correlation based on the very limited data available

here, and should be used with caution. More work needs to be done on this subject.

5.5 SUMMARY
This chapter discussed the behaviour of frozen soil under shear. Based on the fact that

ice can carry shear stress, the concept of effective shear stress in unfrozen soil presented by
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Terzaghi (1923) was extended to frozen soil. A generalized effective stress and an excess ice
shear stress for frozen soil were defined. It is suggested that the excess ice shear stress is the
true driving force of shear creep. A relationship between the effective mean normal stress,
effective shear stress and shear strain was established by combining the data from both
triaxial creep tests on frozen soil and conventional triaxial tests on the same soil in an
unfrozen state. The shear induced excess pore ice pressure was determined by considering the
joint effect of dilatancy of the soil skeleton and the volumetric creep of frozen soil. A power
law relationship between the excess ice shear stress and the rate of shear creep was
established, and a transition factor was introduced to account for the different modes of creep
of the pore ice during the early period of loading. Together with the consolidation model
developed in Chapter 4 for frozen soil under isotropic compression, the strain-hardening,
strain-softening creep model developed in this chapter for frozen soil under shear stress
produces a method to predict the deformation of frozen soil under a general stress-strain state
and Joading process. The next chapter will discuss the verification and the application of the

model.
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CHAPTER 6

THE MODEL AND ITS VERIFICATION

6.1 SUMMARY OF VOLUMETRIC AND SHEAR MODELS

The creep models developed in the previous two chapters, when coupled, provide a
solution for the creep rate of a frozen soil as a function of the imposed general stress state.
They are based on the concept that creep is the result of the existence of excess pore ice stress
and that the pore ice can sustain a certain ultimate shear stress which is a function of its
temperature. The total stress acting on frozen soil is shared between the pore ice and the soil
skeleton, and it is tacitly assumed that the portion of the stress sustained by the soil skeleton
is equal to the stress that it can sustain in an unfrozen state, and that the shear induced excess
pore ice pressure in frozen soil would be the same as the shear induced excess pore water

pressure in unfrozen soil under the same conditions.

6.1.1 Volumetric Creep Under Isotropic Compression

The goveming equation for volumetric creep rate under isotropic compression is

(4.12)
! 1
oe moI-— I+—
e —=2 Ly *q-v ) - 4.12)
t* |\ p,

where =0.6, €,,=0.0402 %, p,~1.0 kPa, and m=0.7661 for the soil tested. The expressions
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for £ is:

0
£ =t} (ﬁ-) 4.13)

where 7, =2.8323 hour, 6=0.81532 for the soil tested. The expression for U, is:.

" -Ke
U;( I —’ii) PTRE (4.11)
p p_pe—Kiev

in which the instantaneous bulk modulus, K, was determined as 9.0x10° kPa.
6.1.2 Shear Creep

The governing equation for shear creep developed in Chapter 5 gives the rate of shear

creep strain, ¢  as a function of the excess ice shear stress, q.
sc

€ =Fé | — (5.55)

where ¢ o= 4.6623x10™ 1/s, g,= 1.0 kPa, and n = 2.573 for the soil tested. The transition

factor, F,, was expressed as

Estq
Ag, (5.56)
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where 7=1.0, €y, =0.016%, and Ag, =100 kPa for the soil tested.

The key variable in the governing equation, (5.55), is the excess ice shear stress, g,.

Two relationships are required to determine q,-

(1) A relationship between the shear strain, €, the effective shear stress, q's.» and the effective
mean normal stress, p';, of the frozen soil, which is called as the effective shear resistance

surface, ESRS. It is mathematically expressed as

el+ ce B
!/ _ ¥ s s
9 4074 7 ., (5.26)
€ +d
(2) A relationship between the shear induced excess pore ice pressure, Au, and the shear

induced excess pore water pressure, Au, for the soil in an unfrozen state.

Au=FAu (5.50)

Parameter F' depends on the relative magnitudes of the rates of shear and volumetric creep.
For the soil and the stress range tested here, it was about 0.8 to 0.95 at the beginning of the

shear creep and gradually decreased to about 0.15 to 0.4 as the volumetric creep continued.

Once Auis determined, the effective mean normal stress, P's, is known, the effective
shear stress, g';, is then determined from (5.26), and the excess ice shear stress, g,, is

determined as
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1,44, (5.52)

Once g, is determined, shear creep strain, &, 1s obtained by integrating shear creep

rate, é 5o » OVEr time. For each time step, g, is calculated first, and then the increment of shear

strain for that time-step is calculated from (5.55).

6.2 VERIFICATION OF THE MODEL

In order to verify the model and examine its predictive capability, the model was used
to predict the creep curves of several triaxial creep tests that had been carried out
experimentally. The test procedures and the results of these tests were discussed in Chapter

3 and section 5.3.1.

As a first step, the model was used to predict the creep curves of tests MST4 and
MSTS. These data were used to calibrate a part of the model. However, since the calibration
involved some assumptions and correlations which were independent of these data, a
comparison was deemed to be useful. The experimental and the predicted creep curves for
tests MST4 and MSTS are shown in Fig.6.1 and Fig.6.2. As can be seen from the figures, the
experimental and the predicted creep curves matched very well. This indicates that the model
which was calibrated using the data from both frozen and unfrozen soil tests is able to

represent the results of individual creep tests.
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The shear induced excess pore ice pressure was analyzed using the method and the
correlations developed in 5.3.4. The calculated shear induced excess pore ice pressure,
SIEPIP, for MST4 is represented by the solid lines in Fig.6.3, while the calculated shear
induced excess pore ice pressure of the same sand if it were sheared under a fully undrained
condition is also shown in the figure by the fine broken line. The pore water pressures were
calculated using the pore water pressure parameter A obtained from the undrained test data
discussed in 5.3.4.1. It is seen from the figure that SIEPIP was positive at the start of the
creep process, and gradually changed to negative as the shear strain continued. This was
because the frozen sand was contractive at small shear strains but expansive at large shear
strains. It is also seen from the figure that at the start, the value of SIEPIP was close to the
that obtained under a fully undrained condition, while at large shear strain, it was significantly
smaller than that obtained under a fully undrained condition. This was because at the starting
period the dissipation of SIEPIP due to volumetric creep was less significant than at large

strains.

The second step was to use the model to predict the creep process of three
independent constant p triaxial creep tests that were not used in the calibration. The
experimental and the predicted creep curves for MST1, MST2 and MST3 are shown in
Figs.6.4, 6.5 and 6.6 respectively. As shown in the figures, the experimental and the predicted
shear strains matched fairly well. The relative difference between the experimental and the
predicted shear strains was as high as 100% at some locations where the strain was small.
However, the overall relative difference was less than 20%. Considering the scatter of the

data from the tests on frozen sand and the limited resources available to develop this model,
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this suggests that the predictive capability of the model is quite good. The effect of the mean
normal stress on the shear creep of frozen sand was clearly shown by comparing the results
of MST1 and MST2. The initial densities of the two samples were approximately the same,
but MST2 was subjected to shear stresses which were four times as high as that of MST1.
Test MST1 was carried out for about 2400 hours (100 days), and had a cumulative shear
strain of 14.5%, while test MST?2 lasted for about 4400 hours (183 days), and had a
cumulative shear strain of only 6.7%. The explanation for the lower cumulative shear strain
despite the higher shear stress level and longer time duration is that MST2 had a higher level
of mean normal stress which resulted in higher effective mean normal stress. That is, its
resistance to shear was greater. Consequently the excess ice shear stress, which was the
driving force of the shear creep, was actually lower in test MST2 than in MST1 even though
the total shear stress in MST?2 was higher. The present model is thus able to rationally explain

this apparent anomalous phenomenon.

The calculated shear induced excess pore ice pressures for MST1, MST2 and MST3
are shown in Fig.6.7, Fig.6.8 and Fig.6.9 respectively. In the figures, the thick solid lines
represent the shear induced excess pore ice pressure in frozen soil, while the fine broken lines
show the shear induced excess pore ice pressure under the condition of no volume change
during creep. The fine broken lines were obtained by calculating the shear induced excess
pore water pressure using the pore water pressure parameter, A, determined from the tests
on unfrozen sand. The difference between the solid and the broken lines represent the

reduction of the excess pore ice pressure due to volumetric creep.
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The last example in examining the predictive capability of the model was to use it to
predict the performance of a constant o; creep test, MST13. As mentioned previously, the
model was calibrated using data from constant p tests. Test MST13 lasted 8400 hours (350
days) and the cumulated shear strain was only 2.8%. The experimental and the predicted
creep curves for MST13 are shown in Fig.6.10. It is seen from the figure that the predicted
creep curve is a fairly good representative of the experimental creep curve. The relative
difference between the measured and the predicted shear strain was less than 10% for the time
period of O to 6000 hours. While the calculated shear strain was 20 - 25% higher than that
of measured for the time period later than 6000 hours. The temperature variation and the high

stresses in these three loading steps may be part of the reason for the high relative difference.

The shear induced excess pore ice pressures for Test MST13 is given in Fig.6.11. The
larger symbols represent the shear induced excess pore ice pressure, SIEPIP, while the smaller
symbols show SIEPIP under fully undrained condition. The excess ice shear stress in test
MST13 was considerably lower than that of the other tests, such as MST1 and MST4. Since
MST13 was a constant o; test, the total mean normal stress, p, increased at the same time as
the shear stress, g, was increased. This resulted in an increasing effective mean normal stress,
D's» and effective shear stress, g';,. Therefore the newly increased g at each loading step was
partially offset by the increasing ¢';,, and the actual increase of excess ice shear stress g, was
smaller than the increment of total shear stress, g. Also, the initial density of sample MST13
was a little higher than that of the others, and therefore this specimen was a little "'stiffer'" than
the others. These two factors may account for the fairly small shear strain that occurred over

such a long period of time.
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6.3 GENERALIZATION OF THE MODEL

6.3.1 General Stress-Strain State

The equations developed in the previous chapters were based on the stress and strain
states that corresponded to the triaxial test, and the stress and strain components used were
p=(0;+205)/3, ¢, = (¢, + 2¢;), g = 0, - 03, and €, = 2(¢, - €;)/3. When a general stress-
strain state occurs, more general expressions for stress and strain components should be used,

forexample p=(0, + 0, + 0,)/3, €, = (¢, + €, + €,),

q=\J§;/(o,—p>2+(oz—pf+(oa—pf and G\E\J (e,-%evﬁ(ez—gev)%(ea—%evf - The

approach developed by Domaschuk and Wade (1969) may be followed for dealing with a

general stress-strain state.

6.3.2 Expressions for Volumetric and Shear Creep Functions

The creep governing equations, (4.12) and (5.55), can also be introduced into the
creep model developed by Domaschuk et. al. (1991) in which they utilized a bulk creep
function, K, and a shear creep function, G,, in their model. Creep functions K, and G,
depended on soil properties, the imposed stress state, and time. The bulk creep function, K,

was defined as

p
K =L
c ev (601)
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while the shear creep function, G, was defined as

q
G =21
e 6.2)

The expressions for K, and G, may be re-developed using (4.12 and (5.55) as follows.

Both volumetric strain, ¢, and shear strain, €, may be separated into an instantaneous

component and a creep component as

Ev=evi+€w: (4'1)

and

ev=€w’+ew: (501)

as discussed in 4.3 and 5.2.1 respectively.

The volumetric creep strain, ¢,,, is obtained by integrating (4.12) over time. At any

time, 7, €,, is expressed as

1 I

I+—

t t m -
e,.0= /¢, Wdt= | “::“’ pl) U, *(1-U ) “ar (6.3)
0 0 0

Since the variables in the right hand side of (6.3) are functions of stress-strain state, the

integration is usually carried out numerically rather than analytically.
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An expression for the bulk creep function, K, discussed in the previously may be

derived as follows:

By substituting (4.1) and (4.2) into (6.1), we have

P_P
oz T (6.4)

Substitute (6.3) into (6.4) and divide both side by p, we have

1

t m ]—..I.. I+
Sl 2y gy ) (6.5)
[/] po

by following the same procedure, an expression for the shear creep function, G, may derived

as:

+

t
JFe | 2| a 6.6)
0

L. 1,1
Gcqu

The creep functions can then be used in a finite element solution with each element
characterized by its own set of K, and G, values. For example, a general stress-strain

relationship may be written as

1
~Kcekk ij+2G (e 3ekk6,/ 6.7

where ¢; and ¢; are stress and strain tensors respectively, and 0, is Kronecker delta.



186

The application of the model developed in this thesis to a real engineering project was

beyond the scope of this thesis. Chapter 8 will discuss the future work for further

development of this creep model.
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CHAPTER 7

ICE - DRY SAND PENETRATION TESTS

7.1 INTRODUCTION

An important concept inherent in the model developed in the previous chapters is that
ice is a viscous material that flows under shear stress. Since the rate of flow of ice is low
under the stress level usually encountered in engineering practice, the term 'flow' is not usually
used. However, experiments on ice showed that when a hard object was forced into ice, the
deformation of ice around the hard object followed a similar pattern as water flowing around
an obstacle, except that the rate of flow is slow. Sego and Morgenstern (1983, 1985)
performed punch indentation tests on ice and developed a flow law for the rate of punch
indentation. Rahman (1988) performed ball penetration tests, and Kenyon (1994) performed
laterally loaded bar tests on ice. The experimental works stated above dealt with the flow of
ice around large objects. However, more directly related mmvestigations of the flow or
movement of ice through soil are needed for understanding the creep behaviour of frozen soil.
Tests of ice penetrating dry sand were performed by the writer for this purpose. Since detailed
research of this subject was beyond the scope of this thesis, only a preliminary study was
carried out and the results are included in this chapter. The purpose of the tests was to obtain
a qualitative understanding of the phenomenon rather than to establish a quantitative

relationship.
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7.2 Penetration Test of Ice into Dry Sand

Two penetration tests, IS1 and IS2, were performed to explore the possibility and the
rate of ice flow through a sand skeleton. The tests were performed in a cold chamber using
an ordinary oedometer. Basically, a layer of sand was placed in the bottom half of the
oedometer ring, and a layer of ice was placed in the upper half. Load was applied to the ice

through the loading cap. A schematic of the test setup is shown in Fig.7.1.

The sand used for Test IS1 was the same medium sand that was used in the triaxial
tests, which were discussed in Chapter 3, while the sand used in Test IS2 was a coarser
uniform, coarse-grain, quartz-carbonate sand with grain diameters ranging between 1.2 and

2.0 mm (#14 and 10 sieves). The latter sand was obtained by sieving.

The ice samples were prepared in a plexiglass mould having the same inner diameter
as that of the oedometer ring. Distilled water was gradually poured into the mould until the
water reached the preset level of about 10 mm. The plastic mould together with the water was
then put into a plexiglass container with a tightly sealed lid. A vacuum pressure of 50 kPa was
applied to the container to extract any air bubbles from the water. The suction was maintained
for twenty four hours. The mould was then moved out of the container and insulation was
placed around the mould and on its top. The bottom of the mould was not insulated. The
mould was put into a freezer which was kept at a temperature of -20°C and the water was
frozen unidirectionally from the bottom to the top. After the ice sample was formed, the

mould along with the ice sample was put inside the cold chamber set at -5°C for more than
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Fig.7.1 A schematic of the test setup for ice-dry sand penetration test.
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twenty four hours to allow the specimen to reach temperature equilibrium. The specimen was

then removed from the mould and trimmed to a height of 7.5 mm.

The first step of the test was to consolidate the dry sand as follows. As shown in
Fig.7.1, a porous stone waé inserted in the base of the oedometer, and then a layer of dry sand
was placed on the porous stone. The sand had been oven-dried and had then been placed
inside the cold chamber for more than a day before it was used in the test. After the sand was
put in the oedometer, the loading cap was put on the top of the sand and a dial gauge was
mounted to measure the displacement. A vertical load of 11.5 kN was applied and the vertical
displacement of the cap was measured. The load was maintained for about two hours to allow
time for the sand to consolidate. Thg load was then removed gradually and the vertical

displacement during the unloading was also recorded. This step was performed to take the

consolidation effect of the sand out of the penetration testing.

After consolidation, the cap of the oedometer was removed and the prepared
specimen of ice was put on the top of the sand. A plexiglass disk was placed on top of the ice,
and the cap of the oedometer was placed on the plexiglass as shown in Fig.7.1. The dial gauge
for the displacement measurement was installed on the top of the oedometer again. A load
was gradually applied until it reached the predetermined level and the vertical displacement
was recorded together with the load. Test IS1 was a two-stage test with a vertical load of
6.37 kN corresponding to a vertical stress of 2.02 MPa for the first stage which lasted for
three days and a vertical load of 11.5 kN corresponding to a vertical stress of 3.63 MPa for

the next stage which lasted for 182 days.



191

Test IS2 was set up in the same manner as Test IS1. However, it was an single-stage
test with a vertical load of 7.5 kN corresponding to a vertical stress of 2.34 MPa. The test

lasted for 175 days, and the vertical displacements were recorded with time.

Fig.7.2 shows the displacement versus time data for both tests. The elastic
displacement due to the deformation of test equipment and sand layer are deducted from the
total penetration displacement, therefore the displacements shown in Fig.7.2 represent the
penetration of the ice into the sand. The following three preliminary observations can be made

from the test results:;

(1) The rate of penetration was high at the start of loading for both tests. This is mainly
because the contact area between sand particles and ice was small at that time, and therefore

the contact stress was high, thus resulting in a high penetration rate.

(2) The rate of penetration decreased with time in both tests. Within the first three days, the
penetration rate of IS1 which had finer sand and lower stress level was significantly smaller
than that of IS2 which had coarser sand and higher stress level. This was expected since the
contact area between sand particles and ice for coarser sand (IS2) was smaller than that for
finer sand (IS1) at this stage, therefore the contact stress for the coarser sand was higher than
that for finer sand. After three days, the stress level for IS1 was increased to 3.63 MPa which

was significantly higher than the stress acting on IS2.

Because of the very limited amount of data, the effect of stress versus the effect of
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grain size could not be analyzed. However, the test results support the concept that ice under

stress will move within a soil skeleton.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 CONCLUSIONS

Based on the premise that ice can sustain both normal and shear stresses, the concept
of effective stress was introduced into the behaviour of frozen soil and a corresponding
constitutive creep model was developed. The total stress was separated into a component
carried by the soil skeleton and a component carried by the pore matrix. The pore matrix
consisted of both the unfrozen water and the pore ice. No distinction was made between pore
ice pressure and pore "unfrozen' water pressure. It was tacitly assumed that the creep
behaviour of the frozen soil was dictated by the excess pore matrix stress and the creep
characteristics of the ice. The creep behaviour of the frozen soil was separated into its
response to changes in the volumetric component of stress, which was represented by the
mean normal stress, and its response to changes in the shear component of stress which was
represented by the deviate stress. The model was calibrated using triaxial test data and was
verified by applying it to triaxial test results that were not used in the calibration and in which
the stress paths were different from those used in the calibration. The stages of development,

calibration, and verification of the model are presented below.

1. Tt was assumed that an increase in hydrostatic stress caused a corresponding excess pore
ice pressure which induced volumetric creep that continued until the excess ice pressure

was dissipated. The relationship between the rate of volumetric creep strain and excess
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pore ice pressure was represented by Eq.(4.12).

1 1
. %€l p " T e
€, .=——| =| U, “a-u,) © (4.12)
t* \ P

. The parameters required for the calibration of the above relationship were taken from the

results of isotropic compression tests performed on a sand in both the unfrozen and frozen

states.

. It was assumed that an increase in the total shear stress resulted in an increase in the pore

ice shear stress which was separated into an excess ice shear stress and a sustainable shear
stress. The excess ice shear stress was the cause of shear creep which continued until the
pore ice shear stress was reduced to the sustainable magnitude. The rate of shear creep

strain was related to the excess ice shear stress by a power law relationship Eq.(5.55).

q 1"
¢, =Fg w[ ——) (5.55)

. The parameters required for the calibration of the above equation were taken from

constant mean normal stress, triaxial creep tests on a frozen sand and conventional triaxial

tests on the sand in an unfrozen state.

. The predictive capability of the two governing equations was assessed by generating

solutions for 5 different triaxial creep tests for which there were experimental data, and

comparing the predicted strains with the measured strains.
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(a)Eq.(4.12) was used to generate a creep curve for a multi-stage, isotropic compression
creep test, which had stress levels of 50, 100, 150, 200, and 300 kPa and a total time
duration of 4466 hours. The maximum variation between the generated and the

experimental data was 6%.

(b)Eq.(5.55) together with (4.12) was used to generate 3 creep curves for three multi-stage,
constant mean normal stress, triaxial creep tests. The average variation between the
experimental and the predicted shear strains was 17.3% for Test MST1, 5.2% for Test
MST?2, and 9.2% for Test MST3. Part of the variation was attributed to temperature and
density differences between the samples used in the calibration and those used in the

verification study.

(¢)Eq.(5.55) and (4.12) were used to generate a creep curve for a multi-stage, constant cell
pressure, triaxial creep test which lasted 8400 hours (350 days) and in which the
cumulated shear strain was 2.8%. The maximum variation between the measured and the
predicted shear strains was about 10% for the time period of 0 to 6000 hours. After 6000
hours, the variation increased, and the predicted shear strains were about 20-25% higher

than the measured strains.

6. Although the stress components used in the development, calibration and verification of
the model were based on the triaxial stress state, the model can accommodate a more
general stress state by replacing the components with more general expressions, such as

those used by Domaschuk and Wade (1969).



197

7. The model also provides a rational method of incorporating stress changes during the
creep process. This was accomplished by expressing strain rates in terms of the stress
history, and the prevailing state of strain. Current models express strain and strain rate in
terms of time, which does not provide a rational means of accommodating stress changes,

since time is not a measure of the changes in creep properties that occur with strain.

8. Separating applied stresses into a component carried by the soil skeleton and a component
carried by the pore matrix, offers a conceptual model that explains the cause and duration
of creep of frozen soils. It has been demonstrated that such a model can be developed
from a theoretical basis, and that it has reasonable predictive capability. However, it
requires more extensive development in order for it to become a practical method of

dealing with the creep of various types of frozen soils and for a range of soil temperatures.

8.2 RECOMMENDATIONS FOR FURTHER STUDY

The model developed in this study is fundamentally different from the models
developed in the past. New parameters were introduced, and therefore more extensive
research is required to establish a better data base for those parameters. The study was limited
to a single soil, (a sand) at a single temperature, and therefore more experiments should be
performed on different types of soils and at different temperatures. The following specific

suggestions are made for future development of this model.

1. More single-stage, isotropic compression creep tests are required to establish a more
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representative relationship between the ultimate volumetric strain and hydrostatic pressure.
By comparing the difference between the ultimate volumetric strain - hydrostatic pressure
curve of a frozen soil with the isotropic compression curve of the soil in an unfrozen state,
the value of the effective ice pressure, Pi» Which represents the hydrostatic pressure

sustained by the ice matrix at the ultimate state of volumetric creep, may be obtained.

. More single-stage, constant mean normal stress triaxial creep tests are required to establish

a more representative relationship among mean normal stress, shear stress and the ultimate

shear strain of frozen soil.

. Shear tests on ice are required to obtain a relationship between the ultimate sustainable

shear stress of ice and temperature.

. Studies should be performed on different types of soil and at different temperatures to

establish the dependency of the parameters of the model on the soil types and temperature.

. The effect of anisotropy of frozen soil on the creep behaviour should be studied.
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APPENDIX A

Curve-fit of Multi-stage, Constant p', Triaxial Creep Curves Using Eq.(5.7)

Temperature fluctuations and other disturbances which existed during the experiments
caused some scatter in the creep test data. The results from Tests MST4, MST5, MST7,
MSTS, and MST9 were chosen to calibrate the shear creep equations. In order to smooth out
the scatter caused by experimental disturbances and obtain more representative data for the
creep rates, the multi-stage creep curves were separated into incremental shear strain versus

incremental time, and each stage was fitted by Eq.(5.7).

£

(5.7)

€ =€ _.te€
5 si scu

l+t_g

where ; = #/t,, t is the real time, and 7, is a reference time. Eq.(5.7) may be rewritten as

(5.7a)

Using least square scheme, constants €, €,,,, £, and ¢, were obtained for each step of the
creep curves. TABLE 1 shows the values of these constants for the long-term triaxial creep
tests MST4 and MSTS5, while TABLE 2 shows the values of the constants for each step of

the short-term triaxial creep tests MST7, MSTS, and MSTO9.
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TABLE 1. Calculated values of parameters ¢, €,,,, £, and f, of Eq.(5.7) for long-term creep

tests MST4 and MSTS5.
Test Step €,; (%) €., (%) ¢ t, (Hours)
1 0.0598 0.104 1.5 5.912
MST4
2 0.0093 2.21 0.49 6382.5
3 0.3166 15.99 0.832 8075.6
1 0.0235 0.56 0.334 262.9
MSTS5
2 0.0369 1.075 0.527 150.5
3 0.0708 139.9 0.413 1.957x107
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TABLE 2. Calculated values of parameters ¢, €,,,, £, and ¢, of Eq.(5.7) for short-term creep
tests MST7 and MSTS8, and MST9.

Test Step €, (%) Esey (%0) ¢ t, (Hours)

1 0.0495 0.0375 0.5271 3.134
2 0.0086 0.6206 0.6122 4587.8

MST7 3 0.0081 0.2452 0.561 379.0
4 0.0076 0.1087 0.912 18.2
5 0.011 0.1899 0.9393 19.45
6 0.0185 0.2601 1.0065 20.83
1 0.008 0.0867 0.99 36.1
2 0.0015 0.049 0.9521 20.23
3 0.0131 0.1458 0.6329 22.31
4 0.0082 0.1468 0.75 35.41

MST8 5 0.0102 0.2637 0.6675 136.74
6 0.0113 0.2372 0.7841 64.01
7 0.0058 0.3222 0.74 77.67
8 0.0179 0.525 0.813 85.97
9 0.073 13.61 0.813 4810.0
1 0.0175 0.0675 0.625 1.917
2 0.0238 0.16 0.7018 19.56
3 0.0391 0.2657 0.8868 8.17
4 0.0141 0.13 0.9278 24.16

MSTO 5 0.014 0.242 0.8073 55.25
6 0.0181 0.2339 0.9358 26.55
7 0.0135 0.3452 0.9839 41.17
8 0.021 0.4942 0.9032 48.51
9 0.0272 0.5939 0.9892 39.48
10 0.0312 1.15 0.8983 74.55
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APPENDIX B

Mathematical Expression of the Stress-strain Curve for a Medium to Dense Sand

The following figure shows a schematic of a stress-strain curve for a medium to dense

sand or overconsolidated clay under constant effective mean normal stress.

:‘\
= Peak stress
;; state (e,,, q,)
7p) da,
il
-
| Lareg strain
n state (g, q,)
=
LLl q. =
r
(/p)]
0 ] 1 | 1
Ssp 83L

SHEAR STRAIN (&)

The curve shows a peak shear strength, g,, which is greater than the large strain shear
strength, g;. This type of behaviour is typical for dense sand or overconsolidated clay due to
the effect of dilatency. In order to provide a mathematical expression for this type of stress-

strain relationship, Eq.(5.12) is introduced.
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(5.12)

Where g,, ¢, d and 3 are constants. Parameters g, ", ¢ and d are introduced to ensure that the

curve produced by (5.12) goes through the peak strength state point, ( € q,), the large strain

state point, (¢, q,), and obtains its maximum value at the peak strength state, as discussed

in 5.3.3.1. Once the known conditions at points (€4 q,) and (&, q,) are satisfied, the curve

is fairly close to the measured stress-strain curve. Parameter £ is introduced to bring the

theoretical curve given by (5.12) closer to the measured curve. The values of g were found

to be between 0.3 to 0.6 for the sand tested here. Since (5.12) is not sensitive to the g value,

a fixed value of $=0.45 was used for the sand studied.
Parameters g, , ¢ and d are determined as follows:

(D) Differentiate (5.12) with respect to ¢,

diqg) . (€°+d’)(2e +cPeP)-(e Z+ce P)2e,

de, % (€s2+d2)2

Combining the items in (B.1) and simplifying it, we have

d(g") L 2d%e +d’cpe P +cpe Pt -2ce P!

de, (e 2+d?)?

(B.1)

(B.2)

(II) Impose three known conditions stated in 5.3.3.1, which are (1) ¢’ = q, when €, = €, (2)
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q' =g, when €, = ¢, and (3) dg'/de, =0 when €, = ¢,

By substituting condition (1) into (5.12), we have

q,(c,,’+d’)=q; (e *+ce,P) (B.3)
By substituting condition (1) into (5.12), we have

q,(e, " +d?)=qy (e, +ce,.P) (B.4)
By substituting condition (3) into (B.2), we have

2dzesp+cdzﬂespp‘I—C(Z—B)espp”=0 (B.5)

By solving simultaneous equations (B.3), (B.4) and (B.5), the expressions for ¢, ", ¢

and d are obtained as

goo 52 P +Bf%)-24,1"

(5.16
(2-B)q,+(Bf*-2f7)q, )
where f=¢,/¢,,.
=261 ("B“’) P (5.17)
a?=L2-P)ED) - (5.18)

pr. ¥
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where k= g, /q,". Variables 9, 491 €5 and €, may be obtained experimentally, and they are

function of effective mean normal stress.





