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Abstract

Tre presence of saline pore fluid in frozen soils leads
to a significant reduction in the resistance of the soil to
load. Data from laboratory tests and field pile load tests
in frozen saline soils is limited, so that the design of
piles in such soils is qQuite tenuous.

Model pile load tests were undertaken to define :>me
general trends in the behaviour of these soils. The effect
of changing pore fluid salinity, temperature and magnitude
of load upor the time dependent deformation of model piles
in frozen silty sand was examined. The tests were designed
to simulate the conditions encountered at such sites as Pond
Inlet, Tuktoyaktuk, Pangnintung and Eskimo Point.

The analysis of the test results predicts the long term
adfreeze resistance of piles in this soil at -5°C, using the
Vyalov (1962) equation, and Weaver's correlation with shear
strength from uniaxial compression tests.

Current theory predicts that saline ice-poor soils will
exhibit time dependent behaviour similar to that of an
ice-rich material. Therefore Nixon and Lem (1984) propose
that the design of piles in saline frozen soils be based
upon a flow law relating pile velocity to an applied stress.
This theory was used to predict the behaviour of the model
piles under load for each given salinity and temperature.
The normalized pile velocities determined from this study
are much higher than those predicted by Nixon and Lem (1984)

from the results of their laboratory compression tests on
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similar soils. The results of field load tests of piles
installed in native saline soil backfill reported by Nixon
(1988), match the model pile data very well. On the other
hand, a comparison to limited field pile load test data in
sand slurry indicates that the model piles may overestimate
the resistance of full scale piles.

The results of the testing indicate that the frozen
saline soil behaves as a 'structured soil': generally
showing no time dependent response to load until the
application of the failure stress. Therefore analysis of the
data using the flow law for ice-rich soils alone is
inappropriate. Soils of this type should be analysed using a
theory which accounts for the elastic response to load,
followed by creep failure at the higher stresses.

It is evident from the results that the presence of
saline pore fluid drastically reduces the strength of the

soil, particularly at temperatures between -5 and -8°C.
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1. Introduction

1.1 General

Design of piles in saline permafrost is a key concern
for Arctic construction. Until recently the drastic
reduction of frozen soil strength due to the presence of
saline pore fluid was not fully appreciated. Conisequently
pile load tests conducted in the Arctic have n¢. been
supported by determination of the salinity of tre soil pore
fluid in most cases. In addition resul s frou le-. .Ltlory
investigations of the creep behaviour of saline tr.:en soils
are fairly limited. Due to this lack of data, constitutive
relationships are poorly defined, and piles in saline
permafrost have been designed using methods for piles in
fresh water soils with a large factor of safety being
applied. Nixon and Lem (1984) discovered that the creep rate
of frozen soil may be increased as much as 10 to 100 times
by the presence of saline pore water fluid in concentrations
equal to or less than that of sea water. Field pile load
tests in saline permafrost reported by Nixon (1988) provided
an allowable pile shaft stress one half to one third that
predicted by non-saline pile theory.

Model pile testing is undertaken in this research to
define some general trends in the creep behaviour of piles
loaded under different combinations of salinity and
temperature within the ranges commonly encountered in the

Arctic. Model testing provides preliminary results generated



in a controlled environment, free of much of the expense and
difficulties of field testing. Eventually the laboratory
observations must be compared with results from field pile
load tests in saline permafrost to provide practical design
guidelines,

The objective of this thesis is to measure the effects
of changing temperature, pore fluid salinity and magnitude
of load upon the creep behaviour of model steel piles. The
thesis describes a series of tests designed to simulate the
conditions encountered at such sites as Pond Inlet,
Tuktoyaktuk, Pangnintung and Eskimo Point. The results of
these tests are analysed using current theories (Nixon and
Lem, 1984, Nixon and Neukirchner, 1985, and Neukirchner,
1985) which assume that the behaviour of saline ice-poor
soils is similar to the time dependent deformation cof
ice-rich soils. The results are compared with recently
reported laboratory and field data. The validity of theories
predicting ultimate strength proposed by Weaver (1979) and
Vyalov (1962) are examined as well. The thesis is also
useful for the discussion of model! pile test apparatus, and
the exploration of the feasibility of model pile tests for
this type of comparative study of creep and strength

behaviour.



1.2 Scope of the thesis

The creep behaviour of frozen soils is examined in
Chapter 2. The physical mechanisms controlling deformation
are discussed, and the creep and strength theories arising
from laboratory testing are presented.

Current research and guidelines for the design of piles
in permafrost are reviewed ‘n Chapter 3. Piles in non-saline
and saline soi1ls are discusseu separately. Laboratory creep
and model pile test results are discussed. Current pile
design guidelines for permafrost are examined.

The laboratory testing program undertaken for this
thesis is discussed in Chapter 4. The materials, apparatus
and test procedure are outlined.

The results of the laboratory tests are summarized in
Chapter 5. The methods of analysis of the deformation time
data are discussed and an interpretation provided of the
effects of temperature, salinity and magnitude of load upon
the time dependent deformation of nudel piles in frozen
soil. The applicability of the theory of hereditary creep is
examined as well.

Conclusions drawn from the model pile testing are
presented in Chapter 6. The results of this testing are
discussed with respect to 'he design of piles in saline
permafrost. Recommendations for further study leadirj to the
development of a set of realistic design quidelines are

presented.



2. Frozen Soil Strength and Creep Behaviour

2.1 Introduction

Pile design methods for permafrost evolve from a
combination of laboratory testing and field observations,
The expense of field pile testing is often prohibitive while
laboratory tests provide an inexpensive convenient method of
examining the creep or strength behaviour of frozen soils.
Laboratory test results indicate the trends in material
behaviour, which must be verified by field results.

Laboratory strength and deformation testing may take
one of several forms, with e.ther a constant displacement
rate or a constant stress being applied to a frozen soil
sample under uniaxial or multiaxial stress conditions. Model
pile tests can also be conducted using these test
configurations., Creep tests conducted for this thesis
consisted of the application of a constant load to a mudel
pile wh:le monitoring the pile displacement with time,.

This chapter reviews the literature which describes the
mechanics of deformation of frozen soil and the methods used
to analyse the results of laboratory tests on frozen soils.
These topics are discussed for both non-saline and saline
soils. Extensive literature discussing non-saline frozen
soil is available, while investigations of saline frozen
scil characteristics have been undertaken only recently.
Theories specific to the design of piles in permafrost will

be outlined in Chapter 3.



2.2 Creep Deformation

The time dependent deformation of permafrost under load
can be described in two ways. Ladanyi (1972) suggested that
the creep progresses through three stages: primary or
decelerating, secondary or steady stat~, and tertiary or
accelerating creep. The failure of a frozen soil can be
definec as the end of the secondary regime, when the -reep
begins to accelerate, as shown in Figure 2.1. More recently,
Ting et al (1983) indicated that the creep goes through an
inflection point at the transition from decelerating to
accelerating creep. Failure is defined as point where the
minimum strain rate is observed, a. i1n Figure 2.2. Further
discussion of these definitions 1s made in Section 2.3.3.

Many theories have been proposed to describe the
behaviour of frozen materials under load. Micromechanistic
theories describing the creep of crystals in metal have been
developed. The creep of these materials is similar tc that
observed in frozen soil. Therefore phenominalogical models
for soil based upon such micromechanistic theories were
presented by Vyalov (1962) and Ladanyi (1972). Ladanyi
(1972) suggests that micromechanistic theories are valid for
intermediate and high levels of stress, while the
phenominalogical models are valid for low or intermediate

stress levels,



2.2.1 Microscopic Soil Behaviour

Frozen soil is composed of water, ice, gas and the
mineral soil grain. Saline soils also contain dissoclved
salts in the pore fluid., The response of individual
constituent materials of the frozen soil to load has been
discussed by several authors in an attempt to understand the
microscopic physical behaviour of frozen soil as it
contributes to the macroscopically observed creep and
strength characteristics.

Roggensack and Morgenstern (1978) discuss the response
of a frozen soil sample to load. They state that the
strength of the ice matrix must be overcome before any
strain of the sample is observed. Gradual deformation of the
soil and i1ce permits frictional strength to be mobilized at
the soil particle contacts. Under long term loading
conditions, time dependent deformation causes the resistance
of the ice to diminish, and the applied stress is carried
solely by the particle contacts.

Weaver (1979) discusses the geotechnical properties of
both ice and frozen soil. A sample of ice under load will
exhibit an instantaneous elastic response, followed by time
dependent plastic deformations in the three creep regimes.
Where the ice has large crystals, deformation is governed by
the mobility of dislocations within their glide planes.
Crystal boundaries are obstacles tc this dislocation
movement so reduc:ions in crystal size result in reductions

of the creep rate. In fine grained ice, creep is dominated



by a diffusional process.

When soil is added to the ice, the creep mechanisms may
be completely changed. In general the soil particles reduce
the creep rate by impeding dislocation movement and causing
reducticns in the average grain size of the ice crystals.
The creep mechanism of warm fine grained permafrost soils is
further complicated by the pr:sence of unfrozen water within
the pore space (Weaver, 1979).

The physical process of creep can be explained through
consideration of a fluid phase transport model. Load applied
to frozen scil creates stress concentrat:ons at the contact
between the soil part.cle and the pore ice leading to
pressure melting of the ice. The melted 11d then
migrates to areas of lower stress where . eezes, For
additional details, the reader is referred (0 Parameswaran
(1980), Yuanlin et al (1983), and Orth and Meissner (1982).

Recrystallization of ice and the development of a
preferred crystal fabric contribute to the creep deformation
of the frozen material as well. Sego and Morgenstern (1983)
suggest that under load the basal plane of each crystal in a
pure ice sample becomes aligned with the direction of the
shear stress. The ice becomes increasingly more deformable
as total strain increases due to this gradual crystal
realignment. Deformation within single ice crystals is much
faster if the shear stress is aligned parallel to the basal
plane. They observed that the majority of the strain occurs

in the primary creep zone and the resistance of the ice to



deformation under load reduces beyond about one percent
accumulated strain, reaching a constant resistance beyond
ten percent strain.

Primary creep is observed while there is movement of
the unfrozen water through the soil (Yuanlin et al, 1983)
and while the soil pores are compressing due to the closure
of microscopic cracks, size reduction of open cavities and
irreversible shear of particles relative to one another
(Tsytovich, 1975). In this phase, the load is largely
supported by the pore ice. Secondary creep is associated
with pressure melting and recrystallization of the ice
(Yuanlin et al, 1983) and reorientation of the soil grains
(Paraneswaran, 1980 and Tsytovich, 1975). The long term
deformation behaviour of the soil is influenced by the
migration of ice toward the shear induced fabric in the soil
(Roggensack and Morgenstern, 1978). Weaver and Morgenstern
(1981) attribute primary creep to deformation in the mineral
layers and secondary creep to the behaviour of the ice
component of the soil.

Goughnour and Andersland (1968) compared the strengths
of a pure ice sample and a sand ice sample. They propose
that the addition of sand to ice creates a strength increase
for several reasons. Sand particles are not deformable under
the lcads considered, so a larger deformation rate is
imposed on the ice matrix. In addition, strength is provided
by the friction at the contacts between the soil grains and

the prevention of dilation of the sand grains by the ice



matrix.

Ting et al (1983) note that some of these strength
mechanisms for frozen sand apply to frozen fine grained soil
which has not been subjected to segregational freezing, in
which case it can be assumed that the particle to particle
cont-~ts are maintained. The strength developed comes from
th , soil and structural hindrance between the soil and
ice matrix. Roggensack (1977) and Ting et al (1983) suggest
that during creep deformation the frictional component of
strength remains the same while the cohesive component

decreases with time.

2.2.2 Unfrozen Water Contcat

In general the creep response of a frozen soil is
dependent upon the ice content, the amount of unfrozen
water, the temperature, the stress applied, the length of
time since the application of load, and the soil type. All
other test conditions being the same, the difference in the
creep behaviour of saline and non-saline soils can be
attributed to the enhanced unfrozen water content of saline
soils. Berggren and Furuberg (1985) stated that the unfrozen
water content defines the temperature dependency of the
creep of frozen soils. Ogata e* al (1983) observed from
uniaxial creep testing of frozen sands that an increase in
the volume ot the unfrozen water due to the presence of salt
in the pore fluid lead to reductions in the compressive

strength and accelerated creep rates. Stuckert and Mahar
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(1984) assumed that “he predominant source of frozen soil
strength is the adhesive force provided by the ice bonding
the particles. The presence of unfrozen saline pore fluid
reduces the volumetric ice content of the soil, thereby
decreasing this adhesion and therefore the strength.

In fresh water soils the unfrozen water is either
strongly or loosely bonded to the particles. The strongly
bound water is subject to high intermolecular forces which
cause a small freezing point suppression. The loosely bound
water has lower intermolecular forces as it is further
removed from the soil grain surface, and therefore can
undergo phase change easily. Ice will begin to form within a
single pore near 0°C, and all free water will be converted
to ice with a slight decrease in the temperature below 0°c.
The adsorbed or strongly bound layer freezes as the
temperature continues to decrease. In fresh water soil,
unfrozen water is encountered only in fine grained
close to 0°C. For additional detail, see Weaver (197y,.

The amount of unfrozen water at a given temperature in
non-saline soils depends upon the specific surface area of
the soil particles (Anderson and Tice, 1972) and roughly
upon the liquid limit of the soil (Anderson et al, 1973).
Tice et al (1976) conducted a series of tests to determine
the liquid limit of various soils. The water content and
corresponding number of blows were plotted on logarithmic
linear axes, and the liquid limit flow curves fitted through

the data. From the fitted line, the moisture content



N

corresponding to blow counts, N = 25 and N = 100 were found.
The authors postulate that these moisture contents c.1 be
used to predict the unfrozen water content at -1 and -2°C

respectively, with the equations;

w(UG")= 0.346.W(N'25)-3.01
and
Wiie.2)= 0.338-w(y100)"3.72 (2.1)
where w ,.,,= unfrozen water content at -1°C
W y.s5)= wWater content at N=25
o]

W ,.2)= unfrozen water content at -2°C

W n.100)= Water content at N=100.

Good correlations between the unfrozen water predicted from
the equations and measured using an isothermal calorimeter
were found. The results of this analysis were plotted on
double logarithmic axes of temperature to unfrozen water

content, w., and a straight line fitted through the data.

'
The straight line was then used to determine the temperature
and unfrozen water content pCints for a typical phase
composition curve for the non-saline soil.

A different physical theory governs the volume of
unfrozen water present in saline soil. Saline soil is
composed of water, salt, gas and the mineral soil grain. As
the soil begins to freeze, ice crystals begin to grow once

the freezing point of the saline fluid is reached. The ice

crystals are formed of nearly pure water, forcing the salt
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molecules into a progressively more concentrated saline pore
fluid solution within the pore space and between the growing
ice crysta.-. The enriched brine leads to a continuing
freezing point depression, and consequent decrease in the
thickness of the adsorbed water film on the fine grained
particles. As the temperature drops, the adsorbed water
layer undergoes phase change and the brine pocket shrinks.
At temperatures warmer than -21.3°C, the eutectic
tenp:rature for salt water, some unfrozen water will remain
within the soil pores (Ogata et al, 1983). Hence, the
unfrozen water content at a given temperature 1is
significantly increased by the presence of saline pore
fluids. Figure 2.3 demonstrates the effects of the addition
of salt to the pore fluid upon the position of the unfrozen
water within the soil pore space. For additional detail, the
reader is referred to Sheeran and Yong (1975).

The effect of the saline pore fluid con the unfrozen
water content depends on the granulometric composition of
the soil as well. In coarse-grained soils, the unfrozen
water is contained in pockets between the ice covered soil
grains. Here the particle contacts are surrounded by ice,
and the unfrozen saline fluid is isolated in the pore space.
In fine-grained soils, a layer of unfrozen water surrounds
the mineral particle due to the intermolecular forces
betweer the soil grains, and the ice occupies the central

pore space.
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Tsytovich et al (1973) noted that the addition of silt
and clay sized particles to a sand sample reduced the effect
of saline pore fluid on the strength of the frozen soil. The
authors suggested that while the salinity reduced the ice
cement strength, the cohesion between the finer grained
particles provided strength. For a more detailed review of
the mechanics of freezing of saline soils, see Sheeran and
Yong (1975), Akimov et al (1983), Nixon and Lem (1984),
Stuckert and Mahar (1984) and Nixon (1988).

Patterson and Smith (1983) postulate that the freezing
point depression caused by saline pore fluids can be
calculated if a phase composition curve relating the
unfrozen water content to temperature for a single salinity
is known. The results are expressed in terms of the change
in temperature for a given unfrozen water content, due to

the change in salinity. The eguation is;

T S, 8 (2.2)
T = T .
n 1 01 90

where T,= new temperature at which unfrozen water
content 6, will occur
6, = unfrozen water content at temperature T,
6= water content of thawed scil
S.= pore water salinity (g NaCl/g) of tt
thawed sample

= -0.058675 °C/(g NaCl/g).

In this equation it is assumed that only NaCl is conta
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in the pore water, and the water contents are expressed on a
volumetric basis. The authors found good correlation between
the unfrozen water contents measured using time domain
reflectometry and those predicted using this equation, for
clay and silty clay. The correlation was best at the lower
salinities,

The strength and creep deformation of permafrost 1is
dependent upon many factors. However the single factor which
affects the comparative performance of non-saline and saline

frozen soil is the volume of unfrozen water contained in the

soil pore space.

2.3 Creep Deformation Equations

The creep behaviour of permafrost has been researched
extensively. The analytical equations to describe the time
dependent deformation and reduction of the strength of
frozen materials as well as the time dependent deformation
of piles have been developed from laboratory testing of
model piles, and uniaxial testing of ice and frozen soil.

The application of load to frozen soil or model piles
in laboratory research takes one of two forms: either
ccnivant displacement rate or constant load testing. For the
former the load required to generate a certain constant
displacement rate is measured. Failure occurs at the peak
observed on the load displacement curve. Parameswaran (1980)
observed a double peak in samples of frozen soil tested at

low temperatures and high constant strain rates. The first
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peak, corresponding to the initial yield of the ice matrix
is followed by a drop in the stress required to maintain the
specified strain rate. The stress then increases again as
the frictional component of the resistance develops. A
second peak in the curve is observed when secondary yield
occurs.

In constant load testing, the deformation of the soil
with time is measured. Mellor and Cole (1983) observed an
initial yield point in constant locad testing of ice at -5°C,
although it was more difficult to define than in constant
strain rate tests. As in the work by Parameswaran, at higher
strain rates the initial yield point converged with the
secondary yield point, generally observed at one percent
strain,

It has been suggested that the point of maximum stress
in a constant displacement rate test corresponds to the
point of minimum strain rate in a constant stress test. At
these points the ratio of stress to strain rate is a
maximum. Hence Sego and Morgenstern (1983) and Mellor and
Cole (1982, 1983) state that the physical behaviour of the
ice at these points is comparable irrespective of the method
of load application. Mellor and Cole found that the
behaviour of ice tested at -5°C under constant load and
constant strain rate compared well at the point of minimum
strain rate and maximum stress respectively, so long as
brittle fracture at the initial yield point was not the

controlling failure process.
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Another method of comparing the results of testing of
frozen soils is to examine the behaviour at a certain
percentage of strain. Goughnour and Andersland (1968)
observed the same accumulated strain to peak in testing of
frozen sands independent of the ultimate stress or strain
rate. Ladanyi (1972) found approximately constant permanent
strain at the start of tertiary creep for a given
temperature and type of test. Nixon and Pharr (1984)
artitrarily selected ten percent strain to be the comparison
point for their tests on frozen saline gravel as they did
not observe a secondary state ~ep phase. Mellor and Cole
(1983) also selected ten per - strain as a convenient
point for comparison of the behaviour of ice in the tertiary
regime.

Long term constant load testing of frozen soils is most
applicable to the development of pile deformation design
methods. Extrapolation trum shorter term or constant
displacement rate testing often leads to overestimation of
the strength of the soil due to removal of load prior to the
development of the true minimum strain rate and due to rate
effects. Parameswaran (1985) has observed this fact from a
comparison of the results of short and long term laboratory
testing.

Step load testing is a common procedure adopted to
maximize the data obtained from a single test. Here a
constant load is applied to the pile or frozen soil sample.

Once steady state creep is observed, an additional load is
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applied. In this way, several stresses can be applied to a
sing.. sample prior to its failure. Ladanyi (1972) proposed
that the strain of the sample in a step loading test could
be obtained from a summation procedure which accounted for
the loading and temperature history of the soil. It was
pred.cted that the steady state creep displacement rate
developed under a particular stress would be independent of
the preceeding stress history, even though the absolute
strain under the load would not be comparable. Figure 2.4

modified from Ladanyi (1972) demonstrates this postulate.

2.3.1 Unified Creep Models

Unified constitutive models to describe the deformation
of frozen materials over a range of state parameters have
been proposed by several researchers. The models are based
upon the principle of superposition which states that the
present material response can be deduced from summation of
the preceeding responses to load increments.

Mellor and Cole (1983) developed a unified creep theory
from the examination of several identifiable points on the
deformation-time curves resulting from both constant load
and constant displacement rate tests on ice at -5°C. They
postulated that ice should deform and fail in the same
manner irrespective of the method of loading. In order to
examine this theory the initial yield point, ductile yieid
point and axial strain of ten percent were selected for

comparison. These points were intended to give more
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sensitive indicaisc.o of the variations of strain rate with
time than the traditional creep curve provides. Equations

based on the simple power creep law;

e= B o" (2.3)
where e¢= engineering strain rate

o= applied stress

n= coefficient dependent on temperature

were presented for each of these comparison points, and
showed reasonable fit to the data from both types of tests.
The three relations converged as the stress and strain
decreased. 1t was noted however that the material properties
change with strain and time and the stress/strain/time
relations differ for the two types of test conducted.
Attempts to generate creep curves from stress-strain curves
and vice versa were not very successful, due to differences
in the stress/strain/time paths of the two tests. Systematic
comparison of the strain rates at these identifiable points
indicated that the creep curves are not geometrically
similar. Hence a model describing constitutive relations and
failure criterion cannot be completely general, but instead
should be considered separately for various levels of stress
and creep regimes.

Vinogradav (1985) suggested a linear viscoelastic
theory in which the behaviour of ice under low stress would

be completely defined by the longitudinal and lateral
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components of stress. However data from uniaxial static
creep tests indicated a strong dependence of the material
behaviour on the initial stress history and rate of loading
at the time of application. Therefore it was concluded that
the development of constitutive laws must be confined to a
limited range of parameters.

Berggren and Furuberg (1985) provide equations to
predict the three creep stages of an idealized soil. The
theory is derived from definition of the time dependency of
creep in terms of a time resistance principle, and stress
dependence in terms of a degree of mobilization. The time
resistance value R i3 defined as the change in cause or load
duration divided by the change in effect or the strain. The
degree of mobilization is the ratio between the applied
stress level and a temperature specific reference strength.
The temperature dependence is accounted for by determination
of the unfrozen water content, which is then related to the
strength of the material at that temperature. These
parameters can be defined from two strength tests at
different temperatures, two creep tests at different
temperatures and stresses, and one test for unfrozen water
content. Once these parameters have been determined, it is
postulated that the creep behaviour of the soil can be
completely predicted. Pr~diction of the tertiary creep
behaviour is not made since it is postulated that once
secondary creep has commen-ed, it is inevitable that failure

will occur after some time. Hence the failure criterion used
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is one that delineates the end of primary or the onset of
secondary creep. For further details as to the exact me" hod
of determining the parameters, the reader is referred to
Berggren and Furuberg (i985).

Ting (1983) analysed the results of unconfined
compressive creep tests on frozen sands, using primary,
secondary and tertiary creep laws. It was observed that the
primary creep law fit the early time data, but significantly
underestimated the strain and strain rate at large times.
The secondary model was useful only in the middle section of
the test, considerably overestimating the strain and
underestimating the strain rate initially and slightly
underestimating the strain and strain rate at large times.
The tertiary creep model provided an accurate fit for most
of the test data, only slightly underestimatinj the strain
rate at large times. These results are presented graphically
in Figure 5 of his paper. Ting proposes that the tertiary
creep equation provides a unified approach to the prediction
of creep behaviour, at least for frozen sands in the range
of stresses considered.

In general, it seems that development of constitutive
relations and failure criterion for creep of frozen
materials should be confined to limited ranges of stress and
to the individual creep regimes. Eguations developed to
describe the creep behaviour of frozen materjals in each of
the decelerating, pseudo-steady state and accelerating

phases of deformation are discussed below.
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2.3.2 Primary Creep Equations

Primary creep is composed of a recoverable delayed
elastic strain portion and an irreversible viscous strain
component .

Weaver and Morgenstern (1981) postulate that the long
term time dependent behaviour of ice-poor soils will be
characterised by primary creep. The creep of ice-poor frozen
soil can be modelled by the equation proposed by Vyalov
(1962);

€= [m]cactb (2.4)

where o= appliec stress (kPa)
= time since the application of load
(hours)
6= temperature below freezing (°C)
w, b, ¢, k= constants dependent upon the material

properties.

The use of this equation assumes the validity cf the
hereditary creep thecry, presented by Ladanyi (1972), as
discussed in Sectio: 3.

Weaver and Morgenstern (1981) modified this equation to
account for the effect of mean normal pressure, o, using the
theory presented by Ladanyi (1972° Using the Mohr-Coulomb

failure theory to model the influence of hydrostatic
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pressure on non-steady state creep rates, the eqguation

becomes;

e,= D(o,-jo,)t" (2.5)
where j= (1+sin¢)/(1-sing)

D= [w(911)k]

¢= internal angle of friction.

n

The validity of this equation has been verified by Weaver
(1979) for both short and long term behaviour through his
analysis of the confined compression test data .or various
frozen soils reported by Sayles (1973). Reasonable agreement
between the redicted and observed behaviour was noted.

To account for multi-axial states of stress Ladanyi
(1972), using the von Mises failure criterion, presented the

non-steady state creep equation as;

e.= o[ [132]o.+ (1-3)0, ]t (2.6)

where o,= equivalent stress
¢.= equivalent strain

o_= mean normal pressure
0,%0,%0,
2

The equivalent stress and strain are defined in terms of

stress and strain invariants from the principal stresses and
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strains, as follows (Ladanyi, 1972);

0= %[(0‘-"’:)2*(":“’3)2*(03"")2]

‘e2= %[(fl‘€2)2+(€2”€3 3*(63‘¢‘)2] (2.7)

Due to the lack of multiaxial test data on frozen soils,
Weaver and Morgenstern (1981) were unable to verify the
validity of this equation.

It is assumed that the .alue of the ratio o,/jo,; is
usually less than 1.25 for ice-poor soils, allowing the

constitutive relationship to be simp..fied to;
e t 12.8)

The time resistance principle propose? by Berggren and
Furuberg (1985) theorizes that primary ¢ p deformation 1is
uniquely described by the slore of the line defined by the
data points plotted on axes of inverse Creep rate to time.
The model has been used to analyse the results of laboratory
tests on clay. The authors state that the method of analysis
must be verifiec for soils other than clays, and for long
term behaviour. The influence of excess ice on the soil

response must also be examined.
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2.3.3 Secondary Creep Equations

Often time dependent deformation in the primary regime
is not considered in the development of creep eguations, as
it is assumed that it contributes only a small portion of
the total deformation. According to Vyalov (1962)
deformation in the primary phase accounts for less than ten
percent of the total strain. Yuanlin et al (1983) found from
confined compression testing of ice and frozen soils that
one third to one fifth of the total deformation occurred
during the primary stage.

The flow law developed by Glen (1955) to pertray

secondary creep of polycrystalline ice;

" (2.9)

moe
n
o 1)
Q

is the basis for much of the following work on the time
dependent deformation of frozen materials. Using the
relationship between the equivalent and principle stresses
and strains presented in equation 2.7, this flow law can be

written as;

e.= B-o.," (2.10)

Subsequently, the power creep law has been modified by
introducing a proof stress o, required to maintain a given

proof strain rate e¢.. The equation is then;
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£ [L—]” (2.11)

where the proof stress and exponent are temperature
dependent (Ladanyi, 1972).

The results of constant displacement rate unconfined
compression testing of frozen saline sand by Sego et al
(1982) showed that the proof stress o, and exponent n
changed significantly as the salinity increased due to the
increasing unfrozen water content and corresponding decrease
in soil strength. Yuanlin et al (1983) suggested that the
exponent was also dependent on the initial moisture content,
temperature and applied pressure.

From low stress constant displacement rate testing of
polycrystalline ice, Sego and Morgenstern (1983) delineated
two flow laws: one describing the behaviour below one
percent strain and the other valid at strains greater than
ten percent. At small deformaticns there 1s no
recrystallization of the ice, while longer term loads result
in large detormations which are associated with
recrystallization of the ice and accelerating strain rates.
Analysis of pile and ice data by Morgenstern (1987)
indicated that for small strains the power coefficient is
2.5, while for larger strains the value of n becomes 3.

The effect of temperature on the creep rate and
strength of frozen material is often examined from the
perspective of work on thermally activated creep in metals

(Ladanyi, 1972). This theory is termed the rate process
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theory and is based upon the Arrhenius equation;

¢= B-o"exp "7 (2.12)
where Q= activation energy
R= universal gas constant

T= temperature.

The use of the theory assumes a single activation energy
governs the dependence of strain behaviour on temperature,
and that steady state conditions exist (Goughnour and
Andersland, 1968). It has been found that the use of this
theory is difficult since there are several mechanisms
governing the deformation of the material, each having a
different activation energy (Parameswaran, 1980). Ladanyi
(1972) suggests that there are twc processes ongoing: the
thermal energy of moving molecules is changing and a gradual
phase change is occurring. In addition the assumption of
steady state behaviour is violated by the primary and
tertiary creep phases. Sego and Morgenstern (1983) propose
that the Arrhenius equation is valid at temperatures lower
than -10°C. At temperatures close to 0°C they suggest that
an empirical equation presented by Voytkovskiy (1960)

relating strain rate and temperature;

(2.13)

is more applicable.
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2.3.3.1 Minimum Strain Rate

In the secondary creep equations, failure is assumed to
occur at the point where accelerating creep commences. Here
the time dependent deformation in the secondary regime is
considered to be completely steady state. However Mellor and
Cole (1982, 1983) and Ting (1983) propose that the
development of theories should be based on the definition of
the inflection point of the creep curve. They recognize that
the period of approximate constant strain rate can be quite
long, while in reality the strain rate continuously
decreases from the start of the test until it reaches a
minimum, then continuously increases until creep rupture
occurs. The minimum point is most readily visible on a plot
of logarithmic strain rate to logarithmic time (Orth and
Meissner, 1982, Ting, 1983), as shown in Figure 2.2. Figure
2.1 shows data plotted on the same axes for purely steady
state behaviour. The definition of the inflection point or
minimum strain rate is precise, while the determination of
the end of the secondary creep regime at the onset of
tertiary creep is insensitive.

Ting (1983) noted a strong log-linear correlation
between minimum strain rate and time to minimum results for
ice, soil and frozen soil. The slope of contours drawn
through the minimum points was -1, indicating that the
strain at the minimum point is approximately constant.

Yuanlin and Carbee (1983) define failure as the point

of minimum strain rate. A series of constant stress and
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constant temperature unconfined compression tests on silt
was conducted from which the creep failure strain and time
to mimimum were found. A plot of logarithmic minimum strain
rate to inverse stress defined a family of bilinear curves
breaking at a critical strain rate. The authors suggest that
this critical strain rate delineates different deformation
mechanisms: short term being dislocational creep and long
term controlled by glide creep. From these results equations
relating the state parameters to one another were derived
and lead to the development of a strength loss equation
which will predict the ultimate strength of the frozen soil
at a given time. It was observed that the creep failure
strain is basically independent of the strain rate and
temperature, while it is affected by changing the initial
water content of the soil. A creep model after Assur (1980)
was examined and found to match the primary and short term
creep behaviour. However the model provides at best a first
approximation to the long term behaviour of the soil and

should not be considered a reliable indicator.

2.3.4 Tertiary Creep Equations

Equations incorporating the time to the onset of
tertiary creep have been used to predict the ultimate stress
a soil can withstand. Sayles (1968), Long (1978) and
Parameswaran (1985, 1986) have used Vyalov's time to failure
equation to predict the ultimate soil stress from laboratory

creep testing of soils taken to failure.



29

Vyaiov's (1959) time to failure equation;
t(
o B= ln[-B—-] (2.14)

predicts the ultimate compressive stress o, for a given time
to failure t,. The parameters B and B vary with the soil
type and temperature and are determined from a plot of the
inverse stress against the time to failure at a given
temperature for the specific soil, density and moisture
content variation (Long, 1978).

The tertiary creep model proposed by Ting (1983) 1s
discussed briefly in the Unified Creep Theory section above.

The equation presented is;

e= A-e’ft™" (2.15)

where A, m, B= experimentally determined constants.

These constants are calculated from the strain, strain rate
and time at an initial non-zero time and at the point of
minimum strain rate. Ting's analysis of creep tests on
frozen sand indicated a good fit of the equation to the
experimental data, throughout the three stages of

deformation.

2.3.5 Conclusions
It is evident from the literature review contained 1in

this section that many theories have been presented to
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describe the time deper-dent deformation of ice and frozen
soil® The use of eachk . alysis method depends upon the
temperature, salinity and soil type in question, which in
turn determines the resistance of the material to load. The
validity of these equations must be verified individually

for a particular set of test results.
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3. A Review of Current Research and Theory for the Design of

Piles in Permafrost

3.1 Introduction

A pile fails when the adfreeze bond between the pile
and the frozen soil ruptures or when the pile settles
excessively.

Methods f-- the design of piles in permafrost depend
upon the behaviour of the frozen soil. Phukan (1964) notea
that the deformation of ice-poor soils under low stress is
confined to the primary creep regime since these are
"structured soils", the behaviour of which is influenced by
the soil grain to grain contact. This soil behaviour is
frictional, so design is governed by the allowable adfreeze
resistance.

In ice-rich soils the pile behaviour is controlled by
the time dependent deformation of the ice separating the
soil particles. Design is based on the prediction of a
stress smal. enough to limit the creep deformation (Weaver
and Morgenstern, 1981).

Testing by Nixon and Lem (1984) indicated that saline
soils deform predominantly in the secondary creep regime,
and so design must seek to limit the deformation, as with
ice-rich soils. Here the presence of unfrozen water leads to
greater time dependent deformations and lower resistances
than cpserved in non-saline soils (Nixon and Lem, 1984, and

Nixon, 1988).

35



36

3.2 Pile Velocity Equations

Design methods which predict the time dependent
deformation of piles in frozen soil were derived (Nixon and
McRoberts, 1976) from the combinat.on of equations
describing the deformation rate of the frozen material and
the geometry of the pile.

Johnston and Ladanyi (1972) presented a method for the
design of piles in permafrost resulting from their back
analysis of the field tests of grouted anchors in fr zen
silts and clays, carried out at Thompson, Manitoba. They
considered the deformation uf soil around a loaded anchor as
the shearing of concentric cylinders. The geometry of this
model is shown in Fiqure 3.1, modified from Nixon and
McRoberts (1976). The assumptions inherent in this analysis
are that the pile is cylindrical, the shear stress is
uniformly distributed along the embedded length of the pile,
the soil is homogeneous, isotropic and at a constant
temperature and that the force of gravity can be neglected.
In addition it must be assumed that there is no slip at the
pile soil interface and that the analysis is insensitive to
changes in the normal stress acting along the pile surface.
The effect of normal stress on the steady state creep rate
of ice or ice-rich «0il is negligible. The normal stress,
however, alterc the behaviour of ice-poor soils. Since the
normal str sz acti:g on the pile is less than 200 kPa this

effect car “e neglected (Weaver and Morgenstern, 13881),
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The creep equation for a general state of stress =nd ar
incompressible material obeying the von Mises failure
criterion was given by Johnston and Ladanyi (197°) as;

e.= B-o," (3.1)
where e, equivalent strair rate
o,= equivalent stress
as previously Ciscusse- in Section 2.3.3.

The tangent.s. s’ i;ins around a vertically loaded pile
in frozen soil are zero. Herce each element deforms under
plane strain conditions. For frozen soil subjected to simple
shear under plane strain conditions, it was shown by
Johnston and Ladanyi (1972) that the flow law above reduces

to;

y= 37 et (3.2)
where y= shear strain rate

7= shear stress.

The equation describing the time dependent strain of
ice-poor soils was presented by Weaver and Morgenstern

(1981) as;:

e=D-0°t" (3.3)

Additional detail regarding this eqguation is presented in

Chapter 2.3.2. The strain of ice-poor soils can then be
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represented as;

_Ezs_= 3(c°1)/2DTc (3.4)

The shear stress on a pile is given by the equation;

T,= Z:LL (3.5)
where r,= applied shaft stress
P= load on the pile
a= pile radius
L= embedded length of the pile.
Ladanyi (1963) showed that for a weightless soil;
r= 7,la/} (3.6)

where r= distance from the pile center.

As shown in Figure 3.1, the shear strain is related to the
displacement u at any radius r by the eyuation;

y= :%i. (3.7)
Hence the shear strain rate y is related to the displacement

rate u by;

Y= dr (3.8)
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Substituti~g the preceeding two equations into the flow

law for ice or ice-rich soils gives;
(3.9)

du _ _qinen 0 ‘r.a]n
dr 3 [ r

Integration of the equation, with the boundary

conditions that at r=a, U=y, and u=0, at r== gives;
(3.10)

normalized pile velocity.

w —
here a

Similarly, the pile deformation in an ice-poor soil is

given by;
(c‘1)/2DTac
(3.11)

The deformation of piles in ice-rich and ice-poor

frozen soils can be described by equations 3.10 and 3.11

respectively.

3.3 Piles in non-Saline Ice-Poor Permafrost
Weaver and Morgenstern (1981) state that the design of

piles in ice-poor frozen soils must prevent the rupture of

the adfreeze bond between the pile and the frczen soil.
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The adfreeze resistance at the interface depends upon
the pile roughness and the area of the pile bounded by the
shear plane. Weaver (1979) proposes that the adfreeze
strength of the pile can be related to the long term

adfreeze strength;

T,= m-T, (3.12)
wrere r,= adfreeze strength of the pile

r .= long term adfreeze strength

1t
m= coefficient dependent upon the pile

type and installation method.

Typical values of the coefficient m and the long term
adfreeze strength 7, are presented by Weaver an
Morgenstern (1981). The contribution of friction to the
adfreeze strength is neglected in their analysis, since the
normal pressure acting on the pile is small.

Weaver (1979) postulates that the time dependent
deformation of piles in ice-poor frozen soils can be
predicted from laboratory creep data of these soils, except
1n frozen fine-grained soils at temperatures close to the
melting point, where unfrozen water influences the soil
behaviour.

As discussed above, the *ime dependent deformation of

piles in these soils can be predicted using the equation;
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atP.  c-1 (3.13)
presented by Weaver and Morgenstern (1981).

Design charts for piles in ice-poor frozen soils based
upon this equation and the creep constants found from
laboratory tests on such soils are presented by VWeaver and
Morgenstern (1981). These charts contain the predicted pile
displacement response to a given applied shaft stress for
piles in frozen soils at different temperatures. The
adfreeze resistance of the piles, which depends upon the
applied shaft stress and temperature, is also presented. It
is noted from these charts that the design of piles in
ice-poor soils is governed by criteria which require the
prevention of the rupture of the adfreeze bond at the
pile-soil interface.

The prediction of long term settlement from short term
static tests in ice-poor soils is tased upon the assumption
that the long term orimary creep behaviour of piles loaded
statically or with a sequence ot steps will be similar if
the final total load increment is the same as under the
static load (Weaver, 1978). This assumption can lead to
errors in the value determined for the time exponent b when
the soil behaviour is intluenced by stress history. To
mininize such errors, large load increments applied foi long
times should be utilized, thereby allowing the pile to
compress elastically and the shear stress distribution along

the pile shaft to become representative ¢ the long term
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applied load.
Neukirchner and Nyman (1985) analysed field pile load

test data for ice-poor permafrost using the pile velocity
equation generally utilized for the prediction of pile
behaviour in ice-rich permafrost, with good results. Further

details are provided in the following section,

3.4 Piles in non-Saline Ice-Rich Permafrost
Ice and "warm" frozen ice-rich soils deform
predominantly in the secondary creep regime, where the

relationship between strain rate and stress is;
= B-o" (3.14)

As discussed previously, this equation, in conjunction with

pile deformation theory, (Nixon and McRoberts, 1976) yields;

(n+1), 2

. a3 Br,
Ua= n-1 (3.15)

n

where B, n= temperature dependent coefficients
a= pile radius
U,= pile velocity

r,= applied shaft stress.

DiPasquale et al (1983) found values of n = 2,67 from
uniaxial creep testing of ice-rich frozen silt at
temperatures warmer than -2°C. Other researchers have

consistently determined a value of 3 for n from testing of
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jice-rich soils (McRoberts et al, 1978) and ice at low
stresses (Morgenstern et al, 1981) and warm temperatures
(Sego and Morgerstern, 1983).

Morgencttern et al (1980) provide a summary of the creep
parameters n and B for ice at temperatures between -1 and
-10°C based upon the analysis of the results of several
researchers. Morgenstern (1987) stated that the parameter B
for ice must be reduced by a factor of 6 to model the creep
of a2 slope in warm frozen glaciolacustrine clay studied by
Savigny (1980).

Neukirchner and Nyman (1985) examined field pile load
test data for piles driven and slurried in silty sands and
sandy silts. The soil is assumed to be non-saline, although
no salinity measurements were made on these soils., A value
of 3 was assumed for n, so the pile velocity equation

became;

- 4.5-B-a-1 (3.16)

To facilitate their analysis, the creep data was adjusted to
a common temperature of -9.4°C and data for piles not truly
in the secondary creep regime was not considered. The
remaining pile shaft stress and corresponding normalized
pile velocity using a double logarithmic plot defines a band
parallel to that of ice or ice-rich frozen soil and
providing a value of n = 3. Expressions for B, dependent

upon temperature, were found to be;
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1.8¢10 (3.17)
(1-T)

valid over the ranges -2°C to -1°C and;

B= §f%§%%:i[kpa”yr'1 (3.18)
for temperatures less than -2°C.

It was concluded from a comparison of the test data for
the various pile types that the pile creep prior to the
rupture of the adfreeze bond is controlled by the soil
properties and not the pile characteristics or the
installation technigue. Neukirchner (1985) noted that
changes in the ice content or soil type or the introduction
of soil salinity would alter this eqguation.

Design charts for friction piles based upon the pile
velocity equation and the creep characteristics of ice are
presented by Weaver and Morgenstern (1981) in Figures 8 to
11. They postulate that the design of piles in ice-rich
frozen soils is bounded in the upper limit by the behaviour
of piles in ice. Therefore the design of piles in ice-rich
frozen soi.s based upon the creep characteristics of ice
will be conservative (Nixon and McRoberts, 1976, Sego and
Morgenstern, 1983).

Creep testing of model piles under low loads in various
ice-rich soils at average temperatures of -2°C by
Parameswaran (1985) indicated that more than fifty percent

of the deformation to the onset of tertiary creep occurs in
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the primary or decelerating creep regime, especially for
wooden model piles. The comparison of the test results and
equations describing primary creep in visco-elastic
materials lead to the conclusion that a power creep law
relating strain, e, to time provided the best fit tc the

data;

e= At (3. ™)

The exponent m which is dependent upon the temperature and
characteristic of the soil type, was found to be 0.46 on
average This value 0.33, the value found for ice,
indicating that creep of ice-rich frozen soil at
temperatures near the melting point of ice is similar to the
time dependent behaviour of ice. However it noted that
the scatter in the magnitude of m was large, specially in
the low stress range. Hence it was concluded that a general
equation could not be determined which would predict pile
Lehavior with accuracy.

Parameswaran 1985) also advocated the use of the time
to failu-e equation (2.14) presented by Vyalov (1962), as
this method accounts for the total creep curve from the
beginning of the test until the onset of tertiary creep. In
this way, the assumption of negligible primary creep made in
theories based upon the use of secondary creep rates is
avoided. It was concluded that the most conservative

estimate of the long term bearing capacity of piles in
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permafrost was provided hy Vyalov's time to failure

equation.

3.5 Piles in Saline Permafrost

The creep behaviour of saline permafrost is of critical
importance for the design of piles, as the presence of salt
in the pore water of the soil can lead to reductions of pile
capacity by a factor of two to three (Nixcn, 1988) and
increases in the creep rate of 10 to 100 times depending
upe~n the salinity (Nixon and Lem, 1984). Stehle (1970b)
found that the tangential adfreeze strength of piles with
sea water backfill was about one-third that of fresh water
backfill.

Nixon and Lem (1984), Nixon and Neukirchner (1985) and
Nixon (1985) postulate that the constitutive relation for
saline soil is the same as that presented above for ice and
ice-rich frozen scils., Nixon and Lem (1984) note that *he
the value of n can range betweenr (ue values of 3 and
depending upon the stress range and type of so:l, ard that B8
is dependent upon the temperature and salinity of thz 3cil.

Several authors (Bro, 1985, Neukirchrer, 1985, Nixon
and Neukirchner, 1985, Nixor, 1988) have deterrnined that the
secondary creep law with the exponent n = 3 renains vaiid
when saline permafrost is considered. Nixon and =~ m (1984)
found a value of 3 as well from laboratory creep testing of

frozen saline silt and clay.
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Sego et al (1982) conducted a series of controlled
strain rate unconfined compression tests on frozen saline
sand at -7°C. The salinities investigated varied from 0 to
100 ppt. The analysis of this data provided a range of
values for the creep exponent n and the proof stress
required to maintain a specified proof strain rate. It is
evident from the data presented in Figure 9 of their paper
that n i dependent upon the salinity, especially so at low
salt contents.

Nixon and Lem (1984) presented values of B from the
analysis of their laboratory test data in Figure 10 of their
paper and found that the parameter varied widely dependent
upon the temperature and soil salinity.

Neukirchne:. (1985) postulated that changes in the soil
type and salinity would result in an offset of the lines
defining the velocity of the material with no effect upon
the slope. To quantify this offset, he introduced a relative
creep stiffness parameter, N,, being the ratio betwz2en the

theoretical deformation rate of ice, U and the measurec

1ce!

deformation rate of the soil, u, determined for the same

pile geometry, temperature and applied stress;

Ny= —= (3.20)

The definition of tnis parameter assumes that N, is
independent of the applied stress and soil temperature, that

the assumption of a value of 3 for the creep exponent



48

describes the time dependent behaviour of frozen saline
soils ¢ : that the values of B quoted in equétion 3.11
define :ne relationship between the creep rate and

temperature. The pile velocity equation then becomes;

7’ (3.21)

u= 4.53[&2

Neukirchner (1985) cautioned that the assumption of the
value of the stress exponent r = 3 may not be valid for
saline soils since the creep behaviour depends upon the
unfrozen water content which varies with temperature. Hence
temperature specific evaluations of Ny must be made for
frozen saline soils.

Nixon and Neukirchner (1984) presented guidelines in
Figure 4 of their paper for the design of piles in saline
permafrost at varicun temperatures and salinities. This
chart is based upon the creep characteristics of ice and icy
permafrost reported by Morgenstern et al (1980) and the test
results of Nixon and Lem (1984).

Nixon and Neukirchner (1984) note that full scale field
testing is required to validate laboratory results to
provide some confidence in pile design for saline
permafrost. Due to the limited volume of data from
laboratory testing of saline froze:r soils and the lack of
field measurements of salinity in conjunction with in-situ
rile load tests, methods to design piles in saline

pe. mafrost are guite uncertain. Therefore it is essential
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that pile design for saline permafrost be verified by
on-site field pile load testing.

Nixon (1988) reports the results of field pile load
tests in Clyde River, NWT. The salinity of the soil was
found to be between 10 to 15 ppt ar” e ground temperature
over the length of the pile avera 5°C. The allowable
pile shaft stress determined from the field load testing was
one half to one third of that predicted from the eqguations
presented by Morgenstern et al (1981) and Nixon and
Neukirchner (1984). It is suggested that the pile
installation method and the salinity of the soil have a
significant effect upon the pile behaviour. The backfill
salinity is presumed to equal that of the surrounding soil
due to mixing of the soil with the slurry and to salt
diffusion.

The field data was compared with that of Nixon and Lem
(1984) on a plot of applied stress to normalized pile
velocity, shown in Figure 11 of Nixon's paper (1988). The
Clyde River pile load tests plot at points representative of
laboratory creep tests on frozen saline soils at a
temperature of -5°C and 35 ppt salinity. The temperature 1s
comparable, but it is unclear why the comparative salinity
should be sc high, unless there were local increases in
brine content due to the redistribution of the salt.

It is evident that much additional work must be ~~ne
before the designer will feel confident about the prediction

of the behaviour of piles in saline permafrost. The pile
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velocity charts provided by Nixon and Lem (1984) and Nixon
(1988) provide a starting point for design, but this data

must be verified by additional field and laboratory testing.
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4. Laboratory Procedure for Testing of Model 'iles

4.1 Test Objectives

The main objective of the laboratory test program was
to investigate the effects of changing temperature, salinity
and load magnitude on the creep of model piles ir contact
with frozen soils. The salinities, temperature and soil were
selected to cover the range of conditions encountered in
.ertain coastal Arcti. commurities. The researcn also
explored the feasibility of model pile testing for a
comparative study c¢f the creep response of saline

permafrost.

4.2 Mat-rial Preparation

The soil used ! these experiments was chosen to be
comparable to soil f.und in such Arctic communities as Pond
Inlet, Tuktoyaktuk, Pangnintung and Eskimo Point. The grain
size distribution curves of soils frc=n these communities
provided by Thurber Consultants (1987), suggested the
following match points: 100 percent passing the #4 seive, 20
to 20 percent passing the #200 seive and 0 to 10 percent of
0.002 mm diameter clay sized particles. The moisture content
of these soils was reported between 3 and 22 percent.

The test soil was prepared using sand and silty sand
obtained trom sites around Edmonton. These materials were
dr.ed in a 55°C oven for 24 hours. To remove all lumps from

the soil, the sand was vibrated through a #10 seive, and the

52
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sandy silt was crushed. The soils were then mixed in equal
proportions by weight to produce a material with the average
grain size curve shown in Figure 4.1. It can be se:n from
this diagram that the material used in the tests was

somewhat finer than the Arctic soils.

4.3 Description of Apparatus

The apparatus developed comprised six identical systems
to facilitate simultaneous testing of the four salinities,
0, 5, 10, and 15 ppt, and the two methods of load
application at each temperature. Each set consisted of a
bucket with two chambers: one for the soil and the other
accomodating the circulation of cooling fluid. A temperature
bath, a model pile, a lcad cell, a linear voltage
displacement transducer (LVDT) and positioning collar, three
thermistors, a loading frame, a bellofram driven by
pressurized air/oil reservoir system, a pressure regulator,
a loading cap, a cedar base plate, an insulating styrofoam
cap, and a freezing plate made up the a“iitional equipment
of each test apparatus. The data was co....ted by a Helios
data acquisition system consisting of an Operand XT and a
Helios Fluke box. A schematic of the apparatus is shown 1in
Figure 4.2. A detailed drawing of the cell is contained in
Figure 4.3.

The test cell was constructed of two 30 centimetre long
steel cylinders of average diameters 30 and 48 centimetres,

welded to a steel base plate. Copper tubing coils were
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inserted into the space between the two cylinders, with
inlet and ocutlet tubes cut through the outer wall near the
top of the bucket, thereby providing a conduit for the
circulatior of cooling fluid. In the center of each base
plate, a 7 ntimeter diameter hole was drilled. Teflon
plastic was machined to fit into this hole, to act as a
~side duriny the preparation of the sample and dur:.ng load
»sting. The inner surface was machined to receive a rubber
O-ring which fitted snuggly against the base of the pile.
The O-ring and tetlon insert provided a guide for the
centering of the pile, and a seal against the loss of pore
fluid during consolidation and freezing of each sample. Two
small steel plates were welded to the top of each cell to
provide handles for lifting the cell, and to provide a fixed
point against which the LVDT could be positioned. A drain
was provided at the base of the outer wall of the cell, to
facilitate removal of the coolant between experiments.
Three constant temperature be:hs were used in portions
of this research. The baths were calibrated for each
temperature investigated. A bath consisted of a reservoir
for the antifreeze, a heating and refrigeration unit, and a
pump. Each bath pumped antifreeze coolant through the coil
of copper tubing in two of the buckets, returning through
Tygon tubing tc the bath reservoir, Fluctuations of the
temperature of the frozen soil were stabilized by the
circulation c¢f fluid from the bath to within ¢ 0.5°C. This

system insulated the sc °~ from the temperature fluctuations
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of the cecld room in which each apparatus was contained.

The model piles were cut from a tube of grade B black
steel pipe without any spe..alized coating, selected to
match that used in full scale piles used in Arctic
construction. The piles were machined to smooth the outer
walls. A load cap was machined to fit into the top of each
pile, and receive a ball bearing for uniform load transfer.

The load cells were designed and constructed at the
university. Each c¢ < rewed onto the end of the Beliofram
ram, and a load transter dimple was machined into the end of
the cell. The cells were machired of 6061 aluminum with a
length to J.ameter ratio of four to one. Eight strain guages
were mounted in a temperature compensating full bridge
configuration on the barrel.

A 7 volt LVDT with five centimeter travel wis inserted
into a collar which was fastened to the ram of the Bellofram
load system. The tip of the LVDT rested against the
stationary horizontal handles on the outside of the bucket.
As the ram moved downward, the LVDT recorded the deformation
ct the pile. It was essential that the LVDTs were positioned
to give an initial voltage output within its linear range.

Three thermistors were inserted into each soil sample
prior to freezing. The thermistors recorded temperature at
one third points of the height of the scil column, at the
point midway between the pile and the inner bucket wall. The
thermistors were calibrated in an ice water bath at 0°C

prior to each test series.
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The rigid load frame was constructed of six inch
channel iron. Each Bellofram was bolted through the
horizontal top crosspiece, thereby ensuring vertical
movement of the load ram. The load was applied to the
Bellofram with a pressurized air/oil system. The pressure
was controlled with a regulator, and monitored using a
pressure transducer. The air line entered an oil reservoir,
and the oil transferred the pressure to the diaphragm in the
Bellofram. In this way, any mois: e in the alr line would
not enter the interior of the Be! »>fram. Tests of the
requlators indicated that the pre sure remained fairly
constant throughout the test. The maximum variation of the
average shaft shear stress was * 10 kPa.

Load caps were required to consolidate the soil prior
to freezing to ensure uniform density and saturation
throughout testing. They were machined of aluminum to fit
within the inner bucket with holes for drainage, the three
RTDs, and the pile. The pile protruded through a hole in the
top of the plate, and a three inch collar fitted on top of
the plate to allow downward movement of the cap as
consolidat.on of the soil around tne pile progressed. A cap
machined to accep: a load ball bea: ng was centered over the
collar.

A cedar base plate with a hole in the center was used
to raise the bucket above the lcad frame, and aliuw at least

2 centimetres of displacement of the pile.
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An aluminum freezing plate was designed to control the
flow of liquid nitrogen beneath the bucket. Conduits of
depth and width of one centimeter, machined into the
aluminum base plate, directed the flow between the inlet and
exhaust ports of the plate. The liguid nitrogen, stored in a
dewar, flowed into and exhausted out of the plate through
copper tubing.

A Helios data acquisition system connected to an
Operand XT was used to record the results. Labtech Nct-book,
the program controlling the data logging, allowed the user
to specify the recording time increment, the number of
decimals to be read, and to order the organization of the
output data in any convenient manner. The current program
contains 64 data recording channels, with the potential for
division of these channels into as many as 4 blocks. Each of
these blocks can be assigned to a different user, with
individual recording intervals and specifications. The data
stored v this program was directly compatible with Lotus

123, providing for rapid and efficient data analysis.

4.4 Test Procedure

The schematic of the apparatus used in this series of
experiments is shown in Figure 4.2, with details of the cell
given in Figure 4.3. Figure 4.4 depicts the apparatus used
to freeze the sample. Appendix B contains photographs ot the
equipment. For a more detailed presentation of the

laboratory procedure, the reader is referred to Appendix C.
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4.4.1 Preparation of Model Pile and Apparatus

Prior to each creep test the piles were roughened by
sand blasting, using size 5 industrial glass beads, in order
to remove rust accumulated during the preceding test, to
provide surface roughness, and to achieve similarity of
surface texture throughout the testing program. The bottom
two centimetres of each pile were not roughened to prevent
damage to the Teflon guide insert and O-ring. Surface
profiles of each pile, presented in Table A.? were made
after sand blasting using a Hobson Talysurf Profiler which
indicated that the roughness remained fairly constant
throughout the testing.

The smooth end of the roughened model pile was inserted
into the teflon guide collar at the base of the bucket. An
O-ring mounted in the guide fitted snuggly against the pile,
thereby ensuring no leakage of the pore fluid from the
bucket prior to freezing. The top of the pile was centered
in the bucket and held in place by a guide, consisting of a
bar across the top of the bucket with a protruding hollow
tube which fit around the top of the pile.

A layer of filter paper was placed along the walls of
the bucket to provide a radial drainage surface, thereby

reducing the time for the consolidation of the soil.

4.4.2 Preparation of Frozen Saline Soil Sample
The soil was prepared as discussed in the Section 4.2,

The pore fluid was prepared for the particular salinity
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required, using distilled water and pure sodium chloride.
The soil and saline water were mixed to a stiff consistency
using a heavy industrial beater. This partially saturated,
well mixed soil was placed a spoonful at a time into the
bucket. The soil was well rodded to minimize the occurrence
of air pockets in the soil. The upper layer of saline silty
sand was levelled to within three centimetres of the top of
the bucket. A double layer of filter paper was placed on the
soil, followed by a layer of well graded aravelly sand to
£fill the bucket, providing a free draining pper surface and
a stable base for the top loading cap.

The soil filled bucket was placed in the loading frame
in a cold room set at 0°C, and the temperature allowed to
stabilize for 24 hours. The loading cap was lowered into
place, and a pressure applied to the Bellofram to provide a
consolidation pressure of 80 kPa. This load was applied for
an average of 30 hours to ensure at least 95 percent
consolidation. The consolidation curves generated from the
80 kPa pressure applied to the buckets of soil are presented
in Appendix A,

The bucket containing the consolidated soil was placed
on the freezing plate and the top loading pla = removed. The
RTDs were zeroed and inserted into the soil. The dewar
containirg liquid nitrogen was connected to the plate for
approximately four hours, until the RTDs indicated that the
soil was completely frozen. Once all of -he buckets were

frozen, the cold room and temperature baths were set to the
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desired test temperature.

The temperature baths were unable to control
temperatures below -9 or -10°C. Therefore the four of the
six cells in the first group of tests were not connected to
the temperature baths. It was determined from these cells,
that the glycol coolant in the cell annulus, and the thermal
mass of the soil was rufficient to prevent undue temperature
fluctuations at the pile surface. Hence the temperature

baths were not used in a majority of the tests.

4.4.3 Testing of the Model Piles

The buckets were placed in the cold room for 24 hours
to allow te frozen soil to stabilize to the test
temperature. The LVDT collar was fixed to the Bellofram ram,
and the load cell screwed onto the end. The ram was lowered
to touch the ball bearina resting in the dimple on the pile
load cap. The LVDT collar was positioned to allow the core
to rest on the horizontal handle on the bucket, ensuring
that the volta output was within the linear range of
behaviour. The air pressure regulator was set using the
pressure transducer to apply the required load to each pile.

The deformation response to each load increment was
computed from the data logger record of the LVDT and load
cell output. When constant time dependent response was
observed, an additional load increment was applied. The
voltage output of each RTD was converted to degrees to

monitor compliance to within * 0.5°C »f the desired test



temperature,

The results of :ach test can be found on summary plots
in Appendix A. Appendix C contains a more detailed
discussion of the procedure. Analysis of the data recorded
is discussed i . Chapter 5, and conclusions drawn in Chapter

6.
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5. Analysis of the Model Pile Creep Test Results

5.1 Presentation and Discussion of Test Results

The results of the constant load tests of sand blasted
model piles in silty sand are presented in Appendix A, For
each test sample three figures are presented: one showing
the temperature, applied shaft stress and defornration,
another the time dependent deformation of the pile under

lcad, and the nal plot showing the consolidation bebr...our

of the soilil.

5.1.1 Time dependent deformation

The pl.ts in Figures A.! to A.23 show the variation of
temperature «nd sha.t stress and the corresponding pile
deformation fcr the sc erce of lcaas applied during each
test. It will be noted that the vari:é-ion in temperature
over the duration of any tes: wacs *0.,5 (. with the exception
of the tests run at -10°C. These tests show a rapid dec-ine
in the terperature from an average cf -9°C to -10°C near the
bejinning of the test. Failure of each pile occur.ed after
the drecp in temperature, so this initial test temperature
was ignore«i. At the end of the test or Sample 2.7, after the
point of minimum strain rate had been reached, the cold room
coonling system failed, and the sample melted. The res..tcs °f
this test are included since all of the relevant data was

collected prior to the failure .f the cold room.

66
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The shaft stress was cons-ant during each load step,
witt a maximum deviation of *+ 5 kPa from the average stress
app.ied, which is presented on the gr:phs and in the tables.

The pile shaft stress and normalized pile velocity da‘a
for all load increments are summarized in Table 5.1. As can
be seen firom this summary and the displacement to time plots
contained i~ Figures A.24 to A.46, many - the initial

increments of load on the piles result in an elastic

response - *F no “e s. able displacement cver time. In a
majority of the testr, increasing strain «:th mne was
observed only during the final loa. = <r-ent.

These results indicate that the s ey as a
"structured soil" whe- .s carried at the soil particle
contacts. The density soil indicates an ice-poor soil
(Morgenstern et al, 1 °

However, current theory suggests that saline ice-poor
soil will Aeform under load in the same manner as would an
ice-rich soil. Therefcre the analy<is of the dat: was
conducted following the methods posed by Nixcn and Lem
(1984). Hence the analysis of th. test data discussed in the
following se.+ions makes - e of the response c! the piles to

the loaz steps c~ly when typical creep is observed.

5.1.2 Consolidation
Perusal of the consc ‘dation results in Figures A.47 to
A.69 reveals that the consolidation of the solil was

complete, ~rior to the start of freezing. Th2 consolidation
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deformation ranged between 7 and 20 mm, dependent upon the
moisture content of the prepared soil and the length of time
between the soil placement and the appiicatior of the

nstant BC kPa consolidation stress.

5.1.3 Density and Salinity mcasurements

The density and salinity cf each sample were determir d
after the completion of t-e pile creep test. The detailed
cersity and salinity resc. - can be found i Table A. 1,
while a summary is presente. in Table 5.1.

The samples used for the density and salinity
measure~ents for all of the samples. v¢x ept those in group
one, were cut from a wedge of soil hat was sawed from the
still frozen s~il mass at the ead o/ ewu:h test. The wedge
was cut into six equally sized pieces, and each alternate

slice reserved for either salinity or density t2sting.

The ave..age densit for all of the tests caiculeted
to be 1.69 Mg/m3. The density varied between and .o
M;/mx. The variation .- density over the height of the

sample was quite random.

The largest densities were determined from the grcup of
sampies tested at -13°C. This deviation may be due to the
fact that the block samples used for the density
measurements for this group were removed from the thawed
soil as it was excavated by hand fr.m the bucke:. Every
attempt was made t¢ remove the soil without disturbance,

hewever it is apparen* that the method was impe.fect. The
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cuces fcr the determination of the density for the following
tests were cut from wedges ~ed from completely frozen soil
samples.

The salini*y measurements were not conducted for the
tests . -13°C, as the pore water extracti»n cell was
obtained after the completion of this o- .~ f tests.

The three frozen soil cubes contained 1~ tightly sealed
bags which were reserved for the salinity measuremeits were

wed to thaw 1n a ro:st e T e thawed samp.es wWer«
rhen plazed in a thoroughly cleaned and dried pore water
extraction cell. Load was applied to the cell, ¢ d the
extruded water collected in syringes. Thes wa'+r collected
generally contained a lot of fine particles. The syringes
were sealed, and set on end tc allow the particles to
settle, Once the pore water was clear, a hand refractoimeter
was used to ¢ ermine the salinity. The individual salinity
measur: ., for each sample ¢:e contained in Tablie A.1.

Variation in the salinity with depth would be observed
if the rate of freezing of ample were slow enough to
allow the rejection of br. ~ead of the advancing freezing
fron*. In this case the sal. .ty measured would 1ncrease
with increasing dictance from the freezing source at the
base of the bucket. Examination cf the test data :in Table
A.1 reveals fairly uniform .alinity measurements over the
neight of the sample. Some variation in salinity is noted,
but it is of a random nature. Hence it may be assumed that

the rate of freezing was sufficiently rapid to prevent the
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exclusio: of brine 1n front of the freezing front.

A ingle salinity reading of the thre: taken for each
¢ the tests 2.4, 3.2 and 3.5 w. signi..cantly different
than the other twc. These variations are att- .buted to
dessication of the scil sample, or *» the improper cleaning
of the po- “us stone in -he pore water extraction cell. In

this case saline pore fluid would rema:n in the porous

st ne, ~ -v1-q the ni3n salinity reazings.
~hene 'er 0L ..oL.¢ the s_.. was re-used from test
tes:. Ccre~yr. Zevelope 5 saliinity measurements became

availanle (hot th:s procec o would create variatic® 1n the
pore water fal nity throughcut the test program. The
salinity re . .u. aents presented in Ta:le 5.1 are accompanied
by a let.e © or N indicating re-usec or newly mixed soil.
The ressi'. of the salinity determination for the samples
from group four indicaie that the re-use of the 5 ppt soiil
"as eitect on the measured sa.inity. Howe er, the nomiral
soi salinities cf -he 10 and 1S ppt soils were increased by
2 tc 2 ppt when re-used. Therefecre in future tests, it 1s

surgested that the scil be freshly mixed prior to each test.

5.2 Presentation and Discussion of Analysis of Test R <
The test data contained in Appendix A was analyzec
using several theories for the prediction of the long term
resistance of piles from short term test data. These
thecries include the correlation of the pile velocity to

applied shaft stress, a prediction of the long term failure
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resistance, and estimates .f the pile adfreeze resistance
from the peak resistance found during unconfined compression
tests on frozen saline silty s:nd. In additic: the validity
of the theory ¢! hereditary creep as presented :y Ladanyi
(1972) will be discussed.

The unfrozen water content dependent upon salinity and
temper. ure was calculated using the results of liquid limit
testing of the soil. The results of this analysis will be
@« .-5ed 1n tr.s sect:on as well.

In "~ he analysis, * e term, t,, time to failure, will be
defined as the time to the point of minimum strain rate,
unless otherwise specified. In addition the soil salinities
given are the nominal mixing salinities and not the values
measured from the extracted pore water, to facilitate

comparison of the test data.

5.2.1 Basic test parameters

The point of minimum pile velocity corresponding to a
specific pile shaft stress was determined from the plots of
pile displacement v-rsus time of loading, Figures A.24 to
A.46. The point of minimum strain rate was calculated
visually from enlarged plots of the deformation time data
for each test. The time to and deformation at this failure
point were recorded, whenever time depencent deformation was
observed sc.ely during the final loas step. The minimum pile
velocity, U . (mm/min), was converted to u,/a (1/year), the

min

pile velocity normalized to the pile radius, so as to be
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compatible with data pres: ted in the literature. A summary

of the data measured from the tests :s ¢ '~*ained in Table
§.1. In this table, the calculated ncrru.ized pnile
velocities are quoted. To convert t. .. minimum pile

velocity measured, multiply by the pile radius, 13.5 mm and
ccrvert the time units to minutes.

It will be noted that there are several sets of data
for given combinations of temperature and salinity reported
in this table. In several instances, the strength of the
piles tested incrementally are higher than piles which
fa.ied under a sirgle load increment. This can be attributed
to the apparent strain hardening behaviour which 1%

discussed in Sect.on 5.2.6.

5.2.2 Pile Velocity equations
The eguation relating the ¢teadyv sState velcuity - ¢
the average applied pile shaft stress, as present~d by Nixon

and McRob ts (1v/6);

(re1)/2 n

u, 3 Br, \
a _ (n-1) (5.1

is the basis cf this portion of the analysis of the test
results. This equation prcvides a phenomenclogical model {or
the behaviour of saline silty sand as observed by Nixon and
Lem (1984). The eguation describes a quasi flow law for a
pile penetrating int-~ frczen soil. The normalized pile

velocity is rela ¢ tc ne applied stress by the parameters
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B and n. A plot of the pile shaft stress versus the
normalized pile velocity for all of the test data, from
which the creep parameters B and n can be determined, 1S

found in Figure 5.1.

5.2.2.1 Best fit curves

The parameters B and n were determined for each set of
data at a given temperature and salinity. For ease of
analysis, Figurec 5.2 to 5.4 present *he data for each test
temperature on a distinct plot. Straight lines were visually
fitted to the data, as shown on tnese figures, and the creep
parameters containe. in Table 5.2 were calculated. The data
obtained from testr at -'3°C was insufficient for the
e.usluation of the parameters B and n. The data found at
-10°C was more extensive, and permitted the definition of
lines for salinities of % and 15 ppt. The slopes of these
lines were 5.5 and 4.7 respectively. An average value of n=5
was utilized to fit lines through the data points at 0 and
1C pot. The experimental data base was mcst complete at
-5°C. The slope of the lines fitted through this data varied
guite drastically, as shown n Figure 5.4.

It is evident that there is not a great deal of di*a on
Figure 5.4 for each salinity at -5°C. Therefore a slight
change in the determination of the value of the minimum
strain rate for a given stress could a '+ the slope of the
best fit line and the value of n guite significantly. A
small change in slope can lead to a large change in ke

value of n determined. Hence caution must be exercised in
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the determination of n due to the strong influence of the
value of the minimum pile velocity.

The review of current literature containecd .n Sectio:!
3.5 indicates that most researchers use a value ~f n=3. The
exception to this rule is the data presented by «=go et al
(1982), wherein the value of n found from testing of fro.en
saline sand at -7°C varies between n=5 for 0 ppt samp.es to
n=1.25 for a salinity of 100 ppt. The results of this study
are presented in Figure 5.5, and compared w.th the est cu'.
generated during the testing for this thesis. As can be see
on Fiqure 5.5, the slope varies from n=25 at 5 ppt to n=2 at
15 ppt. It is evident that tre variation in n with
increasing salinity is far greater for the silty sand than
for the € nd. It should be noted that the comparison is
being mad+ bpetween different soils at different
temperatures.

For purposes of discus-ion, the magnitude of the pile
_kctt stress r-auired "~ initiate two specific pile
velocities, 1 and 100 (1/year), at -5°C have bheen determined
from Figure 5.4, and are contained in Table 5.3. These
results irdicate that increasing salinity reduces the
resistancs remarkably, with the greatest change between 5
and 10 ppt. In addition, the increment in applied shaft
stress required to change the pile velocity by this value
ir.creases with increacing soil salinity. From these
«tsarvations it may be conc.uced tha' increasing salin’ty

.educes the resistance, both in terms of the absolute
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magnitude of stress corresponding to a given pi.e velocity,
and with regard to the greater increases in pile velocity

with increments in the applied pile shaft stress,

5.2.2.2 Determination of B , .o n=3 and n=5

Lines of slope n=3 and n=5 were fitted visually through
the data in an attempt to facilitate comparison of the data
to that presented in the literature. These lines are shown
in Figures 5.6 to 5.8. The paramete:s resulting from the
curve fitting -1lculations are presented in Table 5.4, and
tne vari. 1on of B with salinity shown in Figures 5.9 and
5.11,

Table 5.5 contains the pile shaft stresses required to
initiate normalized pile velocities of 1 and 100 (1/year),
for curves of constant slope n=5 at -5°C, to correspond with
the data from the best fit lines given in Table 5.3. These
results again demonstrate a drastic reduction in the
adfreeze strength with increasing salinity. In this case,
however, the increment in applied shaft stress to increase
the normalized pile velocity to a specific value is much
greater for the lower saiinity samples.

The use of a constant slope for the analysis of data
for soils of differing salinities at a given temperature has
the result that the increase in stress required to cause a
specific increase in pile velocity, when divided by the
value of the initial stress, will give the same ratio
independent of the salinity. Hence it can be concluded that

an increase in salinity will decrease the absolute magnitude
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of stress required to initiate a given pile velocity and
will have no effect upon the proportional increase in stress

required to increase the pile velocity.

5.2.2.3 Comparison to other test data

In an effort to determine the validity of the
parameters B and n, the data was compared with the results
of different authors. The parameters found by Nixon and Lem
(1984) from tests on saline silty sand are included in
Figure 5.13, and are used to predict the pile velocity for a
given shaft stress in Figure 5.14., Figure 5.13 includes the
data determined from the lines of slope n=3 fitted to the
model pile load tests for each salinity at -5°C and for 15
ppt at each temperature. This figure indicates that the
values of B found from the research for this thesis are
greater than those found by Nixon and Lem (1984). Hence the
results of the unconfined compression tests on this soil
will predict a lower strain rate for a specific stress than
will the results of the model pile load tests.

Figure 5.14 contains the results of the model pile
tests and the pile velocity for an applied stress predicted
by Nixon and Lem. Examination of this plot indicates that
the data for 0 ppt corresponds well at both -5 and -10°C.
However the model pile results for 5 ppt at both
temperatures fall on the line given by Nixon and Lem for 35
ppt. Model pile tests conducted in soils of salinity greater
than 5 ppt at these temperatures indicated a much reduced

resistance to load. It can be concluded that the influence
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of saline pore fluid upon the resistance of the adfreeze
bond, predicted by the results of Nixon and Lem, is
significantly less than that found from the model pile load
tests, for any given pile shaft stress.

Figure 5.14 contains .ata presented by Nixon (1988)
from field pile load tests at Clyde River. These points are
assumed to represent a native soil slwrry backfill of
salinity 10 t» 15 ppt at a ground temperature of -10°C. As
can be seen in +the figure, the field results compare well
with the results of the laboratory tests for the same
temperature and salinity.

The results of constant displacement rate tests by
Parameswaran (1978b) and the University of Alberta (1988) on
sandblasted model piles in sand and sand slurry backfill
respectively are given in Figure 5.15. These results provide
an upper limit to the data from the model pile creep tests
conducted for this thesis. The data from the piles in sand
at -5 to -6°C falls in the range of the data for piles in
fresh water silty sand at -13 and -10°C. This is a
reasonable observation, as sand blasted piles in non-saline
sand would be expected to be more resistant to load than
sand blasted model piles in non-saline silty sand. For this
data the parameters are n=6.4 and B=2.43E-08 (kPa"year ').

Figure 5.16 summarizes the results of field pile load
tests on sand slurry backfilled piles, conducted by several
consultants in the Arctic. The data was presented in the

reports of Hoggan (1985), Nixon (1988) and Thurber (1983).
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All of these tests are considered to represent the failure
of piles in sand of minimal salinity (0 to | ppt) at
temperatures of -5 to -6°C. This data compares favourably
with the model pile test results at -5°C, lying in the range
of 0 to 5 ppt. A line fitted through the field data provides
the parameters; n=3.5 and B=4.45E-08 (kPa"year '). Since the
results of the model piles at 5 ppt can correspond with the
field data at 0 ppt, the model pile tests may overestimate
th- resistance of full scale piles. However, this
observation is based upon a comparison of sandblasted model
piles in silty sand to untreated piles in the field,

backfilled with a sand slurry.

5.2.2.4 Influence of Salinity and Temperature on the
parameters B and n

The influeince of salinity and temperature on the
parameters B and n determined from the model pile tests has
been discussed to a certain extent in the preceeding
section. The The best fit lines to the data at -5°C
presented a dec.easing value of n with increasing salinity.
This trend, although not so extreme, was observed by Sego et
al (1982) from tests on saline sand at -7°C.

It should be noted that the slope of the best fit lines
through the data plotted on double logarithmic axes of pile
shaft stress to minimum pile velocity is very sensitive to
the determination of the minimum pile velocity. A slight
change in the rate of strain observed for a given stress

could alter the position of the fitted curves significantly.
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The creep parameter B was also determined for lines of
slope n=3 and n=5 fitted through the data. Figures 5.9 and
5.11 present the influence of salinity on the creep
parameter B.

1t should be noted that the slope of the best fit lines

A pictoral presentation of the influence of salinity
for a given temperature is given in Figures 5.6 to 5.8.
Similarly the influence of temperature on a specific nominal
soil salinity is presented in Figures 5.17 to 5.18S.
Examination of these plots shows that the change in salinity
from 0 to 15 ppt or change in temperature from -5 through
-10 to -13°C results in an equal offset in the fitted lines
for equal changes in salinity or temperature. This
observation is also made from the generally straight lines
through the data points shown in Figures 5.9 to 5.12; the

plots of parameter B versus salinity and temperature.

5.2.3 Prediction of Phase Composition Curves

The unfrozen water content for non-saline silty sand
was determined using the method presented by Tice et al
(1976), as discussed in Section 2.2.2.

Liquid limit tests were conducted on the silty sand.
The individual test results are shown in Figure 5.20. The
low percentage of clay in the soil preveated the
determination of the liguid limit at moisture contents below
17.5 precent. Hence the extrapolation of the liquid limit

flow curve to N = 100, in Figure 5.20 is tenuous, given the
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narrow range of data between N = 6 and N = 18, The moisture
content at blow counts of N = 25 and N = 100 were calculated
from this plot to be 17,15 and 15.48 percent respectively.
The unfrozen water content at -1 and -2°C was then
calculated using equations 2.1, The unfrozen water content
for these two temperatures defines a straight line on double
logarithmic axes, as shown in Figure 5.21. This line can
then be utilized to calculate the predicted unfrozen water
content for other temperatures, thereby developing a typical
phase compostion curve as shown in Figure 5.22 for 0 ppt.

Figure 5.22 also contains phase composition curves for
the other test salinities. These curves were calculated
using the equations presented by Patterson and Smith (1983),
which were also discussed in Section 2.2.2. It is evident
from these curves that the unfrozen water content of a soil
depends very strongly upon the salinity. In general, these
curves show that for a given temperature, the unfrozen water
content basically doubles for each 5 ppt increase in
salinity. In addition, most of the decrease in the unfrozen
water content with temperature occurs between 0 and -5°C for
0 ppt and 0 and -8°C for 15 ppt.

The results of the model pile load tests plotted in
Figure 5.1 show that the data at -13 and -10°C for all
salinities falls within a tairly narrow band. The -5°C data
for the 10 and 15 ppt samples shows a significantly lower
resistance. This is to be expected as tne change in

resistance of the piles is dependent upon the unfrozen water
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content, and the largest variation in unfrozen water content
occurs between 0 and -8°C.

The phase composition curves in Figure 5.22 begin at an
unfrozen water content of five percent. This is the
volumetric unfrozen water content of non-saline silty sand
at -1°C. The unfrozen water content for saline soils near
0°C must be determined before the curves can be extended

further.

5.2.4 Relationship between failure pile shaft stress and
time to failure
The shaft stcess at failure for the given design life
of a pile can be predicted from short term test daca, using
the method of Vyalov. The equation upon which this method is

based was presented by Vyalov (1962) in the form:

t!
0,B= ln['g_] (5.2)
where o = ultimate stress
t,= time to failure

p, B= experimentally cetermined parameters.

The time to failure was originally defined as the time to
onset of tertiary creep in unconfined constant stress
compression tests. The analysis presented examines two
definitions of the time to failure; the time to onset of

tertiary and the time to mininnum strain rate. The applied
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pile shaft stress 7, ‘s substituted for the ultimate stress
o, in the equations used in this analysis.

The use of this theory requires at least two
determinations of the time to failure for pile shaft stress
for each salinity and temperatuze. In addition, the data
points must be derived from single increment tests free of
the possible effects of load history. These restrictions on
the data preclude the analysis of the -10 and -13°C data.
However, sufficient data at -5°C is available to predict the
long term resistance of piles in saline soil using this
procedure.

The parameter B was determined from the slope of lines
def.ned by a plot of the inverse pile shaft stress to the
tim2 to failure on linear logarithmic axes. This graph is
shown in Fiqure 5.23, It will be noted that the data for
both the time to minimum and the time to onset of tertiary
are included. The slope of the lines for salinities of 15
a~? 10 ppt are parallel, while the slope is different for
the 5 ppt results. From this plo*, the pile shaft stress at

1 hour can also be found. Using the eguation;

log[3)- £ (5.3)

where 1/8= the slope of the plot of inverse shaft
stress to the log of time to failure

7.= the shaft stress at 1 hour.
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the parameter B was calculated for each temperature and
salinity. The results of this analysis are summarized in
Table 5.€. It is evident from Figure 5.23 that additional
data is required to truly quantify this behaviour.

The Vyalov equation was then utilized to predict the
l1..3 term pile behaviour as shown in Figures 5.24 and 5.25
for the time .o minimum, t_, and the time to onset of
tertiary, t,,., respectively. Comparison of *° . >lots
shows that the curves for 10 and 15 ppt are ve'_ . milar for
the two definitions of the time to failure. The time to
minimum data predicts a higher allowable pile shaft stress
at a given time than does the time to onset of tertiary data
for the 5 ppt data.

Table 5.7 contains the estimate of the allowable shaft
stress for a reasonable design life from these plots. The
application of a factor of safety to these values produces

very low allowable pile shaft stresses for design.

5.2.5 Relationship between adfreeze strength and unconfined

compressive strength
Weaver (1979) postulated that the adfreeze strength of
a pile, 7, could be estimated from the shear strength in

unconfined compression tests, r, using the equation;

T,= M7 (5.4)

vhere m= 0.6 for steel piles.



84

Unconfined compression tests on saline silty sand are
being conducted at the University of Alberta by Hivon. At
the time of writing, data for tests at -5°C was available
(Hivon, personal communication). The results of the
unconfined compression tecsts and model pile tests are
summarized in Table 5.8.

The pile shaft stress to minimum pile velocity results
of the model pile load tests at -5°C are plotted in Figure
5.26. Straight lines were fitted visually through the data
at random slopes, for n=3 and for n=5. These lines were used
to estimate the pile shaft stress at the strain rate of
0.027 mm/min, used by Hivon in her constant displacement
rate tests. The shaft stresses determined at this rate are
tabluated in Table 5.9. Also included in this table are the
values of m calculated from this data.

The results of this analysis are comparable to Weaver's
postulate, with the exception of m=1.91 for the 5 ppt, n=3
and n=5 data points. Excluding these points, the average
value of m for these sand blasted model piles in found to be
approximately 0.4. Weaver predicted that m for piles in
non-saline frozen soil would be 0.6, which would overpredict

the strength obtained from these model pile tests.

5.2.6 Hereditary creep
Incremental load tests were undertaken in this research
in an attempt to produce more data fror a single test

sample. Inherent in the use of step loading procedure is the
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assunption that the pile deformation response to a
particular load is independent of the stress history of the
soil. Th.s assumption was presented formally by Ladar-i
(1972). as discussed in Section 2.3.

The unconfined compression test data provided by Hivon
(1988) indicates that the saline silty sand undergoes strain
hardening behaviour. If the scil in the pile load tests is
also exhibiting strain hardening behaviour, the assumption
of hereditary creep is no longer valid. Strain hardening
could affect the response in two ways: the pile displacement
rate for a given applied stress could be the same, but the
displacement to failure would increase with the application
of successi.e load steps, or the pile displacement rate for
a giver, pile shaft stress would be greater for a single load
step test than for an incremental strain hardening test.

Figures 5.1, 5.27 and 5.28 summarize the test results
for all of the temperatures and salinities. These plots
allow an evaluation of the validity of the assumption of
hereditary creep.

The first figure in the series shows all of the data
points. The results of tests in which incremental load steps
lead to the observation of time dependent deformation in
more than one step, are omitted from Figure £.27. Figure
5.28 shows only those data points from single increment
tests.

It can be seen in Fiqure 5.1 that there is a great deal

of scatter in the data points at 5 ppt at -13°C, and 0 ppt
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at -10 and -5C, preventing any prediction of the pile
velocity equation parameters. On the other hand, the data
for 5 and 15 ppt at -10°C defines a line which follows the
trend d2fined by the data. These points are all derived from
tests in which time dependent deformation was observed
before the final load step.

A comparison of Figures 5.27 and 5.28 reveals that the
tests at 15 ppt and -13°C could exhibit strain hardening.
The data from the last load step of the incremental test
indicates a much greater resistance to load, than was found
in the single step test. In comparison, the tests at 10 ppt
and -5°C are apparently not affected by strain hardening, as
the data from incremental tests lie on the straight line
defined by the data from the single ircrement tests.

It is evident from Figure 5.28 that the data from the
single load step tests alone is insufficient to quantify the
soil behaviour for most of the combinations of salinity and
temperature,

On each plot, there are data points which support and
which negate the theory of hereditary creep. Obviously,
additional test data is reguired to determine the validity
of this theory.

As was noted previously the response of the soil to
load does not follow a typical creep configuration. Instead
the response is that of a structured soil, for which the

hereditary creep theory would not be expected to apply.
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5.3 Summary

The results of the model pile constant load tests on
saline silty sand are discussed in the preceding sections.
It is evident that the test data are valuable as indicators
of the effect of salinity, temperature and magnitude of load
or the pile response, but are insufficient to permit the

development of a definitive theory.

In addition 1t is apparent that the theories based upon
a minimum strain rate which assume typical creep behaviour

are inappropriate for such structured soils.
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pile creep tests in frozen silty

Table 5.1 Results of model
sand
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°c  (ppt) (kPa) (year

S “a {Ja/a ty d! pdry sm

)y (rin) (mm) MBS (ppt)

m

3.1 -5 0 78 0.412 1.71 R

97 0.084

115 0.142

135 0.114

158 0.069

193 0.285 0.7
3.2 -5 5 40 O 1.70 5 R

64 0

85 0.662 1600 0.2
4.1 -5 ) 71 10.2 100 1.0 1.72 5 R
4.2 -5 5 96 9.5 20 .07 > 72 5 N
3.3 -5 10 36 121.9 25 0.4 1.68 11.3 R
3.4 -5 1C 10 O 1.65 11.7 R

17 0

27 2.48 500 1.3
4.3 -5 10 26 0.807 400 0.6 1.71 10 N
4.4 -5 10 42 52.1 20 0.3 1.70 12 R
3.5 -5 15 7.5 58.4 250 1.5 1.68 16.8 R
3.6 -5 15 25 568.4 5 2.2 1.71 17.9 R
4.5 -5 15 12 97.2 8 0.9 1.73% 16 R
4.6 -5 15 19 241.0 6 0.6 1.69 18 R

-
[
nnnmn

Q ct
Ll 1}

test temperature measured in soil mass

soil salinity

applied pile shaft stress . )
m13;mum pile displacement rate normalized to pile
radius

time to minimum strain rate, where failure occurs
during the last load step = )
displacement at point of minimum strain rate from
start of test

dary dens1t¥.of the soil

average salinity measured after the test

Results for the sample at 5 ppt and -13°C may be
affected by glycol contamination of the soil.

S* denotes piles to which strain guages were
applied.

N denotes freshly mixed soil.

R denotes re-used soil. ) L.
Additional detail for the density and salinity
measurements can be found in table A.1.



Taktle 5.2 Creep parameters from best fit lines for saline

silty sand
3(n‘1) QBT‘n
U,/a =~}

Salinity n B

ppt kPa®10 "yr
Temperature = -5°C

5 25 5.44%10
10 © .5 2.04%10°%
15 2 0.193
Temperature = -10°C

0 5 1.91%10 "

5 5.5 2.52%10
10 5 3.99%10

15 4.7 1.95%10 %
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Table 5.3 Relationship between normalized pile velocity and

shaft stress from best fit lines for saline silty sand at

-5°C
{J, 3(n~l)/287.n
a 1=
7, (kPa)
u,/a Salinity
(year™') 5 ppt 10 ppt 15 ppt
1 80 25 1
100 86 33 14
) 6 8 13
8/, 0.075 0.32 13
8 = increment i applied shaft stress to increase the
pile velocity from 1 to 100 (year ).
T,y = shaft stress required to initiate pile velocity of

(year™').



Table 5.4 Creep parameters for saline silty sand

{n+1)
3int/ig, n

u,/a =

n-1

92

Creep parameter B

T, Salinity (ppt)

(°c) 15 10 5 0

n =25

-5 2.51¢10°°%°  2.82%10™°®  5.95+107""  4.42%10°"
-10 1.64%¥10'°  3,99%10°""  1.86%10'°  1.91x10 "
-13 2.75%10"""  7.22%x10°"°  1.75%10"

n =3

-5 8.00%10°°°  3.62%10°°°  4.39%10°%"  1,29%10°"
-10 1.83%107°%  1.83%x10°°°  3.89%10°°%°  2.09%10™"
-13 4.52¢10°°  1.89%10°°%  4.52%107%

T, = nominal test temperature
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Table 5.5 Relationship between normalized pile velocity and

shaft stress for n=5 for saline silty sand at -5°C

L.la 3(nﬂ)/ZB‘ran
a n-1
7, (kPa)
u,/a Salinity
year 5 ppt 10 ppt 15 ppt
1 67 19 5.5
100 160 45 1z
3 93 26 7.5
8/7,, 1.39 1.37 1.36
td increment in applied shaft stress to increase the

normalized pile velocity from 1 to 100 (year ').
shaft stress required to initiate normalized pile

velocity of 1 (year ').



Table 5.6 Prediction of parameters B and 8 for the Vyalov

94

eqguation
tt
T.'B = ln[g—]
6 t,,, (min) tie,r (mMin)

(ppt) B B B B

5 200 0.00631 133.3 0.2154
10 83.3 0.00562 83.3 0.0147
15 20.4 0.00754 20 0.0263
6 = nominal soil salinity.
tmin = time to minimum strain rate.
t time to onset of tertiary creep as defined by

Vyalov.
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Table 5.7 Allowable pile shaft stress for piles in saline

silty sand at -5°C for 25 year design life using the Vyalov

method.
Salinity T,
ppt kPa
S 17 to 20
10 8.5
15 2

T = allowable pile shaft stress.
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Table 5.8 Data from unconfined compression (Hivop, 1988) and
model pile load tests on saline silty sand at -5¢C
6 o, € Tow T €, t,
m mm :
(ppt)  (kPa) [mm] (kPa)  (kPa) [min] (min)
30 38.9 0.008 1.7
39 0.005 1.7
15 7.5 1.5#100% 400
25 1.5¢100 10
12 2.5¢1000° 1
20 6.2%10 6
10 318.5 0.01 95.6 36 3.1810000 60
42 1.3%10 40
5 419.3  0.006  125.8 71 2.6%100+ 200
96 2.4%10 30
6 = soil salinity. )
o, = unconfined compressive strength tested at 0.027
mm/min. .
€ = strain corresponding to o . )
7w = adfreeze strength calculated from unconfined
compressive strength, using the relation; 7, =
0.6%0, , after Weaver, 1979. )
Ta = adfreeze strength of the model piles.
€, = strain rate at minimum corresponding to r,.
ty = time to minimum strain rate.
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Table 5.9 Determination of parameter m from unconfined
comgtessiggcsttength and adireeze strength testing of silty
sand at -

6 n Ta T, m
(ppt) (kPa) (kPa)

5 25 110 210 0.52

5 290 1.38

3 400 1.91

10 13.5 50 159 0.31

5 83 0.52

3 98 0.62

15 2 39 100 0.38

5 23 0.23

3 30 0.30

6 = soil salinity.

n = creep parameter. ) )

1= adfreeze pile strength estimated for strain rate of
0.027 mm/min,

T, = unconfined shear strength tested at 0.027 mm/min.

m = strength parameter.
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6. Conclusions and Recommendations

6.1 Conclusions

The material behaviour indicates a "structured soil",
which is subject to primary creep at low stresses. The
failure stresses are generally the only load which cause a
typical creep response. Therefore design of the pile should
be based upon a determination of the elastic response of the
material to stress, in conjunction with a determination of
the creep failure at higher loads. Design based upon
predictions of the normalized pile velocity alone is not
appropriate.

Predictions of normalized pile velocity, made in
accordance with curre~t theory compare favourably with field
tests in sand slurry (Hoggan, 1985, Nixon, 1988 and Thurber,
1983) and in saline native soil slurry (Nixon, 1988) and
with laboratcry model pile tests in sand (Parameswaran,
1978b, and Thurber, 1988.). Predicticns of pile velocity
from uniaxial laboratory testing of saline soils (Nixon and
Lem, 1984) indicate a much higher resistance to load.

The addition of saline pore fluid reduces the
resistance of the material drastically.

Failure stresse: for a reasonable design life are very
low. Therefore the resistance of the pile to load should be
augmented by the use of sand backfill or grout slurries.

The parameter m, relating pile adfreeze resistance to

uniaxial shear resistance is 0.4, compared to 0.6 reported
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by Wea- (1979).

The variation in unfrozen water content with
temperature and salinity can be calculated from liquid limit
tests on the soil. However, the phase composition curves
must be verified with physical measurements of the salinity
of the frozen soil.

The use of step load tests is probably improper for
this soil since the validity of the theory of hereditary
creep is in question. More data is required to answer this
guestion.

The method of freezing is rapid enough to prevent
redistripution of the saline pore fluid.

Re-use of saline soil results in an increase in the

measured salinity.

6.2 Recommendations

The conclusions drawn above must be verified for a
larger data base. The tests conducted in this thesis were
sufficient to define general trends, but not extensive
enough to permit a great deal of confidence in the
conclusions. Therefore further tests of model piles should
be conducted at temperatures between 0 and -8°C at the
salinities used in this testing. The upper temperature limit
will depend upon the test method and the material strength.
In addition, the results should be compared to any field

pile load test data that becomes available fcr saline soils.
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The theory based upon the assumption of ice-rich
behaviour should no longer be used in light of the
sensitivity of the parameter n and the fact that this soil
behaves in a 'structured' manner. Therefore design should be
based upon the prevention of failure under high stress and
upon a quantification of the elastic response of piles to
applied stress.

Additional step and single load increment tests should
be conducted in the laboratory to determine the validity of
hereditary creep.

In view of the very low failure stresses calculated
using the Vyalov eguation, tests on strengthening
techniques, such as backfilling with sand or grout should be

conducted in the laboratory.
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Table A.2 Roughness profiles of the sand blasted model piles

Center lin. average roughness (micro

inches) o o .

Pile # -12°C -10°C -5°C -5C
1 ng 97 90 93 98
Middle 96 92 89 85
Bottom 74 80 84 80
2 Tog 64 70 73 68
Middle 80 73 89 82
Bottom 84 80 75 79
3 Tog 65 70 8C 77
Middle 84 84 79 82
Bottom 78 73 83 69
4 Tog 64 67 83 78
Middle 91 82 79 84
Bottom 93 90 79 87
5 Top 88 g2 84 78
Middle 110 95 99 88
Bottom 93 78 82 S0

6 Tog 79 83 91 100
Middle 111 96 99 89

Bottom 129 110 99 113




145

D.£1~ 1e pues £}[is Jajem me.: 11 ojdutes
I10J ejep juawade(dsip pue ssalls ‘adnjelds

(urw) swan

waj, I’y adndy

0008 000, 0009 000¢% 000% 000¢ 0002 0001 0
n 1 1 i i s 0
_ . - ——
S0
1
G 1
00uw 000¢ 00u9 000¢ 000V 000t u0o¢ 0oul U
i A 1 A A A — 4 0
—
& ¢
[VIVRY
Gut
!’Ilk— 00%
_w 004
009
0LL
0008 000¢ 0008 000s 000?Y 000¢ 0002 0Gol 0
- A L A i A i om ﬁ\.—
s / B \.\,, G2 el
\ . - ' L/
(N ;L - N : ,
Y, | N, ﬂ s ~ \\ N -
. N — v\ \
~
[

(ww) dsig

.
>

1Ry

~
~

(PAY) s88a)

c



146

-~

DI e L 1dd ¢ £iurpes jo pues AR o
10j ejep jusatuasse(dsip pue ssad)s oanjeladuly], ¢

(uiw) sy

o opdunes
Voodngig|

00061 005¢€1 ogoei GOSOH 00G6 006¢L gov9 00st 000 [ J
A i A i " A —— 0
O
oL C -—
u.
! ke
SIS
—————— e T T 1 —_
\l!»\l\lxll\.% =
— T -
\ G =
(VT 00st ! 0V0ci ousul 0u06 Juse GOUY 00 ¥ [UIVIVES vuul U O
——— L i i i A " i
ﬁ|||.. - - — - ¥ =
“l - - T - Land
‘,. - vl e
1.
ﬁ! T oo, o~
! -
! «
ovt ,M
nviﬁ i
R U -
< 0oy ”»ﬁ.
00061 oo0seEl 0oo0o0et 00601 0006 006! 0009 [eXeX*} 4 000c Lvoul 0
A L i i A - i -4 4 Yy Ll
¢
-3
ST o~ A °
d T T ~ - N - o /<B\,r i N ¢ ol )
- (\ - 'y G
ol




147

),G'21- 1edd g1 Ajuijes jo pues Ayjis i) ojduies
10jJ ejep jioswade(dsip pue ssoa)s ‘aanjedaduag ¢y oandiy

(utur) autiy

006GL 0009 00GY ovote 0ol 0
—— - bey — — I i S — yll‘%ll.l‘”:.-lm.ln[li]]llil
L
U0sL ULLY [VIVA*3) Uultb [VICL°N] V]
A e _—
- - u— - — Vlﬁ - - ) o B “
006¢ g009 oost 000¢ [QVA°R! )
S I i (.
. - S e el L, ~ A - -

o
(=4
(urw) dsig

~

(SRR}

One

Got

(P AN) €812 V7Y



148

10} ejep juallade|

J.21- yedd Gy ajturjes jo pues As 11 opduaes
dsip pue ssal}s ‘sunjedadulo] -\ oansi |

(uiw) ow)

co0L 0009 COus cootv 000¢€ 000 [VIVIRE|
A i t “ -
_— - - T T
i
000L GLoY uOLY LooV 0LOL vooC Vot
* d. e b 4
I o | i
0002 0009 000% 000¢ 000¢ 0002 000!
i 1 A i — i
—_ i \ - ~ AN
U AN INEVYE N IR
, " VA [T
/// //( e /\/2 \ /.
J

Lol

Ou2

VUL

vutd

4}

furul) dsag

LER

(PN £SHIN;

O PN



149

D.21- e 1dd g1 Ajunes jo pues Ayis ¢ | ojduwies
10} ejep (uouwlaoe[dsip pue ssadys ‘vanjedadule], (v aandiy

(utury st

S 4 t 2 | 0
1 _— i 1 v L 1)
\\t GO
\ _
s
'Y
S v t < i 7]
e Ll i i " m
- 061
- —— ﬁ aat
06
009
S 14 4 ! 9}
4 1 e - i

(ww) dsig

RRAREN

-
~
Ny

(PdM) ss80)



150

doj ejep

D, 01— 18 pues Aj[Is Jojem Jvd-&
jusuiaoe|dsip pue $sul)s ‘adnjeldst

utw) suy

o
o], 9\

ojdures
P OANTL Y

00seLe 0cove 0Guie 00081 0 461 ocoelt 000t Cuy VU U J
i i n _ L e - *
i
i e
\(\\ N N
/
oouoee ouuve VLUl voowlt uLosl g 000vL RERIVE") [VITRV N 0
A i e - e
| _
# *
0002 coOobe 00012 00081 00061 0Goze! 00006 0009 000 O
—d | i L L i
- T e T N — T S L T T —

sy deig

Do



151

D,01- 1e1dd g

A
"y
©

jures jo pues Aj[ts ;g ojduies

~ R B .
J0] vyep juswadeldsip pug ssodys odmjeaoduis], 4y oangiy
ACwChv o ull]
0002 0009 Loos coov 000¢ 000¢e 0001 V]
i i ———— T e { =gy O
N 50
- \\
Lot
[VIVIVYS 000y Ludy [FIVIV) % [VIVIVRY voLC 0OLul )
n i A,
1]
| T
“ 00
I I
O ”‘ 0062
ST .
S00¢ [ C00S cO0Y 000¢ 0002 Gcoul 5
= . A - Gt
P _ e o LT _ o Gl
Yo
MJ .

(g ) deigg

U

(PANMY RS



152

5,01- iedd g1 ayurpes jo pues As e o opduwes
ejep jusalsoeldsip pue ssadys ‘adnjedaduia] gy 2N

10]
(i) oy
00seE 000¢ 0092 vooe 006Gl 000t SOy J
1 A A4 i
\H' — - - — —_— —_— = - —— - - — \L'l’ll I - -
\‘\\
\\.
[
00y vooL OuUsC uouc¢ 0ol ool uoYy O
— e A A -
AP A SN NS5 0
006¢E 000t 0042 0002 0061 000t 00y J
4 - Al A _ A
—_——————— Ve -
T e A e L -

ool

00¢

Out

e

~

(PdM) sSSPy



1583

D.,07— je 1dd g Ajtuijes jo pues A)[is g ojdules
0] vjep jyusawade[dsip pue ssad)s ‘aanjeidadula] iV 04Tl

(Uit ) oty

000S 000¢F 000¢ oooe 00wl 0
A A i 4 “
t
[VIVIVENS [FXVIERY 00Ut [SXVIVIY [VIURPR ] [§]

i A 4
000% 000¢ GoGe 0002 vutl 7

= FJ, T — r
/ ~ (/( ~h - -t - . R
T~ T

‘el
>

Golt

0oe

01

(lww) dsig

HWEYS

-~
~
<

1)

(P4 S8



154

),01— 18 1dd ¢ Ayures jo pues ]
10j] vjep jtUowade[dsip pue ssad}s aanedaduls] O] V o.nst

(ulwi) swit]

Gils G o opduies

vuGE 000¢€ ouse 002 0061 G001 J0Y 0
e -
'
— \.lﬁl.\lll“\I“ - - - -
006t ulot Vusc v0UC guslt oot Uiy J
A e b 1 e .
‘
e . e N T W |
00SE Gulr ause 000¢e 0061 000! 00¢ J
N i Y A _ 4
T . B T e——— ~ . o " " Trm——
1

~N

oul

Qul

0l

56

(wurny dsig

~

(edy) §S8J133T jjeys

Jdo L



155

0.01- yedd ¢ Ayurjes jo pues Ayis gz ojdwies
10} ejep yuaweoe|dsip pue ssadls ‘aanjedaduwia], [V oangt

(Utu) sty

000¢% [eYi]0h 4 000¢ 000¢e 0001 0
e o . 4
000s GOV 000t [V AN uoul 0
1l 1 i
|
'
—
0006 Coov 000¢ 0002 0001 0
TN— . - \lxlr\/lllﬁt/l\)[i« e

S0

0ol

062

(wwy dsig

FAAVES

.
>

(edY) ssad)



156

5,1G - 12 pues A[Is Jajem Ysolj | ¢ ojdues
loj ejep EwEwom_QuE pue ssad)s ‘aanjudadwle] ]V oandi |

(Ulw) oult]

0008BE co000¢t 00.¥%2 00081 o00et . N

i A A 4 .

~— »\Ll\llxi)\r\ — s T ~— T -
\.I\:(l‘.’}i(lll\k:qk —
e

000bL 0000¢L V0ube vouyl voocl VoLLY V]

i . A i
j)"#

l((‘.L
~nd
‘ VA g e e - d
}‘({,

0008¢ oooo¢ ooove cooegl oooet 000y 0

i i 1 A1 i

B

0
. e
VN —
[\IPIV} EEN
‘3
sro =
i
s
0 =
HDJ
04 '
€]
—
-
Oul D
wn
u.
0G! -
=
- U
Quce w
9
S 6-
-3
<
(]
ri\
G+



000¢l

ooo0el
;e

0,G- e ydd ¢ £juties jo pues Ly[is .g¢ ojdwes
d0oj ejep jusweoe[dsip pue ssaldjs ‘aanjedadwa], ('Y 9Indi |

(utw) suwit)
000lL 0000l 0006 0006 0002 0009 0005 ooov ooo¢t 0002 0001 0
1 . 1 i 4 L

1 A 1 4 —

i e T T :||t-4. (]

- -

-
fg

v
Ve
\ s\
4
ooutl oococt 00011t Quool 000 000w 000 0009 0004s [$X9741 7 000¢ 000¢ 0001 V]
4 i 4 A e l d 4 Al i O
G2
ﬁ ﬁ 06
— b2
_— —— —— . | -
oul
[STVINE N 00021 0001t 05001 0006 0008 000¢ 0003 000% 6Oo0¥ 000¢ 0002 0001 0
1 i —_— " A 4 1 A i 4 i GG
r .\,/ (,>)l¢\l>~ks, A ~
- s A X o “ . Y e
! /I;\ N~ {\J N~oad ) " ,\) f\ .\, /e
s ,/\\ v . P N v /\ ‘ T ’ 4 4
Al J s \¥} e ol
~

S v

(wur) dsig

(¥dM) ssadjg 1jeys



158

J.¢— e dd o1 Ajuijes jo pues AJ[is ¢¢; ojdures
10§ ejep juslWooe(dsip pue ssaq)s ‘sanjedadils] FV oansly

(Uill) Wiy

062 002 oGl Gol 0% J !
—. A i P
NS . o -
e - -7 | w
e e
\\\\ < w
\\ m
t

—

< < uel 00l Ja ) 193
06¢c cwc : B - ) 2
w
—
ot 7
e
pio
02 w
v
,1 Ou W/
~ -~ - -~ " ~ N ~ . i N
A ,\/\/\L A i — T e A VIR VAN \£§~ ov .U
w
062 00¢ oGt 001 oG Q
i N i N 4 G G-
—3
. ~ TN — o . . ¢
./\ul\l ./\l\/\ — T i N \/ IV \/,1/ [\4§\<\/7/ /.\/\ R _ /\/s%ﬁ“ »\Jo
ﬁ G ¥-




159

0,6 1eydd o1 Ajates jo pues A)fts i ¢ ojduies
1o ejep juowsoer[dsip puv ssadis ‘aanjedadwla], (G 'y aandi |

00011

(utwd) oy

00001 0000 00049 000L 0009 000G 000V 000¢ 000¢ 0001 0
i o il i 1 i i 4 _ O
1
[ !
e T T 2
T £
.7 b
\.\
5
ool 00001 0006 ouvoy u00L Uuuy 0006 LoV [V XVXOR S 000 [VIVIIN 0
A 4 i L d L i 1 —v
wn. s Wl
_,\fi A O
Ak VAT e g \
v 2 Ap T ey ..; s T AP W ana ]
VWA N 0.
-— - (§37%
00011l 00001 0006 0008 0002 0009 000S %3 000¢ 0002 0001 )
A A i A d — A y— A .L
- A
. A TGO ,
g e .- S VSRS M- i Y Y I
;’lf\,fg, ggﬁ(arji".‘ VL - 4 ...k..r. v _f.. - . q»\t v A 'd .
X ; S
' =
i

(wul) det

Heys

—
~
<

'Sx>ell}



160

e add ¢ Nyuiges jo pues Ajpis C¢oopdines

D
Ip pue ssad3s oanjuasduls] g1V oINS

10} eyup Yol oop's

(utul) QUi

; 200G 009
004! N — 1))
— — ,l”\v
T ES)
T 3
- \\.\ w r”AwA
- \\\ ——
- ~ w
vosl JOO VoY ) .
- A - (¥} —
/.
g
D
Ui
e e — - . — vz
g
.J 0! T
ﬂ-.
co4 0001 00s 0]
L 1 —— 46
i T T T T T T e — S~




161

D.G6- e ydd g Ajatjers jo pues ajfis (g ¢ opdures

10} ejep juoulaor|dsip pue ssaldys ‘aanjedadulo] /1y oangl |

(Ut ) oy,

(14 Gl 0l G J
1 R — 1 T ,I-* U
{
<
%
1t
OcC 1 Ul [ ")
4 L i+ 0
ol
~ / 0z
N T /// \ ~ - - ’
S “ A\ . (\\ —_ T
_——_— (419
(Vg ! ol G )
PO i L (
G
- — ~— o - ~ _ e e ——— T — e _ ¢
e - - 3

1

I8

L ule

1>

et

(VM 8%ed; I



162

UO“\ T
10] ejep jusuwoone|«

|

e 1dd ¢ Ajures jo pries as |+ oodues
SIp nue ssol)s aamyedadius] (@] V oansi

(Uiul) aully

00¢l oo02i oottt 0001 006 QCH 002 009 006 o o0t 002 0ol J
e I . e e e A -— -
* 9
\\\\\
Qould 00ct (VI N [FERTVN VUL viyg uite Doy LYy vov ot 0ud oot v}
e i " N 1 L 1 . L

W = o A I ey A TAPA Ty e T VNN T T AW sy et PN e e P LT S T A *.,,»AL

ooct 002t
it

001t 0001 Go8 00l
e i A i

00¢ 009 00¢ ot 00t 0uc 001 J
N L

v A

-

A AL <$<¢.<>\:1.\((\\<<S>\<r?4>.,>5\< A N
1\47}(}.15 T 23?\%?14,;3{‘{2%

i,,?z,f.h o
v

.
~
b _~
3
-
[P |
+
Tt
0 =
ot}
sz
A
0y 3
N
n
GL
—~—
=
00l N
S
3
98 4 .
(@]



163

D.8 v e dd ¢ Ajwurjes jo pues AyIs gy 9. iles
10} ejep jusweoe|dsip pue ssodis ‘adnjedadwls], (g vV o1nd1y

(Utun) oy
oot 00¢ 001
i 1 1

(VISR

VAV Uuc 0ot
i L

o
v

- UG

-~

——— ——

»)?}\;J

(ww) dsug

M) Ssed < gy L



164

)2t eadd g ajuarpes jo pues AS

ioopdunes
O\ odnsiy

3 -
S0 P
v ge)
[ 3 m
S U 3
90 -~
20
Y] =
%%
. .
ol 17
« .
~

oz p
A
it bl
e W
ph

-3
(8 3 <

10j vjep juotladvid:p pue ssaldys alnedoduly]
(Ut ) st}

Coal ooti “0c wi 608 O uob (AN G

R A
vUal ooutl wucl [EXVEVREY »:,P._... C%v U J
. /- a e \ N
: - — _ 1
00wl oot ol 0091 00& 009 0 SRV )
pn — “— — i i . L o
7 .M

N .
- -~ e~ \[,/ ~N
N




165

2,9t

d0J ejep juotusoe[dstp pur ssod}s ‘odnjedo.

je jdd 1 Ajuates jo pues ayps o ojdwes

(Vi) ot

oL eV eandy

oor 00t 002 001 J

—— L ® - .
-4
- |
oy [FIVR OUC 0ot )
I

1

RN o v Sia N AN Nt e ey |
[VIv2 4 Gt 002 GOl 0

———— _— i L
. Ao s A /" S o g N e n 43;1

N FV R U OV ‘ v ([ v

0
]
AYIRV -
.
ge]
1 —
—
=
=
. -
Gl o
V4
o
1] =
2
o
—
.
a7
-
T
Wt o
(¥ 74
b
G 2
Ah
]
Rz B



166

Yot e jad ¢ uaies jo pues Ajjls o toojduies
10) D suietdaoe(dsip pue ssadys ednjedodWis] 22 v oansy

[ty oty

)] L 09 0s (V3 4 Cu 0c Gl !
— —— - _—e = - b e U
s
- —_ - - { v
e - T o
7 Lo 3
- =
e )
- £
0L [3°] (VA ul Ot wl Nl o
— - - 4 - — ) =
p.
-
U:
—~
_ ul _..m
A - - - — - T T - Ui
! &
w <
—_ _ e |
U a
0y oL 09 06 ot 02 et J
i n — —_———— _ i e -y m
L W AW AWV AV A JAVENRV. SN N I - —— - - Ny, VAU AVAL A
‘ G v




167

10}

D9t

(Uit ouliy

jeojdd o Aytuipes jo pues Ayls
viep juotdoe(dsip pue ssod)s ‘oanyjedod o] ¢y oy

| ojdures

€ 1] ¢ 0e Gl 0 G 0
A i A4 —d . 1 . U
i
~ - Y0
b1
Gl
L .
Gt Ut at o Gl O 3 V]
. — - e i .
r - i)
e
0Ol
/
T -~ N - A . Je Jo
S S
S 0 (" 0 s J
— T T T - T T T T T T T T T T e e e ||A~ G
‘ P 2
' !
- — ¥

(urway dsig

(v M) ssedyq jjey~



168

ovy.

D.01 - Je pues Ajlis dajem ysadj
11 odwes qoj auwlt} Yiim Jusweor|dsip afid tgV oandiy

(LU oy,

It 002l 08C 096 oty el 009 Out 09y ove ool V]
" - ~1 ——— - 3 — - »ll.k\\wi — } — |~ - I | :
..................... e+ e e e e = ¢ ]
4ec 0
/
\ 060
G0
|
/
. l
*d31 S ¥09
edd m.w.w‘v.
ed¥ G181
ed i N ‘ -Ge'l
edy Lvl
0G 1

(ww; yuswiaor|dsiq ald



168

D.E£1- 1e1dd g Ajuifes uo ccmm L11s
> ojdures doj auln ym Ew:_momiiv ld Gzy alngly
(U)o
00%¢ 0622 0002 0621 0061 06 )00 | NG 009 0452 0
—q 1 L i L L I | Av
20
00
— - — — - - T T beso
\\‘ - \.\l\
edy G eV
Bdd L7261 06 1
BdX 926
o BdA L 9S y
ed¥ O've il
¢

oerdsig ayid

¢

() 3



170

D.C2l- e dd o1 ajtutjes jo pues s
¢ 1 sidures 1oj oult) Yiim juswadeldsip 2l 9z V 211514

(uiur) ourt}

006 064 009

00zl 0401
L J

ed1 9 GEt,
s BRIy A1

edA 1€V

edy 8 €1

0

'
AY]
e

o]
'
C

0G1

(W) yuswesor(dsiq a(id



171

D.,21- e 1dd g1 Lyurfes jo pues Ayjis
| ] ojdwes J0j cuwll} Yjim juawade[dsip o[l LoV 9andl

(ura) ou g,

0041 0GE 1 0021 0601 006 0GL 009 0GY 00% 061 0
! i e | | | | ) { C
GE 0
260
)
ﬁl —— _ - S— ———— — J— ——

T I TSIt . imraes - aaao _— - - - - - -3 1
ed¥ G 9€¢C \ Gzl
edy g LLl \

EdM L GL
| 34
- dA i\‘ \ 06 |
ed¥ ¢J !
)

(ww) juswaoe[dsiqg afd



172

O

DI
¢ | ojdures doj sty o::‘s EIGERE

e jdd ¢ nues jo piaes A

(L) U

Istp ot go v odusi g

e4dd 6°6CE

e

(] 91

.
>

(lwuwl) jususoeyd



173

D,01— e pues AY[1S dayem y4sadj
12 ojdwes 10j sawll} Yiim juswiaoe[dsip 3jid 62V aandy

(urur) o],
000¥Z 00022 00002 00081 00091 000¥i 0002I 00001 0008 0009  00O¥  OOOE
I I 1 I | | i | { L !

0

- 0G 1

- GL'|

(ww) yuswade(dsig a1id



174

D,01— 1e1dd g Ayjurpes jo pues £y[is
zo ojdwes 10§ swiy Yyyim yuswsoe(dsip ajid :0g'V 24ndig

(uiur) o,

obbl  02€l 0021 0801 096 Obg 022 009 08y  09¢  ove ozl 0
1 ) | | | 1 1 1 { 1
— ‘ 0
o e == TSR0
.
\\\ﬁ S0
——
- cL0
- \\
\
e - 1
\\
Gzl
ed¥ 0812 \
oA GGGl y - 0G |
wdX LLL :
edq 8'1G /
edY 191 , 6L
Z

(ww) yuswsoeldsig arid



175

D,01- 1e1dd o1 Ajturfes jo pues AYIS
¢z ajdules J0j swlly} Yim Juswiade[dsIp o[l (JE'V 2dndly

(uiur) oultj,

ovy! oz2el 0021 08Ol 96 0v8 022 009 o8t 09t ove ol 0
1 1 { 1 + 1 1 I i " aL\ﬂl :
- PR —— — _ — — —_———— —— —— ||Y||||.||||n||..|||||\|||n<.l.|TO
\ szo0 T
T
oso ©
)
g
GL O m
\\\ M\m
)/ | w
' Q)
\‘ u
/ -2l
ed¥ 0002 : 061 2
edi 1621 !
ed¥ 6¢ " Gt
2




176

0,01~ 1e 1dd g1 £jurjes jo pues Ajjis
4> ajdures 1oj awil} Yjim Juswade[dsip o[ :gg'V o1ndiy

(urut) ourty,

00L 009 006G 0101 % 0o0e 002 001 0
| L | | n n n 0
B =TT T T T Ty e e a= ., TS T
-G2'0
.
-
\\ )
Y -06 0
/
\ L G20
\‘ -1
R N 8212 \
eds 122 :
edd 6 v \ Gel
ed¥ G gl :

(ww) yuswsoe[dsiq a1ld



177

008

),01- 1e 1dd g Ajtui[es jo pues ,».W:u,
td

¢z a[dures Joj awily Yjim jusaulade[dsip old €LV adn

002 0089

006

(utur) ou |,

00¢ 00t 00¢
1 { 1

001 0

(wuw) yuswaoe(dsiqg a(id



178

ovvi

0,01- 1e 3dd g[ £jtutfes jo pues £jjis
9’z aldwes Joj swily Yjim yuswiade[dsip a[ld eV aIndiy

(U ouy,

0c¢t1 00cl 0801 096 (0X4°) 0cl 009 012574 098 Ove Ocl 0
1 1 1 b i N | | I8 } | Av
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll YAOND
P
L 060
/
/
\ GL 0
\ r
/ G
A 1961 \ 06 1
ed% 68 |
ed¥ 006 |
ed¥q 961 Gl
c

(Www) yuswaoe(dsiq afid



179

D, 16— J& pues AjjIs dajrm yso.j
[ ¢ ojdures doj sty jm Jusutadeldsip a|1d G Vv odnsi

(U)ot}

00081 0009l 0uotrl Heoet 000VOI 600y 0009 000t MISIA N 1]
{ j L £ 1 pv
0
Ge —
D
9
E.q.l m.\uu
’ R®)
o
‘ . Yoso o
|||||| o ~—- - v, A Y e v S o u
_BdA E6L K @
A 4ol . RS g
_edigel e =
“edd oIl e el 5
Tepiee cro §
edA L 3
< edA 86
edA LE
I




180

000L

1.6- e 1dd g Ayutjes jo pues £jis

2 ¢ oldu. 0} aull) yjim juswadeidsip ajid :9g'y aInsl
(uan) o,
0009 0N0G 000V 000¢€ 0002 0001 0
IR0
vd¥ 68
edX v9 ;
ed¥ Ot /

0

Ge l

(wrwa) yusweoeidsi(q ad



181

Ge

5.6- ye ydd p1 Ayutjes jo pues ajjis

¢ ¢ ajdures Joj saully Yiim juaulade]

(Uiur) oy,
002 05l 001

dsip olld LLV o.ndly

04

0

TRV

(ww) yuswaoe(dsiq afld



182

0004

J,G- 1€ 1dd ] Ajrurjes jo pues AjJis
¢ ajdwes aoj awiny Yy1im yuswade(dsip oJid gLV oand1 |

(uin) ouany,

0009 0004 000Y 000% 000¢ 0001 ()
{ e 1 i | ]
\\\
CRd09
ed¥ 0G ,
edA CE /
ed 02 )

0

() juswaoeidsi(q ald



183

004t

0001

y.¢c- yedd gp Ajuges jo pues AJ(Is
¢ ¢ ofdwues 1o oW} Yiin jusuiade|dsip o]l GV vinsiy

(U o |

00y

edN GL

0

(ww) yuaweoeidsiq and



184

-~ jeydd ¢ Ajuijes jo pues A)|is

.G
yim yusurade[dsip ajtd 0Fv a4ndi

g ¢ o|diues doj sty

() ot g,
Gl 0l G

0

e\

\
O
~

() yusweovdsi alid



185

00l

00zl

00ol1

000l

006

008

J.21- 1e1dd g ajyutjes jo pues xS
[ + ojdiues Joj aully Yjim juatuade[dsip ofid 11V odndL]

(W o |
00L 009

o

00%
1

oor
L

00t

e

oue

L

0ol

"

0

0

—
—

1q =11d

o
>

(ww) yuswane|d:



186

oov

0.8 v— 1e 1dd g Lyrutfes jo pues A}[Is
> ojdules 10j aull} }im juauiade[dsip o[ld .2V 24ngiy

(rnur) our,
00¢ 002 001
A I

1

00

- 10

- £ 0

v 0

(wwi) yuc waavidsiqg ard



187

0091

9.2 p— ye ydd o[ Ajiurjes jo pues Ajis
¢+ ordures 1oj awly [}im Judwade(dsip afid €'V 21ndL]

(UTU1) ol |,

0oovl 002l 0001 008 009 0100 % 00c
L i I ! L .

0
00

-10

t. O

PO

(W) juswisoeldsi( ajid



188

oov

0,9 ¥— 1e1dd g1 £jurges jo pues 4 :m

U o liues Jo) awy jim quawade[dsip a[id :+'V odn

00¢

(L) ot

002 001 0
1 ] Av

ed¥ cb

— - G0

-G 1

o2

(ww) yuswsoe[dsiq ard



189

08

0,6 t- 1e1dd G Ajiutjes jo pues sjis
ny

¢ oldules Joj aul }ia qJuawade[dsip afl] GtV odndi]

(U o],
0L 09 0 o¥ 0t 0& 01 0
!

edi ¢l

0

V]

(Www) juswa

erdsiqg sqid

«



190

0,97~ 1€ 1dd g £Lyuifes jo pues A)ls
gt ajduwres acj awir) yjim yuswade[dsip a[ld :9p'V 21n3 L]

(U)o,

ot Ge 0c Gl 0l G
] 1 i i . L

0
0

edy 881

- G0

0
-—

(ww) juswaovidsiq a1d



191

1’1 o[duies pues A}[is Jo USN}EPHOSUO) LtV a1ngt

(urug) oully j00.1 odenbyg

0] 4 (0194 0c Ol 0
_ ' 0l -

N
AN
N .
\

AN V-

1dd g = &yturjes / °
1,21— = adnjeaaduia], / .

1S9 |[RULLLON \

-1 -

AN

(ww) yuswadeidsig



192

>'1 sj{dwes pues £}[is jo uotjepliosuo) @'y aindiy

(utur) owil) Jood adenby

ov og 0c 0l 0
1 ~— | 1 mw—|

I—— 21—

I

/ 01l

N é
N -9
/ -G
Ly
1dd g = fyrngeg /
D 21— = aanjedaduig], / o
1S9} [RUITION / | -

(ww) juswadeidsig



193

09

¢'1 ojdwes pues £}[is Jo UOIEPLOSUO) BV V aan3y

(utur) sury 4004 alenbg

0% 0v 0g 02 0l 0
1 b | | L m,.—l
| I/l/ N—l
i
//
/,/, 0l
// 6
/ .
\,
/// ‘ON-
9
\ ﬁ
-G
-
ydd o1 = Ayuijeg
D,21- = adnjeaaduia], - €-
189 [eULUION - 2-
|~|
40

(ww) jyuswsoe(dsiq



194

$1 o|dwes pues £}[IS Jo Uol}epI{OSUO) (OG'Y 8INnFiy

(1) surr) jo0od ddenbg

09 0% 0¥ 0€ 02 0l 0
{ { L 1 ) L-
///
—
RN - 9-
N
//
N
/ G-
/, - b-
- —
N\
1dd g1 = Ayurpeg /,. e
D,21- =aanjeaadwa]
}S0} [eUHLUON (-
0

(wiul) yuswsde(dsi(



195

(r1iur) surly j00. alenbg

¢ 1 ajduies pues £}[Is Jo UOI}ePI[OSUO) -[GV aangiy

ol 0
o¥ O 02 : .
T o~ -01
S
AN
// - 8-
N
/ 9-
- w\l.
ydd g1 = Ajuies
),21— = ainjeraduwiag],
1S9] |RUIUION 2
0

(wwr) yuswiadedsi(



196

2 a|dwues pues £)[IsS Jo uoljepl|osuo) gGy -~ 1ngdiy

(utui) oy jood vaenbg

ov 0¢; 02 01 0
| i | 1 x—
- 91 -
///
// vl -
™~
S -21-
///
Ot
//,,
/,
AN g -
. .
1dd g = sjuarpeg
J.01- = admuedaduway, ) v
1S9O} [V HIUHON
2
0

() jusweeorv|dsi(



197

034

> > ojdules pues A}[Is JO UOL}EPLOSUO) ¢V aINgt

(1) ottty jood aaenby
0t 02 0l

L ol

1dd ¢ = Ayutpes
9.01— — aanjesadwuas], -
J0 ) [CUTLTON

91

i1

0l -

Qi

™

(ww) yuswsoe(dsiq



198

06

o oldwes pues £y[is Jo uoljepijosuo)

(1) oy jood vavnbg

Gy odndiy

0t 0% 02 01 0
1 I | 1 RVN‘
S T e L Q1 -
~ ///
L 9l -
.
~. vl
//
21
. - O1 -
/,
c‘
- 9
dd g1 = Ajuiqeg
D.01- — admjedadwuay y
]SO} [PHHTHTON
|N|
0

(ww) yuswsde(dsiqg



199

0

y = ajdiues pues [j[Is jJo uoljepljosuo) CG'v 31Ny

(U1i) oulr) ool o.denbg

G ov 0% 02 ol 0
] | ; ! gl-
I —
AN t1
//, ! cl-
, ol1-
/ Y-
\
//
N
///
!Mw!
1dd g1 = Ajtuifes .
D.01— = alnjedadiug],
180} [CUIHION
-2
0

(ww) yuswisdeidsi(



200

¢z ajdures pues £}[Is Jo uorjepljosuo) :9G'y aingig

(unuar) ouiry jood odenbg

oY o€ 02 0l 0
1 | | Il ——lx
T — ol
//// B
N
\ - 8-
\ N
N\ 9
\ .
AL
vnl
1dd g1 = Ajuijeg , -~
D,01— = adnjeaaduis], Y )
|50 [RUTLION // e
= ~|

(wur) yuswsordsig



201

gz ojdwes pues 1}[Is jo uoljepljosuo) LGy 3.INGL Y

(ti1ul) ouily j00d odenbg

ot 02 01 0
orv . - . 91 -
—
= vl
-
/./ cl
- i ol-
AN
//
/,// -g -
AN
//
/ 9-
ydd g1 = Aytuteg / o
0.01— = adnjedadiug],
1897 [eUllloN .
Y 0

(wwr) yuswade[dsi(g



202

1'c ajdures pues £}[IS Jo Uo1yepljosuo) @G’y a1ndiy

(L) ouiry joo.d odenbg

09 0% ov 0t 02 0l 0
1 | | | | CN.?
e -g1-
TN L 91 -
// Ly
N al-
/// c~|
//,, r
N -8
N
dd 9
1dd g = LHurpes N
D.G— = oanjedadwis], N -
1890] [RUITUHON
an
0

(ww) yuswaoedsig



203

0L

>¢opdur L1il> JO Uo1jePI[OSU0) GGV 2nBL
(111ir) otuty jood odenbg
09 04 or o€ 02 0l 0
L L L i I -
/,
)
/ g9-
\ht.“
_ V|
- €
1da ¢ = Ayurjeg
N.i
),G— = ainjedadwia],
1801 |[RUIUHION
- 1
0

(ww) yuswsdeldsi(g



204

¢'¢ ajdwes pues £}[i1s jJo uoljepljosuo) 09y a.Ingiy

(trur) o) jood adenbg

08 0L 09 06 oY 0t 02 0l 0
! _t | I\ 1 Il 1 _
vl
/,,/ - 21 -
“
AN
AN
N\ 0l1-
\ Y
\m..wl
ydd o1 = Aytuifeg v
D.6— = aanjeraduia]
Se Uit o
150} [RUILION /5
|

(ww) yuswade(dsiqg



205

09

¢ ajduwies pues A)[is jo uotjepljosuo) {9V a. ngy

(1) oull) ool olenbg
0G Of o€ 02

1 e L 1

0l

ol-

1dd g1 = Lyturjes
),G— = adnjeladuiay,
1597 [RULUION

8 -

(ww) juswsoe(dsig



206

0L

¢ ¢ njdures pues £j[1s jJo uotjyepljosuo) 29’y a1ngi

(L) ouy jood oaenbg

09 0G oY 0t 02 01 0
. Il i | ! { N—\
—— T T .
S -1
AN
/ - 01
// lmv.vv
AN
\ "8~
\ "
\
\ 9
\
\

//, Ah.

/, v

ydd g1 = Ayiutpey .

D.G- = adnjedaduls]

180} jeUHIUIoN e

|

0

(urw) yuswesoeldsiqg



207

g ¢ ojdwes pues A}[is Jo UOIJEPIOSUO) €IV 3.an3i

(U1u) oudty jood odenby

09 0% 0t Ot 02 0l
| 1 1 |
N
N\
N
[/wd G = Ayutfes N
3 G- = aanjedaduia],
180 [RUTHTON S

3]

{~

9

o
1

(ww) yu- wesordsiq



208

| p ojdutes pues X}[IS Jo UOL}EPI{OSUO) p9'y 9ANTI ]

(urur) oty jood oavnbg
09 0% 0r ot 0z 0l

ydd ¢ = Aytuifes
G- = adnjedsdulay,
180} [CUHITUION,

(W) yuswsoerdsi(]




209

=t oajdwes pues A}[Is JO UOI}RPIOSUO) GV odnsl

(1) ouiry jood oavnbg
09 0G ot 0t 02 0l

1dd ¢ = ftuljeg
).G— = adnjedadulo],
1S9} [RUIHTON

0l

-

0

s1(]

oovd

(wux) yus



210

¢ oldwes pues AYjLs J ro1jepljosuo) \gg'y aansl |

(L) outry jood odenbyg

Y 0L 09 0% ot 0t 02 0l 0
L 5 i It 4 ) \

— 01
SR N

MW»

)

4

. Y

\
v
\

) \ .

Wdd o1 = Sy g \ v

D).C— = amjesoadulgy, , ~
. te-

1RO} U UHITHHON, \
—»
-0

(uuw) yuewsovrdsig



pAR

4

t + ojdwie s pues Aj[1s Jo UOREPIOSUO) LGV oIl ]

(1) oy jood odenby
0L 09 0% ot ot 0 ol

9]

idd o1 = Aruipex
D).C- = aanjedaduio]

150) [PUTHTON

01

O

u

(\

(wwl) yuswsoer|dsi(



G p ojdwes pues A}[IS Jo UOIRPI[OSUO)) @'Y a4NngI ]

212

(L) oy jood oaenbyg

0L 09 04 ot 0§ 02 0l 0
i 1 | { | | ——l
e 01~
//// ~wl
~
//
. .
N;\
-9
G
-i
idd gy = Ayruipes e
D G- = aanjeasadius],
SO v utiroy “
—l
0

(wwr) yuewade(dsi(



213

OL

g t a|duies pues A)[Is Jo UOLEPIOSUO0) 9V onaly

) oty joot oaenbyg
09 0y ot (913 0c Ot

n

D) G- =aanjesaduwiag,

1dd g1 = Ajugges

) >0} [PUTHION

ol

(¥

-y

o

oeidsiqg

.

(W) juswa



B. Appendix B
Photographs
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Figure B.1 Consolidation of the soil
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Figure p 2 Application of load to the pile
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Figure p.3 Pile in Frozen Soil



C. Appendix C
Detailed Laboratory Procedure for lesting of Model Piles

C.1 Introduction

The schematic of the apparatus used in this series of
experiments is shown in Fiqure 4.2. Details of the bucket
are given in Figure 4.3 and Figure 4.4 shows the apparatus
used to freeze the sample.

C.2 Material Preparation

The soil mixture for these tests was chosen to be
comparable to soil found beneath the Arctic communities of
Pond Inlet, Tuktoyaktuk, Pangnintung and Eskimo Point. The
grain size curves for these soils were provided by Mr. Bruce
Smith of Thurber Consultants. The average grain size
distribution curve of the clean silty sand used in these
experiments is shown in Figure 4.1.

C.2.1 Dry Soil Preparation

1. Dry silty sand from Devon and mortar sand from Deep
Water Silica in a 55°C oven.

2. Grind the silty sand.

3. Shake the sand through a No 10 seive to break ur the
soil lumps.

4. Combine the soils in equal parts by weight.

5. Store the soil mixture in a dry bin.

C.2.2 Wet Soil Preparation

1. Place the dry soil in a heavy duty soil mixer.

2. Mix distilled water with the amount of pure sodium
chloride required to give the desired salinity.

3. Add the water to the dry soil in approximate
proportions: 2 liters to 0.01 m” of soil, giving a
workable stiff mixture. For ease in mixing, no more than
this volume of soil should be placed in the large mixer
bowl at one time.

4. Place the wet soil in the buckets as discussed below, or
place in plastic buckets with lids to seal and store in
the moisture room until ready for use.

C.2.3 Pile Preparation

1. Sand blast the piles, keeping the bottom 2 cm smooth.

2. Profile the piles using a Hobson Talysurf profiler to
determine the average roughness.
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Bucket Preparation

Clean the buckets prior to each use.

Insert the teflon collar into the base of the bucket.
Grease all parts of the collar in contact with metal
with <.licon grease. For the first group of tests at
-12°C the teflon collar was inserted from the top of the
bucket and so was in contact with the pile throughout
the loading procedure. Thereafter, the collar was placed
into the base of the bucket from the outside thereby
becoming removable.

Insert the pile into the teflon collar with the smooth
end down. Ensure that the base of the pile is liberally
coated with silicon grease.

Center the top of pile using the centering collar.

Cut a sheet of filter paper to cover the walls of the
inner bucket. Cut vertical slots in the paper to
facilitate drainage of the expelled pore fluid.

Stick the filter paper to the inside of the bucket by
wetting 1t slightly.

Soil Placement

Place the wet soil a spoonfull at a time into the
bucket, keeping the surface of the soil horizontal by
filling around the pile evenly.

Place the contents of one mixer bowl at a time, about
1/3 of the total bucket volume, then rod the soil to
remove air pockets.

Cut a circle from a double layer of filter paper to fit
within the walls of the inner chamber with a hole in the
middle to allow the pile to protrude through.

Move the bucket to the 0°C cold room and lower into the
frame, ensuring that the bucket and pile are resting on
a level, smooth surface.

Ensure that the pile top is centered and remove the
centering bar.

Place the circles of filter paper on top of the soil.
Insert the pile load cap, to cover the top of the hollow
pile.

Pour a level 3 cm thick pad of fine sand around the
pile, on top of the filter paper.

Leave the bucket in the cold room for at least 24 hours,
to allow for even distribution of moisture content
throughout the soil, self-weight consolidation and
stabilization of the soil to 0 °C.

Consolidation

Center the consolidation load plate on top of the sand
layer.

Place the dimpled load cap and ball bearing on the top
of the consolidation plate collar.

Attach the LVDT collar to the protruding Bellofram ram.
Screw the load cell onto the Bellofram ram and record
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the zero voltage reading.

Lower the ram until the load cell just touches the ball
bearing.

Position the LVDT in the collar so that the voltage
output is within the linear range and record the zero
voltage reading.

Set the air pressure to provide an 80 kPa consolidation
pressure.

Commence data logging, monitoring the time, load and
deflection for each bucket.

Open the valve at the top of the Bellofram to begin the
consolidation process.

Monitor the load and deformation until 95% consolidation
is achieved.

Freezing

Remove the consolidation pressure by reducing the air
pressure to 0 kPa.

Remove the LVDT core and retract the Bellofram ram.
Remove the consolidation load plate.

Zero the RTDs in a bath of ice and water.

Insert the short, medium and long RTDs into the soil
through the sand layer.

Remove the sand around the top of the pile and measure
the depth of the silty sand below the top of the pile.
Lift the bucket using a crane and place the freezing
plate below the bucket.

Attach the liquid nitrogen dewar to the inlet of the
freezing plate and the outlet of the plate to the cold
room exhaust system.

Apply low air pressure to the dewar to force the flow of
liquid nitrogen through the plate.

To prevent wastage of the liquid nitrogen, place a 3 psi
check valve at the end of the exhaust line.

Allow the liquid nitrogen to flow through the plate
until the RTDs indicate that the soil is completely
frozen.

Once the plate has warmed up, lift the bucket, remove
the plate and lower the bucket onto the smooth surface
of the frame.

Establishing Temperature Equilibrium

When all of the samples are frozen, set the cold room to
approximately -15°C.

Allow the samples to equilibrate to the room temperature
for 24 hours.

Invert the buckets and remove the teflon base collar.
Set the cold room to the desired test temperature. Leave
the samples for a further 24 hours to allow for
temperature equilibration.,

Ensure that sufficient diluted glycol is stored in the
room for at least these 24 hours as well,
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6. Using the crane to lift the frozen samples, place the
cedar base plates under the buckets. Ensure that the
bottom of the pile is aligned with the hole in the L:se
plate.

7. Pour the glycol into the reservior in each bucket.

8. Attach the ends of the copper coil circulation system to
the inlet and outlet tubes on the temperature bath.

9, Set the bath controls to the desired temperature and
begin fluid circulation.

10. When the RTDs indicate that the samples have statilized
at the test temperature, begin the loading procedure.

C.8 Loading

1. Place the ball bearing on the pile cap.

2. Record the load cell zero voltage.

3 Lower the ram until the load cell is just touching the

ball bearing.

4, Position the LVDT within the linear output range, and
record the zero reading.

5. Commence data logging monitoring the time, load,
displacement, and temperature. Take readings more
frequently at the beginning of each load step to ensure
adequate data is available for the analysis of primary
creep.

6. Calculate the pressure required to load the pile, and
set the air pressure using the pressure transducer.

7. Open the valve at the top of the Bellofram.

8. Continue to apply the load steps until failure is
indicated by the acceleration of the pile displacement
rate.

C.9 Removal of Frozen Soil

1. Remove the LVDT core, retract the ram, unplug the RTDs
and remove the pile cap.

2. Using the crane, lift the bucket from the frame, empty
the glycol, and lower it onto the trolley.

3. Remove the bucket from the cold room.

4, Circulate warm water through the reservoir surrounding
the soil. Once the outer edge of the soil has melted,
remove the block of soil from the bucket.

5. Store the soil block in the -25°C cold room overnight.

6 Using a rock saw, cut a wedge of soil from the length of
the sample.

7. Wrap the wedge of soil in plastic wrap to prevent
ablation of the pore ice, and store in a freezer.

8. Place the remaining sc ! into a plastic bucket with a
sealing lid.

9. Cover the excavated soil in the plastic bucket with
water of the same salinity.

. Store the plastic buckets in the moisture room,

11, Mix the soil and water thoroughly by hand before placing

it in the pile test bucket again.



222

C.10 Measurement of Soil Characteristics

1 .

2.

Saw the frozen wedge of soil into six slabs. Place all
slabs into t1ghtly sealed plastic bags.

Store one set in the 4°C moisture room overnight, to
allow them to thaw for salinity measurements, and the
other set in the -25°C cold room for density
measurements.

For the salinity measurements, place the thawed soil
into the pore water extraction cell. It is 1mperat1ve
that the cell be completely dry and clean prxor to use.
Apply a small, constant pressure to the ram in the cell.
Using a syrxnge, collect all pore water extracted.

Seal the syringe, and store with the needle pointing up,
to allow the suspended soil particles to settle out.

Once the pore water is clear, use the hand refractometer
to determine the salinity.



